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ABSTRACT 

The transition to renewable energy sources is dependent on the availability of sufficient 

storage. To meet these urgent demands, scientists are racing to find new battery chemistries and 

architectures One of the promising next-generation technologies is all-solid lithium (Li) batteries, 

which utilizes ion-conducting solids such as β-Li3PS4 (LPS) ceramic in place of conventional 

organic liquid electrolytes. This enables use of a Li metal anode which increases theoretical 

capacity, improves battery safety by replacing flammable liquid electrolytes, and in some cases 

widens the stable voltage window over traditional Li-ion electrolytes. However, Li anodes in solid-

state systems experience undesired Li migration which can result in short-circuit and premature 

battery death.  

The core focus of my research is to use imaging techniques to detail the fundamental 

electrochemical processes governing the Li migration in ceramic solid electrolytes, using LPS as 

a model system. To achieve comprehensive understanding, it is necessary to characterize the 

Li/electrolyte interface at all relevant scales, which is only possible by using a collection of 

different techniques. In my work I used scanning electron microscopy (SEM) paired with Li 

sensitive energy dispersive spectroscopy (EDS) as well as two X-ray imaging techniques: 

synchrotron computed tomography (CT) and transmission X-ray microscopy (TXM).  

This presentation will first highlight the results of operando synchrotron CT studies, collecting 3D 

X-ray images of the Li/LPS interface while the battery is cycling, supported with complementary 

SEM studies with Li-sensitive EDS. The development of this operando synchrotron CT technique 

to control and manipulate variables that are relevant in realistic solid-state batteries will be 

described along with major results that show interaction between the Li metal and pre-existing 

defects in the LPS electrolyte and reveal that multiple mechanisms of Li migration may be 
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dominant depending on cell operating conditions. Next, methodologies that advance TXM, a nano-

scale X-ray imaging technique, toward the operando capabilities necessary for detailed 

investigation of mechanisms at nanoscale will be covered, including detailed discussion of 

challenges associated with sample preparation and fabrication of the cells with appropriate 

dimensions, TXM experiments, and data analysis.  

The outcome of this work is a multi-scale morphological characterization, ranging from 

the nano-scale to micro-scale to the whole device, contributing to mechanistic understandings of 

fundamental science related to battery degradation and development of novel capabilities that 

could be applied to wider range of systems. 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview 

The transition to renewable energy sources is dependent on the availability of sufficient 

storage. To meet these urgent demands, scientists are racing to find new battery chemistries and 

architectures, and one of the promising next-generation technologies is all-solid lithium (Li) 

batteries. These systems utilize ion-conducting solids such as β-Li3PS4 (LPS) ceramic which 

enables use of a Li metal anode, increasing theoretical capacity, providing increased safety by 

replacing flammable liquid electrolytes, and in some cases widening the stable voltage window 

over traditional Li-ion electrolytes. However, Li anodes in these systems produce Li dendrites, 

which cause short-circuit and premature battery death.  

The core focus of my research is to use imaging techniques to detail the fundamental 

electrochemical processes governing the Li migration and dendrite formation in ceramic solid 

electrolytes, using LPS as a model system. To achieve comprehensive understanding, it is 

necessary to characterize the Li/electrolyte interface at all relevant scales, which is only possible 

by using a collection of different techniques. In my work, I used scanning electron microscopy 

(SEM) paired with lithium sensitive energy dispersive spectroscopy (EDS) as well as two X-ray 

imaging techniques: micro-scale X-ray computed tomography (micro-CT) and transmission X-ray 

microscopy (TXM).  

Initially, micro-CT was used to image the micro-structure of the Li/LPS interface in an 

uncycled state and after current/voltage cycling. Throughout the process of studying the formation 

and propagation of Li metal features within this system, a custom sample platform was designed 

to support operando studies: collecting images of the battery materials during cycling.  The results 
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both demonstrate the capabilities of micro-CT technique to distinguish features with 1 µm3 spatial 

resolution and show interaction between the Li metal and pre-existing cracks in the LPS 

electrolyte. A phenomenon of expansion of these defects, especially in early stages of cycling, was 

observed throughout the volume of the symmetric cells with three-dimensional visualization and 

supported with complementary SEM studies with Li-sensitive EDS.  

Further study with operando micro-CT continued to visualize the behavior of lithium in 

response to device operation. The technique was further developed to control and manipulate 

variables that are relevant in realistic solid-state batteries: anode/electrolyte contact, regions of 

reduced ion conductivity and shear modulus, ionic conductivity, and electronic conductivity. This 

revealed that multiple mechanisms of Li migration may be dominant depending on cell operating 

conditions, with battery temperature playing a key role in initial micro-structure and Li migration 

behavior. Finally, these X-ray imaging experiments hinted at behavior occurring below the 1 µm3 

spatial resolution limit that is critical to understanding how operating conditions influence Li 

migration mechanism. 

TXM provided an opportunity to overcome the 1 µm3 spatial resolution limit of micro-CT, 

but the technique is not sufficiently developed to enable the operando studies that allow for 

detailed investigation of mechanisms. Therefore, my work in this area focused on advancing the 

capabilities by designing a platform and experimental procedures for reliable study of solid-state 

electrolyte systems with nano-scale tomography. The outcome of my work is a multi-scale 

morphological characterization, ranging from the nano-scale to micro-scale to the whole device, 

contributing to mechanistic understandings of fundamental science related to battery degradation 

mechanism and development of capabilities that could be applied to a wider range of systems. 
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1.2 Energy storage  

Anthropogenic climate change is escalating the need for alternative energy generation and 

infrastructure.1,2 This is a broad and multifaceted problem and energy storage devices such as 

batteries play multiple key roles. The potential renewable energy generation capacity is much 

greater than is currently utilized, largely because renewable energy generation is either 

intermittent, like solar energy, or geographically locked, like hydrothermal energy. Storage devices 

can help alleviate the variability from intermittent solar energy generation by storing excess power 

during peak generation for off-times when the sun is not out, but energy is still needed.3 Energy 

storage can also store energy from stationary generation sources in portable devices that enable 

wider distribution.2 For all these applications, a variety of energy storage devices—fuel cells, 

supercapacitors, batteries, etc.—are considered to be good candidates to meet global energy needs, 

but each has their own advantages and disadvantages. Among these candidates, batteries are 

particularly well-suited as an energy storage solution in the transportation sector.4 

 In 2018 in the United States alone, motorcycles, cars, buses, and trucks produced 1545.9 

million metric tons of CO2 equivalent, 82% of the greenhouse gas emissions from the U.S. 

transportation sector. And the whole transportation sector, adding in airplanes, ships, trains and 

other sources, contributed 28% of the total greenhouse gas emissions for the nation which was the 

largest single-sector contribution.5 The market share of hybrid and fully electric vehicles has 

increased year after year as governments, environmentalist groups, and individual consumers seek 

and advocate for a more carbon-neutral alternative to traditional automotive vehicles. Although 

other storage devices such as fuel cells are competing in this sector, batteries are the dominant 

technology.4 Therefore, the transportation sector makes for a good example case to examine the 

aspects of an energy storage technology that are most valuable. These aspects vary from 
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application to application, but for electric vehicles, the most desirable facets of the chosen energy 

storage device are capacity, safety considerations, cell voltage, and figures of merit that take into 

account mass, such as specific power and specific energy.6 The ongoing battery research that aims 

to affect the transportation sector, must therefore focus on maximizing those properties.  

1.3 Batteries 

Batteries, devices that store electrical energy as chemical energy, have existed since the 

turn of the 19th century. Within a few decades of their discovery as a technical curiosity, battery 

technologies were improved to stably deliver electricity for use as a power source and have been 

vital in this context for nearly two centuries. Standardization of batteries in well-known sizes, 

shapes, and storage properties such as AA, AAA, and D became necessary in the mid-20th century 

with the invention of the transistor radio and the beginning of the consumer electronics industry.7 

Lithium ion batteries are the most recent watershed in the history of this technology, enabling the 

mass marketability of personal electronic devices like laptops and smart phones. Today, the 

diversity of battery applications a typical American observes in a walk around the house is 

staggering: lead-acid batteries in cars, alkaline batteries in kitchen smoke detectors, and lithium-

ion batteries in digital cameras and smart watches. 

Regardless of the type of battery, the components always include two electrodes, an anode 

and cathode, and at least one electrolyte. The operating principle of these components depends on 

two reduction-oxidation reactions, each occurring at one electrode in its own half-cell. At the 

anode, an oxidation reaction releases electrons to move through an external circuit while the 

resulting cations move into the electrolyte. In the other half-cell, the cathode undergoes a reduction 

reaction between cations and electrons. The electrolyte allows anions to migrate to the anode and 

cations to migrate to the cathode. In some cases, different electrolytes are used for the anode and 
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cathode and an ion-conductive separator is needed to complete the circuit while preventing the 

electrolytes from mixing. The total reaction of the battery is energetically favorable and would 

occur spontaneously, however, the separation of the half-cells by the electrolyte creates an open 

circuit. Therefore, the reaction will only occur, i.e. the battery will only discharge, if the circuit is 

closed and electrons are able to move through that external circuit. In this manner, batteries store 

energy in chemical bonds until they are needed to provide electrical energy to a device. The 

electrical driving force across the electrodes, i.e. the difference in the energy of each half-cell 

reaction, is measured in volts and is commonly referred to as the cell voltage. There are many 

electrochemical intricacies to battery operation including mass transfer, impedance, electrical 

double-layer, etc. that affect battery design and performance.8 

These fundamental components are the basis for myriad types and classes of battery. There 

are single-use, or primary, batteries which experience irreversible structural or chemical changes 

in the electrode during discharge. In contrast, the reactions in rechargeable batteries, also called 

secondary, are reversible. After a cell is discharged an applied current can push electrons to the 

anode, causing cations to move away from the cathode, and return the battery to its original, 

charged state. The most familiar primary battery technology is the alkaline chemistry used for the 

AA and AAA cells for many consumer electronics. While it is possible to recharge some alkaline 

batteries a few times, they are safest and most efficient during their first discharge. Also, the 

materials they utilize are cheap and sufficiently safe to dispose of in landfills, although recycling 

is common. Alkaline batteries use zinc metal as the anode, manganese dioxide as the cathode, and 

potassium hydroxide as the electrolyte (Fig. 1.1).  

