
 
 

Understanding Li Dendrites in 

Solid-State Batteries 

 
 
 

 
 

Dominic Melvin 

St Cross College 

University of Oxford 

 
 
 
 

Submitted for the degree of Doctor of Philosophy 
 

Hilary 2024



 
 

i 

 



 
 

ii 

Declaration of Originality 
 
I, Dominic Melvin, declare that this thesis is my own work and has not been submitted to 

another institution for any other degree or qualification. All contributions from collaborators 

have been appropriately referenced throughout the work.  

This thesis is approximately 36,948 words in length, and so complies with the Departmental 

word limit for doctoral theses.  

 

Dominic Melvin 

Hilary 2024  



 
 

iii 

Acknowledgements 

Firstly, I would like to thank my supervisor Professor Sir Peter Bruce. I am grateful for what 

has been a challenging yet highly rewarding experience. Thank you for giving me this 

opportunity and for your mentorship throughout. Additionally, I would like to thank the Faraday 

Institution for funding my studies, providing resources and equipment, and for organising a 

valuable training program.  

I would like to thank all the members of the Bruce group, both past and present, for their 

friendship and collaboration over these past years. In particular, I would like to thank Dr 

Dominic Spencer Jolly for his clear and intelligent guidance throughout my time in Oxford. 

Your advice has been invaluable when tackling difficult research problems. I would also like 

to give special thanks to Dr Ziyang Ning and Dr Guanchen Li. Working on the Li dendrite 

problem together has been incredibly interesting, and I am very grateful to have tackled this 

subject together which such knowledgeable scientists. I would like to also express my 

appreciation to the members of both the solid-state subgroup and the SOLBAT project with 

whom I have had the pleasure of working with; Bingkun Hu, Shengming Zhang, Johann 

Perera, Bartholomew Payne, Dr Gareth Hartley, Dr Xiangwen Gao, Dr Boyang Liu, Dr Varnika 

Agarwal, Dr Longlong Wang, Dr Hui Gao, and Dr Junfu Bu. Thank you also to the various 

professors who have given me additional guidance during my time in Oxford; Professor Patrick 

Grant, Professor Mauro Pasta, Professor Charles Monroe, and Professor Richard Todd. 

Furthermore, I would like to thank the team of essential people without whom the research in 

Rex Richards would not function, namely Miki Bennett, Dr Paul Adamson, Dr Nadia Abdul-

Karim and Dr Esther Townsend. A special thanks also to those who helped advise and refine 

the writing of this thesis; Dr Gregory Rees, Dr Mikkel Juelsholt, Dr Paul Adamson, Dr Dominic 

Spencer Jolly, Dr Sofia De Sousa Coutinho and Bartholomew Payne.  

I would also like to say thank you to all those who contributed to making these years a 

genuinely enjoyable time in my life. Thank you to Dom, Rob, Greg, Mikkel, Sofia, and Bart for 



 
 

iv 

the lunch time conversations and after work drinks. A special appreciation also to Axel, Marco 

and Michael, all of whom I am happy to call life-long friends after our time spent living together.  

To my family, thank you for all the years of love and support. I’d especially like to thank my 

parents Anita and Roy - you have always supported me, and I owe everything to you both. 

Finally, I want to express the most heartfelt appreciation to my loving wife Clara. I couldn’t 

have done this without the love and companionship you provide every day. I couldn’t have 

done this without you.  

 
  



 
 

v 

Abstract 

As the requirements placed on rechargeable batteries continue to expand, next-generation 

technologies beyond today’s Li-ion cells are being increasingly sought. Solid-state designs 

using lithium metal anodes may provide a leap in energy density, but their charging currents 

have been limited by the formation of Li dendrites which lead to catastrophic cell failure. In this 

thesis, an examination is made into both the origin of Li dendrites as well as the influence of 

the solid electrolyte’s microstructure and mechanical properties.    

Firstly, an investigation is made into underlying processes by which Li dendrites grow within 

argyrodite-type Li6PS5Cl solid electrolytes. Key characteristics are elucidated using operando 

X-ray tomographic imaging, from which a new mechanistic understanding is proposed and 

modelled using a wide selection of experimentally determined mechanical and microstructural 

inputs.  

Secondly, a range of differently densified Li6PS5Cl electrolytes are produced using field-

assisted sintering. Following which, an attempt is made to answer the question to what extent 

realistic changes in the electrolyte’s microstructure can affect sustainable Li-anode charging 

rates.  

Finally, the effect of dispersing metastabilised zirconia particles within the microstructure of 

Li6PS5Cl is investigated. The effect on both the fracture toughness and on ionic conductivity 

is assessed, after which the question as to whether transformation toughening can stabilise 

propagating dendrite cracks is considered. 
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Chapter 1: Introduction 

1.1  Wider Context 

In the latter part of the 20th century, advances in rechargeable batteries accelerated a digital 

revolution into a new information age of portable electronics1,2. Several decades on, powerful 

environmental concerns are driving an urgent effort to utilise the leading forms of energy 

storage to electrify transportation and balance an increasingly renewable electricity grid3,4. The 

prospective applications of rechargeable batteries are therefore broadening, and as their uses 

diversify, so too are the demands being made of their performance. Cells with the same Li-ion 

chemistries once optimised for mobile phones are being bundled into large packs to power 

electric vehicles (EVs), but the simultaneous pursuit of longer ranges, faster charging, 

extended lifetimes, higher safety, and lower costs is pushing the limits of what can be achieved 

by engineering alone5,6. To meet demands, new chemistries beyond Li-ion such as lithium 

metal anode cells and solid-state batteries may be required. However, many of these next-

generation battery technologies are facing fundamental challenges that must be overcome by 

research before successful commercialisation can be realised7,8. 

This thesis reports the results of research on the interface between lithium metal anodes and 

solid ceramic electrolytes for use in solid-state batteries. In particular, the mechanism of Li 

dendrite failure is explored as well as some potential solutions. As an introduction to this field 

of study, this chapter aims to summarise the relevant key areas of literature. First, the lithium 

metal anode solid-state battery is introduced, leading into a detailed discussion of solid 

electrolytes. Finally, literature on the lithium anode/solid electrolyte interface is surveyed with 

a special focus on the dendrite problem.
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1.2  Towards lithium metal solid-state batteries 

1.2.1  The lithium-ion battery 

Batteries are electrochemical energy storage devices capable of acting as a source of direct 

current, and which, despite a vast array of designs, all consist of some in-series or in-parallel 

arrangement of galvanic (voltaic) cells*. Within such cells, oxidation and reduction reactions 

are spatially separate, occurring at two distinct and distant active electrode materials 

commonly immersed in an ionically conductive, electronically insulative medium known as an 

electrolyte9,10. For either reaction to proceed, the free electrons which are produced must be 

exchanged through an external circuit connecting one electrode to the other, either liberating 

or consuming energy in the process. This uncoupling of ionic and electron mobility allows the 

equilibrium position of the chemical reactions taking place in each electrode, and hence the 

storage of energy, to be controlled. Among the various cell chemistries, Li-based batteries - 

because of their higher energy density and design flexibility - have significantly outperformed 

their competitors1,11. Of these, the most successful rechargeable archetype is known as the 

‘lithium-ion’ battery. 

 
* These cells may often be referred to as ‘batteries’ in the literature and as such this thesis will go on to use the 
terms somewhat interchangeably. 
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Figure 1.1: Schematic of a typical lithium-ion battery, highlighting the key components and the 
layered atomic structure of intercalation electrodes. 

 

Whilst the term ‘lithium-ion’ battery can refer to a rather broad range of chemistries in which 

energy is stored by the movement of Li-ions, most commonly this has meant the type of cells 

first developed by Goodenough, Whittingham and Yoshino12–14. In such designs, inorganic 

compounds which reversibly intercalate Li-ions act as the active materials for both electrodes, 

with a layered transition metal oxide typically preferred for the cathode (e.g., LiCoO2) and 

carbonaceous materials such as graphite preferred for the anode†. During the production of 

the cell, powders of these active materials are cast as part of thin electrode sheets which are 

then stacked together on either side of a porous polymeric separator. A liquid electrolyte 

(typically a Li salt dissolved in a non-aqueous solvent) is then injected in so to fully permeate 

the stack15. A schematic of a Li-ion cell is shown in Figure 1.1. As a Li-ion cell is charged, the 

cathode active material is oxidised and Li-ions migrate across the liquid electrolyte, reducing 

as they are intercalated into the active anode particles. During discharge, the reverse process 

takes place, with Li-ions deintercalating from the lithiated carbon anode and intercalating back 

 
† Whilst strictly speaking the cathode and anode are defined by where the reductive and oxidative processes occur, 
within the field of batteries the terms are fixed to what holds true on discharge. Hence the positive and negative 
electrodes are conventionally referred to as the cathode and anode respectively. For simplicity, this convention will 
also be used throughout this thesis.  
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into the layered transition metal oxide active material. It is this mirrored aspect of having two 

intercalation reactions which has led to their dubbing as ‘rocking-chair’ type cells.  

Lithium-ion batteries are so far the undisputed technology when it comes to electrochemical 

energy storage16. The recent push for vehicle electrification would not be possible without the 

cost-effective mass production of Li-ion cells in parallel with their yet ever-growing 

performance17,18. However, Li-ion batteries still face numerous challenges which place an 

upper limit on their performance: 

§ Degradation at active material interfaces limits durability. Reaction between the 

carbonaceous anode and liquid electrolyte has been a somewhat ‘necessary evil’ since 

their first commercialisation, with the reaction forming an inactive resistive layer 

composed of Li2CO3, LiF, Li2O and alkyl carbonates known as the solid electrolyte 

interphase (SEI)19,20. Whilst passivating, the formation of the SEI results in a loss of 

active Li and a corresponding fade in cell capacity21. At the cathode, degradation is 

particularly problematic at elevated temperatures and when the active material is at a 

high state-of-charge22,23. Degradation at the cathode can even aggravate further SEI 

formation through the diffusion of transition metal ions across the liquid electrolyte in 

what is known as ‘cross-talk’.24  

§ Li plating at the anode limits fast charging. Fast charging Li-ion cells can rapidly 

accelerate degradation and even trigger degradation mechanisms that are not present 

under ‘normal’ operating conditions. Limited Li diffusion through the resistive SEI and 

through graphite itself can lead to the plating of mossy lithium metal at the anode. This 

poses serious safety concerns as short-circuiting of the cell can lead to thermal run-

away and explosion.25,26 

§ Application specific safety risks. Damage to a battery module, for example in the 

event of a road traffic incident, can result in a mechanical short circuit with risks of fire, 

explosion, and the release of toxic fumes.27–29 

§ The active materials have limited energy density. The energy density of Li-ion 

batteries has a lower theoretical limit than alternative cell chemistries. Whilst some 
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increases in cell energy density have been made possible through the discovery of 

new high-capacity, high-voltage cathode materials, continued improvement may be 

reliant on increasing anodic capacities beyond the limits of graphite.17,30 

 

1.2.2  The lithium metal anode challenge 

 
Figure 1.2: Schematic demonstrating the common issues faced by lithium anode cells which use 
liquid electrolytes, namely resistive SEI formation and dendrite growth. 

  
As the most electropositive (−3.04 V versus standard hydrogen electrode) and lightest 

(equivalent weight M = 6.94 g mol−1, and specific gravity ρ = 0.53 g cm−3) metal, pure lithium 

has often been heralded as a ‘holy-grail’ anode material31. Consequently, its use in batteries 

has been pursued for decades. The first research into lithium batteries was during the 1950s, 

when it was noticed that Li metal could form an ionically conductive passivation layer when in 

contact with a number of non-aqueous electrolytes32,33. By the 1960s and 70s, the advantage 

of using Li metal as an anode had been demonstrated with the assembly of primary (non-

rechargeable) Li cells1,32,34,35. Owing to their high specific capacity and variable discharge rate, 

these primary cells rapidly found applications as power sources for watches, calculators, and 

implantable medical devices. If successfully utilised in secondary (rechargeable) cells, the 

vastly superior anodic specific capacity of Li metal as compared to graphite (3860 mAh/g 

Cathode active material

Carbon additive Separator

Lithium metal anode battery

Liquid electrolyte

Lithium metal Polymer binder
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compared to 372 mAh/g) would mean a significant improvement in cell energy density as 

compared to today’s Li-ion batteries30. Unfortunately, there are still severe unresolved issues 

faced when using Li metal as a reversible anode:  

§ Continuous SEI formation and Li loss leads to severe capacity fade. Like graphite, 

a passivating SEI layer forms on the surface of Li metal anodes when placed in contact 

with liquid electrolytes, but during cycling, both large volume changes and 

inhomogeneous plating/stripping cause the layer to fracture. This exposes fresh 

reactive surfaces and enables the formation and detachment of ‘dead’ Li islands, see 

Figure 1.2. This continual loss of active Li severely limits the durability of any 

secondary cells.36–38  

§ Inhomogeneous Li plating leads to short circuit and safety concerns. Whilst Li 

plating will only occur during the fast or overcharging of graphite anodes, the inherent 

roughening of Li anodes during cycling alone can lead to mossy and dendritic Li 

growths which can traverse the cell and cause electrical short circuit, see Figure 1.2. 

Not only does this mean catastrophic failure of the cell, but the heat caused during 

dendritic shorts can induce runaway reactions and risk explosion.1,39  

Notable past attempts to successfully produce secondary Li anode batteries include Moli 

Energy and Exxon in the early 1990s, but safety concerns surrounding their cells were never 

sufficiently alleviated40–42. Current strategies to overcome unacceptable capacity fade and 

dendritic Li growth generally involve either the use of electrolyte additives43,44 or expensive 

high salt concentrations45,46. Whilst these strategies have shown some promise at moderate 

cycling rates, faster charging is still limited, and long cycle lives are yet to be fully realised. 

Also, even if dendrite failure in such cells can be avoided, the use of Li anodes with liquid 

electrolytes would likely still require additional cell casing to meet the safety requirements of 

many desired applications, limiting attainable pack-level energy densities.  
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1.2.3  The solid-state battery 

The recent discovery of new types of fast lithium-ion conducting solid electrolytes has 

triggered a surge of interest in solid-state batteries (SSBs) as one of the more realistic 

advancements towards a lithium anode secondary cell. The combination of a solid electrolyte 

and lithium metal anode potentially offers a route to mitigate both the aforementioned issue of 

continual SEI formation and the dangerous risk of short circuit, Figure 1.3.  

When paired with a well-chosen solid electrolyte, degradation at the lithium interface can be 

minimised or even avoided completely47,48. Any reaction that may occur is protected from 

cross-talk and the solidity of the electrolyte prevents the repeated formation of new unreacted 

interfaces30. As such, capacity fade which results from continuous reaction at the lithium anode 

interface can be effectively mitigated. Whereas in liquid electrolytes dendritic and mossy Li 

growth can potentially occur unimpeded across the cell, solid electrolytes can instead act as 

a dense physical barrier. This being said, it is important to note that solid electrolytes have 

‘critical current densities’ above which Li filaments may penetrate and cause cell failure, albeit 

with less risk of explosion49–51. Whilst low critical currents have so far limited Li-SSB charging 

times, new interfacial modification strategies coupled with best-in-class materials have 

enabled critical currents as high as 8.6 mA/cm2.52  



 8 

 

Figure 1.3: A schematic demonstrating the potential gains in volumetric and gravimetric energy 
density when transitioning from a conventional Li-ion battery to a lithium metal solid-state battery. 
Adapted from Janek et al.30   

Although solid lithium-ion conductors may offer a potential pathway towards reversible lithium 

anodes, their use as electrolytes poses difficult challenges. For example, processing ceramics 

into low-cost, highly dense, and highly conductive thin films whilst forming conformal interfaces 

at both the anode and cathode is a far from trivial feat53,54. Liquid electrolytes can be simply 

injected into the cell, easily wetting the cathode active material to maximise ionic connectivity. 

In the case of solid electrolytes, electrolyte powders must be mixed into the cathode slurry to 

form a composite in which ionic pathways are almost inevitably tortuous55. Consequently, 

there is still an active need to design solid electrolytes that offer very high (effective) ionic 

conductivities in thick and optimised cathode architectures whilst retaining long-term stable 

and low-resistance interfaces18. Whilst some solid electrolytes may have high oxidative 

stability and thus avoid reacting with cathode active materials, volume changes during cycling 

can cause contact loss and capacity fade which can only be mitigated through the application 

of high stack pressures56. The design and preparation of solid-state composite cathodes that 

operate under minimal stack pressure is still an ongoing research challenge.  

Whilst the cathode-side problems in all-solid-state batteries demand intense research 

effort56,57, this thesis will instead focus on the challenges at the lithium metal anode/solid 

electrolyte interface. The next section will introduce and discuss the properties of key solid 
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electrolyte materials (Section 1.3), and the subsequent section (Section 1.4) will narrow down 

the theory and important literature relating to the metal anode/solid electrolyte interface. 

 

1.3  Solid Electrolytes 

1.3.1  A brief history of ceramic electrolytes 

Whilst reports of ionic conduction within ceramics date as early as Michael Faraday58, 

discoveries of new ionic conductors were for a long time rare, and for over a century significant 

advances were limited to Nernst’s discovery of zirconia-based oxide ion conductors59 and 

Lorenz’s discovery of fast Ag+ ion conduction in silver halides60. In fact, it wasn’t until the 1960s 

that the first secondary batteries based on ceramic electrolytes were made viable, thanks to 

the discovery of a new Na+ conductor61. Sodium beta alumina, often referred to as 𝛽-Al2O3, 

had been discovered embedded in the linings of glass making furnaces62,63. Due to its fast 

ionic conduction, it was possible to develop a new type of battery which was both lightweight 

and delivered significant power, namely the sodium/sulphur (Na-S) cell. Not only did 

commercial Na-S cells mark the first viable deviation from the standard use of liquid 

electrolytes, but their use of molten sodium and sulphur electrodes meant the design 

specifically relied on the unique aspect of a solid electrolyte to separate the liquid electrodes.  

Whilst Na-S batteries have been used for stationary energy storage for decades, across other 

sectors battery designs based on ceramic electrolytes have historically struggled to 

compete64,65. During the 1980s and 90s, liquid electrolyte cells were used to facilitate the 

portable electronics revolution, with solid electrolytes limited to specialised applications, e.g., 

glassy LiPON electrolytes in thin-film batteries66,67. By the turn of the 21st century, Li-based 

batteries had become entirely dominant in terms of energy and power density, and ultimately 

few ceramic fast Li+ conductors were known. It wasn’t until the first decade of the 21st century 

that numerous materials breakthroughs were made, bringing ceramic electrolyte designs back 

into focus, Table 1.1.  
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Table 1.1: Chronology of ceramic electrolytes. 

 
aBruce et al.63 bOwens et al.64 cChen et al.68 dNie et al.69   

 

Since the mid-2000s, newly discovered sulphide electrolytes have demonstrated Li+ 

conductivities comparable to, or even greater than, that of liquid electrolytes at room 

temperature70–72, garnet oxides based on the nominal formula Li7La3Zr2O12 (LLZO) have been 

discovered as part of a small subset of fast conductors stable against Li metal73,74, and 

intriguing new lithium halides have demonstrated high oxidative stability75. This rapidly 

expanding repertoire of fast Li+ conducting ceramics has heralded a new wave of interest in 

the development of high-performance solid-state batteries, and a large amount of research in 

the last decade has been focused on understanding their interactions with potential 

electrodes. Li+ ion conducting oxides, halides and sulphides are at the centre of the research 

movement and so the next section of this thesis will focus on their respective properties, 

highlighting their merits and drawbacks in the context of ‘high-performance’ cells. 

Time Event
1833a Ionic conduction in PbF2 and Ag2S (Faraday)
1897a Oxide ion conduction in Y2O3 doped ZrO2 (Nernst)
1920a Ionic conduction in silver halides (e.g., AgI)
1950b Early attempts at Ag-based ASSBs
1957c Ionic conduction in Li3N
1966a Fast Na+ conduction in !-Alumina 

(commercialisation of Na-S secondary cells)
1970b Development of LiI-based primary cells
1976c NASICON structure discovered
1978c LISICON structure discovered
1985b Development of ZEBRA cells
1993c LiPON-based thin film ASSBs
2000c First thio-LISICON sulphides synthesised
2005c Development of Glassy LPS electrolytes
2007c Fast Li+ conduction in LLZO oxides
2008c Fast Li+ conducting argyrodite sulphides (e.g., 

Li6PS5Cl)
2011c Thio-LISICON sulphides with comparable 

conductivity to liquid electrolytes (Li10GeP2S12)
2012c Fast Li+ conducting anti-perovskite oxides
2018d Fast Li+ conducting halides (e.g., Li3YCl6)Ag
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1.3.2  Solid electrolyte properties: requirements and classes 

1.3.2.1  Solid electrolyte requirements 

To enter consideration as a candidate electrolyte for high-performance solid-state batteries, a 

material must begin to satisfy the following general criteria: 

§ High ionic conductivity at room temperature. Whilst common liquid electrolytes 

have total conductivities around 10-2 S/cm76 their low transference numbers (tLi+ < 0.5) 

mean that this often corresponds at best to several mS/cm of Li+ ion conductivity. 

Consequently, it has often been suggested that single ion conducting solid electrolytes 

will require conductivities of just 10-3 S/cm at room temperature77. Whilst this is 

reasonable for the separator, increased ionic tortuosity within the composite cathode 

may necessitate conductivities upwards of 10-2 S/cm to match the performance of 

liquids55,78. 

§ Low electronic conductivity. Aside from preventing self-discharge, low electronic 

conductivity is necessary to reduce internal Li plating and dendrite growth79. Because 

any electron mobility is much greater than the ionic mobility, only a relatively small 

number of electronic carriers can degrade tLi+ to an unacceptable level63. 

§ A low resistance to ion transfer across electrode interfaces. Generally, interfacial 

resistance is dictated both by electrochemical stability and mechanical properties. 

Whilst few fast Li+ ion conductors are stable across entire operating voltage ranges, 

any resultant degradation layers must be self-passivating, highly conductive and/or 

very thin47,48. Electrolytes which can mechanically deform to enable conformal 

electrode interfaces are preferred, with elastic deformation ideal for buffering electrode 

volume changes during cycling49,80.  

§ High critical current densities. To charge Li anodes at practical rates, a solid 

separator is needed which does not suffer from Li dendrite penetration during Li plating 
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at current densities of at least 5 mA/cm2.54,81 This is often related to both the 

microstructure and mechanical properties of the material.82,83  

§ Low cost. Whilst ease of processibility into dense thin films will be a critical cost 

consideration, so too will the materials costs. However, it is often difficult to gauge the 

final price of a material as supply and demand, synthesis and production and other 

factors are involved. Utilisation of resource-critical elements will likely be a significant 

cost risk. Consequently, the use of rare earth elements should be avoided, and the 

density of lithium ions considered, see Figure 1.4.18  

 

 

Figure 1.4: Figure from Zeier et al.18. Lithium-ion conductivity as a product of ion mobility, charge 
(constant, not shown) and ion concentration (as ion carrier density). Solid electrolytes with equal 
conductivity lie on dotted isoconductivity lines. Reproduced with permission from Springer Nature.  

 

Whilst there is considerable diversity within each, for brevity, ceramic electrolytes used 

commonly in today’s solid-state battery research will be discussed by their materials class. 
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1.3.2.2  Oxides 

Several crystallographic families have produced fast Li+ ion conducting oxides including 

LISICONs‡ (e.g., Li14ZnGe4O16), Li-NASICONs§ (e.g., Li1.5Al0.5Ge1.5(PO4)3) and perovskites 

(e.g., Li0.33La0.57TiO3), but their extreme instability with Li metal (due a continuously reactive 

MIEC** interphase) has limited their interest84–86. In 2007, a series of garnets based on the 

nominal formula Li7La3Zr2O12 (LLZO) were shown to exhibit faster ionic conduction as well as 

a rare stability with lithium73,87. The avoidance of thick degradation layers when interfacing 

with lithium anodes, means in principle a low impedance interface can be achieved, yet in 

practice the formation of a resistive layer of Li2CO3 and LiOH has proven difficult to avoid88–90.  

The limited reaction of oxide electrolytes under air exposure is far superior to their halide and 

sulphide counterparts, with this seen as a major benefit to industrial processing. Yet, the high 

sintering temperatures needed to facilitate even modest Li+ conductivities would be costly if 

performed at scale. Sintering also poses a serious problem when considering an oxide-based 

composite cathode, since the limited thermal stability of most cathode active materials rules 

out the possibility to co-sinter91,92. Even if co-sintering were to be achieved, the lower ionic 

conductivities and the stiff brittle nature of oxides could still limit performance. With this in 

mind, oxide electrolytes are primarily under consideration as part of hybrid solid-state battery 

designs in which a separate catholyte is used. Still, these designs are facing a number of 

issues at their heteroionic interfaces and may have limited safety benefits93,94.  

Overall, oxide electrolytes make up a key materials class of solid electrolytes with opinions 

split regarding the potential scope of their use in future applications93,94. 

 

1.3.2.3  Halides 

Over the past few years in particular, a host of lithium halide electrolytes have arisen based 

on the Li3M3+Cl6 structure, these include Li3InCl6, Li3YCl6 and Li3ScCl6.95–97 These electrolytes 

 
‡ LISICON: Li SuperIonic CONductor 
§ NASICON: Na SuperIonic CONductor 
** MIEC: Mixed ionic and electronic conductor 
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have gained interest due to their combination of fast ion conduction (which can be maintained 

across mechanical pressed grain boundaries) and their notably high oxidative stabilities75,98. 

Recent studies have shown promising indications that halide electrolytes could act as effective 

Li+ pathways within composite cathodes without the need to sinter, and without the need to 

coat the active cathode material57,99. Whilst conductivities would need to be raised to enable 

their use in thicker electrodes, the avoidance of a resistive degradation layer or coating is a 

significant advantage.  

During their emergence, two key limitations were clear: extreme moisture instability and very 

poor stability with lithium metal anodes. Whilst halide electrolytes generally do not degrade in 

the presence of moisture to form toxic gases, their high solubility means little material is 

recoverable after exposure, so strict and potentially costly procedures would be required for 

mass production96,100. Additionally, newly emerging halides have almost exclusively reacted 

with lithium metal to form an MIEC interphase which continually grows in thickness over time 

and during cycling101. Consequently, cells interfacing halides with lithium anodes face rising 

internal resistances as well as unacceptable electronic leakage currents. Interestingly, a 

recent study reported the discovery of a halide (Li0.388Ta0.238La0.475Cl3) electrolyte 

demonstrating both high oxidative stability and the formation of a passivating SEI with lithium 

metal102. Whilst these results are yet to be reproduced, the study embodies the hope held by 

some that further materials discoveries (e.g., new halides) may offer the silver-bullet solution 

to a single electrolyte all-solid-state battery.  

 

1.3.2.4  Sulphides 

Of the new fast Li+ ion conducting electrolytes discovered, the most conductive are sulphide-

based with these either being glasses based on Li2S-P2S5, or crystalline materials based on 

either the thio-LISICON (e.g., Li10GeP2S12) or argyrodite (e.g., Li6PS5Cl) structures70,103,104. As 

with halide electrolytes, sulphides are mechanically soft and permit a certain degree of 

plasticity, allowing them to retain facile ion conduction across mechanically pressed grain 
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boundaries105. Their mechanical properties combined with their high conductivities have made 

sulphides one of the electrolytes of choice for SSB composite cathode layers, but to sustain 

high performances, their limited stability requires cathode active materials to be coated so to 

avoid forming resistive degradation layers106,107.  

During exposure to moisture, sulphide electrolytes degrade and emit toxic H2S fumes which 

mandates strict requirements for their preparation. However, large-scale production of 

sulphide-based electrolytes is still potentially feasible within an acceptable cost using dry 

rooms108. Additionally, many sulphide electrolytes may be synthesised using routes that are 

potentially ideal for commercial applications (e.g., liquid-phase synthesis from suspension in 

organic solvents)109.  

Whilst no reported sulphide electrolytes are thermodynamically stable when in contact with 

lithium metal, several do react to form passivating interphase layers47,48. The conductivity and 

thickness of such layers are important in determining the feasibility of a given electrolyte for 

lithium anode SSBs. Li-argyrodite sulphide electrolytes, such as Li6PS5Cl, form exceptionally 

thin passivating interphases when placed in contact with lithium metal, and they have also 

demonstrated impressive performances when used in composite cathode layers (with coated 

active materials)110,111. Consequently, these electrolytes currently represent the most practical 

route a single electrolyte all-solid-state lithium anode cell.  

The argyrodite-type Li6PS5Cl electrolyte is used as a model solid electrolyte throughout the 

entirety of this thesis, and hence the next section will cover this family of electrolytes in more 

detail.  

 

1.3.3  Li-argyrodite sulphide electrolytes 

The argyrodite structure was originally found in the mineral Ag8GeS6 with its name loosely 

translating to "rich in silver" from Greek112. Today, its Li-analogues (Li-argyrodites) have 

attracted serious attention as candidate solid electrolyte materials. Whilst, overall, Li-

argyrodites can be seen to follow the general ionic formula 𝐿𝑖!"#$#%& (𝑀$&𝐶ℎ'"#)𝐶ℎ"#%"# 𝑋%# 
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(where 𝑀 = P, As, Ge, Si, Sn, Sb; 𝐶ℎ = O, S, Se; 𝑋 = Cl, Br, I, BH4), the materials of strong 

interest have been thiophosphates77. The simplest of these sulphides are Li7PS6 (𝑚=5, 𝑥=0) 

compounds, but whilst high conductivities were measured in the high-temperature cubic 

phase, these materials crystallise into a low-temperature orthorhombic polymorph and display 

poor transport properties at room temperature113. Fortunately, the high temperature cubic 

polymorph can be stabilised by the replacement of one or more sulphide anions with a halide 

anion, resulting in a series of Li6PS5𝑋 (𝑋 = Cl, Br, I) compounds which show significant Li+ 

transport properties at room temperature104. In recent years, the Li6PS5Cl (𝑚=5, 𝑥=1) 

composition has gained specific interest due to its combination of fast Li-ion conductivity and 

compatibility with lithium anodes. 

 

Figure 1.5: Figure from Nazar et al.114. Unit cell of the Li6PS5𝑋 (𝑋 = Cl, Br, I) 𝐹4#3𝑚 cubic 
polymorph. In the ordered configuration, (a) 𝑋– anions form a face-centred cubic structure with 
S2– ions in half of the tetrahedral voids and (b) PS43– units in the octahedral interstices. Within such 
an anionic framework, (c) Li+ sites form cage-like structures around the free sulphide positions. (d) 
Five different types of tetrahedral voids for potential lithium-ion occupations with their Wyckoff 
positions. The only possible 48h–48h jump is the doublet process (e), while long-range intra- and 
intercage jumps (f) require lithium migration through 48h sites. In addition to 48h sites, (g) alterative 
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pathways may involve 16e sites for the intercage jump. Reproduced with permission from the 
American Chemical Society.  

Understanding the origin of the high conductivity in the argyrodite-type Li6PS5𝑋 (𝑋 = Cl, Br, I) 

compounds necessitates an understanding of their structure. The crystallographic 

arrangement of Li6PS5𝑋 materials, can be viewed through the framework of an fcc unit cell of 

halide (𝑋) atoms, Figure 1.5a104,114. Within this unit cell, PS4
3- tetrahedra occupy the octahedral 

voids whilst half of the tetrahedral voids are occupied by ‘free’ S2-, Figure 1.5a&b. It is around 

the ‘free’ S2- that cages of Li+ sites (24g and 48h) exist in a partially filled arrangement, Figure 

1.5c. Across these cage-like Li substructures, three-dimensional ionic conduction pathways 

exist77,115. The conduction pathways that occur throughout this substructure contain three 

types of jumps: 

§ Doublet jumps. These are between the different 48h and 24g sites within a cage (48h-

24g-48h), Figure 1.5e. 

§ Intra-cage jumps. These are between 48h sites within a cage (48h-48h), Figure 1.5f.  

§ Inter-cage jumps. These are from one cage structure to a neighbouring cage (48h-

48h), Figure 1.5f. These are the longest and hence the rate-determining-step in terms 

of long-range ionic conduction. Alternative pathways involving 16e sites have been 

proposed, but these have not been unequivocally observed, Figure 1.5g.  