Secondary battery chemistries include lead-acid, metal hydride, and lithium ion (Fig. 1.2). 

Conventional lithium ion batteries utilize a graphite anode, lithium salts dissolved in organic  
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Figure 1.1. Schematic of a cross-sectional view of a primary alkaline battery cell with a zinc anode 

and a manganese oxide cathode. Re-used with permission from Lead holder. Alkaline-battery-

English. Wikimedia Commons. (2011). Public Domain.9 

  

solvent as the electrolyte, and an intercalation compound, often a lithium-transition metal-oxide 

material, as the cathode.10,11 Lithium ions can be reversibly stored in the layered structure of both 

the anode and cathode for hundreds of discharge and recharge cycles.12 In addition to these well-

used classes of secondary batteries there are next-generation chemistries that are currently under 

development including cells that use molten salts as the electrolyte and large flow batteries which 

utilize liquids as the cathode and anode for grid-scale applications.13,14 Additionally, many 

research areas examine the impact of swapping out components of standard lithium ion cells. For 

example, replacing the lithium-intercalating graphite anode with silicon offers higher capacity via 

a lithium alloying mechanism, but sacrifices structural stability.15 Broadly, there are numerous 

research areas in the battery field, including development of higher capacity cathodes, creating 

automotive battery stacks that can be fully charged in five minutes, scrapping lithium for cheaper 

cations, even multi-valent cations, synthesizing electrolytes that are stable over greater voltage 

windows, and many more.16–19 The shared purpose of all this work is to accelerate the energy 

transition to renewable technologies and provide the storage solutions that meet national and global 
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needs by addressing gaps in fundamental knowledge while also targeting the qualities most desired 

by specific applications. 

 
Figure 1.2. Schematic of a lithium-ion cell that employs graphitic carbon as the anode and a 

transition metal oxide as the cathode. During discharge, lithium ions spontaneously de-intercalate 

from the graphene structure of the anode and simultaneously intercalate into the layered structure 

of the metal oxide cathode. Re-used with permission from Xu, K. Nonaqueous liquid electrolytes 

for lithium-based rechargeable batteries. Chem. Rev. 2004, 104, 10, 4303-4417. Copyright 2004 

by the American Chemical Society.  

 

In all these many varieties of battery cells, behavior is governed by chemical and 

electrochemical reactions that are unique to each combination and arrangement of components.20 

Different electrode materials can have different mechanisms for interacting with lithium, such as 

intercalation with graphite and alloying with silicon, as mentioned above. Also, in many lithium-

based systems, chemical and electrochemical instabilities between electrode and electrolyte 

materials lead to the thermodynamic formation of a solid electrolyte interface (SEI) as shown in 

Fig. 1.3. If this interface is not mechanically stable over many charge/discharge cycles, it can result 

in significant electrolyte decomposition that diminishes cell capacity.21–23   
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Figure 1.3. Schematic of anode degradation by repeated volume expansion and contraction during 

charge-discharge cycling causing SEI damage and repair, resulting in a continually thickening SEI 

and thus an irreversible volume expansion of the entire electrode. A) A schematic representation 

of a negative electrode consisting of active electrode particles coated on a current collector in the 

discharged state. B) Volume expansion of the lithiated (charged) negative electrode resulting in 

growth and repair of the SEI. C) The negative electrode with a thickened SEI after one charge-

discharge. D) The negative electrode with a much thickened SEI after many charge-discharge 

cycles. Re-used with permission from Louli, A., Ellis, L., and Dahn, J. Operando Pressure 

Measurements Reveal Solid Electrolyte Interphase Growth to Rank Li-Ion Cell Performance. 

Joule. 2019, 3, 745-761. Copyright 2018 by Elsevier, Inc. 

 

1.4 Lithium metal anode 

  

In considering the reactions that occur at the anode, an interesting question that arises is 

why lithium metal is not commonly used as the chemically simplest source of lithium ions. Indeed, 

lithium metal does maximize the theoretical anode capacity, but it also introduces complex and 

unique behaviors.22 Lithium has a high electrode potential which, depending on the electrolyte, 

results in SEI formation. It also undergoes thermodynamically driven microstructural changes 

during stripping/discharge and deposition/charge cycles, creating high surface area mossy Li 

and/or dendritic Li. This occurs because the transport of Li ions is heterogeneous across the 

anode/electrolyte interface, so Li is deposited unevenly and, without intervention, such 

irregularities lead to local current densities that perpetuate uneven deposition. These behaviors 

reduce the coulombic efficiency of the cell due to irreversible loss of active lithium with each 

battery cycle.24–26  
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The promise of lithium metal anodes motivates study of lithium in combination with a 

multitude of chemistries and conformations specifically chosen to mitigate the heterogeneous 

stripping/deposition of Li and capitalize on its optimal capacity and great electrode potential.  In 

some cases, Li metal anodes are coated with protective layers before being paired with liquid 

electrolytes. In others, lithium salts are integrated into a polymer separator designed to be stiff 

enough to hold up against puncture by Li dendrites. Still other approaches use ion-conducting 

ceramics to act as both separator and electrolyte.22 

1.5 Ceramic electrolytes  

In ceramic systems, the complete lack of liquid simplifies packaging and reduces 

unnecessary weight. Additionally, the ceramics are much safer in terms of thermal stability 

compared to the highly flammable organic solvents in liquid electrolytes and low flame point 

polymers.27 These two advantages alone make ceramic solid electrolytes extremely attractive for 

carbon-free transportation applications such as electric vehicles. Further advantages include wide 

voltage stability windows that are compatible with the electrode potential of both lithium metal 

and high potential cathodes and high transference numbers due to the limited driving force for any 

reaction other than Li ion conduction.28,29  

Within the ceramic solid electrolyte research area, there are a double handful of classes. 

These include garnet, perovskite, anti-perovskite, sodium super ion conductor (NASICON), 

lithium super ion conductor (LISICON), argyrodite, and Li-P-S glass, glassy-ceramic, and ceramic 

classes. The different chemistries and crystal structures of these classes determine the voltage 

window, the available mechanisms for Li ion conduction, and many other factors. Within a single 

class there are also many options for dopants, substitutions, and other engineering choices to create 

the optimal electrolyte.19 For example, in argyrodite electrolytes, with the Li6PS5X (X=Cl, Br, I) 
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structure has varying ionic conductivity depending on the chosen halide. Argyrodites are sulfide 

electrolytes similar to the Li-P-S system exemplified by β-Li3PS4. Recent synthetic experiments 

in argyrodites focus on finding improvements to ionic conductivity and chemical stability, while 

characterization experiments seek to understand cycling behavior, identifying critical current 

densities for Li plating.30 In both β-Li3PS4 and Li6PS5Cl, stack pressure—the pressure applied to 

the cell to ensure good contact between the electrodes and electrolyte—was found to have an 

influence on cycling behavior including impedance and Li plating behavior.31 With some 

exceptions, inorganic solid electrolytes are either sulfides or oxides. Oxides, such as garnets, 

perovskites, and NASICON electrolytes, are brittle and synthesizing them requires sintering at 

high temperatures (above 700˚C) but the large gap between their conduction and valence bands 

make them stable at high voltages. Each oxide system has unique properties that affect the behavior 

of the battery assembly, such as Li7La3Zr2O12 which is a garnet that has favorable interfacial 

stability with Li. However, it can form surface layers of Li2CO3, necessitating to study of this layer 

and its formation.32   

Generally, the most important metrics for all ceramic electrolytes are a high enough ionic 

conductivity (10-4 S cm-1 at room temperature), chemical and electrochemical stability, ease of 

manufacture, and cost. No class excels at all these metrics, but sulfide electrolytes have the highest 

ionic conductivities. One reason for this superior conductivity is that sulfide ions have a weaker 

interaction with Li than the oxide anion used in many other ceramic classes. Dopants can distort 

the crystal structure to create more vacancies or interstitials for the Li cations to move through and 

further amplify conductivity. The major weakness of sulfide electrolytes is chemical instability to 

ambient conditions due to reactions with water to form H2S(g) which forces the use of specialized 

packaging during construction and characterization.28  
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Once an electrolyte has been chosen, additional challenges and idiosyncrasies arise when 

paired with a lithium metal anode. Theoretically, solid electrolytes inhibit the undesired 

morphological evolution of Li metal. From Li metal behavior in liquid electrolytes, enhanced 

electronic and ionic fields at the narrowest point of a protrusion were found to be the cause of 

needle-like dendrite growth.33 Therefore, ceramic electrolytes were promising because the 

stiffness of the ceramic would apply a compressive force against the sharpening of Li protrusions 

because Li metal is so soft in comparison. The high transference numbers for ceramic ion 

conductors also limited the potential for side reactions that would deposit Li as dendrites. In 

practice, however, solid electrolytes are unsuccessful at completely suppressing Li evolution. Of 

specific interest is the mechanism(s) of the Li anode evolution during a battery’s lifetime, 

particularly the evolution of the Li-electrolyte interface and the nucleation and growth of Li 

dendrites. Defects and cracks at the interface, high ionic resistance at grain boundaries, and poor 

electronic insulation have all been reported as causes and pathways for lithium evolution in varying 

ceramic systems under varying conditions.26,34  

1.6 Characterization of solid electrolytes 

Different characterization methodologies access different aspects of a solid electrolyte 

battery. A wide variety of techniques play a role in visualizing the internal structure and relevant 

interfaces.35 Such visualization experiments can elucidate more than morphology; for example, 

atomic force microscopy showed that local ionic current is non-uniform at micron and nanometer 

scale and that this inhomogeneity does not strictly correlate to electrolyte morphology.36 Optical 

and electron microscopies have been used to evaluate grain boundaries, fracture surfaces, and even 

the interior of optically transparent solid electrolytes with high spatial resolution.37–39 In situ and 

operando optical microscopy experiments have been conducted using specialized cells, including 
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in situ optical microscopy experiments that have shown irregular deposition of metallic Li in 

multiple classes of inorganic solid electrolytes. The observed dendrites were influenced by pre-

existing flaws and were linked to propagation of cracks in solid electrolytes.37 Further studies have 

observed multiple Li morphologies formed during cycling, indicating multiple mechanisms of Li 

dendrite formation and propagation. Different conditions including current density, local defects 

and impurities, interfacial impedance, etc. may influence the dominant morphology.40  

The non-volatile nature of solid electrolytes as compared to liquid electrolyte systems is 

encouraging for in situ electron microscopy experiments, which require vacuum environments. 