 

 

Figure 1.6: Figure from Morgan et al.115. Schematic illustration of how 𝑋-/S2- (yellow/purple) site 
disorder can lead to fast Li+ (green) conduction. Reproduced with permission from the American 
Chemical Society.  
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An important feature of the halide containing argyrodites is their ability to accommodate an 

intermixing of the halide (𝑋) atoms and ‘free’ S2- between the 4a and 4c sites77,114. This 𝑋-/S2- 

site disorder has been closely correlated to the lowering of jump activation energies and is 

seen as fundamental to the high observed Li+ ion conductivities, see Figure 1.6. For example, 

low conductivities are observed in Li6PS5I compounds, all of which display high I-/S2- site 

ordering116. Whereas, doping the 𝑀 (phosphor) site aliovalently (e.g., Li6+xP1-xMxS5I) can 

induce I-/S2- site disordering giving a range of compounds with conductivities as high as 5 

mS/cm at room temperature117,118. 𝑋-/S2- site disorder can be affected by varying the halide 

dopant, e.g., by mixing Cl and Br or simply altering the halide content119. The large phase 

width of Li6PS5Cl has recently been exploited to develop a number of halide rich compositions 

(e.g., Li5.5PS5Cl1.5) in which increased vacancy concentration combined with Cl-/S2- site 

disordering lifts conductivities as high as 12 mS/cm120.  

Aside from high ionic conductivity, the interest in Li-argyrodites is also due to a perceived 

compatibility of Li6PS5Cl electrolytes with Li anodes. Whilst the two materials undergo a 

reaction when placed in contact, the reaction layer that forms is thin and increases in cell 

resistivity are potentially affordable121–123. The reason for this is understood by considering the 

reaction products. When placed in contact with lithium metal, a host of binary compounds 

(Li2S, Li3P and Li𝑋 (𝑋 = Cl, Br, I)) are formed at the points of contact121–123. Due to the 

electronically insulative nature of these compounds and slow reaction kinetics, this layer 

essentially forms a thin in-situ passivating film no more than a few tens of nanometers in 

thickness121. Such a thin layer results in minimal interfacial strain124. Additionally, the 

reasonable ionic conductivity of the binary compounds means the layer does not severely limit 

ion transfer across the interface122. More on the electrochemical stability of solid electrolytes 

in contact with lithium metal will be discussed in the next section.  
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1.4  The Li metal / solid electrolyte interface 

1.4.1  Challenges at the interface 

1.4.1.1  Electrochemical stability 

Whilst this thesis will primarily focus on morphological degradation during cycling, it is 

important to hold a full appreciation of any interfacial phenomena which may occur on resting. 

In particular, the electrochemical stability of the ceramic electrolyte when in contact with lithium 

metal is of paramount importance when designing a functional interface. 

 

Figure 1.7: a Electrochemical stability of a solid electrolyte in contact with lithium metal according 
to the simplified “band gap approach” assuming that reduction of the electrolyte takes place if its 
conduction band edge lies below the Fermi level 𝜀( of lithium metal. The interface dipole under the 
assumption of a purely electronic transfer is also indicated. b Electrochemical stability windows of 
common solid electrolytes. Each solid electrolyte is represented by a circle with an area 
proportional to the order of magnitude of its ionic conductivity (in µS cm−1). The stability window is 
the vertical distance from the centre of the circle to the diagonal line, as illustrated by the arrow. 
The dashed lines are the contours of the width of the stability window. Adapted from Janek et al.51 
and Ceder et al.48 with permission from the American Chemical Society and Springer Nature.  

When placed in a cell, the electrolyte’s stability with either electrode is determined by its 

electrochemical stability window, which accounts for both purely chemical potential driven 

reactions and electric potential-driven instability63,125. Under reducing conditions at the anode 

side, the position of the electrolyte’s conduction band minimum (CBM) can be used as an 

estimate for stability. If the CBM lies below the Fermi level 𝜀( of a metallic anode, there will be 

driving force for electrons to transfer from the metal to the electrolyte, and stability is 

a b
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unlikely51,126, see Figure 1.7a. The ideal solid electrolyte candidate is thermodynamically 

stable when in contact with lithium metal, but almost all the known fast Li+ conducting ceramics 

react to form some kind of solid electrolyte interphase (SEI) upon contact48,122, Figure 1.7b. In 

general, it is useful to distinguish three types of Li/SE interface:  

§ A nonreactive, thermodynamically stable, or fully kinetically stabilized Li/SE interface, 

where no solid electrolyte interphase (SEI) forms, Figure 1.8a&d. 

§ A reactive and unstable Li/SE interface, where a mixed ionic and electronic conducting 

interphase (MIEC) forms, which results in unwanted progressive growth of the 

interphase, Figure 1.8b&e.  

§ A kinetically self-limiting Li/SE interface with the formation of an almost exclusively ion 

conducting metastable SEI, Figure 1.8c&f. 

 

Figure 1.8: Figure from Janek et al.51. Three types of interphase/interface between lithium metal 
and an inorganic lithium SE: a Thermodynamically stable interface, b reactive mixed-
ionic/electronic conducting interphase MIEC (also known as MCI), and c metastable, kinetically 
stabilized solid electrolyte interphase (SEI) with low partial electronic conductivity. d–f Expected 
time dependent resistance change of the respective interface/interphase type. Reproduced with 
permission from the American Chemical Society.  

As for most liquid electrolyte cells, parabolic growth of the interphase resistance is widely 

reported for solid-state batteries, which hints towards a simple diffusion-limited growth 

mechanism whereby the flux 𝑗)* of lithium atoms (Li+ + e−) across the interphase layer can be 

modelled according to eq. 1.1.121,127,128 
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𝑗)* =	

𝜇)*+ (𝜎,-𝜎)*!)
𝐹"𝑙./0(𝜎,- + 𝜎)*!)

 
(1.1) 

with 𝜎,- = electronic partial conductivity of the interphase, 𝜎)*! = ionic partial conductivity of 

the interphase, 𝑙./0 	= thickness of the interphase, and	𝐹 is Faraday’s constant = 96,485 C/mol.  

Accordingly, changes in the interphase resistance with time strongly depend on the ionic and 

electronic partial conductivity of the interphase compounds, with an ideal interphase having 

both high ionic and low electronic conductivity. To have a truly kinetically self-limiting Li/SE 

interface requires an infinitely low partial electronic conductivity of the SEI. Consequently, 

every interphase of this kind is in principle an MIEC. However, interphases which are 

predominantly composed of ion conducting compounds such as Li2S, Li3P, Li2O, Li3N and LiCl, 

are generally approximated as SEI-type, and indeed these electrolytes tend to enable better 

performances in Li-SSBs121,129. 

 

1.4.1.2  Void formation during Li stripping 

At the Li/SE interface, Li ions within the solid electrolyte may exchange readily with lithium 

atoms in the metal electrode. During the anodic process, a lithium ion passes across the Li/SE 

interface leaving an electron and a vacant site on the surface of the lithium metal. The ion then 

goes on to occupy an interfacial vacant site in the solid electrolyte51. Due to the incoherent 

nature of the interface, these vacancies are often treated as if individually injected into the 

metal anode130. For interfacial contact to be maintained, newly injected metal vacancies must 

be transported away from the interface via diffusion. If vacancy diffusion in the metal is in local 

equilibrium with the injection rate, the interface can retain its morphological stability in a stable 

stationary state††, Figure 1.9. When injection rates exceed that which can be replenished by 

diffusion, morphological changes occur, manifesting as the formation of void space at the 

interface and a progressive loss of contact132. Due to the limited self-diffusion within Li metal, 

 
†† Since the relaxation of point defects in the electrolyte is much faster than the relaxation process in the lithium 
metal, the diffusion of vacancies within lithium metal (the ability of Li atoms to self-transport) is often considered 
rate-limiting and the relaxation in the ionic conductor is typically neglected.131  
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these morphological degradation processes occur at the rates needed for practical application 

and so their consideration is important.  

 

Figure 1.9: Figure from Janek et al.51. Simplified schematic showing the microscopic interfacial 
processes during electrodissolution assuming vacancy driven ionic transport. Occupied lattice 
sites in the inorganic solid electrolyte (ISE) are shown as grey balls. In lithium metal, dislocations 
can act as sinks for vacancies increasing the vacancy concentration gradient. Adapted with 
permission from the American Chemical Society.  

Until the 1980s, there were few publications dealing with the anodic dissolution of metals into 

solids. In early reports, interfacial instability during Li stripping was noted in electrochemical 

measurements133,134. In more recent years, important developments in understanding have 

followed from studies which combine electrochemical measurements with imaging. Pioneering 

work from Janek et al.132 performed two-electrode cycling of Li/LLZO symmetric cells in 

combination with EIS, demonstrating that vacancies can accumulate into larger and larger 

void clusters during a single stripping process. By performing ex-situ SEM imaging before and 

after the stripping process, the morphological nature of the contact loss was demonstrated for 

the first time, see Figure 1.10. The dependence of void formation on the current density of 

stripping was also investigated for cells under no stack pressure, finding that below a critical 

current (set by the self-diffusion in the Li anode) voids were not observed to form, but that 

above this current density interfacial contact loss occurred. 
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Figure 1.10: Figure from Janek et al.132. a Morphology of the lithium metal anode side facing the 
solid electrolyte before assembling the cell. b The voltage profile during stripping (top) as well as 
the associated changes in bulk and interfacial resistances (with interfacial capacitance) throughout 
this process (bottom). c Morphology of the lithium metal anode after the stripping process, showing 
void formation at the interface. Reproduced with permission from the American Chemical Society.  

Following this, a string of works by Bruce et al. considered the development of voids over 

multiple cycles135–137. By combining symmetric Li/Li6PS5Cl cycling with in-situ XCT imaging, 

voids formed during initial Li stripping were observed to occlude during subsequent plating 

only to be uncovered as part of larger contact losses during later cycles, see Figure 1.11. As 

well, Bruce et al. investigated both the temperature and pressure dependence of the void 

formation135,137. With a melting point of only 453 K, Li metal readily undergoes mechanical 

creep at room temperature and hence even small stack pressures can facilitate the mass 

transport of Li towards the Li/SE interface. By subjecting cells to higher temperatures and 

stack pressures, Bruce et al. demonstrated that increases in both the mechanical transport 

mechanisms (e.g., plastic creep flow) and the inherent chemical transport of Li+ vacancies 

could raise the critical currents under which void formation occurred.  
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Figure 1.11: Figure adapted from Bruce et al.135. A sequence from pristine to after several 
strippings and platings of Li metal: voids form on stripping; lateral growth of a thin Li film across 
the electrolyte surface (nucleating where void edges meet the electrolyte) on subsequent plating 
results in low plating polarization and formation of occluded voids. Some voids are eliminated on 
plating, but the occluded voids reopen on subsequent stripping leading to accumulation of voiding 
and increasing loss of contact with cycling. This increases stripping polarization and results in 
dendrites on plating. Reproduced with permission from Springer Nature.  

An understanding of void formation during Li stripping is crucial when studying Li plating 

failures. The works of Bruce et al. showed that not only will contact loss increase cell 

overpotentials during cycling, but local current densities at remaining areas of contact will 

increase135. The mechanisms responsible for failure during Li plating, e.g., the formation of Li 

dendrites, are active only above threshold local current densities. As voiding worsens with cell 

cycling, the area of contact between the metal anode and solid electrolyte decreases with 

each cycle, meaning local currents increase until the thresholds for Li dendrite formation are 

inevitably met, see Figure 1.11. Any study aiming to mechanistically understand Li dendrites 

on plating must therefore be conscious of void formation during stripping. 
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1.4.1.3  Dendrite formation during Li plating  

Under cathodic load, lithium ions at the surface of the electrolyte are reduced, plating out as 

lithium atoms at the Li/SE interface. Layer-by-layer deposition is desired, but in practice this 

is difficult to achieve, especially at high deposition rates. Ultimately, Li/SE interfaces within 

solid-state cells are far from ideal. Insulating contaminants, flaws in the solid electrolyte, pre-

existing porosity in the metal anode and electrode edge-related current enhancement amongst 

other factors can lead to inhomogeneous Li plating and morphological degradation51. During 

the fast charging of Li-SSBs, short circuits are widely observed. While dielectric breakdown of 

the ceramic or its grain boundaries at high applied potentials could theoretically lead to cell 

failure, the short circuits observed experimentally are typically caused by the growth of lithium 

metal filaments through the solid electrolyte, commonly known as Li dendrites138,139.  

Interestingly, Li dendrites are observed only to penetrate through solid electrolytes above a 

certain threshold plating current density, termed the ‘critical current density’ or ‘CCD’.140 

Critical current values appear to be dependent on a multitude of factors such as the type of 

solid electrolyte, its microstructure, its mechanical properties, its electronic conductivity as well 

as the properties of the metal electrode. Yet so far, under any practical conditions, the 

measured critical currents of every major candidate solid electrolyte have remained too low 

for commercial application138–140. Whilst significant advances in understanding have been 

made, there remains a wide range of conflicting ideas surrounding how dendrites occur in 

ceramic electrolytes51. Consequently, the dendrite problem still stands as the foremost barrier 

to any practical application of Li-SSB designs.  

The primary focus of this thesis centres around an investigation of Li dendrites in Li6PS5Cl 

electrolytes, hence the remainder of this introduction will cover the key observations and 

leading understanding of Li dendrites in ceramic electrolytes, as well as summarising common 

mitigation strategies.  
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1.4.2  Key experimental observations of dendrites 

1.4.2.1  Post-mortem microscopy 

Following the discovery of superionic LLZO electrolytes stable with lithium metal, numerous 

studies were performed aimed at probing the performance of these electrolytes in symmetric 

Li cells141–147. It was during these early works that widespread reports of short circuits resulting 

from lithium filaments first emerged. At this stage, the characterisation of Li filaments primarily 

came in the form of post-mortem imaging. Specifically, after peeling away the Li electrodes, 

cross-sectional images would be collected at ‘dark regions' of the short-circuited LLZO 

surface, see Figure 1.12a-c. Curiously, despite multiple studies using virtually the same 

methodology, there was still considerable variation in what was observed. For example, in 

2015 Ce-Wen Nan’s research team noted that Li plating had primarily occurred within 

interconnected subsurface pores, whereas only several months later, imaging by Sakamoto 

et al. showed that Li plating had occurred almost exclusively along the grain boundaries144,145, 

Figure 1.12d-i. Around the same time, multiple post-mortem investigations were also made by 

researchers at Imperial College London which appeared to show Li could even deposit directly 

within isolated pores146,147, see Figure 1.12j&k. 
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Figure 1.12: a-h Reproduced from Sakamoto et al.145. a An optical image of a cycled LLZO pellet 
showing the appearance of black linear features, believed to be caused by the propagation of 
metallic Li, b SEM image of a polished surface exhibiting fissures on the surface once in contact 
with a Li electrode, c SEM image of a subsurface fissure excavated by FIB. d Illustration of a 
fractured surface through a black linear feature, e-h SEM images of fracture surface with 
progressively higher magnification showing lithium dendrites at grain boundaries. i Reproduced 
from Nan et al.144 and indicates Li plating in interconnected pores. j and k are reproduced from 
Kilner et al.146 and indicates Li plating into isolated pores. Adapted with permission from the 
American Chemical Society and Elsevier.  

 
1.4.2.2  Operando microelectrode set-ups 

Ultimately, the post-mortem characterisation of dendrites raised more questions than it 

answered, and serious efforts were made to capture their full development. In 2017, Yet Ming 

Chiang’s research team published a seminal study in which an operando microprobe-optical 

microscopy set-up was used to record incidences of Li penetration into a range of solid 

electrolytes148, see Figure 1.13a. This novel set-up took advantage of the translucent nature 

of highly dense solid electrolytes to image the morphology of newly formed Li dendrites.  
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Figure 1.13: Adapted from Chiang et al.148. a Schematic of operando microprobe-optical 
microscopy set-up. b-d Lithium metal deposition propagates into densely pressed polycrystalline 
β-Li3PS4 from a brass tip electrode. e Viewed in transmission optical microscopy, the lithium metal 
network shows a branching pattern. f Cellular network of Li on β-Li3PS4 fracture surface. g-j Optical 
microscopy images of a polished single crystal of LLZTO with sputtered gold electrode during 
galvanostatic deposition of lithium metal. Uniform plating behaviour appears to take place until a 
crack is observed to propagate (white silhouette). Reproduced with permission from John Wiley 
and Sons.  

Key observations were made not only on both polycrystalline and single crystalline LLZO-type 

oxides, but also on relatively understudied sulphide electrolytes such as crystalline Li3PS4 and 

glassy LPS. Interestingly, quite different observations were made across the material classes. 

For example, the operando imaging of dendrites within crystalline Li3PS4 electrolytes revealed 

a branching cloud-like morphology progressing from the surface, within which further cross-

sectional imaging would reveal a cellular pattern of Li metal, Figure 1.13b-f. In contrast, no 

such observations were made for dendrites in LLZO-type materials, and instead Li ingress 

was seen to cause rapid fracturing of the electrolyte, producing large and long Li filled 

cracks148, Figure 1.13g-j.  

Of perhaps the most importance were findings surrounding the sensitivity of dendrite formation 

to pre-existing surface flaws. For example, the defect-free fracture surface of a glassy LPS 

electrolyte was shown to withstand high plating currents without any signs of Li ingress. 

Whereas by scratching the same surface and subjecting it to the same currents, Li dendrites 
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were shown to fracture deep into the solid electrolyte with minimal plating across the 

electrolyte surface148.  

Inspired by the work of Yet Ming Chiang’s group, numerous studies have since used 

analogous operando microprobe set-ups to observe the development of Li dendrites. In 

accordance with Chiang et al.148, Janek’s research team observed that Li ingress can be 

avoided at high current densities in defect-free regions of LLZO and Li6PS5Cl electrolytes by 

depositing Li microelectrodes, whereas Li deposition would readily fracture the electrolyte 

when the electrodes were placed in regions containing grain boundaries, cracks and 

porosity149,150, see Figure 1.14. In recent studies by Fincher et al. and McConohy et al., the 

progression and directionality of Li dendrites in LLZO-type electrolytes was shown to be 

heavily influenced by the application of unidirectional stress151,152. As well, McConohy et al. 

demonstrated that dendrite penetration events were stochastic and followed a Weibull 

distribution152. Consequently, these studies have concluded Li dendrites are mechanically 

driven and propagate primarily through the fracture of the electrolyte.  
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Figure 1.14: Figure is reproduced from the SEM-microprobe studies of Krauskopf et al.149 and 
Singh et al.150 a-c shows lateral Li growth at a defect-free surface of LLZO. d-f shows crack 
initiation and Li ingress into an LLZO interface containing defects. g-j Li insertion and crack 
extension in Li6PS5Cl at grain boundary/pre-cracked surface. k-n Vertical growth of lithium occurs 
on a flaw-free Li6PS5Cl grain surface region. Reproduced with permission from John Wiley and 
Sons.  

Whilst some streams of consistency have been made through the operando microscopy of Li 

dendrites, overall, there still remains a considerable diversity in what has been observed. This 

is perhaps most evident in the work by Dasgupta et al.153 who performed an impressive series 

of operando video experiments. In this work, Li dendrite penetration was observed in both 

LLZO-type and glassy LPS electrolytes. Depending on the interface quality and 

plating/stripping parameters, different crack-like features presented during Li ingress in a 

somewhat unpredictable manner. Straight, branching and pot-hole-like spallation cracks were 

all identified in both types of electrolytes153, see Figure 1.15.  
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Figure 1.15: Reproduced from Dasgupta et al.153. Optical images (a, d, g), SEM images (b, e, h), 
and schematics (c, f, i) of straight Li-penetration type (a–c), branching type (d–f), spalling type (g–
i). Reproduced with permission from Elsevier.  

Perhaps most interestingly, in their LLZO-type electrolytes a fourth type of electrolytic 

degradation presented, which was named ‘diffuse’ degradation. Here a diffuse darkening was 

observed as well as the sporadic formation of dark spots. Post-mortem inspection revealed 

that the diffuse darkening was due to the formation of a network of very thin structures and 

that the dark spots resulted from the plating of isolated islands of Li metal153, see Figure 1.16a-

c. These observations were similar in nature to the electrolytic degradation of Na-𝛽-alumina 

in Na-S cells. During the 1980s, a progressive darkening of the Na-𝛽-alumina had been 

observed within which isolated regions of Na deposition surrounded by microcracks could be 

identified154, Figure 1.16d. As well, in more recent years, operando neutron depth profiling has 

been used to demonstrate a homogeneous progression of isolated Li growths in both Li+ 

conducting oxides and sulphides, indicating this kind of degradation may in fact be possible in 

a range of electrolyte systems79, Figure 1.16e. 
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Figure 1.16: Optical image (a), SEM (b) and schematic (c) ‘diffuse’-type dendrites in LLZO, 
adapted from Dasgupta et al.153. d Progression of the damage layer in Na-𝛽-alumina after 
charging, adapted from De Jonghe et al.154. e Neutron depth profile counts across the bulk 
electrolyte versus time during Li plating for various electrolytes. The count is correlated to internal 
Li concentration. Adapted from Han et al.79. Figure reproduced with permission from both Elsevier 
and Springer Nature.  

Overall, whilst operando microprobe set-ups have provided some of the most important 

insights into Li dendrite failure in ceramic electrolytes, these studies have some inherent 

limitations. In cells, Li/SE interfaces span orders of magnitude larger areas than in these 

specialised set-ups, as well as this, the ability to precisely control applied currents and 

pressures using microprobes is questionable. This raises some doubts surrounding how 

representative the observations are with regards to what takes place in a real SSB cell. 

Furthermore, operando microprobe set-ups are inherently reliant on the use of highly dense 

semi-transparent electrolytes to gain any information about the character of propagating 

dendrites, and consequently the studies are biased towards certain kinds of materials.  

 

1.4.2.3  X-ray tomographic imaging 

Faced with the challenges of imaging Li dendrites in more representative operando conditions, 

there has been a rapid development of X-ray computed tomography (XCT) studies. In theory, 
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XCT imaging can provide both high spatial and temporal three-dimensional imaging of 

morphological changes within an SSB during its operation. This being said, strict criteria must 

be met to successfully image Li dendrites in ceramic electrolytes, and technique development 

is still ongoing several years after the first studies.  

Early microtomograms collected of Li dendrites within ceramic electrolytes suffered from an 

inability to suitably balance ideal imaging conditions with desired cell configurations. In 2018, 

Hatzell et al.155 used XCT imaging to quantify the volume of cracks present within a short-

circuited LLZO material as compared to its pristine state, but strong conclusions regarding Li 

penetration were inhibited by the high attenuation of the electrolyte which limited the contrast 

between features. Following this, Pylypenko et al.156 replaced the LLZO electrolyte with an 

LPS sulphide and lowered their sample diameter so to achieve faster in-situ imaging with 

better contrast, but their poor cell designs meant the imaged samples suffered from having a 

high number of pre-cracks.  

 

Figure 1.17: Adapted from Bruce et al.83. a-c Virtual XCT cross-sections at the Li/Li6PS5Cl 
interface show dendrites first form spallation cracks and then traverse the electrolyte. d & e XCT 
image slices from planes in the electrolyte parallel and adjacent to the two electrodes. The 
locations of the dendrites are revealed using diffraction mapping which is superimposed on the 
images (highlighted in green and yellow, where green represents low intensity). f Greyscale 
analysis showing the amount of lithium in the regions of the crack identified by the boxes in c. The 
colours in the histogram plot correspond to the colours of the boxes. Reproduced with permission 
from Springer Nature.  
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Despite these early difficulties, important insights into the nature of Li dendrites in ceramic 

electrolytes have been made using XCT imaging. Meng et al.157 captured microtomograms of 

Li dendrite cracks in Li6PS5Cl electrolytes in-situ and under representative cell conditions. 

Their images elucidated that multiple instances of branching crack morphologies may occur 

simultaneously. In 2021, Bruce et al.83 performed phase contrast XCT imaging on Li6PS5Cl 

electrolytes to reveal a multitude of important characteristics of their Li dendrites. Li dendrites 

were shown to first induce spallation-type cracking of the electrolyte before causing the rapid 

propagation of straight cracks which traverse the electrolyte to induce short-circuit, see Figure 

1.17a-c. This sequence of spallation and transverse cracking was shown to also occur in Li3N 

and Na-𝛽-alumina electrolytes and has been subsequently shown in LLZO-type 

electrolytes158,159. Multiple dendrite fracture events were seen to occur during Li plating, and 

these were seen to spatially correlate with the Li electrode edges where currents are locally 

focused, Figure 1.17d&e. Interestingly, grey-scale analysis of the dendrite cracks imaged 

using phase-contrast modes provided enough contrast between Li metal and free-space to 

enable an estimation of the extent of Li filling83. Transverse dendrite cracks in Li6PS5Cl 

electrolytes were shown to propagate whilst only partially filled, meaning their progression was 

not driven by Li deposition at the crack tip as had been previously assumed, Figure 1.17c&f. 

  

1.4.2.4  Outlook 

Ultimately, dendrite failure in ceramic electrolytes has proven a difficult characterisation 

challenge, with important microscopic developments occurring rapidly at buried solid-solid 

interfaces. Consequently, even though many imaging studies have been conducted, many of 

these works have had to compromise on their representativeness of real cell conditions. Whilst 

it is possible to attribute the many observational inconsistencies regarding Li dendrites to 

phenomenological complexity, the difficulties caused by a lack of possible standardisation 

must also be appreciated. Cell design, materials selection, microstructural control as well as 

operating conditions (i.e. applied currents, capacities, temperatures and pressures) are all 
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lacking in consistency and comparability between studies. As well, whilst the use of different 

characterisation techniques with contrasting strengths may be important to gain a holistic 

understanding of Li dendrites, technique requirements have often resulted in a siloing of 

specific methods being used for certain electrolyte classes rather than broad universal usage. 

However, as research continues and imaging techniques continue to progress, and as the 

solid-state battery field continues to mature, better conformity in the observations surrounding 

Li dendrites may yet develop.  

Still, due to the multitude of observations, there still exists a wide range of conflicting ideas 

surrounding how exactly dendrites occur in ceramic electrolytes. If the dendrite problem is to 

be overcome, a comprehensive mechanistic understanding is urgently needed. Whilst a 

number of mechanisms have been proposed, the vast majority do generally apply to one of 

two dendrite classifications: mode 1-type describing rapidly penetrating dendrites (often 

propagating by electrolyte fracture) and mode 2-type describing slow internal deposition of 

metal inside the electrolyte. The following sections will hence discuss the latest models for Li 

dendrites through the lens of these two categories. 

 

1.4.3  Dendrites: Mode 1 

1.4.3.1  Li (flow) pressures 

Many investigations into the dendrite failure of ceramic electrolytes have demonstrated that 

the ingress of Li coincides with a progressive fracturing of the ceramic83,148–150,157. Following 

these observations, the big question then becomes how the plating of a soft metal such as Li 

can induce the fracture of a hard ceramic.  

As has been discussed, Li plating at the interface is far from ideal, with inhomogeneity 

encouraged by the presence of insulating contaminants at the interface and by electrode 

edge-related current enhancement amongst other factors51. The slow self-diffusion within Li 

metal means any fast redistribution to homogenise newly deposited Li is limited51,130,160. 

Consequently, at practically relevant plating current densities, non-uniform interfacial currents 
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are expected to cause pile-ups of Li which will result in local mechanical stress build-ups. But 

whilst this may provide a theoretical basis for stresses to develop within the Li anode during 

plating, there remains a difficulty in proposing how any pressure in the Li can induce fracture 

of the electrolyte, since the low yield stress of Li metal and its propensity to undergo creep at 

ambient temperatures means any stress build-up would be readily accommodated by plastic 

flow161,162.  

So how then to explain electrolyte fracture which results from Li plating? One proposed answer 

relies, as almost all explanations of mechanical failure do, on considering the presence of 

microstructural defects. As Li plating proceeds, it is expected that the surface defects of the 

electrolyte, such as cracks, will fill first. This is both because the overpotential is low, needing 

to only overcome surface and interfacial energies, and because the electric field concentration 

is increased there148,163. Consequently, these defects may act as points of non-uniform 

interfacial currents and experience an enhanced Li flux during plating. If pressure gradients 

build within a microstructural defect, the constrained flow of Li may be such that significant 

pressures are then exerted onto the surrounding electrolyte inducing fracture.  

The first fracture mechanism of this type was proposed in 1974 by Armstrong et al.164 to 

explain the sudden failure of Na-𝛽-alumina electrolytes during the plating of molten Na. In their 

model, a pre-existing surface crack fully filled with molten Na was treated as a cylindrical pipe 

in with a hemispherical tip, similar to what is shown in Figure 1.18. Current flow is imposed on 

the crack tip, meaning pressure gradients can build within. A simple analytical relationship (eq. 

1.2) was then derived by comparing the Griffith criterion for crack extension with the Hagen-

Poiseuille relationship for the pressure generated by fluid flow through a pipe.  

 
∆𝑃 = 	

8𝜂𝑖𝑉$𝑙"

𝑛𝐹𝑟1
 

(1.2) 

where ∆𝑃 is the Poiseuille pressure, 𝜂 is the coefficient of viscosity of sodium, 𝑖 is current 

density, 𝑉$ is molar volume, 𝑙 is the crack length, 𝑟 is the radius of the crack tip, 𝑛 is the 

number of electrons and 𝐹 is Faraday's constant. From this relationship, a specific current 
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density (e.g., the CCD) could be predicted to fracture the electrolyte for a given flaw size and 

fracture strength.  

 

Figure 1.18: Figure reproduced from Ceder et al.165. a Theoretical domain representing the local 
region in a metal electrode and inorganic solid ion conductor interface around a metal filled flaw. 
The inset shows where the considered domain fits within the total metal electrode and conductor 
system. b Simplified geometry used in semi-analytical derivations. Metal electrode/solid electrolyte 
interfaces with metal filled planar flaw of length L and tip radius r0, held at stack pressure P0. 
Reproduced with permission from IOP Publishing.  

Interestingly, the values predicted using this simple analytical relationship were several orders 

of magnitude above the measured CCD values for Na-𝛽-alumina electrolytes. Several reasons 

were considered for the over prediction of the model, including: (1) inaccuracies in the input 

fracture criterion, e.g., due to unconsidered anisotropy166 (2) the influence of imperfect Na 

wetting on local currents167, and (3) the potentially higher viscosity of Na in narrow channels168. 

Whilst many of these uncertainties were to remain unresolved, in the years to follow, several 

improvements to Armstrong’s model were proposed169–171. By 1983, a model by Vikar et al.172 

enabled CCD predictions within one order of magnitude of experimental data, with the main 

improvement resulting from considering a three-dimensional Laplace solution for current 

focussing at the crack tip.  
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As has been the case since the early models for Na-𝛽-alumina, a continual challenge faced 

when proposing any model of dendrite failure is the balancing of predicted driving forces and 

counterforces so to match experimental observation. In recent years, there has been a revival 

in the use of mode 1-type models to explain dendrite failure in Li solid electrolytes, during 

which considerable variation has centred around both the correct mechanical treatment of Li 

metal and the use of pressure dependent Li deposition kinetics. In 2017, Yet Ming Chiang et 

al.148 considered a Li filled crack under conditions of limited Li extrusion, meaning newly 

deposited Li would contribute directly to a hydrostatic stress build up. Hence rather than 

considering a ‘flow’ pressure, a hydrostatic stress is related to the molar volume of Li deposited 

for a given overpotential. As like in Armstrong’s model164, considerations were confined solely 

to deposition at the crack tip without a strict treatment of wider current focusing effects, and 

since the model considered the limiting case of no Li extrusion, the mechanical properties of 

Li were not considered. Following this, mode 1-type models for Li dendrites have been 

postulated which directly involve Li flow pressures. McMeeking et al.173 considered the ‘best-

case scenario’ of unrestricted Li plasticity during plating by treating Li as an incompressible 

inviscid fluid, and Ceder et al.165 approximated a pseudo-viscosity for Li in their model by using 

a Perzyna formulation174 of strain rate for associated flow, see eq. 1.3. In the last few years, 

creep tests on Li metal have now made it possible to directly extract an equivalent pseudo-

viscosity for Li metal161,162.  

 𝜂 = 	
𝜎2
√3𝜀̅

 ̇ (1.3) 

One of the difficulties posed to models which invoke Li flow stresses are reports made of 

significant Li hardening at small length scales. McMeeking et al.173 pushed back on reports of 

microscale Li hardening (some of which claimed yield strengths as high as 95 MPa175) by 

demonstrating that if this were the case within surface flaws, then even flaws under 1 nm 

would undergo uncontrollable propagation. Ultimately, little is still known about the 

microstructure of Li within dendrite cracks. Darnbrough et al.176 recently showed that lithium 

grains are typically large in size (up to 1mm diameter), and its properties are highly related to 
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the crystal orientation and the manner in which stress is applied. Consequently, variation in 

measured values is to be expected, and prescribing specific values to dendrites still remains 

contentious.   