However, the buried Li/electrolyte interface necessitates significant experimental design 

considerations. Nevertheless, SEM studies have shown Li deposition along grain boundaries and 

cracks above a critical current density, a theorized current condition above which Li dendrite 

growth is favored.41 Additional SEM experiments revealed inhomogeneous Li deposition still 

occurred in a glassy electrolyte with no grain boundaries, even below a critical current density.42 

Transmission electron microscopy (TEM)43 offers even greater spatial resolution than SEM, and 

overcoming technique-dependent challenges to achieve in situ TEM experiments has revealed the 

chemical and electrochemical reactions between the Li anode and solid electrolyte in real time.44 

In situ scanning transmission electron microscopy (STEM) of a solid electrolyte has provided 

insight into crystallographic disordering at battery interfaces. This STEM study also featured 

complementary chemical characterization via electron energy loss spectroscopy (EELS) to identify 

the formation of intermediate compounds.45 These efforts toward characterization have advanced 

the understanding of the Li/electrolyte interface in solid-state batteries, however, they are also 

affected by the size limitations of TEM and STEM experiments, the surface/cross-sectioning 

limitations of SEM, and the interaction of the materials with an electron beam. 
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X-ray microscopy, specifically micro-scale X-ray computed tomography (micro-CT), 

offers many advantages over other microscopy methods especially in terms of accessing buried 

interfaces non-destructively. Micro-CT has been used to study both liquid electrolyte-based Li-ion 

batteries46 and polymer electrolytes.47 For example, in a liquid electrolyte system, operando X-ray 

imaging has elucidated Li deposition behavior, identifying different deposition morphologies, 

characterizing the porosity of plated Li, and noting operating conditions that promoted 

homogeneous deposition.48 In ceramic electrolyte systems, micro-CT has been used to study the 

relationships of internal defects, to understand how synthesis procedures impact failure rates, and 

to observe how structural, mechanical and chemical evolution interact to cause cell failure.49,50 

Operando micro-CT is also convenient for studying how Li dendrites propagate in solid 

electrolytes, although the technique is affected by the high X-ray transparency of Li.51  

X-ray microscopy with sub-micron spatial resolution is also possible. Transmission X-ray 

microscopy (TXM) is a nano-scale resolution technique that has similar advantages to micro-CT: 

it is non-destructive and can collect 3D morphological information of buried interfaces. It also has 

the potential to provide chemical information through X-ray absorption measurements if the input 

X-ray energy is equal to the X-ray absorption energy for an element of interest in the sample. Its 

usage for examination of solid electrolyte systems is rare, however. What studies have been carried 

out examined the interface between cathode particles and the solid electrolyte matrix. Specifically, 

phase changes and expansion behavior have been studied for FeS2 cathode particles in Li7P3S11 

sulfide electrolyte and contact properties have been measured for LiNi0.33Mn0.33Co0.33O2 (NMC) 

cathode particles and Li1.3Ti1.7Al0.3(PO4)3 (LTAP), a NASICON-type solid electrolyte.52,53  
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1.7 Principles of main characterization techniques 

This section covers basic principles of three main techniques utilized in this work: scanning 

electron microscopy, micro-scale X-ray computed tomography, and transmission X-ray 

microscopy. Applications of each of these techniques towards characterization of solid-state 

batteries are highlighted in the introduction sections of Chapters 2-4. All three techniques are 

microscopy techniques. The first is a lab-based technique, while the following two require 

synchrotron radiation to conduct studies during electrochemical cycling. Synchrotron radiation is 

a phenomenon by which relativistic charged particles experience an acceleration perpendicular to 

their velocity. The acceleration results in emission of photons in a broad spectrum of wavelengths 

with high flux and high brilliance. These specialized photons are harnessed for a multitude of 

characterization techniques, including various X-ray imaging techniques. Although in many cases, 

similar X-ray imaging techniques are available with laboratory scale X-ray sources, the high flux, 

high brilliance, and tune-able energy of synchrotron-emitted photons provide significant 

advantages in image quality and speed of data collection. These advantages make synchrotron X-

ray imaging a necessity to examine battery technologies operando, or while the cell is operating. 

1.7.1 Scanning electron microscopy 

Scanning electron microscopy (SEM) is a commonly used characterization technique in 

nearly all materials characterization studies. The basic operating principles of SEM are that 

electrons are emitted, typically thermionically, and then focused into a narrow beam by 

electromagnetic condenser lenses. The beam is also passed through apertures to control the flux of 

electrons that reach the surface and electromagnetic coils deflect the beam such that it can be 

scanned, or rastered, across the sample surface. A final objective lens adjusts the location of the 

focal point on the sample surface. SEM is notable for its depth of focus which is much wider than 
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that of any optical microscope. The primary electrons that meet the surface of the sample interact 

with some amount of material, known as the interaction volume, and induce behaviors that can be 

detected.  

Elastic scattering between the primary beam electrons and atoms from the specimen can 

reflect high-energy electrons in a process known as back-scattering. Inelastic scattering within the 

interaction volume can emit lower energy secondary electrons from the specimen. For secondary 

electrons the brightness in the image, i.e. the energy with which the electron reaches the detector, 

depends more strongly on specimen topography, with elevated features appearing brighter than 

depressions in the sample surface. However, for back-scattered electrons, the brightness depends 

more strongly on the atomic number of the atom from which the electron was scattered, with higher 

atomic elements reflecting more strongly and resulting in brighter pixels in the image. Inelastic 

scattering can also result in the emission of electromagnetic radiation, i.e. X-rays, with 

characteristic energy depending on the atom from which the photon originated. Each of these 

behaviors is best collected by a specialized detector. In this work, I used an SEM with an Everhart-

Thornley detector which is optimized for secondary electron imaging and an energy dispersive X-

ray spectrometer (EDS) for collection of characteristic X-ray emissions. Critically important for 

studying lithium, the system used for this work was enabled with air-free transfer capabilities and 

the EDS was a windowless configuration, which can detect X-rays emitted from lithium atoms. 

Focused ion beams (FIB) operate by much the same principle as electron beams. However, 

rather than a source of electrons, they utilize a source of ions, most often gallium cations as was 

the case in this work. In an SEM system with a FIB capability, the ion column is installed such 

that the electron and ion beams are at a 52˚ angle to each other. Therefore, a region of the sample 

that is brought into a position such that the same spot is in focus in both beams, known as the 
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eucentric position, that sample can be tilted 52˚ and be perpendicular to the ion beam or returned 

to its initially 0˚ tilt and be perpendicular to the electron beam. The ion beam can be used for 

imaging but unlike the electrons, interaction of the ions with the specimen surface is destructive. 

As such, ion beams are most commonly used to sputter or mill the specimen surface. 

As a versatile tool for quick imaging with a wide depth of focus, SEM is a very common 

technique. Its major detraction is the requirement for a vacuum environment to prevent unwanted 

scattering of the electron beam. It is also a surface characterization technique (although it is not 

surface sensitive as the interaction volume of the primary electron beam can extend multiple 

microns deep into the specimen). Additionally, although milling with a FIB can uncover some 

buried interfaces, FIB milling is damaging and time-consuming. In the battery field, with systems 

that usually contain at least one liquid component and with critical reactions occurring at multiple 

buried interfaces, SEM is most commonly used to evaluate the morphology of individual 

components before or after other experiments are conducted.54–56 Some in situ SEM studies of 

batteries have been conducted, uncovering interrelationships between nano- and micro-scale 

morphology and electrochemical behavior.41,42 With the increasing use of cryogenic conditions in 

electron microscopy in materials science,57,58 SEM experiments for battery materials have the 

potential to become more impactful and intricate, especially in solid-state systems where the 

vacuum requirement is less limiting. 

1.7.2 Micro-scale X-ray computed tomography 

The operating principle of synchrotron micro-scale computed tomography (micro-CT) 

centers around Beer’s Law and the attenuation of photon energy as an X-ray transmits through a 

material. As a photon travels through a material, a multitude of interactions can occur. In the case 

of transmission, the photon will lose energy without changing direction, allowing its new energy 
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to be measured in a detector that is perpendicular to the direction of the synchrotron beam. Beer’s 

Law,  
𝐼𝐼0 = exp [− (𝜇𝜌)𝜌𝑡], governs the loss of photon energy in terms of intensity.  

I is the X-ray intensity after the photon passes through the sample, I0 is the X-ray intensity 

before the photon enters the sample, ρ is the density of the sample, t is the thickness, and μ/ρ is the 

mass absorption coefficient. Obviously, this relationship is most simple if the sample is made of a 

single pure element, but even in that case, there are additional factors that add to the uncertainty 

of the measurement of transmitted X-ray intensity.59 In a heterogeneous material like a solid-state 

battery, direct quantification is extremely challenging, so it is fortunate that qualitative analysis 

and relative quantification of changes in the system are sufficient to gain new insights into material 

behaviors. 