Whilst some discussion has centred around Li mechanics, another point of debate has been 

the influence of pressure on the Li deposition kinetics. Both Bucci et al.177 and McMeeking et 

al.173 treated interfacial kinetics using a pressure dependent Butler-Volmer equation, whereas 

no such consideration was made by Chiang et al.148. Ceder et al.165 considered a boundary 

traction potential in their model which additionally considered the effect of stress on ionic 

transport within the electrolyte as well as at the interface. This meant the bulk ionic conductivity 

of the electrolyte would play a key role in preventing dendrite failure. Whilst these kinds of 

features can provide significant counterforces to dendrite formation, often bringing CCD 

predictions closer to experiment, an experimental validation of the magnitude of such pressure 

effects is still lacking.   

Overall, although some parameters are still debated, models which invoke Li flow stresses 

can explain a large number of key experimental observations such as: (1) lower CCDs in 

defect populous surfaces148–150, (2) higher CCDs with increasing temperature and smaller 

stack pressures157,160,178,179, and (3) higher CCDs in softer metal SSBs such as Na and 

K136,180,181. Consequently, these kinds of models have gained significant popularity.  

 

1.4.3.2  Alternative fracture mechanisms 

Whilst Li flow-type mechanisms for ceramic fracture have attracted significant interest, there 

have been several alternative explanations worth noting.  

In 2020, Harris et al.182 suggested that dendrite failure in LLZO-type electrolytes may involve 

some level of stress corrosion cracking (SCC), see Figure 1.19a-d. SCC generally occurs 

when the surface of a material is chemically (usually electrochemically) attacked at a defect 

or heterogeneity, i.e. a grain boundary183. The result is the formation or extension of an 

incipient crack that can grow if its tip is in a sufficiently high state of tension. Thus, SCC crack 
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growth occurs under the combined effect of a chemical reaction plus a local tensile stress 

above some threshold value, but below the level required for fast crack propagation. Similar 

ideas were proposed previously for Na-𝛽-alumina electrolytes, in which a stress-assisted 

dissolution of the electrolyte in molten Na was postulated169,184. Ultimately experimental 

investigations of stress corrosion cracking of beta-alumina showed an absence of electrolyte 

dissolution as well as little time dependence of strength during exposure to molten Na185. 

Likewise, little direct experimental evidence has yet been ascertained for SCC in LLZO-type 

electrolytes.   

 

Figure 1.19: a-d Comparison between the intergranular cracks caused by SCC and Li 
intergranular penetration into LLZO, reproduced from Harris et al.182. a & b compare surface 
morphology, and c & d are schematic comparisons. e-j Schematic of electrochemical cracking, 
reproduced from Rettenwander et al.186 illustrating how local Li-ion concentrations can induce 
lattice distortions and fracture. Reproduced with permission from both Elsevier and Springer 
Nature.  

In recent years, some mechanisms have been proposed in which fracture originates from 

stresses within the electrolyte itself rather than being built-up in the lithium. Rettenwander et 

al.186 proposed a local reduction of the electrolyte in the region surrounding the defect tip, 

causing the build-up of a Li-activity front. This local stoichiometry change (i.e., additional Li-

ions and changed ionic valences due to additional electrons) are proposed to induce a change 

of the local lattice parameter. Since the bulk electrolyte is unaffected by Li activity changes, 

there will be an elastic energy build up until a critical Li activity is reached, at which the stress 

a b

c d

e f g

h i j



 41 

is relaxed by fracture of the electrolyte, Figure 1.19e-j. Similar considerations have also been 

made by Li et al.187 but across larger length scales. In their model, large variations in electronic 

leakage currents may occur across the entire electrolyte thickness, and consequently a narrow 

transition region may develop within the centre of the electrolyte between the somewhat 

partially reduced and oxidised interfacial regions. In their view, the eigen-strain mismatch of 

such a transition region could be significant enough to cause brittle fracture of the electrolyte.  

 

1.4.4  Dendrites: Mode 2 

Although most observations report some kind of rapid fracture during the Li dendrite failure of 

ceramic electrolytes, observations in some electrolytes have indicated the possibility of 

isolated Li deposition79,153. The mechanism and potential consequences of this kind of 

electrolytic degradation should therefore be considered.  

Nucleation of lithium at the electrode interface can only occur at the intersections of electronic 

and ionic pathways. In other words, for Li+ ions to deposit as Li metal, an electron source is 

required to facilitate their reduction. Therefore, for Li deposition to occur inside the solid 

electrolyte, some partial electronic conductivity of the electrolyte must be afforded51. It is worth 

noting that experimentally measured electronic partial conductivities on polycrystalline 

samples can be dominated by grain boundaries or surface regions that often show different 

electronic conductivities. In particular, experiments have shown reduced band gaps as well as 

Galvani potential drops at grain boundaries in LLZO-type electrolytes188,189. Consequently, 

many models for dendrite failure in these electrolytes centre around Li deposition at the grain 

boundaries190,191.  
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Figure 1.20: a & b Reproduced from Janek et al.51. a A qualitative steady state profile of the 
chemical potential μLi during charging of a solid-state battery with an ideal electrolyte with grain 
boundaries of varying resistivity (the highest resistivity close to the Li anode). Mathematically an 
overshoot of μLi at a position ξ in the electrolyte is possible depending on the boundary conditions. 
b Schematic showing the mechanical compressive traction which must be overcome for lithium 
nucleation at the grain boundary. c Schematic of successive cracking events caused by the filling 
of isolated voids, reproduced from Ceder et al.192. Red indicates the regions of the electrolyte which 
are susceptible to Li plating at each stage. Green indicates “safe” regions. Reproduced with 
permission from both the American Chemical Society and Elsevier.  

Even if some partial electronic conductivity is afforded, for Li to nucleate inside the electrolyte 

a thermodynamic driving force must still exist. More explicitly, somewhere within the 

electrolyte the local chemical potential of lithium, 𝜇)*, must be elevated above the standard 

chemical potential of lithium metal, 𝜇)*+ .193 Accordingly, several potential mechanisms for how 

𝜇)* might kinetically ‘overshoot’ inside the electrolyte itself have been proposed. In early work 

on Na-𝛽-alumina electrolytes, sufficient 𝜇34 overshoots were speculated to occur due to local 

gradients of the transference number inside the electrolyte194. Such gradients were a 

consequence of the progressive reduction of Na-𝛽-alumina when immersed in molten Na at 

high temperatures. The reduction introduced oxygen vacancies which were then compensated 

by electrons. 

In more recent lines of thought, chemical potential overshoots have been considered to 

originate at defects which act as ionic bottlenecks, such as pores and grain boundaries, see 

Figure 1.20. For example, Raj et al.195 considered Li nucleation at transverse grain boundaries. 
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In such a case, a mechanical back stress of the solid electrolyte would need to be initially 

overcome for deposition to take place, Figure 1.20b. In contrast, the overpotential for Li 

nucleation within isolated porosity has no initial mechanical contribution. Such a situation was 

recently considered by Ceder et al.192. They postulated if pores were sufficiently large, further 

plating may continue after filling, inducing a fracture of the surrounding electrolyte. They went 

on to consider whether fracture back to the interface could extend the potential front through 

the electrolyte activating deeper pores, the final result of which could eventually enable a 

percolating Li pathway through the electrolyte, Figure 1.20c.  

Whilst it remains contentious as to whether mode 2-type degradation can be ultimately 

responsible for short circuit of Li ceramics during plating, if such processes do take place their 

effects must be considered. In 1983, Kuribayashi et al.196 suggested mode 2-type 

degradations of Na-𝛽-alumina may coincide together with mode 1-type failures in a somewhat 

symbiotic relationship. As such, similar considerations could potentially be made for any Li 

electrolytes which also demonstrate clear mode 2-type degradation.   

 

1.4.5  Strategies against dendrites 

The need for fast charging, in for example electric vehicles, means that plating current 

densities in excess of 5 mA cm-2 are desirable54,140. The major classes of solid electrolyte 

under consideration, oxides, sulphides and halides, struggle to achieve lithium plating currents 

in this range without dendrite penetration, short-circuit and cell failure. Higher critical currents 

are needed. Given the importance of the dendrite problem, there have been many attempts 

to resolve it. In general, the pursued strategies have fallen into one of two categories: 

modification of the Li/SE interface or some modification of the solid electrolyte itself.  
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1.4.5.1  Interfacial Modification 

1.4.5.1.1 Lower and more homogeneous interfacial currents 

The formation of dendrites has been closely associated to interfacial regions of 

inhomogeneous plating which act as sites of enhanced current flow51,83. Encouraging 

homogenous Li plating and preventing local current hotspots may ultimately prove necessary 

in enabling higher overall rates of charge.  

On LLZO-type materials in particular, exposure to moisture can result in the formation of highly 

resistive carbonates and hydroxides on the electrolyte’s surface89,142. Work by Sakamoto et 

al.197 and others have implemented a number of methods to ‘clean’ the interface. Heat 

treatments197, laser cleaning protocols198 and acid treatments199 have all proven valid ways of 

removing interfacial impurities, ensuring high areal resistances do not limit measured critical 

currents. In a similar spirit, both Janek et al.132 and Bruce et al.135 have shown that high 

formation pressures can lower interfacial resistances considerably by improving the interfacial 

contact between Li and the solid electrolyte. Stack pressures can also be maintained so to 

avoid dynamic contact losses during Li stripping, but it is worth noting that high pressures are 

widely considered unfeasible for larger format cells during cycling.  

Another way to reduce local currents is to increase the total interfacial contact area. 

Wachsman and co-workers have published numerous SSB designs in which a porous network 

of solid electrolyte percolates the anode, thus deviating from the standard planar 

configuration200,201. Whilst these designs enable high effective current densities, they have 

significant drawbacks on cell energy densities. With this in mind, several studies have sought 

to find a compromised solution by introducing a microscale patterning of the solid electrolyte 

surface202–204. Whilst optimised contouring of the interface can facilitate higher critical currents, 

any improvement is ultimately limited due to increasing current focussing effects204.  
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1.4.5.1.2 Interlayers 

One approach in preventing Li dendrites has been to incorporate a thin interlayer between the 

Li and the electrolyte. Such a layer may act to physically buffer the solid electrolyte from the 

Li plating process.  

Several years ago, Hu et al.205 demonstrated that thin ceramic interlayers such as Al2O3 can 

drastically improve the wettability of Li and hence the interfacial resistance of garnet 

electrolytes. Yet difficulties in avoiding layer damage and maintaining homogenous Li plating 

limited improvements in CCD. In more recent years, significant improvements in plating critical 

currents have been made possible by the use of a mixed ionic and electronic conducting 

(MIEC) interlayer51,206. Depositing layers of Li-alloying metals such as Mg, Al, In, Au and Ag 

allows a buffer alloying layer to first form before Li precipitation207–210. The enhanced Li 

diffusion within these alloy layers as compared to pure Li metal allows for better Li 

redistribution, homogenising interfacial currents207, see Figure 1.21a&b. With this being said, 

large volume changes and reversibility challenges have typically limited longer term cycling 

performances of pure alloy layers51,211.  

 

Figure 1.21: a & b Reproduced from Kim et al.207 a Schematic of inhomogeneous lithium 
deposition caused by uneven lithium-ion flux at surface morphological fluctuations. b lithium 
redistribution and homogeneous Li nucleation through the gold layer. c A schematic of Li plating–
stripping on the current collector with an Ag–C nanocomposite layer, reproduced from Lee et al.111. 
Reproduced with permission from both John Wiley and Sons and Springer Nature.  

a

b

c



 46 

Very recently, carbon-based MIEC interlayers have attracted serious attention due to their 

impressive long term cycling performances at high rates52,111,212,213. As well as buffering bulk 

Li anodes, carbon-based interlayers (often composited with metal nanoparticles) can readily 

facilitate anodeless cell designs with high energy densities, see Figure 1.21c. Early studies 

have shown that whether Li is plated away from or at the solid electrolyte interface depends 

on the applied current density, meaning charging currents still face some limitations despite 

considerable improvement212. Ultimately, very little is known about the exact mechanism of 

these rather complex interlayers and a large amount of research is still ongoing.  

 

1.4.5.2  Modification of the solid electrolyte 

1.4.5.2.1 Mechanical properties 

Due to the link between Li dendrite propagation and fracture of the ceramic electrolyte, 

researchers have sought to improve the fracture resistance of the solid electrolytes to raise 

critical currents.   

One fairly popular idea has been to induce a state of residual compressive stress at the 

electrolyte surface, either by shot-peening214 or ion exchange/implantation215,216, see Figure 

1.22a. Residual stresses can enable highly tough ceramics. For example, the significant crack 

resistance of Gorilla Glass is a result of exchanging smaller sodium atoms near the surface 

with larger potassium atoms182. However, stresses within the electrolyte can significantly 

diminish ionic transport, consequently no study has so far successfully balanced both 

electrolyte toughness and conductivity.  
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Figure 1.22: Schematic illustration of a K ion exchanged LLZO surface, the added compression 
resists crack growth but also hinders ionic transport, reproduced from Jagad et al.216. Schematic 
of a fibre-reinforced solid electrolyte composite with associated toughening mechanisms, 
reproduced from Janek et al.217. Figures adapted with permission from the American Chemical 
Society and Elsevier.  

Another route to toughen ceramics is through the incorporation of secondary phases into the 

microstructure – giving an overall tougher composite material. A number of works have used 

either platelets218 (e.g., reduced graphene oxide) or fibres217,219,220 (e.g., alumina, borosilicate 

glass or Kevlar) to toughen ceramic electrolytes through mechanisms such as crack-bridging 

or crack deflection, Figure 1.22b. Whilst many of these studies neglected to relate mechanical 

improvements to critical plating currents, some studies did report minor 

improvements217,219,220. Still, to date there has been a surprising lack of research dedicated to 

the mechanical refinement of Li ceramic electrolytes in the context of raising charging currents.  

During the popular development of Na-𝛽-alumina electrolytes, dispersed secondary phases 

were used to transformation toughen the material221–226. Specifically, small particles of partially 

stabilised zirconia were dispersed within the microstructure, with the idea that these particles 

should undergo a stress-sensitive phase transformation in proximity to the tip of an advancing 

crack. Whilst this addition of zirconia particles has since become standard for many 

commercially produced Na-𝛽-alumina electrolytes, no attempts to induce transformation 

toughening in Li+ conducting solid electrolytes have so far succeeded227. Chapter 5 of this 

thesis will detail investigations by the author into the effect of transformation toughening 

Li6PS5Cl electrolytes.  

a b
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1.4.5.2.2 Microstructural control 

Whilst a given electrolyte may have some inherent mechanical properties, there can be a 

drastic variation due to changes in microstructure. As well, microstructural defects are 

believed to play a direct role in the formation of Li dendrites within ceramics.  

In the context of dendrite mitigation, a considerable amount of research has been dedicated 

to the microstructural control of oxide electrolytes. With regards to porosity, generally studies 

have sought to minimise pore connectivity, size and total volume51,155. Research focused on 

grain design has been somewhat less consistent. Early works coarsened grains to lower the 

total number of grain boundaries, whereas more recent studies pursued smaller or even 

bimodal grain sizes to reduce grain boundary porosity and increase grain boundary 

complexity228–233. Ultimately though, no matter the grain boundary configuration, highly dense 

garnet electrolytes with best-in-class surface preparation still fail to reach critical plating 

currents above ~ 1 mA/cm2.51,140 Studies on single crystals have shown the altogether removal 

of grain boundaries can help break this barrier, but their dendrite resistance is eventually 

limited by the presence of surface flaws186,234. As well, single crystal garnet films are not seen 

as a practical solution for mass-produced Li-SSBs. Consequently, a significant amount of 

research is still focused on solutions for polycrystalline garnets. In particular, a number of 

different sintering additives have been introduced to coat the grain boundaries, often with an 

amorphous phase235–239, see Figure 1.23a. These additives are generally touted to reduce the 

porosity, increase the strength and or decrease the electronic conductivity of the grain 

boundaries, but so far, no compound has demonstrated notable CCD improvement.  
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Figure 1.23: a A schematic of LLZO electrolyte in which the grain boundaries have been modified 
with a low electronic conductivity amorphous phase, adapted from Hoinkis et al.239 b-f reproduced 
from Singh et al.82 demonstrating different microstructures of pressed Li6PS5Cl electrolytes. b & c 
demonstrate varying surface morphologies and d-f reveals the internal microstructures. 
Reproduced with permission from both the American Chemical Society and Elsevier.  

As compared to oxides, far less attention has been given to the microstructural optimisation 

of sulphide electrolytes. In particular, the vast majority of studies involving polycrystalline 

thiophosphate sulphide electrolytes (e.g., Li6PS5Cl and β-LPS), form the electrolyte separator 

through cold pressing alone157,240. Consequently, the reported variation in microstructure has 

been limited. Recently, Janek and co-workers investigated the effect of particle size in the 

context of Li dendrite failure within cold pressed Li6PS5Cl electrolytes82. Whilst they found 

better surface homogeneity as well as increased crack deflection in electrolytes made with 

smaller particles, ultimately all electrolytes in the study were highly porous and had limited 

CCDs, Figure 1.23b-f. In recent years, some studies have implemented sintering procedures 

to densify thiophosphate sulphides to improve ionic conduction, but to-date no electrolytes of 

this kind of been reported with high densities (e.g., above 95%)241,242.  

In an attempt to minimise microstructural defects, glassy sulphide electrolytes have fallen 

under some consideration. As previously mentioned, when using a microprobe imaging set-

up, Chiang and co-workers had reported a significant resistance to Li ingress when plating on 

cleaved, highly dense LPS glass surfaces148. Similarly, Ceder et al.243 noted that highly dense 

LPS glasses could sustain high single plating currents without dendrite formation in Li 
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symmetric solid-state cells. Whilst these glassy sulphides have demonstrated some promise, 

other studies have shown high plating currents cannot be maintained during prolonged 

cycling244–246. Whilst glasses may avoid grain boundaries they are ultimately not without flaws. 

As well, their highly brittle nature can pose difficulties in production and when handling, often 

leading to macroscopic cracks247.  

 

1.5  Thesis Aims 

As has been detailed in this chapter, solid-state batteries have attracted major interest as a 

route towards reversible lithium metal anodes, but the issues faced at the Li/solid electrolyte 

interface are far from trivial. Of these, the dendrite problem has proven the most problematic 

and the most vexing. The aim of this thesis is to better understand this important failure 

mechanism and to explore strategies with which it may be mitigated.  

After a discussion of the experimental methods used in this thesis in Chapter 2, Chapter 3 

aims to provide a mechanistic understanding of Li dendrites in Li6PS5Cl electrolytes. X-ray 

tomographic imaging is used capture key developments in-operando, with these observations 

forming the basis for answering the questions: how do Li dendrites first initiate and how do 

they then propagate?  

Following the new mechanistic understandings provided within Chapter 3, Chapters 4 and 5 

aim to understand how altering the solid electrolyte’s microstructure and mechanical 

properties may affect Li dendrite failure. In Chapter 4, an investigation is first made into the 

effect of sintering on the solid electrolyte microstructure, and in particular on the 

microstructural defects involved in the initiation of Li dendrites. FIB-SEM is used to quantify 

the cracks and pores within a range of differently sintered Li6PS5Cl electrolytes, after which X-

ray CT imaging is combined with electrochemical testing to probe changes in Li dendrite 

morphology and to determine the effect of microstructural change on the critical current for 

dendrite initiation. In Chapter 5, the effect of adding metastable CeO2-ZrO2 (CSZ) 

nanoparticles into Li6PS5Cl solid electrolytes is explored. Firstly, the mechanical properties 
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and Li+ conductivities are measured across a range of composites varying in composition. 

Following this, an investigation is made into the effects on dendrite morphology, with a focus 

on dendrite propagation.  
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Chapter 2: Experimental Techniques 

2.1  Aim 

This chapter serves as an introduction to the sample preparation methodology and 

experimental characterisation used throughout this thesis. An explanation of the theory behind 

these practices and techniques is integrated with discussion of practical considerations for 

their use in solid-state battery research. 

2.2  Sample Preparation 

2.2.1  Sintering 

Sintering is a process in which particulate material is consolidated during heat treatment and 

has traditionally been the principal method to produce dense ceramic bodies248. The basic 

idea is to join particles together without necessarily melting them, with temperatures remaining 

below the melting temperatures of the material. The driving force for sintering is the reduction 

in the total free energy of the particulate system, ∆𝐺, which is composed of free energy 

changes of volume, ∆𝐺5, boundaries, ∆𝐺6, and surfaces,	∆𝐺7, see eq. 2.1249.

 

 ∆𝐺 = ∆𝐺5 + ∆𝐺6 + ∆𝐺7 (2.1) 

In conventional sintering, the dominant term in the free energy reduction is that due to 

surface area reduction.  



 54 

 

Figure 2.1: Development of ceramic microstructure during sintering: a Loose powder particles; b 
initial stage; c intermediate stage; and d final stage. Adapted from Lee et al.250.  

The stages of sintering are depicted in Figure 2.1. Before sintering, the ceramic particles are 

compacted together using pressure to form what is known as a ‘green body’. When subject to 

firing, further re-arrangement of the particles may occur, and at the points of contact, chemical 

bonds may form producing new grain boundaries. Typically, at the bonded points of contact 

particles will neck together, which in turn helps to reduce the number of pores and shrink the 

overall ceramic body248. Eventually a small selection of isolated pores will remain which may 

be eliminated through vacancy diffusion. Therefore, an optimisation of both the size, shape 

and packing of particles as well as the atmosphere, heating ramp, hold temperatures and hold 

times are all necessary to optimise the thermodynamic driving forces and active mass 

transport mechanisms during sintering. 

 

2.2.2  Field Assisted Sintering 

Field assisted sintering (also commonly known as spark plasma sintering) is a variation of hot 

pressing whereby the ceramic body is heated under low atmospheric pressure through the 

application of pulsed electric currents rather than using an external source. As with traditional 

hot pressing, both the uniaxial powder pressing and the heat treatment are performed 

simultaneously. This application of pressure during heating directly affects the thermodynamic 
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sintering driving force and activates pressure driven mass transport mechanisms such as 

plastic deformation248. As a result, both field assisted sintering and traditional hot pressing can 

enable significant densification at lower temperatures than traditional sintering. 

 

Figure 2.2: a Schematic of a field assisted sintering set-up. b&c Illustration of the Joule heating 
and disputed spark plasma discharge mechanisms which contribute to the densification of ceramic 
powders.  

A schematic of a field assisted sintering set-up is given in Figure 2.2a. Powders are typically 

compressed within a die and loaded between the two pistons. Graphite dies are often 

preferred due to their affordability, low thermal expansion, good thermal and electrical 

conductivity as well as good creep resistance. During operation the chamber is put under 

vacuum and load is applied via the pistons. Pulsed currents are applied to induce heating, 

monitored either by thermocouples or an optical pyrometer.  

The application of a pulsed current which passes both through the electrically conductive die 

and ceramic body means the powders are heated both from the outside and the inside during 

field assisted sintering. The rapid heating means field assisted sintering can produce a higher 

throughput for a lower energy consumption and open new processing windows as compared 

to hot pressing251. A number of mechanisms have been proposed to account for the enhanced 

sintering abilities of the field assisted sintering process. Of these mechanisms, one commonly 

put forth, and the one that draws the most controversy, involves the presence of momentary 

plasma generated between particles (hence the name ‘Spark Plasma Sintering’)252. 

Regardless of whether dielectric breakdown occurs between particles, mechanisms such as 
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rapid joule heating and current effects in conducting samples are relatively well established 

and can explain the mechanism of internal heating251, see Figure 2.2b&c.  

In this thesis, field assisted sintering is used to densify sulphide solid electrolytes. The rapid 

heating helps to both facilitate the densification as well as avoid significant degradation of the 

electrolytes.  

 

2.3  Materials Characterisation 

2.3.1  X-ray Diffraction 

X-ray diffraction (XRD) is a powerful technique for characterising crystalline structures 

allowing for the elucidation of atomic positions, lattice parameters and crystallite sizes. 

Additionally, it can be used to quantify the phase fractions within crystalline mixtures, thereby 

helping to identify the presence of impurity phases253.  

When an incident beam of X-rays enters a material, some will transmit through, and some will 

be scattered by the electron density surrounding the atoms. Of these, a certain number will be 

scattered both coherently and elastically, i.e., without the loss of energy or change in phase. 

Consequently, the atoms within a material illuminated with X-rays will begin themselves to act 

as sources of coherently scattered X-rays. In a crystalline solid, most the scattered X-rays will 

cancel one another through destructive interference, but in a few specific directions 

constructive interference will occur. For a given family of crystallographic planes‡‡ the 

constructively scattered X-rays can be considered to reflect off at an angle identical to the 

angle of incidence. If the crystal is aligned relative to the incident beam such that the difference 

in path length of X-rays scattered by a family of planes is equal to an integer number of 

wavelengths, then significant constructive interference occurs between the reflections of each 

plane and a peak in intensity is observed in the detected radiation. These conditions are 

described by Bragg’s Law (eq. 2.2)254.

 
‡‡ Crystallographic planes can be grouped into parallel families described by 3 values h, k and l, known as the 
Miller indices, which are the inverse values of where the planes intercept with the a, b and c axes respectively. 
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 𝑛𝜆 = 2𝑑89- sin 𝜃 (2.2) 

Where 𝑛 is an integer, l is the wavelength of radiation, 𝑑89- is the inter-planar spacing for a 

given (hkl) family, and q  is the incident angle of the beam relative to the (hkl) plane, see Figure 

2.3. Since both the crystal type and unit cell parameters determines the inter-planar spacings, 

𝑑89-, they are related to the number and position of peaks in the measured diffraction pattern.  

 

Figure 2.3: Schematic illustration of Bragg’s Law, e.g., how the 𝑑 spacing between atomic planes, 
the diffraction angle and the wavelength of the radiation together influence the interference pattern.  

The intensity of the peaks is related to the atomic scattering factor, 𝑓, which for X-rays is 

proportional to the electron density around the atom (and hence the atomic number), the Bragg 

angle, and the wavelength of the incident beam. The sum of contributions from all the 

constituent atoms in the same (hkl) plane is described by the structure factor 𝐹89-, see 

equation 2.3253.  
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proportional to the absolute square of the structure factor of the (hkl) family of planes to which 

it corresponds, see equation 2.4.  

 𝐼89- ∝	 |𝐹89-|" (2.4) 

 

 

Figure 2.4: Schematic of a typical X-ray diffractometer. In this thesis a Rigaku MiniFlex 600 is 
used to collect XRD patterns, which employs a 600 W Cu X-ray source. The Miniflex is contained 
within a nitrogen filled glovebox.  

Within a typical lab-based X-ray diffractometer, electrons are generated by thermionic 

emission via a tungsten cathode and accelerated using a high voltage to collide with a copper 

anode, resulting in the emission of X-rays, see Figure 2.4. Once generated, X-rays are 

converged through a number of slits. A Soller slit is used to remove horizontal divergence and 

a divergence slit is used to control the vertical divergence. The focused beam then reaches 

the sample which is tilted over a number of steps to probe a range of incident angles. Once 

diffracted the X-rays are shaped through an anti-scatter slit and another Soller slit before 

passing through a nickel filter. The resultant X-rays can then be considered as collimated (all 

the X-ray waves are parallel) beam with a narrow range of wavelengths. The intensity of this 

beam is then measured as a function of angle using a solid-state detector.  

When setting the parameters for the diffraction measurements two parameters are particularly 

important as they affect the resolution and sensitivity of the data. These parameters are the 

step size and time per step. The step size refers to the difference in angle between each 

measurement. The smaller the step size the higher the resolution of the data. This is because 

it ensures that all peaks and features are identified. If the step size is too large peaks may be 

e-

Cathode

V

Anode
Water pump

Soller slit

Tungsten 
shutter

X-rays

Divergence 
slit

Anti-scatter 
slit

Soller slitSample
stage

Sample

Ni filter

SS x-ray 
detector

Data sent to 
computer

Steel protective 
casing



 59 

missed. Smaller step times can result in the data collection becoming quite time consuming. 

The time per step is a measure of how long the detector will remain at a particular angle when 

collecting data. Larger times per step increase the sensitivity of the data as deviations caused 

by background noise become less significant in the overall spectra (since the number of X-

rays collected at each angle is larger). This ensures smaller peaks are not lost.  

 

2.3.2  Scanning Electron Microscopy 

Electron microscopy techniques can achieve higher resolving powers than their optical 

counterparts which suffer from the well-known diffraction-limitations of visible light255. 

Consequently, electron microscopy techniques are the method of choice when aiming to 

obtain high-magnification images of a material’s surface topography and composition. Of 

these, scanning electron microscopy (SEM) is perhaps the simplest and most versatile, in 

which an electron beam is rastered across relatively large areas with minimal sample 

preparation required. Various detectors can be coupled inside the SEM chamber meaning a 

large amount of microanalysis techniques can be used to complement the imaging. In this 

project focused ion beam (FIB) milling, energy-dispersive X-ray spectroscopy (EDX), 

secondary ion mass spectrometry (SIMS) and nanoindentation are all combined with 

secondary electron imaging to characterise solid electrolyte materials.  



 60 

 

Figure 2.5: Schematic of the key components and detectors within a typical scanning electron 
microscope.  

In a typical scanning electron microscope, electrons are generated by a thermionic gun with 

either tungsten or lanthanum hexaboride sources. The generated electrons are then 

accelerated through a chamber under ultra-high vacuum (~10-10 mbar) whereby a combination 

of electromagnetic lenses and apertures are used to focus the beam onto the sample, see 

Figure 2.5. Typically, a set of condenser lenses (CL) will be used to form an initial spot with a 

later set of objective lenses (OL) used to finalise the focus of the beam. Apertures may be 

placed after the condenser lenses to fully control the spot size and reduce any aberration 

effects. In an SEM, scanning coils will be used to raster the electron beam across the sample.  

When imaging using an SEM, the achievable resolution is highly dependent on the 

configuration used. Whilst using higher acceleration voltages can lower the wavelength of the 

electrons and help to improve spatial resolutions, ultimately a collection of electrons is used 

to yield an image and so the final achievable spot size (affected by diffraction errors and 

aberrations) is also critical256. Higher energy electrons risk beam damage to the sample and 
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lower spot sizes have an associated signal-to-noise cost and lower depth of field, so the final 

configuration used is a balance between many considerations.  

The accelerated electrons interact with the material in a variety of ways resulting in the 

emission of electrons and other radiation back out from the same surface with which the 

probing beam is incident. A schematic illustrating the origin of some of the key emissions is 

presented in Figure 2.6. Emitted electrons are most commonly captured using either 

secondary electron (SE) or backscattered electron (BSE) detectors, see Figure 2.5. 

Secondary electrons are generated by the inelastic scattering of inner core electrons from 

atoms typically within 5-500 Å of the surface256. The efficiency to which secondary electrons 

can escape is dependent on the surface orientations of the material, with the highest 

efficiencies typically occurring at sharp edges, see Figure 2.6. As such, the intensity of 

secondary electron images gives information about the surface topography. Backscattered 

electrons are beam electrons which have been scattered through high angles by the nuclei of 

atoms in the first 1-2 microns of the specimen256. In addition to topographical information, BSE 

can also provide compositional information as the intensity of emitted BSE is correlated to the 

atomic number of the scattering nuclei.   

During imaging, fewer electrons escape the sample than are incident. As a result, 

electronically insulating samples can become locally charged leading to image distortion, 

uneven brightness, and image drift. Solid electrolytes by design are electronic insulators and 

so risk charging during imaging. Effective methods to prevent charging effects include coating 

the sample with a thin film of a metal (e.g., Pt) or imaging using lower acceleration voltages 

and currents. In this thesis, low voltages and currents were found sufficient to avoid 

detrimental charging effects.  
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Figure 2.6: Schematic illustration of key sample emissions resulting from an incident electron 
beam, e.g., backscattered electrons (1), secondary electrons (2), and characteristic X-rays (3). 
The basic mechanistic origins and typical interaction volumes are presented. The relationship 
between sample topography and secondary electron contrast is also schematically demonstrated 
(2).  