 The practical set up of a micro-CT beamline consists of a synchrotron source, a 

monochromator to cut out unwanted wavelengths and tune the X-ray energy, focusing mirrors, 

shutters, filters, and slits to further control the X-ray source, a rotating sample stage, a scintillator 

to convert X-ray photons to a visible light image, an objective lens, and a camera to detect the final 

image.60 The sample is rotated so that 2D projections are collected at multiple angles around one 

axis of rotation. Then, the Fourier transform of a 2D projection at one angle gives a line in 

frequency space. Collecting 2D projections through 180˚ of rotation fills out the frequency domain 

and the inverse Fourier transform returns these data to real space, providing a 3D volume of the 

X-ray data. Different algorithms are used to weight the frequency space information during the 

reconstruction process that generates the 3D volume. These algorithms ensure that the greyscale 

values at one 3D pixel, or voxel, correspond to the X-ray absorption coefficient of the material 

within that voxel.61 
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 The non-destructive nature of this technique and its ability to access buried interfaces have 

made it highly favored in battery characterization. The primary disadvantages of the technique are 

the requirement of a synchrotron facility for operando experiments, X-ray transmission limiting 

the sample size for dense materials, and the 1 μm3 resolution. Even with camera systems that can 

break the collected data into sub-micron pixels, the signal-to-noise ratio at the sub-micron scale is 

usually too low for meaningful understanding. Nevertheless, micro-CT has been extensively used 

by the battery field to understand phenomena such as thermal runaway by collecting images as the 

event occurs in real time.62  

1.7.3 Transmission X-ray microscopy 

 Transmission X-ray microscopy (TXM) is similar to micro-CT, and in terms of how 

the data from 2D projections are reconstructed into 3D volumes, the process is identical. In many 

cases, the same algorithms are used for micro-CT and TXM tomography reconstruction. In both 

techniques, different algorithms may be chosen or written to pull out specific information or to 

accommodate certain choices made during data collection, like algorithms and experiments that 

emphasize contrast from phase boundaries over pure absorption contrast. TXM does differ from 

micro-CT in the data collection process and in the set up at the beamline.  The components of a 

TXM are the synchrotron X-ray source, a monochromator, mirrors, filters, slits, and shutters to 

control the X-rays, a condenser lens that focus the X-rays to a narrow focal point, a pinhole 

aperture to cut out unfocused photons, a rotating sample stage, a Fresnel zone plate objective lens, 

and the scintillator, optical lenses, and camera that make up the detection system.63 The key 

differences from a micro-CT set up are the condenser lens and the Fresnel zone plate objective 

lens.  
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The condenser lens focuses the incoming monochromatic X-rays onto the sample, thus 

defining a field of view. And the Fresnel zone plate collects frequency space data from scattering 

events in contrast to micro-CT which does not collect scattered photons and relies on only 

transmitted photons. Because the light is focused to one spot by the condenser lens, the diffraction 

events collected by the Fresnel zone plate have a known path and can be converted from frequency 

space back into a real space image. Frequency space information does not have the same resolution 

limitations as transmitted photons, and this phenomenon is what allows the sub-micron spatial 

resolution of TXM. The higher angle at which the zone plate can collect the scattered light, i.e. the 

larger the aperture, the higher the spatial resolution. A Fresnel zone plate operates by using a 

periodic structure of alternating rings of opaque (gold or nickel) and transparent (silicon nitride) 

materials to re-diffract the scattered X-rays into real space onto the scintillator.64 The optical 

objective lens set up is then used to perform geometric magnification of this nano-scale-resolution 

image in the same way as in micro-CT.  

In the battery field, TXM has been used to study the degradation effects of electrochemical 

cycling in a variety of cathode materials, including LiFePO4 and LiMnNiCoOx particles.65 An 

operando study visualized lithium plating and stripping on a copper current collector, observing 

the formation of mossy lithium on plating and dead lithium on stripping.66 TXM has also been 

useful in studying the expansion and cracking that alloying anode materials such as germanium 

and tin suffer during lithiation and delithiation.46,67,68 

1.8 Thesis structure 

Considering the motivating factors for understanding the behavior at the lithium/electrolyte 

interface in solid electrolytes and the potential capabilities of the electron and X-ray microscopies 

discussed above, here I present the goals of this thesis and the structure of the remainder of the 
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document in discussing the pursuit of those goals. The major goals of my thesis research are 1) 

optimize existing SEM and micro-CT characterization methodologies for studying the 

Li/electrolyte interface in solid-state systems, 2) utilize optimized SEM and micro-CT 

methodologies to gain insight into the behavior of lithium and the Li/ceramic interface using β-

Li3PS4 (LPS) as a model system, and 3) develop methodologies for TXM to advance its potential 

for gaining similar insight into the Li/electrolyte interface with nano-scale resolution. 

Chapter 1 presents the motivation for development of efficient energy storage technologies 

and provides an introduction to the advantages and challenges of solid-state batteries with lithium 

anodes as a next-generation energy storage technology. The operating principles of the techniques 

used in this thesis research are briefly explained and the structure of the thesis is presented. Chapter 

2 details the development of methodologies to perform micro-CT on electrochemical cells with 

lithium metal anodes and LPS ceramic electrolyte. The progress from in situ studies to operando 

experiments is presented, with the electrochemical cycling concurrent with X-ray tomography. 

These studies identified an interrelationship between pre-existing voids in the ceramic with lithium 

migration and the interrelationship was confirmed using SEM and EDS. Chapter 3 of this work 

extends these micro-CT investigations to probe how lithium migration mechanisms are affected 

by the quality and quantity of pre-existing voids in the ceramic and also by cell operating 

conditions, specifically pressure and temperature. This chapter discusses the critical role of 

temperature to lithium migration mechanism as well as the influence of pressure and pre-existing 

voids on the impact of temperature. Chapter 4 advances the capabilities of TXM toward in situ 

nano-scale tomography of solid-state batteries. Two experimental approaches to overcoming 

obstacles to effective utilization of TXM are presented and discussed. Chapter 5 considers the 
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implications of this thesis on the broader field and provides perspectives for future work in this 

research area. 
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CHAPTER 2 

THREE-DIMENSIONAL VISUALIZATION OF LITHIUM MIGRATION IN β-Li3PS4 

CERAMIC ELECTROLYTE 

 

A paper published in Journal of the Electrochemical Society1 

Natalie Seitzman,2 Harvey Guthrey,3 Dana B. Sulas,4 Heather A.S. Platt,5 Mowafak Al-Jassim,6 

Svitlana Pylypenko7* 

2.1 Abstract  

All-solid lithium batteries are an attractive next-generation technology that uses ion-

conducting solids such as β-Li3PS4 (LPS) to enable use of a lithium metal anode, which increases 

theoretical capacity and widens the stable voltage window over traditional lithium-ion systems. 

These ion-conductive solids also provide increased safety by replacing flammable liquid 

electrolytes. Although solid-state electrolytes are significantly more stable and dendrite-resistant 

than traditional liquid electrolytes, lithium anodes in all-solid systems may nevertheless grow 

dendrites under high stress or repeated cycling, leading to short circuits and premature battery 

breakdown. For this reason, we study the formation and propagation of Li metal features within 

solid electrolytes using synchrotron-based X-ray tomography with in-situ current-voltage cycling 

supported by our custom sample platform. Our results demonstrate the ability of this technique to 

delineate different layers of the Li/LPS/Li structure with spatial resolution approaching 1 µm. At 

 
1 Adapted with permission from Seitzman, N.; Guthrey, H.; Sulas, D.B.; Platt, H.A.S.; Al-Jassim, M.; Pylypenko, S. 

Toward All-Solid-State Lithium Batteries: Three-Dimensional Visualization of Lithium Migration in β-Li3PS4 

Ceramic Electrolyte. J. Electrochem. Soc. 2018, 165 (16), 3732-3737. Copyright 2018 by The Electrochemical 

Society 
2 Graduate student, primary researcher and author. 
3 Scientist at National Renewable Energy Laboratory (NREL), assisted with FIB/SEM and EDS and contributed to 

manuscript preparation and editing. 
4 Post-doctoral researcher at NREL, contributed to background research and useful discussion. 
5 Researcher at Solid Power, Inc., performed materials synthesis and contributed to manuscript editing 
6 Co-PI at NREL and Graduate advisor. 
7 Co-PI at Mines and Graduate advisor. *Corresponding author, spylypen@mines.edu 
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this resolution, we are able to detect expansion of voids, especially in early stages of cycling. This 

expansion of voids is observed throughout the volume of the symmetric cells and visually 

resembles propagation of cracks resulting from interactions between the Li metal and pre-existing 

voids in the LPS electrolyte. 

2.1 Introduction 

Solid-state electrolytes are a critical successor to conventional lithium-ion batteries 

because they enable the use of lithium metal in place of graphite anodes (a 40% increase in specific 

energy) and offer improved safety compared to organic materials due to the inherent nonflammable 

nature of inorganic solids.47 Solid-state electrolytes have the added benefit of suppressing lithium 

dendrite growth, which is a pervasive problem in nonaqueous liquid electrolyte systems.27,69–71 

However, dendrite formation and propagation is still possible when using highly reactive lithium 

metal as an anode material,47,56,72 and the formation of dendrites negatively impacts overall device 

performance due to short circuiting.  

Theoretical analysis suggested that choosing a solid electrolyte material with a shear 

modulus sufficiently greater than that of lithium metal could suppress dendrite formation and 

enable the use of a lithium-metal anode.33 However, short-circuit-inducing lithium dendrites are 

still observed even in ceramic solid-state electrolyte systems, which have shear moduli much 

greater than that of lithium.41,47,56 For example, both single-crystal and polycrystalline garnet-type 

electrolytes (Li7La3Zr2O12 (LLZO) and doped variants)38,73 as well as amorphous and 

polycrystalline thiophosphate electrolytes such as β-Li3PS4 (LPS)74 have shown the voltage drop 

characteristic of dendrite formation during cycling. Scanning electron microscopy (SEM) and 

energy-dispersive X-ray spectroscopy (EDS) analyses performed on disassembled symmetric cells 

with polycrystalline LLZO solid electrolyte revealed micrometer-scale intergranular structures 
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attributed to lithium metal propagation along grain boundaries.38 This observation indicates that 

the electrolyte microstructure is related to the ability of dendrites to propagate through the LLZO. 

In-situ optical microscopy observed similar lithium-plating behavior in polycrystalline tantalum-

doped LLZO and polycrystalline LPS. Even in the absence of crack formation at the millimeter 

scale, SEM images of fracture surfaces showed intergranular networks in LPS similar to those 

observed in LLZO, also attributed to lithium metal.74 These results indicate that additional factors 

other than shear modulus, including grain boundaries and interfacial inhomogeneities, determine 

lithium metal/solid electrolyte stability.  