Electron imaging can provide surface information, but in many cases the surface may not fully 

represent the inner bulk of a material. As well, in solid-state batteries many processes such 

as dendrite failure initiate within subsurface regions. Sectioning to image regions beneath the 

surface of the material can thereby provide valuable information. A common sectioning 

method is to use a focused ion beam (FIB) to mill into the sample by progressively sputtering 

away material. Typically, a beam of Ga+ or Xe+ ions is focused to mill a trench, the sides of 

which can be then imaged using the SEM257. The process of milling can leave damaged layers 

on the surface of the specimen which can be tens of nanometers thick. To mitigate beam 

damage during the work in this thesis, a 5 µm Pt-C layer was pre-deposited on the surface 

and the milling energy was progressively lowered when approaching the area of interest. 

Additionally, a Fourier Transform filter was employed to eliminate undesired vertical curtaining 

Secondary electrons: 5-500Å
Backscattered electrons: 1-2!m
Characteristic x-rays: 2-5!m

Secondary electrons
(SE)Backscattered electrons

(BSE)
Characteristic x-rays

Incident beam

Heat

Sample

Primary beam
BSE

1

1
Primary beamSE

2

Elastic scattering Inelastic 
scattering

2

SE

Primary beam

Characteristic x-rays

3

3



 63 

lines, which are common surface artefacts of FIB milling. By milling fiducial markers adjacent 

to the region of interest, FIB milling can be used to serially section and tomographically image 

a volume of material. Although destructive, this method can enable the three-dimensional 

reconstruction of the features imaged in the cross-section.  

Aside from electron detectors, the next most common detector installed within SEM chambers 

is energy-dispersive X-ray spectroscopy detectors. The generation of secondary electrons 

during electron beam exposure leaves vacant energy levels within the atoms of the sample. 

The filling of these electron holes by the de-excitation of electrons from higher energy levels 

in the atom results in the emission of a photon, see Figure 2.6. The energies of the photons 

are characteristic of the difference between the two energy levels (meaning they are generally 

in the X-ray frequency range) and are therefore also characteristic of the atomic structure of 

the emitting element258. As a result, the detection of the characteristic X-ray emission spectrum 

can be used to identify local elemental composition. By rastering the electron beam across 

the surface, EDX can be used to map the elemental distribution, and combining this with 

secondary electron imaging, topological information can be superimposed with compositional 

information. Whilst EDX should still be considered a surface-sensitive technique, the 

interaction volume may penetrate several microns deep and the mismatch between other 

imaging methods should be appreciated during analysis258.  

In addition to energy-dispersive X-ray spectroscopy detectors, other chemically sensitive 

detectors can be mounted within the SEM chamber to give complementary information. One 

such example is a secondary ion mass spectrometer (SIMS). Although SIMS is a destructive 

technique it can distinguish even between the isotopes of light elements which cannot be 

routinely detected using EDX. SIMS essentially involves bombarding a material’s surface with 

a beam of ions (known as the primary beam) and using a mass spectrometer to identify the 

charged secondary ions which eject from the material as a result of the bombardment259.  In 

this thesis, a Xe+ beam focused to approximately 200nm was used for SIMS analysis. 

Secondary ions were collected and analysed using a quadrupole detector which was tuned to 

collect the 7Li+ signal. The beam was rastered across the area of interest to generate a 2-
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dimensional (2D) map of the distribution of the selected ion signals which could then be 

overlayed with the corresponding SEM image. This allowed for the identification of lithium 

metal within subsurface features, something which had been previously inconclusive when 

using EDX detectors.  

 

2.3.3  X-ray computed tomography 

X-ray computed tomography (XCT) is a non-destructive imaging technique which can be used 

to create a three-dimensional map of the internal structure of a material. The precise optics 

used during XCT can be varied to enable spatial resolutions from tens of microns to several 

tens of nanometers, with a balance always to be struck between acquisition time, sample size 

and the field of view260. In solid-state batteries, key processes occur at buried interfaces at 

microscopic length scales and so throughout this thesis specifically ‘microtomography’ was 

performed with voxel sizes on the microns length scale.  

 

Figure 2.7: Illustration of a standard attenuation contrast experimental setup. X-rays penetrate the 
sample, which is mounted on a rotating stage.  

In an X-ray tomography measurement, a collimated (and typically coherent) X-ray beam is 

directed through a sample, with the transmitted rays collected and converted into visible light 

using a scintillator, see Figure 2.7. These visible light rays are then optically magnified and 

imaged using a camera (either a CCD or CMOS detector). At a given angle of rotation, this 
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process allows for the collection of a two-dimensional projection image. By rotating the sample 

through 180° and collecting a new projection image at each fraction of a degree, a set of 

projections can be collected. By feeding these into a (Fourier-based) algorithm, a tomogram 

can be reconstructed, i.e., a set of virtual cuts through the sample which together contain data 

for each point in the imaged 3D space261. Most X-ray tomography methods provide a 3D map 

of the X-ray attenuation, as such a more detailed consideration will be made the underlying 

principle behind these measurements.  

 

Figure 2.8: Simplified schematic of the custom-built XCT tube cell used in this thesis. The cell 
ensures air-tightness and a constant pressure. During the experiment the cell was connected to a 
potentiostat via Cu wires connected to the top and bottom. The original cell design was conceived 
by Ziyang Ning.  

In this thesis, operando and in-situ XCT scans were collected using a custom designed tube 

cell, a schematic of which is shown in Figure 2.8. The design of the tube cell was such to 

ensure air-tightness over the course of the experiments (retaining Ar atmosphere) whilst also 

maintaining a constant stack pressure which could be calibrated prior to the experiment.  

 

2.3.3.1 Attenuation contrast tomography 

When X-rays pass through a material, they are partially attenuated, leading to an exponential 

drop in intensity which can be expressed mathematically using the Beer-Lambert Law, eq. 

2.5262.  

 𝐼(𝑑) = 𝐼+𝑒#AB (2.5) 
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where 𝐼(𝑑) is the transmitted intensity for a beam with initial intensity 𝐼+ after passing through 

a material with attenuation coefficient 𝜇 and thickness 𝑑. In this relationship, the attenuation 

coefficient, 𝜇, mathematically represents the amount of scattering and absorption events 

occurring throughout the material. Within a sample, chemical and morphological features 

mean that the attenuation varies spatially, hence the attenuation coefficient can be treated as 

a function of position 𝜇(𝑥, 𝑦, 𝑧).  

 

Figure 2.9: Figure reproduced from Wood et al.261. a Illustration of a parallel X-ray beam 
penetrating the sample, which has an attenuation coefficient distribution 𝜇(𝑥, 𝑦) (red) in real space. 
The corresponding projection 𝑃!(𝑧) is acquired at an angle 𝜃. b 2D Fourier transform of 𝜇(𝑥, 𝑦) 
(coloured map) and 1D Fourier transform 𝑃2!(𝑘") (red graph) of 𝑃!(𝑧) through the origin of the 
coordinate system orthogonal to the X-ray beam direction. According to the Fourier slice theorem, 
the set 4𝑃2!(𝑘")	6	#$!%&'#° is equivalent to 𝜇̂8𝑘) , 𝑘*9 in polar coordinates. Reproduced with 
permission from Annual Reviews.  

To plot the variation in attenuation in three-dimensions, a series of two-dimensional 

projections are first captured. Figure 2.9 considers the propagation of a parallel beam of X-

rays through an x-y plane in a direction given by 𝑠, in which a sample is situated with an 

attenuation coefficient distribution 𝜇(𝑥, 𝑦). At a given angle of incidence on the sample, the X-

ray intensity of each position along 𝑧 is again described using the Beer-Lambert law, see eq. 

2.6§§261.  

 𝐼C(𝑧) = 𝐼+𝑒#∫ A(%,=)	B7!#
$#  (2.6) 

 
§§ In this case, 𝑧 defines a direction orthogonal to the beam path rather than a third cartesian dimension. See also 
Figure 2.9.  
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In an XCT experiment, 0%
0&

 can be determined by taking dark and flat references (projections 

taken when there is 0% and 100% X-ray transmission, respectively), see eq. 2.7. 

 𝐼C
𝐼+
=
𝐼 − 𝐼G
𝐼( − 𝐼G

 (2.7) 

Whereby 𝐼, 𝐼G and 𝐼( are X-ray intensities measured by the detector for the sample, dark 

reference, and flat reference, respectively. Taking advantage of the Beer-Lambert law, the line 

integral across 𝑧 of the attenuation co-efficient	𝜇(𝑥, 𝑦) can be determined using eq. 2.8261.  

 
𝑃C(𝑧) = T 𝜇(𝑥(𝜃, 𝑠, 𝑧), 𝑦

&H

#H
(𝜃, 𝑠, 𝑧))	𝑑𝑠 = −ln V

𝐼C(𝑧)
𝐼+

W 
(2.8) 

Whereby 𝑃C(𝑧) is the projection of 𝜇(𝑥, 𝑦)	along the beam path. By repeating this across all 

multiple angles of incidence (i.e. 0 ≤ 𝜃 < 180°) a set of projections can be collected, 

{𝑃C(𝑧)}	+ICJ!K+°. According to the Fourier slice theorem, the 1D Fourier transform 𝑃̂C(𝑘>) of a 

projection 𝑃C(𝑧) is equal to the 2D Fourier transform 𝜇̂a𝑘% , 𝑘=b of the attenuation coefficient 

distribution 𝜇(𝑥, 𝑦).261 Hence, we can directly obtain 𝜇(𝑥, 𝑦)	by performing a 1D Fourier 

transform on the set {𝑃C(𝑧)}	+ICJ!K+° to obtain the set c𝑃̂C(𝑘>)	d	+ICJ!K+°, and then performing 

a 2D inverse Fourier transform on that set, see Figure 2.9. After performing this Fourier-based 

reconstruction, the X-ray attenuation coefficient distribution can then be plotted as normalised 

grayscale image. By assembling all slices, a virtual 3D model of the sample is generated, in 

which the greyscale of each voxel represents the X-ray attenuation.  
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2.3.3.1  Experimental considerations 

 

Figure 2.10: Chart summarising the most important criteria (yellow boxes) to consider when 
designing an X-ray tomographic experiment. Whereas some parameters allow for the optimisation 
of tomographic imaging conditions (green boxes), others constrain the experimental design (blue 
boxes). Arrows indicate the major interdependencies. Adapted from Wood et al.261.   

When designing an XCT experiment, important considerations must be made regarding image 

contrast, the spatial resolution within scans and the time resolution between scans, as all three 

determine what features can be analysed and whether developments can be captured 

dynamically, e.g., under operando conditions. A summary is given in Figure 2.10. Temporal 

resolution is determined by the scan acquisition time which depends on the beam flux, imaging 

settings (number of projections and integration time), and the properties of the sample itself. 

In general, high temporal resolution comes at the expense of increased image noise. When 

considering spatial resolutions, improvements can be made by altering the X-ray optics, but 

these often limit the flux and hence acquisition times. Alternatively, fast imaging can be 

retained by adjusting the scintillator and optical microscope, but any improvement then 

becomes limited by the diffraction limit of visible light. Another important consideration is that 

due to the finite size of detectors, higher spatial resolution limit set-ups will have restricted 

field-of-views.  
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To analyse features of interest, sufficient contrast between the features and the background 

is needed. This can be optimised by varying the energy of the beam or even altering the type 

of tomography. For attenuation contrast tomography, photoabsorption is the dominant X-ray–

matter interaction, with the attenuation coefficient expressible through eq. 2.9261,263.  

 
𝜇 =

2ℎ'𝑐'

𝜆
𝜌,
𝑍1

𝐸'
i
1
𝑚
j 

(2.9) 

Where ℎ is Planck’s constant,	𝑐 is the speed of light, 𝜌, is the electron density of the material, 

and 𝑍 is the atomic number of the material. The contrast between two different materials (∆𝜇 =

𝜇! − 𝜇") is hence determined by the heaviness of elements (𝜇 ∝ 𝑍1)  and the beam energy (𝜇	

∝ !
/'

). When trying to distinguish between low attenuating mediums such as lithium and empty 

space, alternative tomography methods can be considered, such as phase contrast 

tomography. 

2.3.3.1.1 Phase contrast tomography 

Every material has an X-ray complex refractive index 𝑛 = 1 − 𝛿 + 𝑖𝛽. Whereby the imaginary 

part 𝛽 describes the change in amplitude and the real part 1 − 𝛿 describes the change in 

wavelength. Changes in attenuation are directly related to the changes in amplitude through 

𝜇 = ';M
N

 where 𝜆 is the X-ray wavelength, hence attenuation contrast tomography essentially 

reconstructs the imaginary part of the complex index of refraction, 𝛽.261 Changes in 𝛿 across 

a sample instead result in a phase shift, Φ, see Figure 2.11.  
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Figure 2.11: Illustration of X-ray interaction with a hypothetical sample consisting of two media. 
Whereas attenuation causes a decrease in beam intensity (the imaginary part of the complex 
refractive index), refraction causes a deflection of the beam (the real part of the complex refractive 
index). Adapted from Wood et al.261.   

Whilst this phase shift cannot be directly measured, the relative phase shifts between 

(partially) coherent X-rays that pass through different parts of the sample can cause beam 

deflections at material interfaces, known as edge enhancements. Using specialised set-

ups***, it is possible to reconstruct the real part of the complex refractive index, 𝛿(𝑥, 𝑦), through 

the measurement of these interference effects, in a type of tomography known as phase 

contrast tomography. The magnitude of 𝛿 can be expressed with eq. 2.10261,263.  

 
𝛿 =

ℎ"𝑒"

8𝜋"𝜖+𝑚,
𝜌,

1
𝐸"

 
(2.10) 

where 𝑒 is the elementary charge, 𝜖+ the vacuum permittivity, and 𝑚, the electron mass. 𝛿 is 

hence independent of atomic number. Consequently, the phase contrast (∆𝛿 = 𝛿! − 𝛿") that 

can be achieved between low attenuation materials, can be orders of magnitude higher than 

in an attenuation-based measurement.  

 

 
*** Whilst specialised set-ups are needed to obtain a quantitative phase contrast map, filtering algorithms such as 
the one by Paganin et al.264 can qualitatively enhance the contrast of weakly attenuating materials using a standard 
attenuation contrast experimental set-up. 
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2.3.4  On-line mass spectrometry 

Detection of gas consumption and production using mass spectrometry can enable insights 

into the nature of electrochemical/chemical reactions and or reveal the type and quantity of 

unknown precursor materials. In this thesis, a chemical reaction was performed so to quantify 

the amount of Li metal within solid electrolyte samples by means of an on-line gas mass 

spectrometry set-up. On-line refers to the fact that the mass spectrometer (MS) is connected 

via a direct pipeline to the reaction chamber. This contrasts with the more common 

methodology whereby a small gas sample is extracted via a syringe and transported to a 

distant MS.  

 

Figure 2.12: Schematic illustration of the on-line mass spectrometry set-up used in this thesis.  

A basic schematic of the on-line setup in this thesis is presented in Figure 2.12. A carrier gas 

flow (pure Ar) is passed through a flow meter into the reaction chamber in which gaseous 

products are generated in-situ. These products are then directly delivered via a pipeline to the 

mass spectrometer for quantitative chemical analysis. The mass spectrometry consists of 

three basic stages265. Firstly, the input gas molecules are ionised using an electron gun within 

what is known as the ion source chamber. These resultant ionised molecules are then 

accelerated through a magnetic field whereby slight differences in acceleration can be directly 

attributed to differing mass-to-charge ratios of the individual ions. These differences are 

captured by the ion time resolution of the ion detector thereby allowing the type as well as the 

number of ions to be recorded. Before measurement, the entire set-up is calibrated using 

known quantities of common gases (e.g., Ar, O2, CO2, H2, N2) accounting for the nonlinearity 
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and cross-sensitivity of the gas mixture. This calibrated on-line set-up can then be used to 

precisely quantify the entirety of the gaseous reaction products by simply normalising the 

detected gases against the carrier gas flow.    

 

2.4  Electrochemical Techniques 

2.4.1  Potentiostatic Electrochemical Impedance Spectroscopy  

Impedance spectroscopy is a powerful non-destructive technique which can probe physical 

processes in electrochemical systems across a wide range of length and time scales. 

Potentiostatic electrochemical impedance spectroscopy (PEIS) involves using a small 

perturbation voltage to measure the resultant alternating current response across a range of 

frequencies. The electrical response of a cell may contain contributions from multiple complex 

migration and polarisation processes occurring both within the electrolyte and at 

electrode/electrolyte interfaces266. The advantage of an alternating current (AC) method such 

as PEIS is that, in principle, individual contributions may be separated out. In particular, and 

in contrast to steady state direct current (DC) measurements, the intra- and inter-crystalline 

conductivities of polycrystalline electrolytes can be individually determined, and electrolyte 

conductivities readily measured267. As well, by using a small amplitude oscillation (e.g., 5 mV) 

any perturbation to the system can be minimised, avoiding any irreversible changes.  

 

Figure 2.13: The relationship between the applied voltage (red curve) and current response (blue 
curve) during a PEIS experiment.  

Whilst fundamentally it is the current response which is measured during EIS, its interpretation 

is centred around a determination of the system’s impedance (𝑍(𝜔)). Simply defined, 
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impedance is the retardation of the flow of charge. By measuring the ability of the system to 

respond to a change in voltage, we can determine two components to the impedance – a 

resistive component (energy loss) and a capacitive component (energy storage)268. For a 

given frequency, the maximum magnitude of the current (𝐼$4%) and its temporal lag (𝜙) from 

the maximally applied voltage (𝑉$4%)) are both recorded, see Figure 2.13. The total 

impedance, 𝑍, which is the sum of the resistive and capacitive components, follows from 

Ohm’s law  𝑍 = 𝑉$4% 𝐼$4%⁄ . Together 𝑍 and 𝜙 provide polar coordinates for a complex plane. 

When mapped the resultant graph is referred to as a Nyquist plot. In the Nyquist plot, the 

abscissa is the real (resistive) impedance, and the ordinate is the imaginary (capacitive) 

component. By sampling across a range of frequencies (e.g., 0.1 Hz – 1 MHz) the frequency 

dependence of both the resistive and capacitive impedances can be determined and 

interpreted, see Figure 2.14. 

 

Figure 2.14: The data obtained at each frequency (𝑓), 𝜙 and 𝑍(𝜔) = 𝑉$4% 𝐼$4%⁄  provide the polar 
coordinates for each point on the Nyquist plot. Higher frequency data points are closer to the 
origin. Adapted from Browne et al.268.  

Electrochemical cells typically exhibit many electrical phenomena, thus to analyse the data it 

is necessary to consider the physical nature of the cell (whether it contains a polycrystalline 

or single crystal electrolyte, the existence of any reaction layers etc.) and the electrical 

behaviour to be expected as a consequence of this. In other words, it is necessary to consider 

the possible equivalent circuits or networks of electrical components which can represent the 

cell electrically. Figure 2.15 presents the Nyquist plots for a range of ideal electrical circuits. 

Ion migration within solid electrolytes and in solid-state cells involves transport across multiple 
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phases and boundaries (such as bulk crystal, grain boundaries, SEI layers and electrode 

interfaces) which each induce a combination of resistive and capacitive effects of various 

characteristic frequencies267. As a result, typically a combination of semi-circular features 

present in the Nyquist plots of solid-state cells.  

 

Figure 2.15: Nyquist plots for a a resistor, b a capacitor, c a capacitor and a resistor in series, d a 
resistor in parallel with a capacitor (RC component), e a resistor in series with an RC component, 
f a resistor in series with an RC component in series with a capacitor, g a resistor in series with 
two RC components.  

When using reversible electrodes, such as Li metal in this thesis, the interfacial impedance 

will present as an overlapping semi-circular feature at low frequencies, as in Figure 2.15g. By 

using ion blocking electrodes, interfacial impedances will present as a capacitive tail at low 

frequencies, see Figure 2.15f. In this thesis, EIS is used to determine the conductivity of 

differently sintered sulphide electrolytes and across a compositional range of solid electrolyte 

composites. By using blocking electrodes, the contributions resulting purely from the internal 

impedance of the electrolytes themselves could be more easily isolated.  
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2.4.2  Galvanostatic Cell Testing 

Galvanostatic cell testing involves applying a constant current (𝐼) between a working and 

counter electrode whilst the voltage (𝑉) is measured relative to reference electrodes. Most 

commonly the counter and working electrodes themselves may act as the reference 

electrodes in what is known as a two-electrode set-up, see Figure 2.16a. In battery research, 

a constant current is typically driven periodically in alternating directions across a cell to 

simulate charge and discharge cycles52,111. Such tests can directly indicate the potential cycle 

life of a cell. Provided cells are cycled within a well-controlled environment, any change in the 

voltage needed to drive a constant current through the cell can be interpreted as a change in 

internal resistance (𝑅) within the cell, assuming the validity of Ohm’s Law (𝑉 = 𝐼𝑅). Hence 

voltage profiles may serve as a valuable insight into the extent of any degradation processes 

occurring during cell operation.  

 

Figure 2.16: Diagrams of a the two-electrode and b the three-electrode set-ups used during the 
galvanostatic cycling of solid-state cells.  

Throughout this thesis, galvanostatic cell testing of Li symmetric cells (Li/SE/Li) has been 

performed extensively using three-electrode cell set-ups, see Figure 2.16b. By using a three-

electrode configuration the voltage changes resulting from one interface can be effectively 

isolated. This is particularly important when investigating the Li/SE interface, as separate 

phenomena govern polarisation changes during Li plating and Li stripping, e.g., contact loss 

and dendrite penetration. When cycling Li symmetric cells with a two-electrode cell 

configuration, one interface undergoes a Li plating reaction whilst the other undergoes a Li 
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stripping reaction. Changes in polarisation resulting from each interfacial reaction are thereby 

difficult to distinguish between. 

 

Figure 2.17: Figure from Su et al.269. Typical literature example of a ‘rate-test’. Reproduced with 
permission from Elsevier.  

One of the key limitations of solid-state cells is their charge and discharge rates. Several 

variations of cell cycling exist within the SSB literature which aim at probing maximum 

charge/discharge rates, with the most common format known as a ‘rate-test’270, see Figure 

2.17. These tests often involve a two-electrode set-up whereby the cell is first cycled at low 

current densities which are sequentially increased until cell failure (generally at the point of 

short-circuit), at which point a ‘critical’ current is defined. Unfortunately, this format has 

suffered from a severe lack of standardisation leading to an unhelpful spread of reported 

critical currents for identical systems270. In this thesis, alternative methods for determining the 

critical charging currents of solid-state cells are explored. For example, in Chapter 4 single 

plating experiments are carried out on multiple three-electrode cells with Li electrodes, each 

at a different current density, with a drop in the plating potential indicating that the critical 

current for dendrite growth had been exceeded. Carrying out single plating experiments has 

the advantage that any failures associated with voiding on stripping will not affect the 

determined critical current, however the method requires that each cell is closely similar and 

demands high standards of cell reproducibility.  
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2.5  Mechanical Testing 

2.5.1  Nanoindentation 

Nanoindentation is a widely established technique to determine the elastic modulus and 

hardness of materials without the need for additional imaging. As well, it can be used to 

estimate the fracture toughness through the incursion of radial cracking in brittle materials. 

During nanoindentation, a hard diamond tip with known geometry and mechanical properties 

is driven into a material to induce both elastic and plastic deformation. By measuring both the 

load and vertical displacement of the tip during indentation, the mechanical properties of the 

specimen can be extracted.  

In 1992, Oliver and Pharr developed a method for extracting the modulus and hardness of 

materials by analysis of indentation unload curves made at small scales using a Berkovich tip 

(three-sided pyramid geometry)271. Figure 2.18a depicts a load-displacement curve of a typical 

nanoidentation loading cycle. 

 

Figure 2.18: Figure reproduced from Oliver et al.272. a Schematic illustration of indentation load–
displacement data showing important measured parameters. b Schematic illustration of the 
unloading process showing parameters characterising the contact geometry. Reproduced with 
permission from Springer Nature.  

It was found that the indentation hardness of the material could be determined using the 

contact area of the material during loading, see eq. 2.11272.  

 𝐻 =	
𝑃$4%
𝐴

 (2.11) 

original experiments.1 The variation of the power law
exponents in the range 1.2 ! m ! 1.6 demonstrates not
only that the flat punch approximation is inadequate
(m ! 1 for the flat punch), but also that the indenter
appears to behave more like a paraboloid of revolution,
for which m ! 1.5.44 This result was somewhat surpris-
ing because the axisymmetric equivalent of the Berko-
vich indenter is a cone, for which m ! 2. This discrep-
ancy has since been explained by the concept of an
“effective indenter shape,” which will be discussed in
Sec. III. A.35,36

The exact procedure used to measure H and E is based
on the unloading processes shown schematically in
Fig. 2, in which it is assumed that the behavior of the
Berkovich indenter can be modeled by a conical indenter
with a half-included angle, ", that gives the same depth-
to-area relationship, " ! 70.3°. The basic assumption is
that the contact periphery sinks in in a manner that can be
described by models for indentation of a flat elastic half-
space by rigid punches of simple geometry.44–48 This
assumption limits the applicability of the method because
it does not account for the pile-up of material at the
contact periphery that occurs in some elastic–plastic ma-
terials. Assuming, however, that pile-up is negligible, the
elastic models show that the amount of sink-in, hs, is
given by:

hs = #
Pmax

S
, (2)

where # is a constant that depends on the geometry of the
indenter. Important values are: # ! 0.72 for a conical
punch, # ! 0.75 for a paraboloid of revolution (which
approximates to a sphere at small depths), and # ! 1.00
for a flat punch.44 Based on the empirical observation
that the unloading curves are best approximated by an
indenter that behaves like a paraboloid of revolution
(m ! 1.5), the value # ! 0.75 was recommended and
has since become the standard value used for analysis.
Recent analytical work has provided a more complete
picture of why # takes on this value.35,49 This is also
addressed in Sec. III. A.

Using Eq. (2) to approximate the vertical displacement
of the contact periphery, it follows from the geometry of

Fig. 2 that the depth along which contact is made be-
tween the indenter and the specimen, hc ! hmax − hs, is:

hc = hmax − #
Pmax

S
. (3)

Letting F(d) be an “area function” that describes the
projected (or cross sectional) area of the indenter at a
distance d back from its tip, the contact area A is then

A = F!hc" . (4)

The area function, also sometimes called the indenter
shape function, must carefully be calibrated by indepen-
dent measurements so that deviations from nonideal in-
denter geometry are taken into account. These deviations
can be quite severe near the tip of the Berkovich indenter,
where some rounding inevitably occurs during the grind-
ing process. Although a basic procedure for determining
the area function was presented as part of the original
method, we have made significant changes to it in recent
years. A complete description of the process we now use
in its place is presented in Sec. IV.

Once the contact area is determined, the hardness is
estimated from:

H =
Pmax

A
. (5)

Note that because this definition of hardness is based on
the contact area under load, it may deviate from the tra-
ditional hardness measured from the area of the residual
hardness impression if there is significant elastic recov-
ery during unloading. However, this is generally impor-
tant only in materials with extremely small values of
E/H.25

Measurement of the elastic modulus follows from its
relationship to contact area and the measured unloading
stiffness through the relation

S = $
2

#%
Eeff #A , (6)

where Eeff is the effective elastic modulus defined by

1
Eeff

=
1 − &2

E
+
1 − &i

2

Ei
. (7)

The effective elastic modulus takes into account the fact
that elastic displacements occur in both the specimen,
with Young’s modulus E and Poisson’s ratio &, and the
indenter, with elastic constants Ei and &i. Note that
Eq. (6) is a very general relation that applies to any
axisymmetric indenter.2,50 It is not limited to a specific
simple geometry, even though it is often associated with
flat punch indentation. Although originally derived for
elastic contact only,2 it has subsequently been shown to
apply equally well to elastic–plastic contact50 and that

FIG. 2. Schematic illustration of the unloading process showing pa-
rameters characterizing the contact geometry (after Ref. 1).

W.C. Oliver et al.: Measurement of hardness and elastic modulus by instrumented indentation
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spheres in the limit of small displacements, and m = 1.5
for paraboloids of revolution.

Modeling indentation contact in a way that includes
plasticity is a much more complex problem. Since the
constitutive equations are nonlinear and a number of ma-
terial parameters must be included to describe material
behavior (e.g., yield strength and work hardening coeffi-
cient), analytical solutions are not easily obtained.15 As
a result, much of our understanding of the importance of
plasticity in indenter contact problems has been derived
through experimentation and finite element simulation.

The earliest experiments in which load and displace-
ment sensing indentation methods were used to mea-
sure mechanical properties were performed by Tabor,18

who studied the indentation of a number of metals
deformed by hardened spherical indenters. A similar
study was subsequently undertaken by Stillwell and
Tabor to examine the behavior of conical indenters.19

One particularly important observation resulting from
these studies concerns the shape of the hardness im-
pression after the indenter is unloaded and the material
elastically recovers. The experiments revealed that, at
least in metals, the impression formed by a spherical
indenter is still spherical with a slightly larger radius
than the indenter, and the impression formed by a
conical indenter is still conical with a larger included
tip angle. The importance of these experiments is that
since elastic contact solutions exist for each of these
geometries (i.e., a spherical indenter in a spherical hole
and a conical indenter in a conical hole), the ways
in which plasticity affects the interpretation of elastic
unloading data can be dealt with by taking into account
the shape of the perturbed surface in the elastic analysis.
Tabor used these results to show that the shape of the
entire unloading curve and the total amount of recovered
displacement can be accurately related to the elastic
modulus and the size of the contact impression for
both spherical and conical indenters. Other important
observations resulting from these studies include (1)
the diameter of the contact impression in the surface
formed by conical indenters does not recover during
unloading—only the depth recovers; (2) the indentation
must be loaded and unloaded a few times before the load-
displacement behavior becomes perfectly reversible; i.e.,
a limited amount of plasticity sometimes occurs in each
of the first few loadings and unloadings; and (3) effects
of non-rigid indenters on the load-displacement behavior
can be effectively accounted for by defining a reduced
modulus, Er, through the equation

1

E~r E (2)

Interest in load and displacement sensing indentation
testing as an experimental tool for measuring elastic
modulus began in the early 1970's with the work of
Bulychev, Alekhin, Shorshorov, and co-workers.20"24

These investigators used instrumented microhardness
testing machines to obtain indentation load-displacement
data like that shown schematically in Fig. 1 which was
then analyzed according to the equation

(3)

Here, S — dP/dh is the experimentally measured
stiffness of the upper portion of the unloading data, Er

is the reduced modulus (previously defined), and A is
the projected area of the elastic contact. By measuring
the initial unloading stiffness and assuming that the
contact area is equal to the optically measured area of the
hardness impression, the modulus can thus be derived.

Equation (3) has its origins in elastic contact the-
ory. While originally derived for a conical indenter,
Buylchev et al. showed that Eq. (3) holds equally well
for spherical and cylindrical indenters and speculated
that Eq. (3) may apply to other geometries as well.21

Pharr, Oliver, and Brotzen have subsequently shown that
Eq. (3) applies to any indenter that can be described as
a body of revolution of a smooth function.25 Bulychev
et al. also argued that significant deviations from the
behavior predicted by Eq. (3) should not occur for

Q

g

where E and v are Young's modulus and Poisson's ratio
for the specimen and Et and vi are the same parameters
for the indenter.

DISPLACEMENT, h

FIG. 1. A schematic representation of load versus indenter displace-
ment data for an indentation experiment. The quantities shown are
Pm a x: the peak indentation load; hm.dX: the indenter displacement at
peak load; hf. the final depth of the contact impression after unloading;
and S: the initial unloading stiffness.

J. Mater. Res., Vol. 7, No. 6, Jun 1992 1565
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Whereby, 𝐻 is the hardness and 𝑃$4% is the maximum applied load. For a Berkovich tip, the 

contact area, 𝐴, can be calibrated for a known depth of indentation using a geometrical 

relationship (eq. 2.12)272.  

 𝐴 = 3√3ℎO" tan" 𝜙 = 	24.494ℎO" (2.12) 

Whereby ℎO is the depth along which contact is made between the indenter (see Figure 2.18b) 

and the specimen and 𝜙 is the indenter face angle, which for a Berkovich tip is equal to 

65.27°272. 

Measurement of the elastic modulus follows from its relationship to the contact area and the 

measured unloading stiffness, see equation 2.13272.  

 𝑆 = 	𝛽
2
√𝜋

𝐸,PP√𝐴 (2.13) 

Whereby, 𝑆 = 	 QR
Q8

, is the elastic unloading stiffness, defined as the slope of the upper portion 

of the unloading curve during the initial stages of unloading (also called the contact stiffness). 

𝛽 is a constant (usually unity) and 𝐸,PP is the effective elastic modulus takes into account the 

fact that elastic displacements occur in both the specimen, with Young’s modulus 𝐸 and 

Poisson’s ratio, 𝜐, and the indenter, with elastic constants 𝐸* and 𝜐* (see eq. 2.14)272. 