Importantly, understanding the relation between dendrite propagation and microstructure 

is hindered by characterization challenges such as air sensitivity and sample damage during cell 

disassembly. Preserving the integrity of battery interfaces and functionality during imaging 

experiments has proven to be an inherent challenge.75 Thus far, studies of the solid 

electrolyte/lithium anode interface in the literature have consisted largely of post-mortem 

analyses38,56 or modification of the interface to meet the limitations of in-situ optical and electron 

microscopies.41,74,76  Another challenge is that lithium is difficult to visualize or characterize with 

X-ray techniques such as energy-dispersive spectroscopy (EDS) due to the low energy of its 

characteristic X-rays (54 eV for Kα line) and with X-ray computed tomography (CT) due to low 

absorptivity. However, with the recent development of windowless EDS systems, lithium metal is 

detectable with EDS, though challenges remain.77,78   

Nondestructive three-dimensional visualization using X-ray CT is well-established for 

battery characterization, where morphology and sensitive interfaces play key roles in device 

behavior75—from electrode particles,79 to commercial Li-ion batteries,62,80 to next-generation 

technologies such as lithium-sulfur81 and Li anodes.82 Lithium anodes have also been studied in 
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combination with solid electrolytes, specifically organic solid electrolytes.47 In-situ X-ray CT of 

organic solid electrolytes has observed lithium microstructures at the anode/electrolyte interface, 

identifying a unique globular formation of lithium metal.47,83 Ceramic solid electrolytes have a 

different microstructure and higher concentrations of dense, X-ray-absorbing elements than 

organic counterparts, resulting in different lithium behavior and different requirements for 

effective analysis with X-ray CT. LPS is more similar in density to organic solids than other 

ceramics such as LLZO, and it can be synthesized with a variety of microstructures.84–86 X-ray CT 

is well suited to investigate the microstructure and Li anode interactions of LPS; however, 

investigation at multiple scales is important to understand all electrochemically relevant 

phenomena such as the relationship between nanoporosity and LPS conductivity.87 

Here, we present an X-ray CT study of Li anodes with solid electrolytes using high-

resolution synchrotron X-ray sources capable of submicron spatial resolution. We designed and 

implemented an in-situ sample holder that enabled observation of microstructural evolution during 

charge/discharge cycles. Monitoring structural and chemical changes within solid-state 

electrolytes and at the interfaces with different electrode materials is critical when designing novel 

device structures to mitigate potential failure modes.88,89  

2.3 Experimental 

This section presents experimental details regarding sample preparation, synchrotron X-

ray characterization, and electron microscopy characterization. In situ cell design is also discussed. 

2.3.1 Preparation of LPS samples  

LPS electrolyte was prepared at Solid Power Inc. using two routes, a previously reported 

procedure84 for  X-ray CT experiments and ball milling for EDS analysis. The LPS powder was 

subsequently tape cast, and then transferred to 35-μm-thick lithium foil (Rockwood Lithium, 0.5% 
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Al) by cold pressing to form LPS/Li bilayers. Symmetric Li/LPS/Li structures were assembled 

using 3-mm discs of the Li/LPS bilayer and 2-mm discs of 35-μm-thick lithium foil, stacked and 

pressed in a coin-cell crimper (Hohsen Corporation) to ensure contact. Inside an Ar glovebox, 

symmetric cells were placed into airtight in-situ cells (Fig. 2.1) then removed from the glovebox 

and biased for 1 hour with a current density of 100 µA/cm2 before the direction of the current was 

reversed for 1 hour. Current densities were calculated with respect to the area of the smaller, 2-

mm-diameter lithium electrode. This process was repeated up to five times. Quasi-in-situ cells 

were cycled using a Bio-Logic VMP3 potentiostat and in-operando cells were cycled using a 

Keithley Sourcemeter Model 2450. All cycling and analysis was conducted at room temperature. 

 
Figure 2.1. Schematic and image of in operando cell, optimized for X-ray microscopy by 

surrounding the Li/LPS/Li symmetric cell with low X-ray-absorbing materials.  

 

2.3.2 Design of in situ cell 

In this work, a specialized sample holder was designed (Fig. 2.1) to allow for tomographic 

characterization of symmetric Li metal/LPS/Li metal structures at relatively low synchrotron X-

ray energies and under external bias using designs reported in the literature90 as a starting point 
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and further optimized for these experiments. The design was tailored to maximize visibility of 

lithium metal, which is not strongly X-ray-absorbing, in samples with this specific geometry. The 

sample holder maintained electrical contact with the lithium metal electrodes to enable in-situ and 

in-operando X-ray CT studies. The brass current collectors were interfaced with carbon-based 

current collectors to avoid X-ray absorption by the sample holder near the region of interest, 

potentially introducing extraneous interactions to the electrochemical system, which will be 

discussed briefly in the Results section. However, our work focused on determining the necessary 

geometry and analysis conditions to extract in-operando tomographic data. The plastic housing 

used for the quasi-in-situ experiments was Delrin acetal resin (10% PTFE), machined to a 0.5-mm 

thickness at the region of interest. The plastic housing used for the in-operando experiments was 

2.5-mm-thick Torlon polyamide-imide to provide an increased resistance to radiation damage over 

acetal. A small spring test probe ensured electrical contact in case of sample-thickness variation 

and applied a small amount of pressure during cycling. The housing was sealed to the metal current 

collectors using Swagelok compression fittings and the assembly was leak-tested prior to loading 

samples.    

2.3.3 Synchrotron X-ray tomography 

X-ray tomography was conducted on the quasi-in-situ symmetric cells inside the in-situ 

sample holders at Advanced Light Source (ALS) beamline 8.3.2 with an X-ray energy of 17 keV. 

The 5x Mitotuyo lens yielded 1.3-μm3 voxel size in the Cooke PCO 4000 CCD camera. In-

operando X-ray tomography was conducted at Advanced Photon Source (APS) beamline 2-BM 

with an X-ray energy of 24.9 keV and a 5x lens (Cooke PCO Edge camera), which offered quick 

scans of about 4 minutes per scan compared to 10 minutes at ALS and 1.3-μm3 voxel size. A 

summary of parameters for different scans is given in Table 2.1 on page 28. 
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Table 2.1. Summary of experimental parameters for synchrotron X-ray tomography 

 ALS 8.3.2 APS 2-BM 

Beam energy (keV) 17 24.9 

Exposure time (ms) 150 100 

Scan time (min) 15 4 

Number of projections 1,025 1,500 

Rotation (degrees) 180 180 

Distance to scintillator film (mm) 75 100 

Voxel size (um3) 1.3 1.3 

Field of view (mm) 3.3 3.2 

   

 

2.3.4 Focused ion beam (FIB)/SEM and EDS analysis 

Symmetric Li/LPS/Li cells were subjected to 100 uA/cm2 for one hour at room temperature, 

equivalent to half of a single cycle. A FEI Nova Nanolab 200 FIB/SEM equipped with air-free 

sample transfer was used to mill and polish a bevel-shaped cross-section through one Li anode, 

exposing the Li/LPS interface. A ThermoFisher Ultra Dry EDS system with a windowless 

configuration for light-element detection was used to analyze the interface. 

2.4 Results and discussion 

This section presents the results of in situ and operando X-ray characterization as well as 

electron microscopy characterization. Implications for lithium anode evolution are discussed. 

2.4.1 Characterization of uncycled β-Li3PS4 electrolyte  

Microscopy studies have demonstrated lithium metal within ceramic electrolytes at grain 

boundaries and interconnected pores,41,56,74 and theoretical consideration of the stiffness of the 

ceramic predicts that Li metal cannot penetrate the LPS material.33 In Fig. 2.2A (page 28), SEM 

images of tape-cast LPS material show large, square particles with loose packing, which leave 

gaps in the electrolyte layer as much as 10 μm wide. Therefore, we expect lithium dendrites to 
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grow into these void regions due to the large free volume and to be of sufficient size to distinguish 

with the 1.3-µm resolution of the X-ray CT.   

 

 
Figure 2.2. A) SEM image of LPS particles used in this work for X-ray CT experiments B) 3D 

reconstruction of X-ray tomography data for an uncycled Li/LPS/Li stack. Low-density regions 

(Li and voids) highlighted in blue; LPS highlighted in red. The greyscale images correspond to 

slices from the positions indicated in B). 

 

The greyscale images in Fig. 2.2B are orthogonal slices of a three-dimensional (3D) 

reconstruction of an uncycled symmetric cell reconstructed from contrast absorption tomography 

analysis. The slices show the distinct absorption contrast of lithium metal in contact with LPS, and 

the 1.3-μm resolution is sufficient to show the 30–40-μm LPS particles and the void spaces 

between them. Fig. 2.2B shows a rendering of the 3D volume obtained after image processing to 

segment the lithium (blue) from the LPS (red).  

Additionally, Fig. 2.3A shows a cross-sectional slice of a second uncycled symmetric cell 

and includes the full Li electrode. This image exhibits different Li/LPS interfaces on opposite sides 

of the structure; the Li metal interface at the top of the images is more defined, with a clear 

boundary between the LPS layer, whereas the interface at the opposite side is less defined and it 

appears that the Li is already showing signs of being intermixed with the LPS layer. The Li layer 

that had LPS compressed onto it during the preparation of the original bilayer is about 100 μm 
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thick, whereas the Li that was pressed onto the opposite surface is 10–60 μm thick. The initial Li 

foil was 35 μm thick, but the pressure applied during the bilayer preparation was likely sufficient 

to cause it to deform plastically and intermix with the LPS layer. In addition, because Li appears 

identical to air in the X-ray images, there could be gaps or delamination in this assembly. The 

interface associated with the second Li metal layer is less defined and suggests some preliminary 

Li metal penetration into the LPS. It is possible that varied topography and electrical contact would 

result in different mechanisms or routes of lithium migration, although this is not clear from the 

subsequent analysis. The images in Figs. 2.2B and 2.3A–D show that micro-CT can observe 

lithium phases in a solid electrolyte, but pure Li/void interactions are difficult to deconvolute 

without comparison with a material standard. Segmentation is hampered by the presence of cracks 

and voids, which produce similar intensity values due to the extremely low X-ray absorptivity of 

lithium. To combat this difficulty, additional experimental details obtained by combining different 

techniques, length scales, and time scales—increase the usefulness of CT data. 

 
Figure 2.3. X-ray tomography reconstructions of Li/LPS/Li structures after A) 0, B) 1,C) 2, and 

D) 5 current/voltage cycles. E) zoomed view of boxed region of A) and F) zoomed view of boxed 

region of D) showing differences in LPS microstructure near Li/LPS interfaces. 
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2.4.2 Characterization of cycled symmetric cells 

The cross-sections of four samples cycled for 0, 1, 2, and 5 cycles, respectively, with a 

current density of 100 μA/cm2 are shown in Figs. 2.3A–D. Several phenomena of solid-electrolyte 

microstructure were revealed by comparing samples cycled for different lengths of time (number 

of cycles). It is important to note that the electrochemical in-situ cell ensured that the symmetric 

Li/LPS/Li samples were not disturbed after the cycling until further analysis at the synchrotron. 