 1
𝐸,PP

=
1 − 𝜐"

𝐸
+
1 − 𝜐*
𝐸*

 
(2.14) 

To ensure the inherent properties of the sample are measured with minimal statistical error, 

in this thesis a range of indents were collected across several locations for varying loads (20 

– 400 mN) hence probing a range of displacements. For each region, a mean 

modulus/hardness is taken by plotting modulus/hardness vs depth, with the values below 0.5 

microns discarded to avoid errors from surface roughness. The overall mean value is then 

determined by fitting a normal distribution to the continuous distribution of mean values and 

taking the mode (this reduces any skew from anomalous outliers). The standard error is then 

simply calculated from the variance and the number of tests conducted in each region. 

By inducing radial cracking during indentation, nanoindentation can be used to measure the 

fracture toughness of a material. This is typically achieved by using higher loads and a sharper 
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tip such as a cube corner tip which gives greater displacement for a given area and load, 

thereby increasing the likelihood of fracture. In practice, a multitude of indents across several 

regions are made with the aim to achieve cracking in the sample around each indent. Post 

testing each indentation site is then imaged using an SEM. If radial cracks were found to be 

present, then the dimensions of both the indent and surrounding cracks were recorded. The 

fracture toughness, 𝐾!" , can then be simply calculated for each cracked indent using the 

Lawn, Evans, and Marshall equation273 (eq. 2.15).  

 
𝐾!" 	= 	𝛼	 %

𝐸
𝐻(

! #⁄

%
𝑃
𝑐% #⁄ ( 

(2.15) 

 

Where 𝐸 is the elastic modulus, 𝐻 is the hardness, 𝑃 is the load, 𝑐 is the total radial crack 

length and 𝛼 is a geometric constant for a cube corner tip. The mean value across all indents 

can then be taken as the final fracture toughness value.  

 

2.5.2  Microcantilever Bending 

In this thesis, the first initiation of dendrite cracks is considered as a result of the pressurisation 

of microscopic subsurface pores during Li plating. In such a scenario, fracture is considered 

to originate through the generation of completely new cracks rather than through the 

propagation of a critical pre-existing flaw, with the fracture of adjacent grain boundaries the 

most likely source of weakness. Therefore, a local fracture strength (e.g., grain boundary 

fracture strength) was considered as a fracture criterion of the solid electrolyte during dendrite 

initiation. A local fracture strength of the Li6PS5Cl solid electrolyte was determined through the 

mechanical failure of milled microcantilevers.  
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Figure 2.19: Figure reproduced from Maio et al.274. a-d the milling stages performed to carve a 
microcantilever test specimen. Reproduced with permission from Springer Nature.  

In this thesis, microcantilevers were manufactured using a focused ion beam milling 

procedure. The desired cantilever morphology is achieved by first milling a U-shaped trench 

around the envisaged cantilever (Figure 2.19a&b) and then tilting the sample to perform two 

undercut milling steps (Figure 2.19c&d). Before milling, grain boundaries were revealed on 

the surface using ion channelling contrast imaging, cantilevers could then be milled so to 

include a single grain boundary as its largest pre-existing defect, Figure 2.20.    

 

Figure 2.20: a Top view ion channelling contrast image of a micro-cantilever with grain boundary 
and “+” reference points. b Side view SEM images of the micro-cantilever demonstrating the 
cutting geometry. c magnified inset of b with key microcantilever dimensions labelled.  

Once milled, the microcantilevers were subject to mechanical failure through bending tests. A 

nanoindentor using a cube corner tip was used to apply a load to the free end of the cantilever 

using a displacement control regime (2.5 nm per second). At the point of fracture, the applied 

load was recorded. The local fracture strength for each microcantilever was calculated using 

the following equation for fracture stress275, 𝜎O: 

The “staircase” milling did not produce perfectly ver-
tical sides. This was obtained in the next step of the
process, milling 7 !m deep vertical sides.

The base of the beam was cut by tilting the sample to
45° (around the long axis of the beam). The base was
then milled away [about 4–5 !m; Fig. 1(d)], and the
operation was repeated on the other side. This process
created a beam with a cross section which was symmetri-
cal on a vertical axis but not rectangular (Fig. 2).

A narrow notch was then milled at about 0.5 !m from
the support of the beam by milling successively deeper
rectangles in the beam to a total depth of 0.3 !m, fol-
lowed by milling a line in the center of the notch (using
1 pA current), with a depth of 1 !m. The result of this
process is shown in Fig. 3. At 1 pA, the FIB beam is
about 8 nm wide; it is reasonable to think that the final
notch width would be in the order of 10 nm. This pro-
cedure for producing a narrow notch to emulate a “sharp”
crack was found to be critical to produce specimens that

would give a correct KIc value, as monitored by testing Si
specimens (see below).

To measure the fracture toughness of the beams, a
nanoindenter (Nano XP, MTS Systems Corporation, Oak
Ridge, TN) was used to apply the bending load and
measure the critical value at which the beam fails. The
nanoindenter can scan the surface using the tip in contact
mode, to get an image of the beam and surrounding area
(Fig. 4). Before the load was applied, a scan of the beam
was performed so that the indenter tip could be accu-
rately placed in the center-line of the beam at a known
distance from the notch.

The beam was then loaded to fracture using a loading
rate of 20 !N/s. Load–deflection curves (Fig. 5) are per-
ceptibly nonlinear at low loads, as the indenter ini-
tially penetrates the beam; at higher loads, the measured
displacement is dominated by beam deflection rather
than the indentation process, and becomes effectively
linear. Only the fracture load is required to determine KIc.
After fracture, the nanoindenter continues to load the
broken beam to a predetermined depth (2000 nm) before
unloading.

FIG. 1. Sample preparation process (silicon specimen). A ! 6 !m, B
! 15 !m, C ! 4 !m, D ! 10 !m, E ! 2.8 !m.

FIG. 2. Final result of the sample preparation.

FIG. 3. Cross section of the notch.
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 𝜎O 	= 	
𝑃P𝐿S𝑦
𝐼

 (2.16) 

Where 𝑃P is the load at the point of fracture, 𝐿S is the distance between the loading point and 

the crack, 𝐼 is the second moment of area and 𝑦 is the vertical distance between the neutral 

plane and the upper surface. 𝐼 and 𝑦 are calculated through measurements of each 

microcantilevers dimensions imaged using SEM, see Figure 2.20c.  

The second moment of area, 𝐼, is determined using equation 2.17275. 

 
𝐼	 = 	
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(2.17) 

The vertical distance between the neutral plane and the upper surface, 𝑦, is determined using 

equation 2.18275.  

 
𝑦	 = 	

6ℎ!" + 3ℎ!ℎ" + ℎ""

12ℎ! + 3ℎ"
 

(2.18) 

In total, a number of microcantilevers were tested and the mean value taken as the local 

fracture strength of the solid electrolyte. 
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Chapter 3: Dendrite initiation and propagation 

3.1  Aim 

Solid-state batteries with a lithium metal anode and solid ceramic electrolyte (Li-SSBs) could 

provide a substantial increase in energy density compared to today’s Li-ion batteries, yet on 

charging (lithium plating) at rates of several mA cm−2, lithium filaments (known as ‘dendrites’) 

penetrate the solid electrolyte, leading to short-circuit and cell failure30,140,276. As a result, Li 

dendrite failure stands as the most significant barrier to any widespread adoption of Li-

SSBs18,138,139. Progress in mitigating the susceptibility to this failure has been stunted by a lack 

of mechanistic understanding. This chapter aims to utilise newly advanced operando XCT 

imaging to elucidate novel details of Li dendrite failure in solid electrolytes to develop a 

comprehensive mechanistic understanding which is consistent with experimental 

observations. Due to its commercial promise, the sulphide Li6PS5Cl ceramic was chosen as a 

model solid electrolyte for this study.  

 

3.2  Introduction 

For over a decade, the solid-state battery community has struggled to better understand the 

mechanism that controls the vexing phenomena of Li metal penetration in solid electrolytes 

during charging51,138,140. All-solid designs had been expected to suppress the dendritic growth 

of Li that has prevented the use of Li anodes with liquid electrolytes, but the subsequent 

heralding of new fast Li-ion conducting ceramics across the past 15 years has proven that 

even stiff solid electrolytes are susceptible to Li metal propagation and short-circuit failure at 

practical current densities140,277.  

Many of the significant challenges in understanding the underlying processes governing Li 

dendrite formation in ceramic electrolytes have stemmed from difficulties in 

characterisation278,279. Li dendrites form during cell operation at buried solid-solid interfaces, 

with key developments occurring at microscopic length scales across short timescales. As a 
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result, previous attempts to experimentally characterise the formation of Li dendrites have 

resulted in an incomplete jigsaw of information. Accordingly, there has been a wide range of 

proposed mechanisms. Whether Li penetrates via purely mechanical fracture or involves 

electrochemical degradation of the electrolyte, whether Li can deposit directly into isolated 

defects within the electrolyte, and as to whether grain boundaries, cracks or pores take 

precedence as points of weakness have all proven matters of contention51,140.  

In 2017, Porz et al. used a novel operando optical microscopy set-up to demonstrate that Li 

deposition at high rates induced fracture of the ceramic electrolyte and that the electrolyte’s 

susceptibility to this failure was correlated to the presence and severity of surface flaws280. 

The key question at the heart of the issue then became exactly how a “soft” metal such as 

lithium could break through a mechanically stiff ceramic. The initial leading consensus took 

inspiration from earlier work done in the 1980s studying molten Na/Na-b’’-Alumina cells, which 

had proposed Griffith flaws on the surface of the Na-b’’-Alumina electrolyte as the points of 

initiation for short-circuiting cracks during the electrodeposition of Na at high currents169,171. 

Following this, a string of modelling works in more recent years have proposed that Li 

dendrites in Li-SSBs originate because of Li plating within Li-filled cracks on the surface of the 

ceramic electrolyte281–283. In these models it is proposed that, at sufficient current densities, 

pressure gradients resulting from preferential Li plating at the tip of the crack can induce 

pressures capable of extending the crack further into the electrolyte. The extended crack is 

then proposed to refill and the process to repeat.  

In response to the characterisation challenges posed by Li dendrite failure, pioneering work in 

the past five years has paved the way for the successful application of X-ray computed 

tomography (XCT) to study Li-SSB failure during in-situ and operando conditions284,285. In 

2021, we used X-ray computed tomography (XCT) to image Li dendrite growth in situ during 

the charging of a Li/Li6PS5Cl/Li cell286. The results demonstrated that dendritic cracks 

propagated whilst only partially filled, which directly contradicted previous models which had 

relied upon the cracks to be completely filled. Additionally, cracks were seen to spatially 
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correlate with porosity within the ceramic, raising the question of the role of porosity within the 

failure process. Further characterisation as well as a new mechanistic understanding has 

therefore been necessary to explain the origin and development of Li dendrites in a way that 

adheres to these new observations.  

In this chapter, continuous operando XCT scanning with vastly improved time resolution is 

used to follow the development of dendrite cracks during constant-current plating whilst 

capturing the earliest developments of the cracks. The results suggest two distinct stages of 

dendritic failure, crack initiation and crack propagation. Initiation is proposed to arise from Li 

deposition into subsurface pores, by means of microcracks that connect the pores to the 

surface. By contrast, dendrite propagation occurs by wedge opening, with Li driving the dry 

crack from the rear, not the tip. Using experimental inputs from XCT, FIB-SEM as well as novel 

mechanical testing, both the initiation and propagation processes are modelled. The predicted 

differences in stack pressure dependency between the two processes is then exploited in 

experimental cells to demonstrate a substantial extension in cycle life in cells despite the 

initiation of dendritic cracks. The results both verify the mechanistic understanding whilst also 

pointing the way to future directions to mitigate dendrite failure in Li-SSBs.   

 

3.3  Experimental 

3.3.1  Electrolyte preparation and cell assembly 

All procedures were performed inside an Ar-filled glove box (O2 and H2O levels < 1 ppm). 

Li6PS5Cl solid electrolyte powder was purchased from MSE Supplies and pressed into a disc 

using a 5-mm-diameter stainless steel die set under a uniaxial pressure of 400 MPa. The disc 

was then transferred to a furnace and heat treated at 300 °C for 20 min (10°C per min heating 

and cooling rate). The sintered electrolyte disc was then cooled to room temperature and used 

for cell assembly.  
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3.3.2  Three-electrode cell cycling 

For a three-electrode cell, two disc-shaped lithium electrodes of 1 mm diameter were pressed 

onto the same side of the electrolyte disc as the working and reference electrodes. The 

working and reference electrode were separated by a 1 mm-wide polymer insulating tape 

mask. A 5 mm lithium disc was pressed onto the other side as the counter electrode. The 

assembly was then placed into a pouch cell with stainless steel current collectors and sealed 

under vacuum (~ 10-3 bar). For prolonged cell cycling in section 3.4.4.2, cells were cycled 

galvanostatically with a capacity on each half-cycle of 0.5 mAh/cm2. While the plating current 

on the working electrode was 4 mA/cm2, a current density of 0.05 mA/cm2 was used on 

stripping to ensure no void formation at the WE/SE interface. All galvanostatic measurements 

were performed using a Gamry Interface 1010 potentiostat.  

3.3.3  Operando X-ray computed tomography  

X-ray tomograms were recorded at the I13-2 beamline at the Diamond Light Source. A pink 

beam with beam energy ranging from 8 keV to 30 keV was employed to maximise the X-ray 

beam flux and so improve the time resolution. Projections were collected with a PCO Edge 

5.5 sCMOS camera combined with an optical microscope with a 4x magnification, resulting in 

a pixel size of 1.625 µm and a field of view of 4.7 × 4.4 mm2. A 500-µm-thick LuAG scintillator 

was used to convert X-rays to visible light. The exposure time was set to 100 ms. For each 

tomogram, 1801 equiangularly distributed projections were taken over 180º as well as 50 dark 

and 50 flat references before and after the operando experiment. X-ray tomograms were 

obtained at the pristine state and were then collected continuously during galvanostatic plating 

with a current density of 3 mA/cm2 and a capacity of 3 mAh/cm2. For the operando XCT 

characterisation in section 3.4.1, metallic lithium 100 µm thick was punched into 2-mm-

diameter disc-shaped lithium electrodes and pressed onto both sides of the Li6PS5Cl disc. The 

cell was then assembled into a customised tube-cell, which maintained airtightness and a 

stack pressure of 7 MPa on the beamline. The 7 MPa of pressure was applied using a 
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constantly applied spring force which was measured and calibrated using a transducer, see 

Chapter 2 for further details.  

3.3.4  On-line Mass Spectrometry  

On-line mass spectrometry measurements were conducted on a range of pristine and Li-

plated Li6PS5Cl electrolytes. If subject to galvanostatic cycling, the cells were disassembled, 

and the lithium electrodes removed from the Li6PS5Cl discs in an Ar-filled glovebox. For 

pristine samples, Li electrodes were attached symmetrically to a Li6PS5Cl disc, allowing it to 

rest without electrochemical testing, after which the electrodes were removed following the 

same procedure. After removal of the Li, the solid electrolyte discs to be tested were 

transferred into a sealed vial along with a magnetic stirrer. The vials were then connected into 

the on-line mass spectrometry set-up upon which an Ar flow was established to remove 

excess gas from within the vial, after which 100% Ar flow could be detected. An excess amount 

of degassed aqueous LiOH solution was then injected into the vial, slowly dissolving the 

Li6PS5Cl electrolyte and reacting with any Li metal inside the electrolyte evolving H2. H2 gas is 

not released during the reaction of the Li6PS5Cl electrolyte itself108. The released H2 was 

detected and quantified by the mass spectrometer (Prima BT, Thermo Fisher Scientific) as a 

percentage of the total gas flow. The carrier gas flow rate (𝑟) was controlled at 1 mL/min by a 

digital flow meter (Bronkhorst), so the detected amount of target gas in moles (𝑛) can be 

calculated by the following equation: 

 𝑛 = 	T
𝑟𝑃
𝑉$
𝑑𝑡 (3.1) 

Where 𝑉$ is the molar volume of gas (24.79 L mol–1 at 25 °C) and 𝑃 is the percentage of the 

target gas in the carrier gas stream. Similar set-ups and procedures have been used to 

quantify metallic Li previously287,288.  

3.3.5  Plasma FIB-SEM 

A 5 mm pristine Li6PS5Cl disc was transferred into the chamber of the PFIB-SEM (Thermo 

Fisher Helios G4 Plasma-FIB Dualbeam) for FIB milling with an iLoad vacuum sample transfer 
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system without exposure to air. The freshly milled cross-section was then imaged with SEM 

to visualise the pores and micro-cracks in proximity to the interface. 

3.3.6  Secondary Ion Mass Spectrometry  

A 5 mm Li6PS5Cl disc which had undergone a single plating at 0.05 mA.cm-2 for 5 mAh.cm-2 

was imaged using the PFIB-SEM procedure above. Secondary ion mass spectrometry (SIMS) 

analysis was performed on the cross-section using a Hidden Analytical EQS quadrupole SIMS 

detector. A focused beam of Xe+ was used for SIMS analysis. The quadrupole detector was 

tuned to collect the 7Li+ signal. 

3.3.7  Nanoindentation: Elastic Modulus, Hardness and Fracture Toughness 

In-situ nanoindentation and microcantilever bending (Hysitron PI 88) were performed within a 

TESCAN scanning electron microscope. Samples were transferred to the SEM within an 

airtight transfer container. Indentation modulus and hardness were measured using the Oliver-

Pharr method289 on multiple indents made with a Berkovich tip. For the determination of 

fracture toughness, a cube corner tip was used to cause fracture of the electrolyte and 

measurement of the resulting radial crack length. More details can be found in section 2.5.1. 

3.3.8  Microcantilever Bending: Local Fracture Strength 

Microcantilevers were produced using a Thermo Scientific Helios G4 Plasma FIB DualBeam 

(or PFIB) system combined with an iLoad vacuum sample transfer system. The preparation 

of microcantilevers using the FIB milling method is described in detail in previous work290. 

Loading was performed using a cube corner tip, in a displacement-controlled regime, at a rate 

of 2.5 nm per second until fracture occurred. The grain boundary strength, 𝜎O, for each 

microcantilever was calculated using the following equation for the tensile surface stress: 

 𝜎O 	= 	
𝑃P𝐿S𝑦
𝐼

 (3.2) 

Where 𝑃P is the load at the point of fracture, 𝐿S is the distance between the loading point and 

crack, 𝐼 is the second moment of area and 𝑦 is the vertical distance between the neutral plane 
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and the upper surface. 𝐼 and 𝑦 were calculated for a pentagonal beam as shown by Chen et 

al.291. More details can be found in section 2.5.2. 

3.4  Results and Discussion 

3.4.1  X-ray tomography of dendrite cracks 

To follow the development of Li dendrites through the solid electrolyte continuous operando 

XCT scans were performed during constant-current plating with significantly improved time-

resolution as compared to previous works278,279,284–286. A two-electrode Li/Li6PS5Cl/Li cell was 

assembled as described in section 3.3, then subjected to a constant applied current while XCT 

scans were collected every 220 seconds, Figure 3.1. The cell was subject to a 

3.0 mA cm−2 plating current density for a capacity of 3.0 mAh cm−2 under 7 MPa stack 

pressure. A relatively high current density was chosen to be in excess of the critical current 

for dendrite formation under the conditions used.  
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Figure 3.1: a. Voltage versus time for a Li/Li6PS5Cl/Li cell, plated at a current density of 3 mA/cm2 
to a capacity of 3 mAh/cm2 under 7 MPa stack pressure. The points indicate times at which XCT 
scans, shown in b(i)–(xii), terminated. b. Operando XCT virtual cross-sectional image slices reveal 
the growth of a crack through an initially pristine electrolyte. A dendrite initiates at the lithium-
plating (top) surface (i)-(iii), forming a transverse crack that propagates until the cell short circuits 
(iv)-(xii). Adapted from292.  

 
Figure 3.1 presents the operando XCT virtual cross-sections collected during plating and 

demonstrates the development of a dendrite crack from initiation through propagation to 
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complete short-circuit. Lithium is stripped from the bottom electrode and plated onto the top 

electrode. After 7 minutes of plating, a pot-hole like crack (referred to as a ‘spallation’ crack) 

is seen to form at the lithium edge. These observations are consistent with our previous work 

whereby spallation cracks were seen to form at the edge of the electrode due to the current 

flux enhancement286. After further plating a straight crack develops from the base of the 

spallation crack and propagates directly towards the stripped Li electrode (known as a 

‘transverse’ crack). Although the initiation of the dendrite crack was visible after only 7 minutes 

of Li plating, the complete propagation across the solid electrolyte took 22 minutes and the 

short-circuit of the cell did not occur until after 34 minutes of plating. This delay between 

complete crack propagation and short-circuit is in close accord with our previous work in which 

the key observation was made that the dendrite crack propagates ahead of the Li dendrite, 

that is to say the crack propagates whilst only partially filled (as a ‘dry’ crack).  

 

 

Figure 3.2: Magnified images of the region near the plated electrode in Figure 3.1b; pristine (i) 
and after successive plating (ii)-(iv), showing the formation of the spallation and transverse crack. 
Yellow arrows indicate pores associated with forming the spallation, and red arrows indicate pores 
associated with the propagation of the transverse crack. The spalled-out solid electrolyte is shaded 
in yellow to illustrate its movement. 

 
The unprecedented time resolution of these XCT studies enabled close examination of the 

crack initiation for the first time. Images (i) to (iv) in Figure 3.2 reveal the earliest morphological 

changes of the solid electrolyte, capturing multiple stages in the initiation of both the spallation 

crack and then the transverse crack. In Figure 3.2 (iii), a spallation crack initiates and fully 

cracks back to the interface, leaving a spalled-out piece of argyrodite detached from the bulk 

electrolyte. The image before detachment, Figure 3.2 (ii), shows that the fracture pathway of 

(i) (ii) (iii) (iv)

50 µm
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the spallation connects pre-existing pores within the electrolyte (two are indicated by yellow 

arrows). Comparing Figure 3.2 (i) & (ii) indicates that the pre-existing pores enlarge as plating 

proceeds, suggesting that they are being filled with Li. Similarly, expanding pre-existing pores 

can also be identified prior to the initiation of the transverse crack along its fracture pathway, 

marked by red arrows in Figure 3.2 (iii).  

Overall, the XCT results suggest that there are two distinct stages of dendrite failure, crack 

initiation and crack propagation.  

3.4.2  Crack initiation based on pore fill ing 

The expansion of pre-existing sub-surface pores immediately prior to the fracture of the solid 

electrolyte in Figure 3.2 suggests that dendrite cracks initiate because of their filling with Li 

metal. As Li plating proceeds at the Li/solid electrolyte interface, it is expected that defects 

connected to the surface of the electrolyte will fill first, both because the overpotential is low, 

needing to only overcome surface and interfacial energies, and because the electric field 

concentration is increased near sharp conductor tips penetrating the electrolyte293. However, 

little experimental evidence had previously been collected to demonstrate the potential extent 

of any Li filling. Further characterisation was therefore necessary to understand whether sub-

surface pores within the electrolyte can indeed fill completely with Li metal to any significant 

extent.  

3.4.2.1  Does Li fil l pores during plating? 

Evidencing the extent of Li ingress within microscopic near-surface defects before fracture 

poses a serious characterisation challenge. Whilst grey-scale analysis of phase-contrast X-

ray tomographs has proven capable of distinguishing the extent of Li filling in large propagating 

cracks, the low electron density of Li metal means distinguishing it from empty space in smaller 

microstructural features is inconsistent and unreliable. Ex-situ methods such as SEM-EDX are 

also limited in the identification Li metal, as its characteristic X-rays are so low in energy that 

they are often undetectable. To overcome these challenges, a combination of plasma FIB-
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SEM imaging and secondary ion mass spectrometry (SIMS) was used to both identify and 

image near-surface porosity and detect the presence of any Li metal.  

 

 

Figure 3.3: a A schematic illustrating the steps of the characterisation. A symmetric Li/Li6PS5Cl/Li 
cell is subjected to a charge at a low current of 0.05 mA cm-2 for 20 hours. The Li electrodes are 
then removed, and FIB milling is used to create a trench in the near-surface region of the solid 
electrolyte. The trench is then imaged using SEM and its composition spatially mapped using 
SIMS. b FIB-SEM image of a subsurface pore within a Li6PS5Cl electrolyte disc after plating.  The 
corresponding Li+ SIMS mapping is overlayed demonstrating the presence of Li metal in the 
subsurface pore. The SIMS mapping was performed with assistance from Junfu Bu. 

 
To better understand whether Li metal would fill Li defects before any crack formation, imaging 

was performed on a Li6PS5Cl solid electrolyte which had undergone Li plating at a low current 

density below the critical current for dendrites. This allowed for ex-situ characterisation which 

could determine the existence and extent of Li within the electrolyte before any fracture. FIB-

SEM was used to locate and image sub-surface pores in the near-surface regions of the 

Li6PS5Cl electrolyte disc after plating. To then determine whether Li is present within the pore, 

SIMS was performed on the same fibbed interface on which the pore was imaged. The 

corresponding Li+ intensity map is overlaid onto the secondary electron micrograph in Figure 

3.3 and demonstrates a significant spike in Li+ intensity, suggesting the presence of pure Li 

metal within the pore.  

In addition to SIMS analysis of individual sub-surface pores, it is possible to detect small 

amounts of Li metal by measuring hydrogen gas formation during controlled exposure to 

aqueous solution. By etching a Li6PS5Cl solid electrolyte which had undergone Li plating (at 

the same low current density) it was possible to determine whether sub-surface Li deposition 
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had occurred across the entire interfacial region, thereby complementing, and verifying the 

generality of the SEM-SIMS results shown in Figure 3.3. Figure 3.4b shows the detection of 

H2 in the gas phase during the etching of Li6PS5Cl solid electrolyte discs with excess LiOH 

solution. No Li is detected in the pristine sample whereas there was detection of hydrogen gas 

in sample which has been charged at 0.05 mA/cm2 for 2 mAh/cm2. This indication of the 

presence of Li metal occurs after an initial delay during which the very outer surface of the 

electrolyte is etched, hence these results re-affirm the presence of Li metal in sub-surface 

regions of the electrolyte after plating.  

 

Figure 3.4: a A schematic illustrating the procedure. b Hydrogen gas concentration versus time 
during the etching of Li6PS5Cl solid electrolyte discs with excess LiOH solution (i) pristine (ii) after 
charging at 0.05 mA/cm2 for 2 mAh/cm2. The data was collected using an on-line mass 
spectrometry set-up with assistance from Xiangwen Gao. Adapted from292. 

 
3.4.2.2  Conceptualisation of a pore fill ing initiation mechanism 

Having established that sub-surface pores within the solid electrolyte can fill with Li metal 

during plating and having observed the key role this porosity plays in the formation of dendrite 

Li polished

Li polished

Charge 
for 20 h 

a.

b.
(i) (ii)

mass spectrometerpellet and stirrer

excess LiOH 
solution

H2 detection



 95 

cracks; a new model for the initiation of dendrite cracks through the pressurisation of sub-

surface porosity was proposed. The easiest way for Li to fill such pores is by means of a direct 

connection to the solid electrolyte surface made possible due to the presence of pre-existing 

microcracks. A schematic of such a microcrack-pore system is presented in Figure 3.5. On 

plating, Li deposits first at the top surface of the microcrack, progressively filling it and the 

pore, Figure 3.5ai-iv. Further Li deposition occurs across the entire Li/electrolyte interface 

within the subsurface defect. Because the defect is already filled with Li, this deposition 

induces a strain within the defect structure, which is accompanied by a pressure build-up. The 

net effect of this pressure is Li extrusion back along the microcrack, to accommodate the 

freshly deposited Li. Because lithium metal undergoes creep at room-temperature it can be 

considered as a viscoplastic solid, and its flow through the narrower microcrack is primarily 

controlled by the current density in the subsurface pore. At sufficiently high plating rates, the 

high pressure drop associated with this viscoplastic flow is capable of inducing electrolyte 

fracture. Fracture near subsurface pores associated with creeping lithium flow through 

microcracks thus underpins the proposed initiation process. 
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Figure 3.5: a. A schematic of a pore connected to the lithium/solid-electrolyte interface through a 
microcrack and being filled by Li deposition progressively from i-iv. b. A schematic of the filled 
subsurface pore/microcrack system, labelled with parameters relevant to the dendrite initiation 
model: 𝑃+,-./ is the stack pressure on the cell. During constant-current charging, Li is plated with 
a current density of 𝑖+012, while the pore interior experiences a different current density 𝑖3415. 
Because the lithium is incompressible and ductile, 𝑖3415 induces extrusion of lithium towards the 
surface. As a consequence of this current-induced lithium extrusion, a pressure, 𝑃3415, builds up 
within the pore in excess of the stack pressure 𝑃+,-./. The pore population density was used to 
calculate 𝑖3415 and 𝑖+012. Adapted from292. 

 
Having established a new crack initiation concept based on limited Li extrusion from sub-

surface porosity, supporting calculations were provided by Guanchen Li to quantify the 

hydrodynamic pressure build-up under different operating conditions utilising the experimental 

characterisation from this Chapter as inputs. The calculations consider the case of the fully 

filled microcrack-pore system with the geometry illustrated in Figure 3.5b, and consist of three 

key stages: firstly the current distribution is determined to establish the rate of Li deposition 

across the Li/electrolyte interface, secondly the resultant Li flow within and extrusion out of the 

microcrack-pore system is determined and thirdly the corresponding hydrodynamic pressures 
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are compared to the fracture criterion of the solid electrolyte. If the pressure exceeds the 

fracture criterion, then a dendrite crack will initiate. 

  

3.4.2.3  Calculation of the electric field distribution 

The current density distribution at the pores is established by first solving Laplace’s equation 

(eq. 3.3) to determine the distribution of the electric potential, 𝛷. Allowing the electric field, 𝐸�⃑ , 

to be solved via 𝐸�⃑ = −∇��⃑ 𝛷 whereby the current density then follows from Ohm’s law294,295. A 

Dirichlet boundary condition††† Φ	=	0 holds at the top (plating) electrode (and consequently all 

connected Li/electrolyte interfaces) and 𝛷	=	𝛷1	=	𝑖𝐿/𝜅 at the more distant bottom electrode (L 

= 1 mm). Where 𝑖	is the current density, 𝐿	is the electrolyte thickness (L = 1 mm) and 𝜅	is the 

conductivity of the electrolyte (1 mS/cm).  

 ∇"𝛷 = 0 (3.3) 

Since the fully filled microcrack-pore will essentially act as a small protruding conductor within 

the electrolyte, a significant electric field enhancement at the pores will occur as result, see 

Figure 3.6b. This field enhancement on a given pore is spread across any neighbouring Li-

filled defects. By applying a Neumann boundary condition‡‡‡ of 𝜕𝛷	=	0 to the edges of solid 

electrolyte domain (at 𝑑/2 away from the centre of the defect) the effect of neighbouring pores 

is considered. As a result, the pore separation distance is essentially made equivalent to 𝑑 

and using XCT analysis the average pore separation in the near surface region of the 

electrolytes in this study could be experimentally determined. As shown in Figure 3.6a, the 

average pore separation was determined from XCT analysis to be 𝑑 = 10 μm.  

 
††† Also known as a fixed boundary condition. 
‡‡‡ Also known as a ‘second-type’ boundary condition, meaning a derivative is applied at the boundary of the 
domain. 
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Figure 3.6: a 3D rendering of pores in a 500 × 500 × 20 µm3 sub-volume of the solid electrolyte 
adjacent to the plated interface from the pristine XCT scan in Figure 3.1. The average distance 
from a pore to a nearest neighboured pore was then calculated to be 10 μm and this was used as 
the average distance between pores in the dendrite initiation modelling. b Current density 
distribution for different pore sizes 2.1 µm (left column), 1.5 µm (middle column), and 0.3 µm (right 
column) and different pore separations. 40 µm (top row), 10 µm (middle row), and 5 µm (bottom 
row). The applied current is 1 mA/cm2. Without field enhancement and for pores that are far apart, 
𝑖+012 equals the applied current density, and 𝑖3415 is lowered by the ratio of the interior pore surface 
area to that of the microcrack aperture at the surface of the anode. With field enhancement, and 
still assuming pores are far apart, 𝑖3415 rises above this expected value and 𝑖+012 falls, as 
demanded by charge continuity; when pores are close together, 𝑖+012 falls to nearly zero and 𝑖3415 
spreads the current across the hemispherical tips of the pores. 