Figs. 2.3A–D illustrate the apparent diminishing thickness of the lithium foil electrodes as a 

function of cycling. More quantitative comparison of Figs. 2.3B–D to the control sample in Fig. 

2.3A determined that—from the initial cell where the greatest thickness of 100 μm was observed—

after just one cycle, the layer had decreased to 10–15 μm at the thickest regions. After two cycles, 

the layer was no longer well-defined and after five cycles, in the few places where a layer between 

the electrolyte and carbon tape could be measured, it ranged between 2.5 and 4 μm thick (which 

is near the resolution limit of the microscope). Segmentation of the images based on absorption 

allows the separation of X-ray-transmitting lithium and void regions and more X-ray-absorbing 

LPS particles. Any edges or boundaries between more-absorbing and less-absorbing materials are 

highlighted by phase contrast. As previously mentioned, it is difficult to deconvolute contributions 

from voids or from lithium metal due to their similarly low X-ray absorption coefficients; however, 

by comparing the four samples to each other, it is apparent that there is a change in the distribution 

of low-absorbing material as a function of cycling. Specifically, there appears to be a change in 

the character of the LPS near the Li/LPS interface. This is most clear by comparing the extreme 

difference between the uncycled sample and the sample cycled five times (Fig. 2.3E,F). Fig. 2.3F 

shows an increased concentration of dark grey, rounded features whereas similar locations in Fig. 

2.3E, demonstrated very few of such features Combined with observation of the thin layers of Li 
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in the cycled samples we hypothesize that this change in internal character is due to migration of 

lithium metal into the porous microstructure of the electrolyte.  Although the carbon-based contact 

layers do not block the X-ray transmission through the lithium metal anodes, carbon is 

electroactive in contact with lithium metal and alternative materials will be considered for future 

work. 

With the collection of this tomographic data, one notable item is a significant amount of 

X-ray scattering caused by the myriad of edges and particle boundaries in the granular LPS. A 

greater X-ray energy would have overcome this; but in this initial survey of the material, we chose 

to maximize the lithium/void contrast by scanning at 17 keV. Because voids are still difficult to 

distinguish from lithium, we will conduct future experiments at a higher energy to overcome 

scattering issues and boost the signal-to-noise ratio. However, distinguishing void from lithium is 

critical to understanding where the lithium goes when it migrates inward. 

2.4.3 In operando characterization of all-solid cells  

We conducted in-operando experiments to study lithium evolution during cycling. These 

experiments were done after initial assessment of cycled Li/LPS/Li structures comparing pre- and 

post-cycled samples, which provided a general understanding of the global evolution of this system 

under current/voltage cycling. For clarity, low X-ray-absorbing features with grey values below a 

threshold have been colored black. Figs. 2.4B and 2.4F (page 32) correspond to the uncycled state 

of the system. Here, dark (poorly X-ray-absorbing) line features likely represent the boundaries 

between adjacent LPS grains. After only one current/voltage cycle (Figs. 2.4B,F), we noted 

increases in the width of the majority of the line features. After two and three current/voltage 

cycles, the dark line features significantly widen, but also, the structure of multiple LPS grains is 

disrupted with dark features (see figure annotations). As an example, the width of one line feature 
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in Figs. 2.4B–E is noted in the images.  The increase in feature width with increased number of 

cycles is likely related to highly mobile Li atoms being forced into the LPS region. Once void 

space is occupied, continued Li feature growth can damage the LPS grains, and any structural 

deformation can allow for further development of Li features within the LPS layer.  

 
Figure 2.4. A) Schematic of reconstructed volume showing spatial relationship between slices 

shown in left and right columns. B–E) Reconstructed and thresholded images of the same region 

after successive current/voltage cycles during tomography analysis. F–I) Cross-sectional images 

of the slice marked by the dotted line, illustrating the growth of Li features during analysis. J) 

Cycling data displaying measured voltage (solid), current (dashed), and scan times (diamond). 
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Examination of a cross-section of the in-operando images shows that no single feature is 

causing changes to the electrolyte structure: every crack is expanding simultaneously, rather than 

individual dendrites propagating through the ceramic. However, further deconvolution is 

hampered by greater variation in grey values in this view. This may be due to the following: 

reconstruction effects that persist despite normalization, a lower signal-to-noise ratio caused by 

fewer data points (i.e., the sample is much shorter in the z-direction than in the x- and y-directions), 

and electrochemical cycling from both lithium metal anodes, which increases the dynamism of the 

system. 

The cycling data in Fig. 2.4J show flat but noisy voltage profiles with no short-circuit-

indicating sharp drops in voltage and are representative of all cycled samples presented in this 

work. This indicates that the lithium migration and void expansion behavior observed is not solely 

a trait of failed cells but is continuously impacting the performance of apparently normally 

functioning cells. The noise in the voltage profile is attributed to localized voids forming at the 

Li/LPS interface as lithium is stripped away from the anode; the voids likely formed because of 

insufficient pressure applied to the symmetric cell by the in-situ sample holder during cycling. 

Further evidence that the sample did not short is the resistance in the third cycle equaling about 

2,200 Ω, an increase over the initial resistance of 1,200 Ω. This increase in resistance, and 

concomitant decrease in ionic conductivity, occurred after the first hour of cycling, simultaneous 

with the increase in noise of the voltage data. This is likely due to interface inhomogeneities 

formed in the first half-cycle. 

2.4.4 FIB/SEM and EDS confirmation of subsurface lithium 

As discussed above, CT cannot easily distinguish between voids and Li metal due to the 

low X-ray absorption of lithium. Therefore, a complementary characterization technique is needed 
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to attribute the observed void expansion to Li migration. Visually, one would expect that in a 

cycled sample Li metal migrating into voids in the LPS would result in regions of Li metal being 

detected below the Li/LPS interface. To probe this, FIB/SEM was chosen as a complementary 

technique because electron microscopy can visually distinguish between voids and solids, focused 

ion beam can mill through the top anode to access the Li/LPS interface, and windowless EDS is 

sufficiently sensitive to observe the 54-eV Li Kα X-ray. The EDS signal at 54 eV is strong for 

pure Li metal but is much weaker for lithium compounds. This is due to lower mass concentration, 

differences in X-ray absorption, and a decreased density of the electronic states that undergo the 

2p-to-1s transition that releases the Kα X-ray. That is, the Li+ ion in compounds such as LPS 

donates its 2s electron, pushing its unoccupied 2p orbitals to higher energy states.77,78 Therefore, 

any Li signal captured by windowless EDS can be attributed to Li metal, rather than the 12 wt% 

Li contained in LPS. Fig. 2.5 on page 35 shows a bevel-shaped cross-section of a symmetric cell 

that was subjected to 100 µA/cm2 for 1 hour. The cross section was cut at a 52-degree angle 

through the symmetric cell until the Li/LPS interface was exposed. Beneath the Li/LPS interface, 

two regions of different visual character were located chosen for windowless EDS analysis. One 

region had the granular, void-filled structure of normal LPS while a neighboring area had straighter 

edges and a smoother surface than is expected for the uncycled LPS, the straight-edged, smooth 

region of the cross-section on the other hand displayed a strong Li signal, indicating Li metal was 

present beneath the Li/LPS interface. The presence of Li metal below the anode/electrolyte 

interface after cycling indicates that the Li moved from the anode into the LPS, confirming that 

the crack-expansion mechanism observed with CT is plausibly attributed to Li migration into pre-

existing voids. 
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2.5 Conclusion 

Solid electrolytes unlock unique opportunities for lithium battery applications, including a wider 

voltage window than liquid counterparts and elimination of loading limitations via lithium metal 

anodes. Overcoming the unique challenges of all-solid systems requires adjusting the historical 

characterization methods to study novel material systems and device architectures. 

 
Figure 2.5. SEM image of cross-section of Li/LPS interface with LPS prepared using ball milling 

with EDS spectra identifying Li metal and LPS with no Li peak above background. 

 

In this work, we present the use of synchrotron microtomography—a common technique in 

conventional lithium battery characterization—applied to a solid-electrolyte system. The analysis 

of air-sensitive materials presented a challenge that necessitated designing sample holders 

compatible with the synchrotron arrangements that could present the sample to the beam without 

obstructing the layers of interest. The results presented here clearly demonstrate how synchrotron 

microtomography can be applied to study chemical and structural changes in solid-state battery 

material systems. Additionally, the preferential lithium migration through cracks cements the 

importance of homogeneous anode/electrolyte interfaces to prevent dendrites. Considering the 

difficulty of creating perfectly homogenous interfaces, the apparent ability of migrating lithium to 

expand pre-existing interparticle volumes is of great interest and worthy of further investigation. 
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With further improvements in data processing—particularly to reveal smaller variations in image 

contrast—this technique is expected to contribute to significant advances in understanding how 

chemical and microstructural evolution are related to the stability and performance of next-

generation energy-storage systems. 
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CHAPTER 3 

OPERANDO X-RAY TOMOGRAPHY IMAGING OF SOLID-STATE ELECTROLYTE 

RESPONSE TO Li EVOLUTION AT REALISTIC OPERATING CONDITIONS 

 

A paper submitted to ACS Applied Energy Materials 

Natalie Seitzman,1 Olivia F. Bird,2 Rory Andrykowski,3 Steven Robbins,4 Mowafak Al-Jassim,5 

and Svitlana Pylypenko6* 

3.1 Abstract 

Solid state Li ion conductors are a next-generation battery technology that are particularly 

promising for electric vehicles (EVs), offering the capacitive benefits of Li metal anodes with 

inflammable electrolytes. Microstructural evolution in these solid-state batteries, especially of the 

Li anode requires deeper understanding of the conditions under which certain undesired behaviors 

are more likely to occur. This study utilizes operando X-ray computed tomography to visualize 

the behavior of lithium in response to device operation, controlling variables that are relevant to a 

realistic battery: anode/electrolyte contact, regions of reduced ion conductivity and shear modulus, 

and electronic conductivity. This work expands on the knowledge of the fundamental driving 

forces that exist in realistic solid electrolyte systems and reveals that multiple mechanisms of Li 

migration are dominant depending on cell operating conditions. 