 
3.4.2.4  Calculation of the hydrodynamic pressure during Li plating 

Once the electric field distribution across the system is fully evaluated, the flow of lithium 

across the surface of a fully filled pore and microcrack can be considered as simply the result 

of an electrochemical reaction whose rate is dependent on the electric field in the solid 

electrolyte by equation 3.4.296 
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 𝑢TU =
𝜅𝑀VT

𝐹𝜌VT
𝐸W (3.4) 

where	𝑢TU is the local velocity of lithium across the lithium-electrolyte interface 

(perpendicularly), 𝐹 = 96485 C/mol is the Faraday constant, the density and the molar mass 

of lithium are 𝜌VT= 534 kg/m3 and 𝑀VT	= 7 g/mol, respectively. 

Since Li metal is free to extrude from the microcrack-pore system, the pressure that builds 

during Li plating does so during an overall Li flow; that is to say the pressure is ‘hydrodynamic’. 

To calculate the hydrodynamic pressure build-up during plating, Li was modelled as an 

incompressible fluid using, eq. 3.5, which is akin to a Navier-Stokes momentum equation.297 

 𝜌VTa𝑢�⃑ ∙ ∇��⃑ b𝑢�⃑ = ∇��⃑ ∙ 𝜎⃑⃑VT  (3.5) 

Whereby the stress tensor of the lithium metal, 𝜎⃑⃑VT, can be deconstructed as the sum of a 

deformation term (the deviatoric stress tensor, 𝜏) and a pressure term (the volumetric stress 

tensor, −𝑝𝐼), see eq. 3.6.298 

 𝜌VTa𝑢�⃑ ∙ ∇��⃑ b𝑢�⃑ = ∇��⃑ ∙ �−𝑝𝐼 + 𝜏	� (3.6)   

As Li is being considered as a viscous fluid, the deviatoric stress tensor, 𝜏, can be expressed 

in terms of a pseudo-viscosity, 𝜂, and a plastic deformation-rate tensor, 𝜀X���⃑���̇⃑ =
!
"
	a∇��⃑ 𝑢�⃑ + ∇��⃑ 𝑢�⃑ Yb, 

see eq. 3.7.299 

 𝜏 = 2𝜂𝜀X���⃑���̇⃑  (3.7) 

Since Li metal readily undergoes creep at room temperature, a pseudo-viscosity of Li metal 

can be determined from experimentally reported creep tests. As reported in Maisa et al.300, Li 

plastic creep follows a power-law plastic model with relation to shear rate, and thus a pseudo-

viscosity can be approximated from eq. 3.8. 

 
𝜂 = 𝐾	 V

𝜀̅̇
𝜀 ̅Ż[\

W
]#!

 
(3.8) 

In this case, the shear rate is 𝜀̅̇ = �2𝜀̇X: 𝜀
̇
X, and 𝑛 is the flow behaviour index. 𝜀̅Ż[\ is a reference 

shear rate, and K is the effective viscocity at the reference shear rate 𝜀̅Ż[\. For lithium, 𝑛 = 
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0.1524 according to Maisa et al.300 and by selecting a reference shear rate of 2.828 ´ 10-7 s-1 

the effective viscosity can be determined from Maisa et al.300 to be 𝐾	= 1012 Pa·s.  

With these complete considerations, the deviatoric stress tensor, 𝜏, can be fully expressed in 

terms of 𝑢�⃑  and equation 3.6 can be solved for 𝑢�⃑  and 𝑝 using COMSOL Multiphysics®. Whereby 

�−𝑝𝐼 + 𝜏� ∙ 𝑛� = −𝑝^_`ab𝑛� is applied as a boundary condition at the base of the microcrack and 

the velocities from eq. 3.4 apply as a boundary condition at the Li/electrolyte interfaces.  

 

3.4.2.5  Local fracture strength as a crack initiation criterion 

 

Figure 3.7: SEM image depicting the measurement of local fracture strength by microcantilever 
bend tests. (a) under stress before fracture (b) after fracture. (c) load curve during the test 
indicating the force at which fracture occurs. 

 
To determine whether a dendrite crack will initiate, the hydrodynamic pressure build up 𝑝 

(which exerts a hoop stress onto the pore surface) must be compared to a suitable fracture 

criterion for the electrolyte. Due to the highly air-sensitive nature of sulphide solid electrolytes, 

no experimentally determined mechanical properties of Li6PS5Cl had ever been reported in 

the literature. As well as this, a suitable fracture criterion requires information about how the 

ceramic responds to microscopically applied stress. Such local fracture characteristics cannot 

0

40

80

120

Fo
rc

e 
(!

N
)

Displacement (nm)
0 300 600 900

Fracture

10 μm 10 μm

Indenter Indenter

Microcantilever

a b

c



 101 

be accurately determined by standard methods, such as 3-point bend tests or indentation, 

which sample macroscopic properties averaged across multiple grains. With this considered, 

pioneering mechanical properties measurements were performed by Johann Perera who 

determined the local fracture strength of Li6PS5Cl by microcantilever bending, as depicted in 

Figure 3.7. These measurements were performed without exposure to air and were used as 

direct input for the fracture criterion of the electrolyte in the model§§§. 

  

3.4.2.6  Dendrite initiation is dependent on pore size, local fracture strength and 

the applied current density 

 

Figure 3.8: a The dependence of hydrodynamic pressure in the pore on current density, for various 
pore radii: 1.5 µm (orange), 1.0 µm (blue), 0.5 µm (red) and with no pore, i.e., a microcrack that 
terminates with a hemispherical tip, R = a, where a is 300 nm (turquoise). For simulations, the 
microcrack length L was 5 µm and the separation distance between pores was 10 µm (see Figure 
3.1). The horizontal dashed line shows the local fracture strength of the electrolyte determined by 
the microcantilever experiments (see Figure 3.7). b. Plot showing how the critical current density 
for crack initiation varies with pore size for different local fracture strengths. 

 
In this newly proposed model for dendrite initiation, greater applied current densities induce 

higher pressures. Therefore, by assessing the current required to induce fracture, an estimate 

of the critical current for the initiation of dendrite cracks (CCDinit) can be made. Based on the 

size, population density, and surface proximity of pores determined by XCT and SEM, and the 

 
§§§ A complete list of the newly determined mechanical properties is given in Table A.1. 
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local fracture strength determined for Li6PS5Cl through microcantilever measurements, the 

model predicts a CCDinit of ~1.0 mA/cm2, which is in line with typical experimental values****.284 

This close match with experimental observation indicates the overall feasibility of this kind of 

crack initiation mechanism for Li6PS5Cl electrolytes.  

As can be seen in Figure 3.6, the effect of pore geometry on the current distribution is 

significant. Greater pore sizes shield more current from the electrode interface, and this results 

in a greater total amount of current locally within the pore/crack system for a given total applied 

current density. Figure 3.8a shows the calculated dependence of the hydrodynamic pressure 

in the pore on current density, for various pore radii. The turquoise line in Figure 3.8a, 

represents a microcrack without a pore. The other lines in Figure 3.8a show how the presence 

of pores and their increasing size induces a higher extrusion rate of Li at a given applied 

current density, and hence higher pressure. This comparison helps to explain why subsurface 

pores are the weaknesses most likely to initiate cracks.  

Considering the factors influencing dendrite initiation, an increase in critical currents may be 

provided either by microstructural or mechanical improvements. Two key parameters would 

be the size of near surface pores and the associated local fracture strength of the surrounding 

electrolyte. Figure 3.8b shows that either decreasing pore size or increasing the local fracture 

strength can have significant influence on the CCDinit of a solid electrolyte. 

3.4.3  Crack propagation based on wedge-opening 

As well as enabling a new model for dendrite crack initiation, the results in Figure 3.1 give 

important insights into the subsequent crack propagation process. As the transverse crack 

propagates, there is significant widening of the crack as it extends. This widening also 

continues even once the crack has fully traversed the solid electrolyte and only ceases once 

the cell is short-circuited. This is consistent with a wedge-opening mechanism whereby 

propagating dendrite cracks are extended whilst only partially filled with Li metal. The 

extension of the crack is thereby driven by Li plating at the rear rather than at the crack tip. To 

 
**** Exact inputs are given in Table A.2. 
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provide a deeper understanding as to how such a mechanism is possible despite the low yield 

strength of Li, a model of the process was conceptualised, guided by calculations performed 

by Guanchen Li.  

 

3.4.3.1  Conceptualisation of a wedge-opening propagation mechanism based 

on hydrodynamic pressure build-up 

 

Figure 3.9: a. 3D rendering of the dendritic crack and Li electrode from the operando XCT scan of 
Figure 3.1b(vii). b. Schematic of a planar dendritic crack: length 𝑙. partially filled by a Li dendrite 
of length 𝑙6, under a stack pressure of 𝑃+,-./ . Li plating takes place at all Li/electrolyte interfaces. 
Adapted from292.  

 
Figure 3.9a is a 3D reconstruction of the propagating transverse crack in Figure 3.1. It can be 

seen that dendrite propagation across the electrolyte occurs within an approximately planar 

crack, represented schematically in Figure 3.9b. Transverse cracks originating at the base of 

spallation cracks are those that lead to the failure of the cell and are therefore the most crucial 

to consider. After the initiation of the transverse dendrite crack a small amount of Li metal will 

immediately extrude into the crack, thus in the initial case a planar dendrite crack is considered 

perpendicular to the Li/electrolyte interface partially filled with a Li metal dendrite, Figure 3.9b.  

As plating proceeds, Li deposition occurs on regions of the crack interior in contact with the 

filling metal dendrite. Li deposition at the triple-junction of the Li, solid electrolyte, and free 

space, adjacent to the tip of the dendrite, will directly contribute to its lengthening as the lithium 
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can grow unimpeded into the free space of the crack. At the remaining areas of the 

Li/electrolyte interface within the filled region of the crack, Li deposition will cause a pressure 

build-up which in turn induces viscoplastic flow of the surrounding metal via creep. This plastic 

flow of Li within the dendrite both drives motion of the dendrite tip into the void space and Li 

extrusion back into the bulk Li anode (provided it can overcome the applied stack pressure). 

Whilst this plastic flow of the metal acts to release any pressure build-up within the dendrite 

crack, it is limited by the creep rate of lithium. As a result, if plating rates are sufficiently high 

a hydrodynamic pressure build-up will occur within the dendrite and exert a stress onto the 

solid electrolyte through the interior walls of the crack. By modelling the resultant stress field 

near the dry crack tip, one can calculate the strain energy release rate, i.e., the energy 

available to lengthen the crack, quantified by the J-integral. The criterion for fracture, and 

therefore crack propagation, is determined by comparing the calculated J-integral to the critical 

strain energy release rate required for crack propagation, a material property dependent on 

the electrolyte’s fracture toughness, Young’s modulus and Poisson’s ratio.  

 

3.4.3.2  Calculation of the J-integral at the crack tip 

As in the model for dendrite crack initiation, the stress exerted on the electrolyte is conceived 

as a result of limited extrusion of the plastically deforming Li metal. As a result, a similar 

procedure can be taken to evaluate the propagation criteria for the crack, whereby first the 

overall current distribution is used to determine Li flow within the crack, which in turns allows 

the calculation of any hydrodynamic stress build-up to be compared against a fracture criterion 

of the electrolyte.  As in the initiation model, the Li injection rate into the crack is determined 

by solving Laplace’s equation (eq. 3.3) with a combination of Dirichlet and Neumann boundary 

conditions and applying eq. 3.4 at the regions of contact between Li metal and the electrolyte. 

To solve the flow within the crack, the Li metal is again treated as an incompressible fluid with 

its flow properties taken from reported Li creep data. Unlike in the initiation model, the 

propagating crack is only partially filled, and so as well as extruding out of the base of the 
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crack the flow of Li can induce a lengthening of the dendrite. This balance between extrusion 

versus growth is governed by the implementation of two constant pressure conditions; a 

constant stack pressure, 𝑝^_`ab, is applied at the base of the crack and a capillary pressure, 

𝑝_TX, is considered at the tip of the dendrite within the crack††††. Through an evaluation of the 

collective flow of Li metal within the crack, the magnitude of the hydrodynamic stress which 

applies perpendicularly to the interior walls of the crack can be determined. In contrast to crack 

initiation, the criterion for extension of an existing crack must be determined by evaluating the 

effect of these hydrodynamic stresses on the existing crack tip. To do this the total stress state 

of the solid electrolyte is evaluated by assuming linear elastic behaviour and using eq. 3.9302:  

 ∇ ∙ 𝜎⃑⃑cd = 0 (3.9) 

The Li flow pressures are incorporated by applying eq. 3.10 to the interior surfaces of the 

crack,  

 𝜎⃑⃑cd ∙ 𝑛� = −𝑝VT + 𝜏VT ∙ 𝑛� (3.10) 

where 𝜎⃑⃑cd is the stress tensor in the solid electrolyte and 𝜏VT is the viscous stress tensor in the 

lithium, 𝑛� is the normal unit vector at the lithium-electrolyte interface. Whilst the stack pressure 

applied to the cell is considered through the application of a fixed boundary condition (𝜎⃑⃑ ∙ 𝑛� =

−𝑝^_`ab) at the top and bottom surfaces, the other edges of the electrolyte are left free. 

By solving equation 3.9, the strain energy release rate acting on the crack tip (expressed by 

the J-integral) can be determined using eq. 3.11.303  

 
𝐽 = T �𝑊(x, y)𝑑y − 𝑡 ∙

𝜕𝑢�⃑
𝜕x
𝑑s�

	

e
 

(3.11) 

Where Γ is the integral path, 𝑡 = 𝜎⃑⃑ ∙ 𝑛� is the traction to the outer normal of the integral path, 

and 𝑊 is the strain energy density whereby 𝑊 = 𝑊(x, y) = ∫ 𝜎Tfd𝜖Tf
gh⃑h⃑

+  .  

The J-integral and stress intensity factor (SIF) are related by equation 3.12.304 

 
†††† 𝑝()* =

+
,
, where the lithium surface energy is 𝛾 = 0.45 J/m2.301 The radius of curvature at the tip is 𝑟 = a/ cos 𝜃, 

where 𝑎 is the half width of the crack and the contact angle is 𝜃 = arc cos(2/3) = 151°.   
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SIF =  

𝐽𝐸
1 − 𝑣"

 
(3.12) 

Whereby 𝐸 is the elastic modulus and 𝑣 the Poisson ratio of the electrolyte‡‡‡‡. When the SIF 

is greater than the fracture toughness, the crack will propagate through mode I fracture§§§§. As 

with all mechanical inputs in this thesis, the fracture toughness for Li6PS5Cl was determined 

by indentation measurements performed by Johann Perera from samples made by the author. 

 

3.4.3.3  Dendrite propagation is dependent on dendrite length, the electrolyte 

fracture toughness and the applied current density 

 

Figure 3.10: a. J-integral at the crack tip as a function of dendrite length. b. J-integral at the crack-
tip as a function of the current density for Li plating (dendrite length 𝑙6 = 115 μm). The critical J-
integral for crack propagation in Li6PS5Cl is shown by the black dashed lines in both a and b, and 
is determined using the experimentally measured fracture toughness.  

 
The operando XCT micrograph in Figure 3.1b(vii) shows a crack in the process of propagation, 

which has initiated but not yet reached the counter electrode. From its approximate 

dimensions, 200 µm long and 2 µm wide, the stress field at the crack tip was modelled for a 

current density of 3.0 mA/cm2 (typical of a practical charging rate and commensurate with the 

current used to collect the XCT in Figure 3.1). Since pressures are a result of restricted Li flow 

within the crack, the magnitude of the J-integral at the crack tip for a given dendrite length is 

 
‡‡‡‡ 𝑣 = 0.37 is the Poisson’s ratio of Li6PS5Cl as reported by Deng et al.305  
§§§§ Here Mode I fracture refers to cracks opening under extension, i.e., propagating as tension acts on all sides 
of a growing crack. Also known as “opening’ mode. This Mode I-type fracture is not to be confused with Mode-I-
type dendrites, the two are not necessarily equivalent.  
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greater for higher current densities, as shown for a fixed dendrite length of 115 µm in Figure 

3.10b.  As plating proceeds, the Li dendrite grows along the crack. As shown in Figure 3.10a, 

the strain energy release rate (J-integral) rises super-linearly with the Li dendrite length. This 

is a result of increasing Li/electrolyte contact area during the lengthening of the dendrite which 

increases both the flux of Li into the dendrite and the area of the electrolyte under stress from 

pressurised crack-filling Li.  

 

Figure 3.11: The effect of fracture toughness on applied current density and lithium dendrite length 
required to lengthen a dry crack (shown for a 200 µm long dry crack and zero stack pressure). 

 
Stack pressure plays a key role in enhancing the stress at the crack tip by affecting the 

hydrodynamic pressure build-up within the crack by restricting Li extrusion. The different 

coloured lines in Figure 3.10a&b illustrate the major influence of stack pressure on dendrite 

crack propagation. The critical J-integral for crack propagation in Li6PS5Cl is shown by the 

black dashed lines in Figure 3.10a & b. When stack pressure is reduced, dendrites must be 

longer to propagate the dry crack. For a dendrite length of 115 µm and stack pressure of 7 

MPa, crack propagation occurs at 2.4 mA/cm2, whereas removal of the stack pressure 

increases this significantly, to 4.2 mA/cm2, Figure 3.10b. It is also worth noting that Figure 

3.10b demonstrates that for a plating current density of 3.0 mA/cm2  under 7 MPa stack 

pressure, the Li only needs to fill half the crack length (~115 µm) before the dry crack 

lengthens, which is consistent with the experimental observation that dendrite cracks 

propagate with a wedge-opening mechanism. 
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Crack propagation can be inhibited by toughening the electrolyte, Figure 3.11, since 

increasing fracture toughness increases the J-integral required for crack extension. With a 

higher fracture toughness, crack propagation requires higher current densities or longer Li 

dendrites, Figure 3.11.  

3.4.4  When does propagation lead to a short-circuit? 

The propagation of a dendrite crack is a function of applied current density, length of dendrite 

(amount of crack filling) and the applied stack pressure. For any given crack length under a 

fixed stack pressure and constant applied current density, a critical dendrite length exists 

which when reached will exert a pressure on the interior of the crack sufficient to extend it. 

During galvanostatic cycling of a cell, the capacity plated and stripped per half cycle will dictate 

the length of dendrite within the crack and consequently whether any crack extension occurs. 

As has already been described, Li plating will result in dendrite growth within the crack, but 

during stripping the dendrite will instead be depleted. This phenomenon has been observed 

during operando optical microscopy of Li dendrites previously, whereby dendrites were seen 

to recede back during the reverse application of the current306. A full consideration of the 

lengthening and shortening of the dendrite during galvanostatic cycling is therefore necessary 

to understand the consequential cycle life of solid-state cells.  
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3.4.4.1  The effect of stack pressure on lithium dendrite growth during cycling 

 

Figure 3.12: a. The net change in Li dendrite length within the crack on one charge–discharge 
cycle as a function of capacity under various stack pressures. b. Cumulative dendrite length during 
cell cycling under various stack pressures. As stack pressures reduce the net lengthening of the 
Li dendrite per cycle tends to zero, inhibiting both crack propagation and short-circuiting by the 
dendrite. 

As discussed in section 3.4.2, stack pressure promotes Li flow towards the counter electrode 

and inhibits extrusion, resulting in greater net growth of the dendrite. To elucidate the 

magnitude of the effect of stack pressure during cycling, the net Li dendrite growth after a 

single cycle as a function of capacity was calculated for applied stack pressures of 7 MPa, 1 

MPa, and 0 MPa, see Figure 3.12. Simulated dendrite length during repeated cycling is shown 

in Figure 3.12b. Cycling at a stack pressure of 7 MPa (orange) results in a substantial 

cumulative length change that soon drives crack propagation (dashed black line in Figure 

3.12b), while lower stack pressures reduce the net growth markedly, Figure 3.12b. The net 

accumulation of Li metal in the electrolyte during cycling for different applied stack pressures 

was also demonstrated experimentally using the same mass spectrometry methodology as 

described in section 3.4.1. Removing the solid electrolyte from cells that had been cycled at a 

current density above the CCD for dendrite initiation, but not driven to failure allows for the 

amount of Li metal within the solid electrolyte to be quantified for a given cycle number. As 

shown in Figure 3.13, the amount of Li metal detected within the solid electrolyte was greatly 

affected by the applied stack pressure, as predicted by Figure 3.12. 
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Figure 3.13: Quantification of Li metal within the solid electrolyte after stripping, determined 
through mass spectrometry. First, cells were cycled under 4 mA/cm2 plating current and 0.05 
mA/cm2 stripping current for 0.5 mAh/cm2 each half cycle, in accordance with the cells in Figure 
3.14. After the final stripping step, cells were disassembled and the Li electrodes removed. After 
which the solid electrolyte is subjected to slow etching/dissolution while the gas is monitored by 
mass spectrometry. The amount of Li metal in the solid electrolyte cycled only once at 0.1 MPa 
was undetectable. The results demonstrate the effect of pressure in encouraging dendrite 
formation in solid electrolyte and how dendrites progressively grow over multiple cycles. Data 
collected with assistance from Xiangwen Gao.  

 

3.4.4.2  The effect of stack pressure on short-circuit 

The short circuit of a solid-state cell occurs when Li metal physically reaches the counter 

electrode, creating an electrical pathway through the electrolyte. Although cells cycled above 

the CCDinit will initiate dendrite cracks, even at low stack pressures, the propagation of the 

dendrite is predicted to be highly dependent on the applied stack pressure. As stack pressures 

tend to zero, very little net propagation occurs, Figure 3.12. The dendrite length oscillates 

during plating and stripping, indicating that the cell can be cycled more extensively before 

failure.  
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Figure 3.14: Number of cycles to short-circuit vs applied stack pressure for Li/Li6PS5Cl 3-electrode 
cells cycled under 4 mA cm-2 plating current density, 0.05 mA cm-2 stripping current density. Cells 
cycled at 0 MPa, 7MPa, 10 MPa, 28 MPa and 34 MPa failed at the 170th, 35th, 26th, 14th and 11th 
cycle respectively. 
 
To demonstrate this, three-electrode Li/Li6PS5Cl cells were assembled, and plated at 4.0 

mA/cm2 under stack pressures of 0.1 MPa (ambient), 7 MPa, 10MPa, 28MPa and 34MPa, 

Figure 3.14. The cells were cycled until short-circuit. Examples of the voltage profiles for 

cycling at 0.1 MPa and 7MPa are shown in Figure 3.15. The remaining voltage profiles are 

presented in Figure A.1. Significantly, the cell under ambient pressure achieved a 5-fold 

increase in the number of cycles corresponding to 170 cycles, Figure 3.14, compared with the 

cell under 7 MPa stack pressure, which short-circuited on the 35th cycle. 
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Figure 3.15: Voltage profiles corresponding to data points at (a) ambient pressure (0.1 MPa) and 
(b) 7 MPa in Figure 3.14. Cycling of employed Li/Li6PS5Cl 3-electrode cells with current densities 
of 4.0 mA/cm2 for plating, 0.05 mA/cm2 for stripping (to avoid void formation), both for a capacity 
of 0.5 mAh/cm2. 

 
By performing single plating experiments any Li stripping effects are completely removed. Yet 

stack pressure will accelerate short-circuit by reducing the critical dendrite length and 

increasing the dendrite growth rate for a given applied current density. As predicted by the 

modelling, the key principle regarding the detrimental effect of stack pressure on dendrite 

failure is also seen during single plating experiments. As be seen in Figure 3.16, the amount 

of capacity passed (Li deposited) until a short circuit during single plating is reduced with 

greater applied stack pressures.  
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Figure 3.16: Capacity required to induce short-circuit versus stack pressure for Li/Li6PS5Cl cells 
subject to single plating at 4 mA cm-2 current density. Cells under 0.1 MPa (ambient pressure), 7 
MPa, 10 MPa and 28 MPa short-circuited after plating 3.6 mAh cm-2, 1.7 mAh cm-2, 1.4 mAh cm-2 
and 0.9 mAh cm-2 respectively. 

 

3.4.4.3  The dominant role of viscoplasticity  

The overall coherence between imaging, modelling, and cycling presented in this chapter adds 

to the growing wider picture that it is the viscoplastic properties of the metal dendrite which 

are dominant in driving the formation and propagation of cracks.  Similar insights have been 

made previously, for example Kinzer et al. reported critical currents of multiple hundreds of 

mA/cm2 when using a molten Li anode due to the vastly improved viscoplasticity of the metal 

anode as well as a lack of applied stack pressure307. Significantly improved CCDs are also 

reported for sodium and potassium metal SSBs which inherently benefit from the enhanced 

creep of softer alkali metals285,308,309. In accordance with this, it was observed that low 

temperatures lead to early cell failure due to the reduced viscoplasticity of Li metal. As can be 

seen in Figure 3.17, the same experiment as in Figure 3.15b was carried out but at 0°C with 

the cell failing after only 17 cycles, almost half the number of cycles.  
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Figure 3.17: Cycling of Li/Li6PS5Cl 3-electrode cell with current densities of 4.0 mA/cm2 for plating, 
0.05 mA/cm2 for stripping, both for a capacity of 0.5 mAh/cm2, under 7 MPa pressure at 0°C. 
Failure occurs on the 16th cycle, which is earlier than in Figure 3.14 (35 cycles), which was cycled 
at 30°C, this is due to the limited creep of Li at low temperature. 

 

3.5  Conclusions 

This chapter has explored the mechanistic underpinnings of Li dendrite failure of ceramic solid 

electrolytes. Through the use of operando XCT imaging with vastly improved time resolution 

the earliest developments of the dendrite cracks are seen to follow from the expansion of 

subsurface porosity. By contrast, larger dendrite cracks traverse the electrolyte without the 

presence of Li metal at the crack tip. Unlike in any previously proposed understanding, the 

process of Li dendrite penetration in ceramic electrolytes is described through two distinct 

stages, crack initiation and crack propagation. The initiation of the cracks is proposed to arise 

from the deposition of Li metal into subsurface pores, by means of microcracks that connect 

the pores to the surface. Once filled, further charging builds pressure in the pores owing to 

the slow extrusion of Li metal back to the surface, leading to cracking. Similarly, the limited 

creep of Li plated into transverse cracks is calculated to exert sufficient force on the crack 

walls to cause propagation through a purely hydrodynamic pressure build-up. Both processes 

are therefore fundamentally governed by flow stresses resulting from the restricted creep of 

Li metal. Using experimental inputs from XCT, FIB-SEM as well as novel mechanical testing, 

both the initiation and propagation processes were modelled. Whereas initiation of dendrite 

cracks is a function of the local microscopic fracture strength of the electrolyte, the pore size, 

pore population density and applied current density, propagation depends on the macroscopic 

fracture toughness of the ceramic, the length of the Li dendrite that partially occupies the dry 
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crack, current density, stack pressure and the charge capacity accessed during each cycle. 

The predicted differences in stack pressure sensitivity between the two processes were 

exploited in experimental cells to demonstrate a substantial extension in cycle life despite the 

initiation of dendritic cracks. The results both reinforce the new mechanistic understanding 

whilst also elucidating key design criteria needed to improve a ceramic electrolyte’s tolerance 

to dendrite failure. Dendrite initiation can occur at low currents due to the presence of large 

subsurface pores in proximity to the electrolyte interface. Lower macroscopic fracture 

toughness enables the wedge-opened propagation of dendrite cracks at shorter dendrite 

lengths for a given applied current density. Strategies to improve the microstructural design of 

the argyrodite sulphide electrolyte, Li6PS5Cl, are the subject of Chapters 4 and 5.  
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Chapter 4: The Effect of Microstructure on Dendrite 

Initiation 

4.1  Aim 

The work in this chapter builds on the new understanding made in Chapter 3 which added 

original insights into the growing picture of how microstructural defects influence dendrite 

formation in ceramic electrolytes. The aim of the chapter is to elucidate to what extent realistic 

changes in these microstructural defects can affect sustainable Li-anode charging rates. A 

variation in the Li6PS5Cl microstructure is induced through sintering. By developing a new 

electrochemical testing protocol reinforced with micro-XCT characterisation, a trend in critical 

current densities is determined for each microstructure. Using FIB-SEM tomography the near-

surface microstructural defects are imaged with improved spatial resolution and the overall 

change in defects across the sintering conditions is compared to the trend in critical current 

density.  

4.2  Introduction 

To match the ‘fast’ charging standards set by current state-of-the-art electric vehicles, SSBs 

capable of withstanding charging rates of between 1-3C***** have been targeted by automakers 

(equivalent to 5-15 mA cm-2 assuming a cathode loading of 5 mAh cm-2)54,310. Yet despite the 

wide range of fast Li+ conducting solid electrolytes developed over the last decade, once 

combined with a lithium metal anode, all have suffered from the penetration of Li filaments 

(known as ‘dendrites’) and catastrophic short-circuit at charging rates of only a few mA cm-

2.286,311 Consequently, the first generation of commercial SSBs look likely to avoid using Li 

anodes altogether, with the realisation of Li-SSBs seemingly perpetually delayed312,313. As 

detailed in Chapter 3, the initiation of dendrite cracks can be linked to the presence of pores 

 
***** Whereby 1 C is defined as the rate at which it takes a battery 1 hour to fully charge.   
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and cracks in sulphide solid electrolytes. This raises the question as to what extent realistic 

changes in these microstructural defects can affect sustainable Li-anode charging rates.  

As the first Li+ conducting solids to exceed the ionic conductivities of liquid electrolytes, 

sulphide-based ceramics have garnered significant attention across the past decade 

globally314–316. Due to their inherent softness, these conductivities were achieved without 

sintering the powder together thermally, something that has proven impossible in stiffer oxide-

based electrolytes whose conductivities decline orders of magnitude without optimised 

sintering regimes317–319. Consequently, sulphide electrolytes have generally been used as 

green bodies, that is to say, the powder has been bound together by cold pressing alone320,321.  

Sulphide electrolytes degrade when exposed to moisture and have limited thermal stability, 

and as a result, very few have been successfully thermally densified without severe 

degradation, with examples limited to a select few glasses322,323. Unfortunately, these sulphide 

glasses are often poorly conducting, brittle and undergo excessive interfacial reaction with Li 

metal324,325. As a result, limited improvement in performance has been reported when 

combining these dense sulphides with lithium anodes322,326.  

Argyrodite, Li6PS5Cl, has a high conductivity and although it reacts with lithium metal, it does 

so to form a solid electrolyte interphase that stabilises, preventing further reactivity327. In this 

chapter, the effect of sintering on the Li6PS5Cl microstructure is investigated. It is found that 

Li6PS5Cl can be densified to a very significant extent when heated at relatively low 

temperatures (several hundred degrees) for short durations using field assisted sintering. It is 

found that plating currents as high as 9 mA cm-2 can be achieved without lithium dendrites in 

dense Li6PS5Cl microstructures. Using the dendrite initiation model detailed in Chapter 3, the 

improvements in critical current density are rationalised with regards to the measured changes 

in the near-surface defects present in the electrolyte microstructure. While the decrease in 

crack widths and increase in pore separation acts to decrease the CCD, overall, this is 

outweighed by decreases in crack lengths and the size of pores. 
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4.3  Methods 

4.3.1  Field assisted sintering and electrolyte preparation 

All procedures were performed in an Ar-filled glovebox (O2 and H2O levels < 1 ppm). Li6PS5Cl 

powder was purchased from Ampcera and loaded into a graphite die set. The die set was then 

inserted into a spark plasma sintering system (FCT Systeme GmbH) within an Ar-filled 

glovebox and subject to 50 MPa uniaxial pressure at either 300, 350 or 400 °C for 5 minutes 

while under vacuum by passing a current through the die set. 5-mm diameter sintered 

electrolyte discs of identical thickness were then used for cell assembly. Cold pressed 

electrolyte discs were formed by loading the same pristine electrolyte powder into a 5-mm-

diameter stainless-steel die set and pressing under a uniaxial pressure of 400 MPa. To 

determine the relative density of the electrolytes, discs were weighed, and their total volume 

measured using micro-XCT.  