3.2 Introduction 

Replacing the intercalating anode of a lithium ion battery with lithium metal increases the 

theoretical specific capacity to 3,860 mAh/g and introduces the lowest electrochemical redox 
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potential (versus the standard hydrogen electrode).20 In otherwise conventional lithium ion 

batteries with metallic Li anodes, the behavior of the lithium is complex during battery operation 

when it is being stripped and then redeposited. These complexities result in parasitic reactions with 

the electrolyte and formation of a solid electrolyte interphase (SEI) as well as microstructural 

changes, such as development of high surface area mossy Li and/or dendritic Li. When the 

transport of Li ions is heterogeneous across the anode/electrolyte interface, Li is deposited 

unevenly and, without intervention, such irregularities lead to local current densities that 

perpetuate inhomogeneous deposition. The details of SEI properties and mechanisms of 

microstructure evolution are unique to each battery chemistry and conformation, but many of the 

changes that occur during battery operation are responses to fundamental properties that are 

universal to all Li metal batteries.91 Though the specifics vary, in general these behaviors reduce 

the coulombic efficiency of the cell due to irreversible loss of active lithium with each battery 

cycle, motivating developments that would mitigate these issues. A promising intervention to these 

morphological heterogeneities and evolutions is to employ a solid electrolyte.24,25,34,91,92 

Solid electrolytes introduce other advantages as well. The high ionic transference number 

of an inorganic ion conductor limits the side reactions that expand the SEI cycle after cycle while 

high shear modulus is theoretically sufficient to modify local current densities to suppress irregular 

Li deposition. In practice, inorganic solid electrolytes are unsuccessful at fully suppressing 

irregularities like Li dendrites.34 Dendrite nucleation occurs in solid electrolytes with 

inhomogeneous contact with the anode caused by poor wetting, surface defects, or 

porosity.34,37,50,73 Dendrites nucleated at the anode can grow and propagate through the high shear 

modulus electrolytes through grain boundaries where both shear modulus and ionic conductivity 

are greatly reduced compared to the bulk.34,38 Recently, it has been shown that metallic Li can 
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nucleate within the depth of the electrolyte, away from the Li anode, due to poor electronic 

insulation of inorganic solid electrolytes.93 The SEI formed between the thermodynamically 

unstable interface of lithium and most solid electrolytes can also play a role in dendrite growth by 

chemically determining the Gibbs free energy of electrochemical reactions.92,94 The unknowns in 

the solid electrolyte/lithium relationship motivated detailed studies focused on the characterization 

of this system using a variety of methods.  

A number of techniques have been employed to visualize the internal structure and relevant 

interfaces.35 In situ optical microscopy has shown that metallic Li does deposit irregularly in 

multiple classes of inorganic solid electrolytes. The observed dendrites were influenced by pre-

existing flaws and were linked to propagation of cracks in solid electrolytes.37 Additionally, 

multiple types of irregular Li morphologies were formed during cycling, indicating multiple 

mechanisms of Li dendrite formation and propagation which may arise due to differences in 

current density, local defects and impurities, interfacial impedance, etc.40 Optical microscopy with 

specialized cells enable in situ and operando visualization, but is limited to surfaces or transparent 

electrolytes. In a recent study, atomic force microscopy (AFM) has shown that local ionic current 

is highly non-uniform at micron and nanometer scale and that this inhomogeneity does not strictly 

correlate to electrolyte morphology.36  

The non-volatile nature of solid electrolytes has encouraged numerous in situ electron 

microscopy experiments, however, despite compatibility with the vacuum requirements of electron 

microscopy, complicated experimental designs are needed to assess the buried Li/electrolyte 

interface.  Nevertheless, overcoming these challenges has revealed important mechanisms in Li 

dendrite formation with high spatial resolution. Scanning electron microscopy (SEM) studies have 

shown Li deposition along grain boundaries and cracks above a critical current density.41 In a 
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glassy electrolyte with no grain boundaries, SEM imaging revealed inhomogeneous Li deposition 

still occurred below a critical current density.42 There are even greater obstacles to creating a solid 

electrolyte cell appropriate for in situ transmission electron microscopy (TEM),43 but achieving 

such revealed the chemical and electrochemical reactions between the Li anode and solid 

electrolyte in real time with very high spatial resolution.44 And achieving in situ scanning 

transmission electron microscopy (STEM) of a solid electrolyte has shown disordering at battery 

interfaces. This study also featured complementary chemical characterization via electron energy 

loss spectroscopy (EELS) to identify the formation of intermediate compounds.45  

For buried interfaces and non-transparent solid electrolytes, X-ray microscopy, specifically 

X-ray computed tomography (CT), offers many advantages over other microscopy methods. CT 

has been used to study the relationships of internal defects. It has also been utilized to explain how 

synthesis procedures impact failure rates, and how structural, mechanical and chemical evolution 

interact to cause cell failure.49,50 CT is also convenient for studying how lithium dendrites 

propagate through solid electrolytes in operando though the technique is limited by the high X-

ray transparency of lithium.51 In liquid electrolyte systems, operando transmission X-ray micro-

imaging judiciously mimicked practical operating conditions and greatly elucidated lithium 

deposition behavior, identifying different deposition morphologies, characterized the porosity of 

plated lithium, and identified operating conditions that promoted homogeneous deposition.48 

Similarly, CT under realistic operating conditions can offer insights into the behavior of lithium in 

solid electrolyte systems. Here, we study all-solid cells that use β-Li3PS4 (LPS) ceramic electrolyte 

and Li metal anodes to understand the mechanisms by which Li migrates through the LPS during 

cycling and how those mechanisms are affected by operating conditions.  Several conditions were 

identified as vital to control in order to explain in more detail the fundamental driving forces that 
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dominate in realistic systems. They include anode/electrolyte contact,31 regions of reduced ion 

conductivity and shear modulus,51 and electronic conductivity.93 We demonstrate that even 

moderate changes in temperature from room temperature to 70˚C can have a large effect on both 

Li and LPS microstructure and that these microstructural differences can alter the observed 

behavior of the Li metal during cycling. We also show that the Li behavior observed with CT in 

this work differs from the void- and defect-expanding mechanism of Li migration reported in 

previous studies at room temperature.38,51,74  

3.3 Experimental 

This section presents experimental details regarding sample preparation, electrochemical 

measurements, X-ray characterization, and data analysis. The design of a specialized sample 

holder that enabled simultaneous electrochemical and X-ray characterization is also discussed. 

3.3.1 Preparation of LPS samples 

LPS electrolyte was prepared at Solid Power Inc. using two routes. A previously reported 

procedure84 created LPS with particle sizes approximating 30 μm (LPS-30) and a ball milling 

procedure was used to produce 1 μm particles (LPS-1). The LPS powder was subsequently tape 

cast, and then transferred to 35-μm-thick lithium foil (Rockwood Lithium, 0.5% Al) by cold 

pressing to form LPS/Li bilayers. Inside an Ar glovebox, discs were formed with a 3 mm, 2 mm, 

or 1 mm diameter biopsy punch (EMS-Core). For room temperature experiments, symmetric 

Li/LPS/Li structures were assembled using 3 mm discs of the Li/LPS bilayer and 2 mm discs of 

35-μm-thick lithium foil, stacked and pressed in a coin-cell crimper (Hohsen Corporation) to 

ensure contact. For elevated temperature experiments, 1 mm diameter discs of the Li/LPS bilayer 

were placed against a stainless-steel blocking contact.  
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3.3.2 SEM imaging 

SEM images of the LPS particles in the as-prepared LPS/Li bilayers were taken using a 

FEI Nova Nanolab 200 FIB/SEM equipped with air-free sample transfer. LPS/Li bilayers were 

mounted with conductive carbon tape and silver paint. Secondary electron images were collected 

at a magnification of 500x and a working distance of 5 mm. LPS with 1 μm particles was imaged 

with an accelerating voltage of 3 kV while LPS with 30 μm particles used a 5 kV accelerating 

voltage. 

3.3.3 Electrochemical measurements 

LPS/Li cells were cycled at room temperature using a Keithley Sourcemeter Model 2450. 

LPS/Li cells with 30 μm LPS particles were biased for 1 hour with a current density of 100 µA/cm2 

before the direction of the current was reversed for 1 hour. This step pattern was repeated multiple 

times. LPS/Li cells with 1 μm LPS particles were cycled using a similar protocol, with 1 hour with 

positive current followed by 1 hour with negative current with a current density of 3.2 mA/cm2. 

Current densities were calculated with respect to the area of the smaller, 2-mm-diameter lithium 

electrode. A Biologic SP-150 potentiostat was used to cycle LPS/Li cells with both 30 μm LPS 

particles and 1 μm LPS particles at an elevated temperature of 70˚ and 5.5 MPa confinement 

pressure with a current density of 100 uA/cm2. 

3.3.4 Operando sample holders 

Two specialized sample holders for operando X-ray tomography were used in this work. 

Room temperature experiments were carried out using a previously reported sample holder design 

that maintained electrical contact between the Li/LPS/Li cell and graphite current collectors, 

contained a spring test probe to maintain contact without applying external confinement pressure, 

and allowed X-ray transmission through a 2.5 mm-thick Torlon casing made airtight with 
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Swagelok fittings.51 A second sample holder design was used to allow for studies at elevated 

pressures and temperatures (Fig. 3.1, page 44). This sample holder maintained electrical contact 

with the lithium metal anode and a stainless-steel blocking contact, enabled the use of flexible 

heating elements (Minco) to heat the cell to 70˚C, and accommodated a 1 lb. steel weight which 

provided 5.5 MPa of axial confinement pressure. Improving upon the operando sample holder 

used for the room temperature experiments, this sample holder was designed to interface directly 

with the tables of the synchrotron X-ray tomography hutches to keep the LPS/Li interface 

perpendicular to the beam and avoid unwanted X-ray absorption by the 2-mm-diameter stainless-

steel current collectors. Despite these efforts to avoid obstructing the interface, it was impossible 

to visualize Li plating on the blocking contact due to the 1um spatial resolution and machining 

imperfections of the flat stainless-steel current collectors. The plastic housing was composed of 

Torlon, machined to a 1 mm thickness around the SS/LPS/Li cell. The cell was made airtight 

through use of O-rings and electrical connections were made through a 2 mm banana plug on the 

bottom current collector and an alligator clip on the top. Stabilization of the 1 lb. weight and the 

wiring for the top electrical connection was added as necessary to prevent sample motion during 

X-ray scans.  