4.3.2  Three-electrode cells 

For a three-electrode cell, two disc-shaped lithium electrodes of 1 mm diameter were pressed 

onto the same side of the electrolyte disc as the working and reference electrodes 

respectively. The remaining areas of the electrolyte surface were then covered by insulating 

polymer tape. A 5-mm lithium disc was pressed onto the opposite side as the counter 

electrode. The assembly was placed into a pouch cell and sealed under vacuum. A stack 

pressure of 7 MPa was applied to all cells in this study. For CCD determination, cells were 

subject to galvanostatic single plating for a capacity of 8 mAh cm−2. For cycling studies, cells 

were cycled galvanostatically with a capacity on each half-cycle of 0.5 mAh cm−2. Although the 

plating current on the working electrode was 9.0 mA cm−2, a current density of 0.05 mA cm−2 

was used on stripping to avoid void formation at the working electrode–solid electrolyte 

interface. All galvanostatic measurements were performed using a Gamry Interface 1010 

potentiostat. 
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4.3.3  In-situ X-ray tomography 

X-ray tomograms were recorded at the I13-2 beamline at the Diamond Light Source and the 

TOMCAT beamline at the Swiss Light Source (Paul Scherrer Institute). For both experiments, 

the projections were collected with a PCO pco.edge 5.5 sCMOS camera combined with an 

optical microscope with a 4× magnification, resulting in a pixel size of 1.63 µm. For each 

tomogram, 1,801 equiangularly distributed projections were taken over 180°. Additionally, X-

ray tomograms were collected using a Zeiss Xradia 610 Versa X-ray microscope and 3201 

equiangularly distributed projections were taken over 360° for each tomogram, with a resultant 

pixel size of 1.63 µm. For the in-situ measurements, metallic lithium foil was punched into disc-

shaped lithium electrodes and pressed onto both sides of the electrolyte disc, 1 mm diameter 

electrodes were used for the working electrode and 3 mm for the counter. X-ray tomograms 

were obtained at the pristine state and after charging in successive steps of 0.1 mAh cm-2. 

During the experiment, 7 MPa of pressure was applied using a constantly applied spring force, 

which was measured and calibrated using a transducer.  

4.3.4  Plasma FIB-SEM and microstructural analysis 

Solid electrolyte discs were transferred into the chamber of a plasma FIB scanning electron 

microscope (Helios G4 PFIB DualBeam, Thermo Fisher Scientific) for FIB milling with an iLoad 

vacuum sample transfer system without exposure to air. The freshly milled cross-section was 

then imaged with the SEM to visualize the pores and cracks in proximity to the interface. 

Automated serial sectioning was used to obtain a three-dimensional depiction of the porosity. 

A 30 kV and 15 nA Xe+ beam was used to mill the volume of interest and capture a stack of 

secondary electron cross-sectional images. Each slice had a thickness of 100 nm. To 

construct a three-dimensional view, the sequence of 2D secondary electron images were 

aligned using Avizo 3D (version 2021.2, ThermoFisher Scientific). Using the Avizo 3D 

software the images were subjected to a semi-automated segmentation process to 

differentiate between pores, cracks, and bulk electrolyte. The dimensions of the 

microstructural defects were then used as inputs for the modelling simulations.  
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4.3.5  Powder X-ray diffraction 

The electrolyte discs were ground into powders using a pestle and mortar. XRD was carried 

out in a glovebox with a nitrogen atmosphere (< 1 ppm O2 and H2O) to prevent exposure of 

the sample to air. The sample was loaded onto a zero-background Si sample holder and the 

XRD pattern was collected with a Rigaku MiniFlex 600 diffractometer using Cu K⍺ radiation. 

 

4.4  Results and Discussion 

4.4.1  Densification of the Li6PS5Cl microstructure 

Initial explorations into the effect of heat treatment on the Li6PS5Cl microstructure began with 

the use of a box furnace within an Ar filled glovebox. By compressing the electrolyte powder 

with a uniaxial press, green body discs could be formed. These discs were then subject to 

varying maximum temperatures and hold times to assess the effect on the porosity and phase 

purity. It was found that regardless of hold time, significant densification of the microstructure 

was not possible without subjecting the electrolyte to temperatures of at least 550 °C, see 

Figure 4.1.   

 

Figure 4.1: SEM images of Li6PS5Cl fracture surfaces after a no heat treatment, b 450 °C, c 550 
°C. 10 °C per min heating rate, 1 hour hold time.  

Even after sintering at 550 °C, it can be seen that a large quantity of pores are still present in 

the electrolyte. These temperatures also seem to risk the thermal degradation of Li6PS5Cl, as 

significant quantities of new impurity phases were detected, this is shown in Figure 4.2, where 

the formation of LiCl within the bulk microstructure was observed during the collection of EDX 

maps on the fracture surfaces of the electrolyte. As well, the formation of phosphate layers at 
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the surface of the electrolyte was evident, likely resulting from a reaction with trace moisture 

in the atmosphere during heating. Consequently, only limited densification of Li6PS5Cl 

electrolytes was possible through the use of conventional furnace sintering.   

 

Figure 4.2: Sintering Li6PS5Cl at 550 °C ai EDX maps overlaying on an SEM at the centre of a 
fracture surface, with individual EDX maps shown for S (turquoise), P (green) and Cl (pink) in aii-
iv, respectively. bi EDX maps overlaying on an SEM at the edge of a fracture surface, with 
individual EDX maps shown for S (green), P (blue), Cl (yellow) and O (red) in bii-v, respectively.  

In recent years, field assisted sintering, also known as spark plasma sintering, has been 

demonstrated as a highly effective method to densify oxide electrolytes in drastically 

shortened timeframes328,329.  The process involves passing a current through the die and solid 

electrolyte disc during the application of uniaxial pressure, resulting in more homogeneous 

and rapid heating than conventional methods. Importantly, this combination of fast and 

efficient heating under vacuum meant lower maximum temperatures could be applied for 

shorter times in a more inert environment; all critical improvements in facilitating a significant 

densification of sulphide electrolytes without degradation. Figure 4.3 shows cross-sectional 

images of the Li6PS5Cl microstructures across a range of field assisted sintering conditions as 

imaged by FIB-SEM. It can be seen that a not only is a dramatic densification of the electrolyte 

possible but also a systematic variation in microstructure could be achieved by control of the 

maximum temperature. As compared to a standard cold pressed microstructure, a significant 

change in microstructure was induced by heating for just 5 mins at 300 °C. Heating for 5 

minutes at 350 and 400 °C resulted in microstructures with vastly increased density, and as a 

result with smaller pores and lower pore population densities.  
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Figure 4.3: FIB-SEM cross-sections of Li6PS5Cl a cold pressed b field assisted sintered at 300°C 
c field assisted sintered at 350°C d field assisted sintered at 400°C. 

Due to the air sensitivity of Li6PS5Cl and limited stability with most solvents, quantifying an 

overall change in porosity is challenging due to both a rarity in available air-sensitive 

equipment and the difficulty in performing Archimedes-type experiments without risking 

degradation. To overcome this, the total volume of electrolyte discs was determined by using 

micro-XCT to map the entire outer electrolyte surface. By measuring the weight of the 

electrolytes and comparing this to the total sample volume, the overall density of the 

electrolytes produced by each sintering condition could be calculated. Densities of 86, 95 and 

99% were obtained by heating respectively at 300, 350 and 400 °C for just 5 mins. The 

standard cold pressed microstructure was determined to be only 83% dense. See also Table 

A.3. 
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Figure 4.4: Powder X-ray diffraction patterns for the pristine Li6PS5Cl powder, 300°C field assisted 
sintered, 350°C field assisted sintered, and 400°C field assisted sintered Li6PS5Cl. 

In virtue of the short sintering durations made possible by field assisted sintering, the 

crystallinity and single-phase nature of the Li6PS5Cl is retained. As confirmed by the powder 

X-ray diffraction patterns in Figure 4.4. It may be noted that small amounts of Li2S are present 

in all reported syntheses of Li6PS5Cl330,331. Similarly, Li2S is present in the as purchased 

Li6PS5Cl used in this study, and comparable amounts were detected across all the field 

assisted sintering regimes used.  

 

Figure 4.5: Magnified FIB-SEM cross-sections of the a 83% and b 99% dense Li6PS5Cl 
electrolytes. 

As well as the clear differences in porosity, a closer examination of the microstructure reveals 

further interesting developments during sintering. The SEM images in Figure 4.5 show the 

presence of grains in the 83% dense material whereas the 99% material exhibits greater 
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homogeneity, it is harder to identify individual grains. Sulphides are mechanically soft; their 

Young’s moduli are typically in the range 10-30 GPa compared with oxides of 150-200 GPa332–

335. Conventional thinking based on oxide ceramics may not be the best approach to 

understand these compliant materials, which densify to some extent even with cold pressing 

and to a very significant extent when heated at relatively low temperatures (several hundred 

degrees) for short durations.  

4.4.2  Effect of Li6PS5Cl microstructure on ionic conductivity 

Interestingly, a significant improvement in the ionic conductivity of the Li6PS5Cl discs occurs 

during the densification of the microstructure, see Figure 4.6a. Despite the vast literature 

aimed at improving the ionic conductivity of solid electrolytes through alterations in 

composition and crystal structure, there is a serious neglection of the impact of 

microstructure336.  Although the improvements seen in Figure 4.6 can be rationalised solely in 

terms of a reduction in inactive volume and the tortuosity of the ionic pathways through the 

electrolyte disc, it is important to consider if any improvement derives from an alteration in the 

nature and/or number of inter particle/grain boundaries. The impedance of ions through the 

bulk crystal and across grain boundaries can in principle be resolved through analysis of PEIS 

spectra, but as can be seen in Figure 4.6b, the high conductivity of Li6PS5Cl limits the 

observable contributions in the measurable frequency range at room temperature.  
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Figure 4.6: a Trend in ionic conductivity of Li6PS5Cl with relative density b Nyquist plots from PEIS 
of Li6PS5Cl with 4.5mm blocking electrodes for i cold pressed ii field assisted sintered at 300°C iii 
field assisted sintered at 350°C iv field assisted sintered at 400°C Li6PS5Cl.  

To explore further, PEIS was performed at low temperatures (-40 °C) to see whether the 

impedance contributions from bulk crystal and grain boundaries could be resolved from one 

another.  

 

Figure 4.7: Nyquist plots from PEIS taken at -40°C for a cold pressed and b field assisted sintered 
at 400°C Li6PS5Cl both with 4.5mm blocking electrodes.  

Curiously, both the 83% and 99% dense Li6PS5Cl electrolytes showed near-perfect semi-

circular Nyquist plots, see Figure 4.7 and Table 4.1. When measuring the PEIS of an oxide 

solid electrolyte at low temperatures, two distinct semi-circular features are typically observed, 

corresponding to bulk crystal and grain boundary contributions267. That only one semi-circle is 

observed in either Figure 4.7a or b indicates that in Li6PS5Cl the ionic conduction across the 
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grain boundaries is very similar to that through the bulk crystal, regardless of density. Similar 

observations have been reported in the literature previously for a multitude of sulphide 

electrolytes116,117,337. These results further add to the growing picture that conventional thinking 

based on oxide ceramics may be less applicable to understanding sulphides. 

Table 4.1: Width and heights of the bulk/grain boundary semi-circular contribution to the Nyquist 
plots in Figure 4.7. Near perfect semi-circles are measured.  

Density (%) Width (Ω) Height (Ω) Width:Height 

83 15775 7584 2.08:1 

99 3910 1907 2.05:1 

 

4.4.3  Determination of the critical current for dendrite initiation 

 As discussed in Chapter 3, changes in the microstructure of the solid electrolyte are expected 

to have a significant impact on Li dendrite failure. The initiation of Li dendrites in solid 

electrolytes occurs above a critical current density and it is this critical threshold that must be 

used first and foremost as a measure of any improved resistance to Li dendrites. In the 

literature, the most common methodology employed to determine the CCD of a given solid 

electrolyte is through galvanostatically cycling of a symmetric two-electrode cell with Li metal 

electrodes, stepping up the current density after each cycle310,338. This method was first 

introduced in 2016 by the Sakamoto group, whose pioneering work had established the 

current density dependence on dendrite failure in solid electrolytes and contributed 

significantly to the concept of a critical current density339. Since then, the use of the method 

throughout the literature has suffered from a lack of standardisation. Inconsistencies in the 

capacity per half cycle, number of cycles per current density, current density step sizes and a 

lack of consensus on what features in the voltage profile constitute dendrite failure have all 

lead to a frustrating scatter of reported CCDs340,341. Additionally, work published in 2019 by 

Kasemchainan et al. demonstrated that contact losses (known as ‘voids’) can occur at the 

Li/SE interface as stripping currents increase, leading to severe current focussing at the 

remaining areas of contact during subsequent plating342. Voiding on stripping therefore results 
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in the threshold for dendrite formation to be reached prematurely on subsequent plating. Since 

the critical current for void formation is generally lower than that of dendrite formation, this 

premature failure often dominates measured CCDs. As a result, many in the field have since 

advocated for protocols which avoid the complication of void formation during stripping, 

including Sakamoto himself1,32.  

 

Figure 4.8: a Critical current for dendrite formation vs. relative density of Li6PS5Cl b Voltage vs 
capacity plots for Li/Li6PS5Cl 3-electrode cells, single plated for 8 mAh cm-2 under 7 MPa stack 
pressure for i cold pressed, ii 300°C sintered, iii 350°C sintered, and iv 400°C sintered Li6PS5Cl 
solid electrolytes.  

To avoid any influence of void formation in this work when determining critical current 

densities, a single plating protocol was employed using 3-electrode cells. As detailed in 

Chapter 3, the process of dendrite propagation was shown to have a much higher sensitivity 

to the applied stack pressure and the areal capacity plated as compared to the initiation 

process. By applying a high stack pressure of 7 MPa and a high areal current density of 8 

mAh cm-2 (twice that typical of commercial cell loadings) a protocol was employed which would 

ensure any dendrite crack initiated would propagate until complete short circuit. This allows 

for the current density at which short circuit occurs to be used as an unambiguous measure 

of the critical current density for dendrite initiation. The voltage versus capacity plots for 3-

electrode cells, single plated for 8 mAh cm-2 under 7 MPa stack pressure for the differently 
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sintered Li6PS5Cl are shown in Figure 4.8b, with the results summarised in Figure 4.8a. The 

CCD increases from 1 mA cm-2 for the 83% dense solid electrolyte to 10 mA cm-2 for the 

material with 99% relative density.  

 

Figure 4.9: Virtual XCT cross-sections of Li/Li6PS5Cl/Li cells with plating at the top electrode a for 
a cold pressed Li6PS5Cl electrolyte (83% dense) i pristine and ii after plating 1 mAh cm-2 at 1 mA 
cm-2. b for a 400°C sintered Li6PS5Cl electrolyte (99% dense) i pristine and ii after plating 8 mAh 
cm-2 at 9 mA cm-2. c same electrolyte for plating at 10 mA cm-2 i pristine, ii after plating 0.1 mAh 
cm-2 iii 0.2 mAh cm-2 iv 0.3 mAh cm-2 v 1 mAh cm-2. The Li electrodes have been removed from 
the images for clarity. 

To support the results in Figure 4.8, in-situ micro X-ray computed tomography (XCT) 

experiments were performed to examine what happens when lithium is plated. XCT virtual 

cross-sections are presented in Figure 4.9. The data was collected from symmetric two 

electrode cells with lithium being plated at the electrode at the top of the images. Figure 4.9a 

shows the virtual cross-section of the cell with the 83% dense solid electrolyte before and after 

plating a capacity of 1 mAh cm-2 at a rate of 1 mA cm-2. The image after plating is very similar 

to those reported previously for lower density argyrodite, with a spalled-out piece of the 

ceramic and the transverse crack reaching the other electrode286,311. The current density at 

which this occurs is also consistent with previous work286,311. In contrast, the cell with the 99% 

solid electrolyte plated at a current density of 9 mA cm-2 shows no evidence of a dendritic 
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crack, Figure 4.9b. This is also demonstrated in the 3D reconstructions of the XCT data in 

Figure 4.10bi. Repeating the experiment on the 99% dense solid electrolyte but increasing the 

current density to 10 mA cm-2 does result in a dendritic crack, Figure 4.9c and Figure 4.10bii. 

The cracks are however different between the low and high-density ceramics. In the case of 

the dense solid electrolyte there is no evidence of spallation, and the transverse crack follows 

a very straight path to the other electrode. The XCT virtual cross-sectional images in Figure 

4.9b and c for 99% dense solid electrolytes confirm that the CCD is between 9 and 10 mA cm-

2, in accord with the electrochemical measurements in Figure 4.8. 

 

Figure 4.10: Three-dimensional renderings of the dendritic cracks in the electrolytes in Figure 4.9. 
a cold pressed Li6PS5Cl (83% dense) after plating 1 mAh cm-2 at 1 mA cm-2 (corresponds to Figure 
4.9a(ii)). b 400°C sintered Li6PS5Cl (99% dense) after plating i 8 mAh cm-2 at 9 mA cm-2 

(corresponds to Figure 4.9bii) and ii 1 mAh cm-2 at 10 mA cm-2 (corresponds to Figure 4.9cv). 

To further demonstrate the resistance to dendrite failure of the 99% densified Li6PS5Cl, three-

electrode cells with lithium working electrodes were subject to repeated fast charging at 9 mA 

cm-2, see Figure 4.11. In the case of the 83% dense (cold pressed) Li6PS5Cl solid electrolyte 

the cell short-circuits after 6 cycles. Whereas the 99% dense Li6PS5Cl solid electrolyte cycles 

continuously until the cycling was stopped after 100 cycles. In both cases stripping was carried 

out at the lower current density of 0.05 mA cm-2 to avoid voiding at the interface. The 

resistance to the initiation of any dendrite cracks in the dense Li6PS5Cl electrolyte means the 

repeated fast charging is sustainable.  

a

bi bii
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Figure 4.11: Cycling of Li/Li6PS5Cl 3-electrode cells with current densities of 9 mA cm-2 for plating, 
0.05 mA cm-2 for stripping (to avoid void formation), both for a capacity of 0.5 mAh cm-2, under 7 
MPa stack pressure, with a a cold pressed Li6PS5Cl disc (83% dense) and b a 400°C sintered 
Li6PS5Cl disc (99% dense). 

 

4.4.4  The effect of microstructure on dendrite initiation 

The single plating of differently sintered Li6PS5Cl solid electrolytes shows a clear increase in 

CCD with increasing densification, and from the XCT results in Figure 4.9, the determined 

CCDs can be seen to correspond to the initiation of dendrites. As described in Chapter 3, the 

initiation of dendrite cracks is related to the microstructural defects in proximity to the anode 

surface, specifically pores and cracks. A CCD was rationalised as a direct result of the 

hydrodynamic nature of the pressure build up. When plating proceeds at low rates into filled 

pores and cracks connected to the interface, Li is able to continually extrude back to the 

surface through plastic deformation as it readily undergoes creep at room temperature. Only 

during high plating currents does the deposition of Li outpace the extrusion of Li metal and 

pressures build as a result. The critical currents needed to cause pressures capable of 

cracking the electrolyte are dependent on the size and proximity of the defects. Given the 

drastic overall microstructural differences, the question then became as to whether differences 

in the size and number of near surface defects were significant enough to explain the changes 

in CCD for the differently sintered Li6PS5Cl solid electrolytes. 

83% dense Li6PS5Cl 
disc

99% dense Li6PS5Cl 9 mA cm-2, 7 MPa

9 mA cm-2, 7 MPa
a

b
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Figure 4.12: Tomographic FIB-SEM of near surface Li6PS5Cl microstructures for a cold pressed, 
b field assisted sintered at 300°C, c field assisted sintered at 350°C, and d field assisted sintered 
at 400°C, obtained using FIB-SEM serial sectioning and imaging. Total volume of 20x20x10µm3. 

To measure the distributions of microstructural defects in the near subsurface region with high 

spatial resolution, tomographic FIB-SEM imaging was performed on the differently sintered 

Li6PS5Cl solid electrolytes. Surface regions of the solid electrolytes were milled using a PFIB 

and the resultant cross-section was then imaged with the SEM to visualize the pores and 

cracks in proximity to the interface. Automated serial sectioning was then used to mill the 

volume of interest and capture a stack of secondary electron cross-sectional images which 

can be used to generate a three-dimensional depiction of the porosity, see Figure 4.12. The 

three-dimensional depictions were then subjected to a semi-automated segmentation process 

to differentiate between pores, cracks, and bulk electrolyte. 

Taking the microstructure of a specific solid electrolyte and predicting its CCD is problematic, 

since the sizes of the microstructural features are distributed over a wide range, and we cannot 

assume that, for example, the average sizes of the microstructural features determine the 

CCD. Instead, the dimensions of critical defects within each microstructure must be 

rationalised through a consideration of the electrochemical processes during Li plating.  
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Figure 4.13: a The current distribution for multiple surface connected pores. Two pores of 2.5 μm 
radii (20 μm apart) are situated either side of a smaller pore (1.65 μm in radius). The colour bar 
indicates the amplification of the local current relative to the average. Less than 10% of the current 
is distributed across the smaller pore, therefore only pores within at least 1/3 of the radius of the 
large pore will significantly affect the current at the larger pore. b The changes in the largest pore 
sizes and their average separations with respect to the overall relative density of the Li6PS5Cl, as 
determined by FIB-SEM tomography. 

As described in Chapter 3, it is the largest pores within the distribution of pore sizes that are 

primarily responsible for dendrite formation. This arises both because the current is focused 

on the larger pores and because the larger the pore surface area the greater the rate of Li 

build-up in the pores, such that the critical pressure for dendrite formation occurs first in the 

larger pores. Considering the four differently densified solid electrolytes, the largest pores in 

the near surface region of the electrolyte range from 0.5 (high density) to 2.3 μm (low density) 

in radii.  

As well, the precise current at the pore is affected by the size and proximity of the neighbouring 

pores. This is because the neighbouring pores spread the current, reducing it at a given pore 

(as discussed in Chapter 3). This effect drops off rapidly with the size of the neighbouring 

pores. Whilst ultimately a distribution of pore sizes exists within a given microstructure, when 

solving Laplace’s equation for a collection of pores whereby a smaller pore is considered in 

between two large pores, it was determined that there is only significant current spreading 

from the largest pores when neighbouring pores are of a comparable size (e.g., within a third 

of the radius). For pores less than 1/3 of the size, the effect is < 10%, see Figure 4.13a. 

Consequently, the average pore separation distances were calculated excluding pores of a 
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size less than 1/3 of the largest pores. Across the differently sintered electrolytes, the proximity 

between the large pores ranges from 10 (low density) to 22 µm (high density). Both the pore 

sizes and proximities from the microstructural analysis were used to define the ranges shown 

in Figure 4.13b. 

 

Figure 4.14: a The current distribution surrounding identical pores connected by three different 
crack lengths: 3.75, 1.5 and 0.75 μm. The colour indicates the local current from blue (low) to red 
(high). b The changes in the longest crack lengths and their associated widths with respect to the 
overall relative density of the Li6PS5Cl, as determined by FIB-SEM tomography. 

As well as their size and vicinity to one another, the proximity of the pores to the surface also 

plays a key role in determining which are most critical regarding dendrite initiation. Pores very 

close to the surface cannot build pressures capable of cracking the ceramic as extrusion is 

too fast (easy). Instead, deeper pores are more likely to act as the critical defects. Not only is 

Li extrusion likely to be more difficult, but current focussing effects are also stronger for deeper 

pores. When solving Laplace’s equation for pores at various depths from the surface, it can 

be seen that deeper pores attract more current, Figure 4.14a. Deeper pores will therefore build 

greater pressures during Li plating. Considering this, the longer cracks (deeper pores) and 

their associated widths were extracted for each density. The longest cracks measured within 

the differently densified solid electrolytes were found to range from 2.5 (low density) to 1.5 µm 

(high density). The average widths of the longest cracks (within 33% of the longest cracks) 

within each electrolyte was found to vary from 158 (low density) to 125 nm (high density). The 

crack lengths and widths were used to define the ranges in Figure 4.14b.  
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Figure 4.15: The effect on the critical current density for dendrite initiation of, a, pore radius, b, 
pore separation, c, crack length and d crack width. e Plot of predicted overall CCDs for each 
density of Li6PS5Cl. 

Figure 4.15a-d illustrates how CCD will vary as a result of individual changes to pore size, 

pore separation, crack length and crack width. The ranges of the microstructural dimensions 

are obtained from Figures Figure 4.13b and Figure 4.14b, and thus represent typical values 

expected when densifying Li6PS5Cl. Looking at Figure 4.15a&b, we can see that CCD 

decreases with increasing pore size and separation, both due to their effect on the magnitude 

of current experienced by a given pore. As shown in Figure 4.15c&d, CCD increases with 

increasing crack width and decreases with increasing crack length, due to the effect of both 

on the rate of Li extrusion. The results in Figures 4.13b and 4.14b show that densifying 

a

lo
g 1

0i C
CD

 (m
A 

cm
-2

)

Pore radius (μm) Pore separation (μm)

Crack width (nm)

b

c d

e

240 260 280 300 320
-2

-1

0

1

2

0.5 1 1.5 2 2.5
-2

-1

0

1

2

lo
g 1

0i C
CD

 (m
A 

cm
-2

)

lo
g 1

0i C
CD

 (m
A 

cm
-2

)

Crack length (μm)

lo
g 1

0i C
CD

 (m
A 

cm
-2

)

80 85 90 95 100
0

2

4

6

8

Pr
ed

ic
te

d 
C

C
D

 (m
A 

cm
-2

)

Relative Density (%)



 136 

Li6PS5Cl results in shorter and narrower cracks as well as smaller pores with greater 

separation. Therefore, not all changes in microstructure during the densification of Li6PS5Cl 

act to increase CCD. While decreasing crack width and increasing pore separation acts to 

decrease CCD, at the same time the decreasing crack length and pore size act to increase it. 

The calculations show (Figure 4.15e) that the former outweigh the latter, predicting an overall 

increase in CCD as observed experimentally (Figure 4.8). While the trends in the predicted 

and experimental CCDs are the same (Figures 4.8a and 4.15e) a close match between the 

absolute values is not necessarily expected; for example, even the larger pores for a given 

density are not of identical size. Also, the microstructure model assumes a simple geometry 

for pores (spheres) and cracks (cylinders) whereas actual pores and cracks will have more 

complex shapes.  

 

4.5  Conclusions 

In this chapter, the effect of sintering conditions on the Li6PS5Cl microstructure has been 

explored. It is found that plating currents as high as 9 mA cm-2 can be achieved without lithium 

dendrites (and as a consequence without short-circuit) by sintering the solid electrolyte. Using 

the dendrite initiation model as detailed in Chapter 3, the improvements in critical current 

density are rationalised with regards to the measured changes in the solid electrolyte 

microstructure. Smaller pores and shorter cracks connecting the pores to the Li anode act to 

increase CCD, whereas narrower cracks and greater distance between pores (lower 

population density) act to reduce CCD. Increased sintering and densification of the Li6PS5Cl 

solid electrolyte, from 83 to 99% relative density, results in a microstructure that has smaller 

pores with a lower population density and with cracks which trend to shorter and narrower 

dimensions. Therefore, not all the changes in microstructure with densification act to increase 

CCD. The reduction in pore size and the shorter crack lengths outweigh the narrower cracks 

and lower pore population density, achieving higher CCDs overall with densification. These 
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high plating currents are achieved without the need to form alloys with lithium and without the 

need to modify the solid electrolyte surface or introduce interlayers.  
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Chapter 5: Transformation Toughening of Li6PS5Cl Solid 

Electrolytes 

5.1  Aim 

In this thesis, the lithium dendrite failure of solid electrolytes and its relation to microstructural 

defects has been explored. This failure ultimately coincides with a mechanical failure of the 

electrolyte and accordingly the issue refreshes interest in the optimisation of the solid 

electrolyte’s mechanical properties. Historically, ceramic electrolytes such as sodium β’’-

alumina have been toughened through the addition of metastablised zirconia particles as a 

secondary phase343. In this chapter, the effect of dispersing metastabilised zirconia particles 

within the microstructure of the sulphide electrolyte Li6PS5Cl is investigated. The effect on 

fracture toughness is evaluated through mechanical indentation and the effect on ionic 

conductivity through PEIS. Using three-electrode cells, the question as to whether 

transformation toughening can stabilise propagating dendrite cracks is also considered.  

5.2  Introduction 

At the heart of the solid-state battery challenge is the exceptional difficulty in designing a single 

material which satisfies all solid electrolyte design criteria47. Aside from the obvious need for 

fast ion conduction, the electrolyte must be inherently safe, have both long-term chemical and 

electrochemical stability with high energy electrode materials, and all without sacrificing the 

prospects for cheap manufacture at scale18,30. Whilst there are continuous materials discovery 

efforts to offer a silver-bullet102, many researchers have turned their attention to hybrid 

designs99,344, interfacial layers111,345 and the augmentation of the electrolyte layer itself through 

the introduction of secondary phases346,347.  

In this spirit, researchers have attempted to improve the dendrite resistance of solid 

electrolytes by including crack bridging fibres/platelets217–219 or crack deflecting interior 

layers52, overall, with mixed success. Composite solid electrolytes were also considered 
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during the commercialisation of Na-S batteries during the 1970s and 80s343. Na-S cells were 

produced using the fast Na+ conducting β’’-alumina ceramic electrolytes and to improve its 

mechanical reliability, metastable doped zirconia particles were incorporated into the 

microstructure as a finely dispersed second phase, with some reports indicating this led to an 

improvement in sustainable charging rates225,226,348. 

Although early investigations also ascribed the mechanical improvement to deflection 

toughening and improved grain size control, the main idea behind adding specifically 

metastable zirconia particles into the sodium β’’-alumina matrix was to transformation toughen 

the electrolyte221,222,224. Transformation toughening is the increase in fracture toughness of a 

material due to a phase transformation occurring at the tip of an advancing crack349. 

Commonly, this has been achieved by dispersing small particles of zirconia within the 

microstructure which have been partially stabilised in the high temperature tetragonal 

phase350,351. The stress field in front of a propagating crack causes these metastably retained 

tetragonal particles to undergo a martensitic transformation to the stable monoclinic phase. 

Accompanying this transformation is a slight particle volume increase, and the net result is 

that compressive stresses are established on the crack surfaces near the crack tip that tend 

to pinch the crack shut, thereby arresting its growth (see Figure 5.1)351.  

 

Figure 5.1: Schematic demonstration of transformation toughening a a crack prior to the 
inducement of ZrO2 particle phase transformation b Crack arrestment due to the stress-induced 
phase transformation. Figure adapted from Materials Science and Engineering: An Introduction, 
8th Edition. (Wiley, 2009)349. Reproduced with permission from John Wiley & Sons.  
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In Chapter 3, the propagation of dendrite cracks was significantly mitigated by lowering the 

applied stack pressure of the cell. But ultimately, the inevitable net growth of Li dendrites within 

the crack meant that at currents above the CCD, short circuit could only be prolonged rather 

than prevented completely. Transformation toughening can raise the fracture toughness of the 

material during the advancement of a crack, meaning cracks can be potentially stabilised 

during their propagation349. Therefore, transformation toughening may offer a route to 

preventing dendrite failure by stabilising propagating dendrite cracks.  

No attempts to induce transformation toughening in Li+ conducting solid electrolytes have so 

far succeeded. For example, when researchers attempted to include zirconia into Li7La3Zr2O12 

(LLZO) electrolytes, a significant amount of LLZO had reacted with zirconia during sintering 

to form pyrochlore (La2Zr2O7) and lithium zirconate (Li2ZrO3) phases227. In this chapter the 

effect of adding metastable zirconia particles into the sulphide electrolyte Li6PS5Cl is 

investigated. A range of compositions are achieved by dry mixing the powders together with 

different ratios before using field assisted sintering to densify them into composite materials. 

The influence of the zirconia particles on the mechanical and electrochemical properties is 

then examined using a combination of indentation, PEIS and single plating experiments.   

5.3  Experimental 

5.3.1  Electrolyte preparation  

All procedures were performed inside an Ar-filled glove box (O2 and H2O levels < 1 ppm). 

Li6PS5Cl solid electrolyte powder was purchased from MSE Supplies and 12 mol% CeO2-ZrO2 

powder was purchased from daiichi kigenso kagaku kogyo. Before mixing, the 12 mol% CeO2-

ZrO2 calcined in air at 900 °C for 1 hour, with a heating and cooling rate of 5 °C/min. This 

ensured that a sufficient amount of metastable tetragonal phase was present so to encourage 

transformation toughening in the final composite.  

Powders were mixed using a combination of sieving (100 µm mesh) and using a pestle and 

mortar. In the optimised procedure, powders were first ground for 30 minutes after which the 

complete mixture was sieved to further mix the powder and break up any agglomerates. This 
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process was repeated three times. After mixing, the powders were loaded into a graphite die 

set. The die set was then inserted into a spark plasma sintering system (FCT systeme GmbH) 

within an Ar-filled glovebox and subject to 50 MPa uniaxial pressure 400 °C for 5 minutes while 

under vacuum by passing a current through the die set. 5-mm diameter sintered electrolyte 

discs of identical thickness were then used for cell assembly.  

5.3.2  Potentiostatic electrochemical impedance spectroscopy (PEIS) 

PEIS was taken using a 5 mV perturbation, collecting 10 points per decade across a 

frequency range of 1 MHz – 1 Hz. PEIS data were analysed and fitted to equivalent circuit 

models using the ZView software package. 

5.3.3  Three-electrode cells  

For a three-electrode cell, two disc-shaped lithium electrodes of 1 mm diameter were pressed 

onto the same side of the electrolyte disc as the working and reference electrodes. The 

working and reference electrodes were separated by a 1 mm-wide polymer insulating tape 

mask. A 5 mm lithium disc was pressed onto the other side as the counter electrode. The 

assembly was then placed into a pouch cell and sealed under vacuum (~ 10-3 bar). The cells 

were subject to 7 MPa stack pressure galvanostatic single plating at 10 mA cm-2 until short 

circuit. All galvanostatic measurements were performed using a Gamry Interface 1010 

potentiostat.  

5.3.4  In-situ X-ray computed tomography  

X-ray tomograms were recorded at the I13-2 beamline at the Diamond Light Source. For the 

experiments, the projections were collected with a PCO pco.edge 5.5 sCMOS camera 

combined with an optical microscope with a 4× magnification, resulting in a pixel size of 

1.63 µm. For each tomogram, 1,801 equiangularly distributed projections were taken over 

180°. For the in-situ measurements, metallic lithium foil was punched into disc-shaped lithium 

electrodes and pressed onto both sides of the electrolyte disc, 1 mm diameter electrodes were 

used for the working electrode and 3 mm for the counter. X-ray tomograms were obtained at 
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the pristine state and after charging. During the experiment, 7 MPa of pressure was applied 

using a constantly applied spring force, which was measured and calibrated using a 

transducer.    

5.3.5  SEM/EDX and Plasma FIB-SEM 

For SEM/EDX, powders were mounted on a plate using copper adhesive tape and the plate 

was sealed within an air-tight transfer holder which was used to move the samples to a Merlin 

SEM (Zeiss) without exposure to air. SEM was initially carried out using an acceleration 

voltage of 3 kV and a probe current of 200 μA. For SEM/EDX, data were collected at a higher 

voltage of 10 kV. The EDX was carried out within the Zeiss Merlin instrument using an X-Max 

150 Silicon Drift detector (Oxford Instruments). Collection and analysis were carried out using 

the Aztec software package. For cross-sectional imaging, electrolyte discs were transferred 

into the chamber of the PFIB-SEM (Thermo Fisher Helios G4 Plasma-FIB Dualbeam) for FIB 

milling with an iLoad vacuum sample transfer system without exposure to air. The freshly 

milled cross-section was then imaged with SEM to visualise the distribution of CeO2-ZrO2 

particles.  

5.3.6  Nanoindentation: Elastic Modulus, Hardness and Fracture Toughness 

In-situ indentation was performed using a (Hysitron PI 88) indenter within a TESCAN scanning 

electron microscope enabled the measurement of air sensitive Li6PS5Cl discs without the need 

for mineral oil or other techniques that can affect the mechanical response. Samples were 

transferred to the SEM within an airtight transfer container. Indentation modulus and hardness 

were calculated using the Oliver-Pharr method on multiple indents made with a Berkovich tip. 

For the determination of fracture toughness, a cube corner tip was used to cause fracture of 

the electrolyte. Using the LEM equation (eq. 5.1) the fracture toughness, 𝐾!S, was calculated 

for each of the multiple indents. The average across all indents was taken as the fracture 

toughness.  
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5.4  Results and Discussion 

5.4.1  Development of 12CeO2-ZrO2/Li6PS5Cl composites 

In this chapter, stabilised zirconia particles are mixed into Li6PS5Cl solid electrolytes to 

investigate the effect on the mechanical and electrochemical properties. The inclusion of 

zirconia particles into the microstructure of a ceramic can benefit the fracture toughness 

through a combination of microcrack toughening, deflection toughening, grain pinning, but also 

through transformation toughening343. To maximise the magnitude of any transformation 

toughening effects, the size and distribution of the zirconia particles and crucially the volume 

fraction of the metastable phase must be optimised. 

 

Figure 5.2: Zirconia-rich end of the ZrO2-CeO2 phase equilibrium diagram. Reproduced from 
Transformation Toughening Of Ceramics. (CRC Press, 2017)351. Reproduced with permission 
from CRC Press.  

Pure zirconia is known to exhibit three polymorphs and which structural form exists will depend 

upon both temperature and pressure. At atmospheric pressure, zirconia exists as a cubic 

structure above 2360°C; below this temperature, it is tetragonal until approximately 1200°C, 

below which the transformation to a monoclinic structure begins. It is the martensitic 

transformation of zirconia particles from a metastable tetragonal phase to monoclinic which is 

invoked during transformation toughening. The driving force of this phase transformation is 
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dependent on the free energy of the crystal, the surface energy, the temperature, and the 

pressure350,351. It is the main aim of any fabrication process of transformation-toughened 

ceramics to develop the tetragonal zirconia phase into a metastable state, such that the 

nucleation barrier can be overcome by an applied stress, at or near room temperature349,351.  

The ease with which the tetragonal to monoclinic transformation can occur in zirconia will 

depend upon a number of physical and chemical factors, with one of the most important being 

the particle size351. Small particle sizes can stabilise the tetragonal phase by enhancing the 

relative influence of surface energy contributions to the transformation barrier. Critical particle 

sizes of 10nm or less are needed to stabilise unconstrained pure zirconia352.  

Doping the zirconia with small amounts of oxides such as Ceria (CeO2) lowers the chemical 

free energy (∆Gc) and thereby the transformation temperature, meaning a higher fraction of 

larger particles can be stabilised in the tetragonal phase, see Figure 5.2 351. In this Chapter, 

12 mol.% CeO2-ZrO2 (CSZ) is used as a secondary phase to maximise the fraction of the 

tetragonal phase at room temperature. Using SEM, the particles of the CSZ powder were 

imaged to ensure they were consistently sub-micron in size, see Figure 5.3. Aside from 

increasing the fraction of the tetragonal phase, the sub-micron particle sizes also enables a 

wider and more homogenous dispersion of CSZ particles throughout the Li6PS5Cl matrix.  

 

Figure 5.3: SEM images of 12 mol% CeO2-ZrO2 (CSZ) powder at a micrometre magnification and 
b nanometre magnification.  

When stored for long durations, atmospheric moisture can adsorb to the surface of the 

particles and can prematurely induce the tetragonal to monoclinic phase transformation353. To 

ensure a high content of metastable tetragonal phase was present before incorporation into 
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the Li6PS5Cl matrix a calcination step was performed in air at 900 °C for 1 hour, with a heating 

and cooling rate of 5 °C/min. Powder XRD patterns are shown in Figure 5.4 for CSZ before 

and after the calcination step. The relative volume percentages of the tetragonal and 

monoclinic phases can be estimated by comparison of the relative peak intensities of the 

monoclinic (1£11) and (111) (2θ = 28.2° and 31.5° respectively) and tetragonal (110) (2θ = 

30.2°) reflections, known as the Toraya method354. Using this method, the CSZ powder used 

in this work is estimated to contain 88 vol.% tetragonal phase after calcination.  

 

Figure 5.4: Powder X-ray diffraction patterns before (black) and after (red) 900°C calcination heat 
treatment.   

Having established a high fraction of the tetragonal phase, it was then important to optimise 

the distribution of zirconia in the matrix. To ensure a homogeneous mixture of Li6PS5Cl and 

CSZ particles, a combined procedure of sieving and hand milling was performed within an Ar-

filled glovebox. As can be seen in Figure 5.5, the optimised mixing protocol was sufficient to 

ensure an effective coating of CSZ nanoparticles around individual Li6PS5Cl particles. As well 

as maximising the distribution throughout the material, the mixing of the particles helps to 

minimise the number of CSZ agglomerates.  
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Figure 5.5: a EDX maps overlayed on an SEM image and b magnified SEM showing the mixed 
Li6PS5Cl and CSZ powders. 

The low sintering temperatures used for densifying Li6PS5Cl mean any agglomerate will be 

retained as a loose cluster of nanoparticles in the densified material, potentially acting as 

points of weakness. In order to undergo a phase transformation during the fracture of the 

electrolyte, a CSZ particle must be put under strain by the advancing stress field at the crack 

tip349. As a result, the particles must be closely encapsulated by the fracturing matrix. Simply 

cold pressing a mixture of Li6PS5Cl and CSZ particles will result in a porous final material, with 

only few CSZ particles likely to be trapped between grains of Li6PS5Cl and many likely to sit 

in pre-existing pores and cracks unable to experience any strain during the fracture of the 

surrounding material. As described in the previous chapter, it is possible to densify Li6PS5Cl 

to a considerable extent using an optimised field assisted sintering protocol. To maximise the 

encapsulation of CSZ particles throughout the material, the optimised sintering protocol was 

used to create high density CSZ-Li6PS5Cl composites with a range in volume percentages of 

CSZ. Figure 5.6 shows the microstructures of five different compositions of CSZ-Li6PS5Cl 

composites: 2%, 5%, 10%, 15% and 20% as compared to a pure Li6PS5Cl electrolyte.  
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Figure 5.6: EDX maps overlayed on a FIB-SEM cross-section image illustrating the distribution of 
CSZ throughout the a pure Li6PS5Cl, b 2% CSZ, c 5% CSZ, d 10% CSZ, e 15% CSZ, f 20% CSZ 
CSZ-Li6PS5Cl electrolytes. dii, eii and fii are magnified EDX maps for the 10% CSZ,15% CSZ and 
20% CSZ composites respectively to illustrate the partial volume effects that occur in the low 
magnification maps. Such partial volume effects augment the apparent CSZ content in those 
composites.  

 

5.4.2  Effect on mechanical properties 

To evaluate the effect of CSZ additions on the fracture toughness of Li6PS5Cl, indentation 

tests were performed on the full range of compositions including the pure Li6PS5Cl material. 

Due to their reactivity with moisture, sulphide solid electrolytes are highly air-sensitive making 

a large range of mechanical tests logistically challenging. As a result, there are a scarce 

number of articles in the literature reporting any mechanical property of any sulphide solid 

electrolytes, with the few that exist resorting to the use of mineral oil to avoid the sulphide’s 

exposure to moisture247,355. No experimentally determined values for the mechanical 

properties of Li6PS5Cl had ever been reported until my work in collaboration with Johann 

Perera292.  
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Figure 5.7: a SEM image and b 3D reconstructed height map of a Li6PS5Cl ident.  

Using an in-situ indenter within a scanning electron microscope, the mechanical measurement 

of air-sensitive solid electrolyte composites is enabled without the need for any mineral oil or 

other techniques that can affect the mechanical response. To determine the fracture 

toughness, a cube corner tip was used to indent the surface of the electrolyte and induce a 

crack. The toughness, 𝐾!S, can then be calculated using the Lawn, Evans, and Marshall (LEM) 

equation (eq. 5.1) for each indent273. Where E is the modulus, H is the hardness, P is load, c 

is total crack length and α is a geometric constant for a cube corner tip. The average across 

all indents for a given composite was then taken as the fracture toughness. Since the 

calculation of fracture toughness using the LEM equation requires modulus and hardness 

values, the indentation modulus and hardness for each composite were calculated using the 

Oliver-Pharr method271 on multiple indents made with a Berkovich tip. 

 
𝐾!S 	= 	𝛼	 }

𝐸
𝐻~

! "⁄

}
𝑃
𝑐1 "⁄ ~ 

(5.1) 

Due to the soft nature of sulphide electrolytes, some spallation (pile-up) around the indent 

edges is inevitable, even with the addition of CSZ nanoparticles. For corner crack lengths to 

be considered valid, pileups on the indent edges must be minimal356. To ensure meaningful 

values of fracture toughness were collected from the indentation methodology used in this 

work, the amount of pile-up surrounding the indents was examined. As can be seen in Figure 

5.7, the pile-up at the indentation edges was seen to be minimal and much smaller than the 

size of the indent itself. Figure 5.7b shows a 3D reconstruction of the indent and compares it 

with the SEM image from Figure 5.7a. From this we see the radial cracks emanating from the 
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corners of the indent that are significantly larger than the complex cracks occurring in the 

piled-up regions of compressive stress around the indent, which incorporates some plastic 

deformation as well as some secondary radial cracks. As described in work done by Kruzic et 

al.356 the degree of cracking present should allow a fracture toughness within 10% of the value 

when measured using standard fracture mechanics experiments, e.g., notched three-point 

bending. 

 

Figure 5.8: Trend in fracture toughness measured by indentation with increasing amounts of 12 
mol% CeO2-ZrO2 (CSZ) powder. Error bars indicate the standard deviation between repeat 
measurements.  

The fracture toughnesses determined for a range of CSZ-Li6PS5Cl composites are plotted in 

Figure 5.8. Increasing the amount of CSZ within the material has a positive impact on the 

mechanical properties, almost doubling the measured fracture toughness. The inclusion of 20 

vol.% CSZ raises the fracture toughness to 1.16 MPa m1/2 as compared to 0.71 MPa m1/2 

measured for the pure Li6PS5Cl.  

 

5.4.3  Effect on ionic conductivity 

Although the inclusion of CSZ particles can have a positive impact on the mechanical 

properties of Li6PS5Cl electrolyte, since they do not contribute to the transportation of Li+, 

higher volume fractions will detrimentally impact the total ionic conductivity of the composite 
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materials. Through the use of physical vapour deposition (PVD), Ni metal layers of several 

hundreds of nm in thickness are deposited through a mask onto the composite electrolyte’s 

surface. These layers act as a blocking electrode for potentiostatic electrochemical impedance 

spectroscopy (PEIS), allowing the transport of Li+ through the composite materials to be 

isolated in the measurement. The Nyquist plots produced by PEIS on each of the composite 

materials are shown in Figure 5.9. The partial semi-circular shape produced at high 

frequencies corresponds to the bulk crystal and grain boundary conduction through the 

composite electrolytes, and the sharp tail at low frequencies corresponds to the eventual 

convergence to ideal capacitive behaviour due to the use of blocking electrodes.  

 

Figure 5.9: Nyquist plots from PEIS of CSZ-Li6PS5Cl composites with 4.5mm blocking electrodes 
for a pure Li6PS5Cl, b 2% CSZ, c 5% CSZ, d 10% CSZ, e 15% CSZ, f 20% CSZ.  
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High ionic conductivities are needed in electrolyte materials to minimise the internal resistance 

of the cell, which would ultimately avoid unnecessarily limiting the utilised capacity during 

cycling. Liquid electrolytes have Li+ conductivities of the order 10-3 S cm-1, with typical Li-ion 

separator thicknesses ranging from 20-30 µm76,357. If solid electrolyte separator layers can be 

manufactured at similar thicknesses, a similar order of magnitude in ionic conductivity would 

be seen as acceptable30. By fitting an equivalent circuit model to the PEIS data shown in 

Figure 5.9, the bulk/grain boundary conductivity for each of the composite materials can be 

determined, see Figure 5.10.  

 

Figure 5.10: Trend in ionic conductivity with increasing 12 mol% CeO2-ZrO2 (CSZ) in CSZ-
Li6PS5Cl composites.  
As a result of the addition of CSZ particles, the measured ionic conductivity decreases, almost 

halving upon the addition of 20 vol.%. The ionic conductivity of the pure Li6PS5Cl electrolyte 

was measured as 6.1 mS cm-1 and this fell to 3.2 mS cm-1 upon the addition of 20 vol.% CSZ. 

The high densities achieved through the field assisted sintering of Li6PS5Cl mean that its 

conductivity sits comfortably within the needed order of magnitude18,30,77. As a result, despite 

the detrimental effects of adding CSZ, the drop in conductivity is theoretically acceptable, at 

least up to 20 vol.%.  
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5.4.4  Effect on Li dendrite propagation 

As described in Chapter 3, dendrite cracks initiate as a result of Li plating pressurising 

subsurface porosity within the solid electrolyte. The then initiated transverse cracks propagate 

across the entire electrolyte, allowing Li metal to plate through and reach the counter 

electrode, causing a short circuit. Using operando XCT imaging, it was determined that 

dendrite cracks propagate whilst only partially filled with Li metal, driven by a wedge-opening 

mechanism as Li plates at the inner surfaces of the crack. Through a basic model of the 

process, the magnitude of the total force applied on the inner walls during the wedge-opening 

was shown to be highly dependent on the amount of Li filling (e.g., the length of the Li dendrite 

within the crack). By evaluating how the strain energy release rate of the crack develops during 

the pressurisation of the inner walls during dendrite lengthening, a dendrite length criterion for 

crack propagation could be identified at the point at which the strain energy release rate 

reaches a critical value determined by the fracture toughness of the electrolyte. In short, for a 

given current density and stack pressure, the amount of crack filling necessary to propagate 

a crack can be directly related to the toughness of the electrolyte. Figure 5.11 shows the 

amount of crack filling (dendrite length) needed to propagate a 200 µm long, 2 µm wide 

dendrite crack at an applied current density of 10 mA cm-2 and a stack pressure of 7 MPa. If 

the electrolyte toughness is increased from 0.71 MPa m1/2 to 1.16 MPa m1/2, the Li dendrite 

must be over a third longer to propagate the dendrite crack. As a result, more capacity may 

be needed during plating to cause failure of the cell, i.e., the cell will take longer to fail.  
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Figure 5.11: Dendrite length required to extend a 200 µm long, 2µm wide crack for an applied 
current density of 10 mA cm-2 and a stack pressure of 7 MPa, calculated using the dendrite crack 
propagation model detailed in Chapter 3. For the increase in fracture toughness seen in Figure 
5.8, around a 36% increase in dendrite length is required to propagate the same dendrite crack 
further.  

To investigate the effect of CSZ on dendrite propagation, three-electrode cells were 

assembled with Li electrodes, and plated at 10 mA cm-2 under a stack pressure of 7 MPa. The 

areal capacity required to induce a short-circuit was compared between cells made with pure 

Li6PS5Cl electrolytes and 20 vol.% CSZ-Li6PS5Cl electrolytes. By performing single plating 

experiments any Li stripping effects are completely removed. A similar protocol was used in 

Chapter 3 to determine the effect of stack pressure on dendrite propagation. Figure 5.12 

presents typical voltage profiles for the single plating experiment, the areal capacity at which 

short circuit occurs can be identified at the point at which the voltage of the cell falls to zero.  
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Figure 5.12: Voltage profiles for 3-electrode single plating experiments under 10 mA cm-2 under a 
stack pressure of 7 MPa for pure Li6PS5Cl (red) and 20 vol.% CSZ-Li6PS5Cl (blue) electrolytes. 
Cells were run until complete short-circuit (indicated with red circles).  

When a ceramic fractures as a result of pre-existing defects, as is the case in Li dendrite 

failure, the process is inherently statistical and this will be somewhat reflected in the plated 

capacity needed to cause the short-circuit of a given cell. Consequently, a number of single 

plating experiments are necessary in order to assess a distribution. An identical single plating 

protocol was applied to five cells composed of pure Li6PS5Cl electrolytes and five cells 

composed of 20 vol.% CSZ-Li6PS5Cl electrolytes. The areal capacity required to induce short 

circuit across the ten experiments is presented in Figure 5.13. The distribution of results 

indicates that the 20 vol.% CSZ-Li6PS5Cl electrolytes fail only after greater plating capacities 

are applied to the cell. On average, pure Li6PS5Cl electrolytes sustained 3.8 mAh cm-2 before 

short circuit whereas 20 vol.% CSZ-Li6PS5Cl composite electrolytes sustained 7.2 mAh cm-2; 

almost twice as much capacity.  
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Figure 5.13: Average areal capacity required to short circuit three-electrode cells subject to 10 mA 
cm-2 under a stack pressure of 7 MPa for pure Li6PS5Cl (red) 20 vol.% CSZ-Li6PS5Cl (blue) 
electrolytes. Error bars indicate the standard deviation of the repeat experiments.  

Although effective in demonstrating the feasibility of a wedge-opening crack mechanism 

based on the hydrodynamic pressures resulting from lithium plating, the propagation model 

presented in Chapter 3 is a simplification of the true situation within the electrolyte. In reality, 

specific crack geometries are unpredictable and their morphological development during their 

propagation can be even more so. Therefore, it is not possible to use the proposed crack 

propagation model to predict the total areal capacity required to short-circuit an electrolyte.  
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Figure 5.14: In-situ X-ray computed tomography virtual cross-sectional image slices reveal the 
morphonology of dendrite cracks for a pure Li6PS5Cl, b 2 vol.% CSZ-Li6PS5Cl and c 10 vol.% CSZ-
Li6PS5Cl electrolytes.  

Through the use of in-situ X-ray computed tomography, we can see that the effect of CSZ 

content on dendrite crack morphology is significant. As discussed in Chapter 4, the crack 

geometries observed within pure Li6PS5Cl electrolytes densified using field assisted sintering 

are straight and occur without the formation of spallations, see Figure 5.14a. Even adding only 

a small percentage of CSZ is enough to cause a noticeable deflection of the transverse 

dendrite crack, Figure 5.14b. Upon the addition of 10 vol.% CSZ, a return of spallation features 

is seen in Figure 5.14c. This observation may provide further insights into the origin of 

spallation cracking during Li dendrite failure of solid electrolytes. Unfortunately, due to the high 

X-ray attenuation of zirconium and cerium the in-situ XCT imaging of dendrite cracks in 20 

vol.% CSZ-Li6PS5Cl electrolytes was not possible. Overall, the XCT results collected across a 

range of CSZ contents indicate that the addition of CSZ nanoparticles significantly alters Li 

dendrite crack morphologies, resulting in a return of spallation cracks and more convoluted 

transverse cracks. Both of these can be expected to prolong the short circuit of the electrolyte. 

As a result, a combination of raising the inherent toughness, 𝐾!S, of the material and the 

significant effects on crack morphologies can explain the rise in areal capacity needed to 
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propagate dendrite cracks and cause short circuit with the addition of transformation 

toughening CSZ nanoparticles.  

5.4.5  Feasibility of dendrite crack stabilisation 

As is shown in Figure 5.8, the addition of metastable zirconia particles into Li6PS5Cl 

electrolytes brings an increase in the measured fracture toughness. Whilst this was seen to 

affect the propagation of dendrite cracks, no observed increase in the current densities 

required to initiate dendrites was observed. Any associated improvement in the local 

mechanical properties at the Li/SE interface was likely mitigated by worsened current focusing 

caused by the addition of the insulating secondary phase.  

To constitute a meaningful improvement in performance, dendrite cracks must be completely 

stabilised rather than temporarily delayed during propagation. During the experiments in 

Figure 5.13, all cells eventually short circuited, implying that any stabilisation of dendrite 

cracks during propagation was ultimately temporary. The dynamic relationship between 

fracture toughness and crack extension is characterised by the crack growth resistance curve 

(R-curve)350. Rising R-curves mean that the extension of a crack can potentially be stabilised 

to such an extent that it can no longer propagate. The results shown in Figure 5.13, imply that 

any rising R-curve behaviour caused by the inclusion of zirconia is ultimately not steep enough 

to stabilise dendrite cracks completely. Given that separators will ultimately have to be thinner 

than 50 µm18,30, the feasibility of stabilising dendrite cracks as a practical solution to the 

dendrite problem should be re-evaluated.    

 

5.5  Conclusions 

This chapter has explored the effect of adding metastable CeO2-ZrO2 (CSZ) nanoparticles into 

Li6PS5Cl solid electrolytes. Guided by iterative XRD and SEM characterisation, a mixing 

procedure to distribute the CSZ particles evenly throughout a dense Li6PS5Cl microstructure 

was optimised. Using an in-situ indenter within a scanning electron microscope, the 
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mechanical measurement of the composites is enabled without the need for any mineral oil or 

other techniques that can affect the mechanical response. Fracture toughnesses determined 

through indentation indicate an almost doubling in the toughness of Li6PS5Cl solid electrolytes 

through the addition of 20 vol.% CSZ. The zirconia particles do not contribute to the transport 

of Li+ and so limit the active volume of the electrolyte, increasing the tortuosity of ionic 

pathways. As a result, the conductivity of the electrolyte is reduced upon the addition of CSZ, 

with 20 vol.% CSZ enough to almost half the conductivity. Despite this, due to the high 

conductivity of pure Li6PS5Cl solid electrolytes densified by field assisted sintering, the 

conductivity of 20 vol.% CSZ-Li6PS5Cl composites may still be seen as acceptable. In Chapter 

3, the propagation of dendrite cracks was shown to depend on the fracture toughness of the 

electrolyte. 3-electrode single plating experiments demonstrate an increase in plated capacity 

needed to propagate dendrite cracks and cause short circuit with the addition of transformation 

toughening CSZ nanoparticles. Using in-situ XCT imaging, a combination of an increase in 

inherent toughness, 𝐾!S, and significant effects on crack morphologies is proposed to explain 

the greater capacities required to fail cells. Whilst the improvement in fracture toughness can 

act to benefit future manufacturing and handleability, the use of CSZ nanoparticles does not 

appear a practical route to solving the SSB dendrite problem, merely delaying rather than 

preventing failure. Ultimately, the eventual short-circuit of toughened CSZ-Li6PS5Cl 

composites means that any anticipated R-curve toughening was not sufficient to stabilise the 

dendrite crack during its propagation, even in thick electrolytes. Whilst interesting from a 

mechanistic perspective, by only delaying an inevitable cell failure once dendrites have 

initiated, the added resistance to dendrite propagation does not constitute a meaningful 

improvement in performance. Given that separators will ultimately have to be thinner than 50 

µm, future work should re-consider pursuing the stabilisation of propagating dendrite cracks 

as a feasible route to overcoming the SSB dendrite problem.    
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Chapter 6: Conclusions and outlook 

 
Following the discovery of fast Li+ conducting ceramics, significant efforts have been placed 

into realising high-energy lithium metal anode solid-state batteries (Li-SSBs). Yet despite 

considerable research, the charging times of these cells have been slower than what is 

needed for applications such as electric vehicles due to the formation of Li dendrites.  

In Chapter 3 of this thesis, the mechanistic underpinnings of Li dendrite failure have been 

investigated in argyrodite-type Li6PS5Cl solid electrolytes. Operando XCT observations 

indicated that the processes governing the initiation of dendrite cracks is distinct from the 

mechanism by which the cracks later propagate. Dendrite cracks are suggested to initiate due 

to excessive Li plating within subsurface pores, which are filled with Li due to their connection 

to the surface via pre-existing microcracks. In contrast, dendrite cracks are proposed to 

propagate whilst only partially filled with Li, through a wedge-opening-type mechanism.  

In Chapter 4, the effect of microstructure on dendrite crack initiation is explored within Li6PS5Cl 

electrolytes. Using field-assisted sintering, a range of different Li6PS5Cl microstructures were 

produced of varying overall density (porosity), between which a considerable variation in the 

size and number of pre-existing microcracks and pores was shown to exist. During the 

densification of Li6PS5Cl, microcracks are shown to narrow and shorten whilst the size and 

number of pores is shown to be reduced (hence their proximity from one another increases). 

Consequently, not all the changes in the microstructure which occur during densification 

necessarily act to increase critical currents. In Li6PS5Cl, the reduction in pore size and crack 

length is predicted to outweigh crack narrowing and increases in separation, giving an overall 

increase in critical current density. Accordingly, improvements in critical plating currents are 

measured experimentally for highly dense Li6PS5Cl electrolytes using a combination of 

imaging and electrochemical cell testing. 

Chapter 5 considered the effects of incorporating metastabilised zirconia nanoparticles within 

the microstructures of densified Li6PS5Cl electrolytes. Even though their addition lowers the 
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overall ionic conductivity, materials containing zirconia particles demonstrated considerably 

improved fracture toughnesses. Whilst the use of zirconia nanoparticles alone does not 

appear to be a practical route to solving the SSB dendrite problem, merely delaying rather 

than preventing failure, their toughening effects could still potentially benefit future 

manufacturing and handleability.   

If Li-SSBs are to be used to power electric vehicles, industry charging standards of at least 1 

C will need to be met54,140. Additionally, to meet the ~1,000 Wh/l and ~400 Wh/kg required to 

justify a transition to a non-Li-ion system, Li-SSB cells may require cathode loadings greater 

than 4 mAh/cm2.358 Consequently, charging currents of at least 5 mA cm-2 may be considered 

as necessary for practical EV application. In Chapter 4, highly dense Li6PS5Cl electrolytes 

manufactured using field-assisted sintering enabled sustainable plating currents as high as 9 

mA cm-2. The results validate that in some solid electrolyte systems, the size and number of 

microstructural defects can be controlled such to enable practical charging currents across 

entire electrode interfaces. Still, future work is needed to investigate whether similar Li6PS5Cl 

microstructures can be achieved in the scalable production of thin film electrolytes (< 50 µm 

thickness).  

Whilst the work in this thesis has focused on argyrodite-type sulphide electrolytes, further work 

is needed to unify the understanding of dendrites in these materials with other classes of 

ceramic electrolytes. Numerous studies have been conducted on LLZO-type oxide electrolytes 

in which simply densifying the electrolyte has not enabled significantly higher plating 

currents155,186,270. In the light of the new insights made in this thesis regarding the effect of 

microstructure on dendrites in Li6PS5Cl electrolytes, further comparative work is necessary to 

expand a general understanding which applies to all ceramic electrolytes.  

Additionally, future ambitions regarding Li6PS5Cl electrolytes will still need to marry any 

achievable high plating currents with practically relevant stripping currents. Throughout this 

thesis, both impractically low stripping currents and impractically high stack pressures (>2 

MPa is impractical for large format cells54) are used to minimise any interfacial voiding in 

cycled cells. Future work should assess the influence of densification on Li stripping to assess 
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whether further interfacial patterning or thin interlayers would still be needed for a commercial 

application.   
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Appendix 

Table A.1: List of Li6PS5Cl mechanical properties determined in this work and used as input for 
the modelling in Chapter 3.  

 

Table A.2: List of simulation inputs used to estimate a CCDinit ~ 1 mA/cm2 in Chapter 3.  

 

 

 

 

Name Symbol Unit Method Value ± s.d 
Elastic Modulus E GPa Nanoindentation 28.0 ± 1.8 

Hardness H MPa Nanoindentation 921 ± 196 
Fracture Toughness KIC MPa m1/2 Nanoindentation 0.69 ± 0.12 

Local Fracture Strength σc MPa Microcantilever 
bending 

91.1 ± 14.5 

Input Value 
Pore radius 1.5 μm 

Pore separation 10 μm 
Crack length 5 μm 
Crack radius 300 nm 
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Figure A.1: Voltage profiles corresponding to data points at (a) 10 MPa (b) 28 MPa and (c) 34 
MPa in Figure 3.14. Cycling of employed Li/Li6PS5Cl 3-electrode cells with current densities of 
4.0 mA/cm2 for plating, 0.05 mA/cm2 for stripping (to avoid void formation), both for a capacity of 
0.5 mAh/cm2. 

 
Table A.3: Relative density measurements for differently sintered solid electrolytes used in 
Chapter 4. Calculated by imaging the outer surface using XCT to give the total volume, measuring 
their weight, and then comparing the result to the theoretical density of Li6PS5Cl. 

 

 

 

 

b.

6
Number of cycles

0

50

100

150

200

0 2 4 8

Capacity (mAh/cm2)

-40

-30

-20

-10

0

10

0 20 80 100 120 18040 60 140 160

Vo
lta

ge
 (m

V)

4 mA/cm2, 0.1 MPa

short-circuit 4 mA/cm2, 7 MPa

c.

d.

D
en

dr
ite

 le
ng

th
 (µ

m
)

7 MPa
1 MPa
0 MPa

inactive dendrite propagation

a.

0.30.20.10 0.4
Capacity per half cycle (mAh/cm2)

2

4

6

0

N
et

 d
en

dr
ite

 g
ro

w
th

 (µ
m

)

-40

-30

-20

-10

0

10

Vo
lta

ge
 (m

V)

short-circuit

0.5

Capacity (mAh/cm2)
0 20 80 100 120 18040 60 140 160

7 MPa
1 MPa
0 MPa

a.

b.

c.

short-circuit

short-circuit

short-circuit

a

b

Sintering 
conditions 

Sample 1 
Relative 
Density 

(%) 

Sample 2 
Relative 
Density 

(%) 

Sample 3 
Relative 
Density 

(%) 

Average 
relative 

density ± s.d 
(%) 

Cold Pressed 83.61 82.95 82.67 82.67 ± 0.48 
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