3.3.5 Synchrotron X-ray tomography 

X-ray tomography was conducted at Advanced Photon Source (APS) beamline 2-BM with 

an X-ray energy of 25 keV. Scans of room temperature, no pressure samples were recorded with 

a Cooke PCO Edge camera, while 5x lens and in situ heating measurements were recorded with a 

FLIR Oryx 10GigE camera, 5x lens. Both cameras offered spatial resolution of 1 μm. Operando 

heating and cycling experiments were conducted at Advanced Light Source (ALS) beamline 8.3.2 
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with an X-ray energy of 24 keV using a Cooke PCO Edge camera with an Optique Peter 10x lens. 

The spatial resolution is equivalent to 1 μm.  

 
Figure 3.1. (Left) Photograph at APS 2-BM and (right) schematic of operando sample holder for 

cycling LPS/Li cells at elevated temperature and pressure. Flexible heating elements were attached 

to the exterior of the Torlon casing above and below the LPS/Li cell with modified binder clips. 

X-ray transparent plastic support was added to prevent motion of the weight during sample 

rotation. 

 

3.3.6 Image analysis  

Synchrotron X-ray data were processed using the TomoPy reconstruction package and the 

resulting 8-bit greyscale images were analyzed using ImageJ. Regions of interest were selected 

from the full volume that avoided non-representative features such as the outer edges of the cells 

or reconstruction artifacts surrounding the center of rotation. For cells cycled in the specialized 

sample holder for elevated temperature studies, the whole thickness of the cell was included in the 

selected regions, due to the smooth, parallel interface between the current collectors and the cell. 

This was not possible for cells cycled at room temperature and although the selected regions avoid 

including the current collectors, they do not represent the full thickness of the Li/LPS/Li cell. In 

order to identify trends in the behavior of Li and LPS, pixels were grouped according to similar 
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grayscale values in a process known as segmentation. This was performed by the ImageJ machine 

learning plug-in, Trainable Weka Segmentation 3D, which classified the greyscale data into phases 

based upon a small number of manual inputs (between 2 and 10). 

3.4 Results and discussion 

This section presents the results of electron imaging, X-ray characterization, and 

electrochemical cycling experiments. These results and subsequent data analyses are discussed in 

detail in the context of lithium metal migration in solid electrolytes. 

3.4.1 In situ heating  

Two preparations of LPS were used with different particle sizes (Fig. 3.2). One created 

rectangular particles that are approximately 30 μm on the longest edge and is hereafter referred to 

as LPS-30 while the other synthesis yielded more rounded particles about 1 μm in diameter that 

were more closely adhered together, referred to as LPS-1. Larger particles have a smaller surface-

to-bulk ratio, larger inter-particle voids, and likely result in poorer ionic conduction due to a 

smaller area of contact between electrolyte particles as compared to smaller particles. The effect 

of these differences makes for a useful comparison point throughout the study. 

 
Figure 3.2. Secondary electron images of preparations of LPS electrolyte with A) approximately 

30 μm particles, LPS-30, and B) approximately 1 μm particles, LPS-1. 

 

Heating solid electrolyte systems is a well-known method to increase ionic conductivity to 

ranges that are more comparable to liquid electrolyte systems. The ionic conductivity of LPS at 

25˚C is 4x10-4 S/cm, and when heated to 100˚C the ionic conductivity increases to 8x10-3 S/cm.95 
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It is expected that at higher temperature, the electrolyte may experience microstructural changes 

which may influence electrochemical behavior in addition to the ionic conductivity changes. In 

this study, temperature is limited to 70˚C rather than 100˚C to maintain the physical integrity of 

the polymer-based heating elements and data acquired at these two temperatures, 25˚C and 70˚C 

are compared. The reconstructed CT images presented in Fig. 3.3 on page 47 depict an interior 

perspective of the LPS in the Li/LPS bilayer before and after the samples were heated to 70˚C. 

Specifically, the images depict a cross-section that is perpendicular to the height axis of the 

cylindrical sample. The Li/LPS bilayer in Fig. 3.3A was heated without any pressure applied to 

the cell. Comparing Fig. 3.3A1 to 3.3A2, the sample expanded 30% in diameter due to the heating, 

resulting in cracking and loss of connectivity between the LPS particles, thus killing the 

electrochemical cell. This is surprising, since thermal expansion of Li at 70˚C is not expected to 

be significant at 0.2% of the room temperature volume.96 It is assumed that the low melting 

temperature (180˚C) and low activation energy for self-diffusion of Li metal mean Li undergoes 

significant creep even at room temperature.97 Therefore, the disparity between the near-zero 

expected expansion and 30% observed expansion during heating is likely due to a combination of 

creep and the presence of unconstrained directions to accommodate shear stress. Both the top and 

bottom surfaces of the Li metal were in contact with solid surfaces—the LPS and the stainless-

steel current collector—that prevented the axial expansion of the Li, leaving it free to expand only 

radially.  

Fig. 3.3B1 and C1 show the room temperature LPS while Fig 3.3B2 and C2 demonstrate 

the changes that occurred throughout heating when confinement pressure is applied. With the 

added pressure, there is sufficient friction to prevent even the radial expansion although some 

expansion and loss of contact is observed at the outer edges of the cell, as apparent in the top of 
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Fig. 3.3B2. Further, the pressure is not so high as to exacerbate the influence of Li creep and cause 

a mechanical short-circuit at room temperature.31  

 
Figure 3.3. Reconstructed CT images of the interior of Li/LPS bilayers before and after being 

heated from room temperature (top) to approximately 70˚C (bottom). Images depict a cross-section 

perpendicular to the height axis of the cylindrical sample. Dark pixels are less X-ray absorbing 

than light pixels. A) Full cross-section of a Li/LPS-30 bilayer, heated without confinement 

pressure. B) Cross-section zoomed into a region of interest within an LPS-30 cell, heated under 

5.5 MPa confinement pressure. C) Cross-section zoomed into a region of interest within an LPS-

1 cell, heated under 5.5 MPa confinement pressure. 

 

Having prevented the destructive expansion with this 5.5 MPa confinement pressure, it becomes 

evident that the boundaries between particles become more diffuse during the heating process. The 

effect is more prominent in LPS-1 but is still present in LPS-30. A similar behavior—particle 

boundaries becoming more diffuse—has been observed in a sulfide electrolyte at room 

temperature with up to 100 MPa of applied pressure.98 In that case, the observation was attributed 

to the same mechanism that enables cold-pressing of glass powders into sulfide electrolyte 

pellets.99  However, the 5.5 MPa applied to the LPS during these in situ heating experiments is 

insufficient to attribute the observed behavior to cold-pressing. The thermodynamically driven 

behavior of smaller particles spontaneously dissolving in favor of larger particles is known as 

Ostwald ripening. This phenomenon may contribute to the changes to the particle boundaries 

observed during heating. Additionally, the higher energy of surface atoms compared to bulk atoms 

would result in a greater contribution in LPS-1 material than LPS-30. However, more in-depth 
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investigation is needed to understand the behavior. The darker regions in the un-heated samples, 

(Fig. 3.3A1, B1, C1) which are attributed either to large voids in the electrolyte or regions where 

Li is present before cycling, also undergo dramatic changes. The reduction in contrast between 

such regions and the surrounding LPS is likely due to an intermixing of the light-colored phase 

(LPS) and the dark-colored phase (Li or void) below the 1 μm spatial resolution of the tomography 

technique. The change in shape and size of these darker regions is attributed to a combination of 

the Ostwald ripening behavior of the ceramic and the creep behavior of the Li. In summary, the 

differences between the room temperature and heated Li/LPS bilayers are attributed to two 

temperature-dependent phenomena, Li creep and LPS Ostwald ripening, taking into account the 

impact of confinement pressure and particle size. 

3.4.2 Phase segmentation 

To gain further insight into subtle changes and behavioral trends that are driven by 

electrochemical cycling, operando CT datasets were segmented using the Image J plugin Trainable 

Weka Segmentation. In general, in these datasets the two phases of interest are LPS and Li/void. 

However, additional classifiers representing mixtures of these phases can aid in distinguishing 

trends by lessening the impact of sample-to-sample variations. Therefore, in addition to the two 

relevant phases, the results of three- and four-phase segmentations were compared (Fig. 3.4C, D).  

 
Figure 3.4. Reconstructed CT images of the interior of a Li/LPS-1 bilayer before (top) and after 

(bottom) being cycled at 100 μA/cm2 for five hours at 70˚C. A) grayscale images are segmented 

into B) 2, C) 3, or D) 4 phases with the darkest pixels in the grayscale images colored red, 

intermediate pixels colored purple, lighter pixels colored green, and lightest pixels colored yellow. 
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In the data with three phases, the darkest components represent Li or void and are colored 

red, the lightest components consist of LPS and are marked by green, and the in-between 

components are attributed to an ambiguous mixing of Li and LPS below the resolution of the 

microscope and are represented by the purple color. Despite the ambiguity, inclusion of the third 

segment clarifies the trends in how the two main phases change with electrochemical cycling. 

Inclusion of fourth phase (Fig. 3.4D) did not provide any additional information, therefore three-

phase segmentation was chosen to be applied to all datasets presented in the discussion below. 

3.4.3 Electrochemical cycling 

In our earlier work51 and in these room temperature experiments, the multi-directional 

cycling in the symmetric Li/LPS/Li cell experiments may have increased the probability of 

observing microstructural changes due to the two interfaces and the larger volume of available 

lithium. However, the asymmetric Li/LPS/blocking contact cells are more convenient for tracking 

the tomography features attributed to Li because there is only one source of Li metal. For the 

elevated temperature and pressure experiments in this work, the design of the room temperature 

sample holder was improved to enable this simplified Li tracking in addition to temperature 

control, pressure control, and flat current collectors to avoid unwanted X-ray attenuation from the 

sample holder.  

Different electrochemical cycling strategies were utilized for the two structures of cells. 

The symmetrical Li/LPS/Li cells used for the room temperature experiments were cycled with 

positive current for one hour, followed by negative current for one hour, and this pattern was 

repeated for as long as the limited amount of beamtime allowed. The first two full cycles, or the 

first four hours of total cycling, are discussed. In the cycling data presented in Fig. 3.5A on page 

50, there are irregular spikes in the voltage in room temperature samples with both LPS-1 and 
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LPS-30. These features are indicative of Li void formation which happens when there is 

insufficient confinement pressure and are likely unrelated to the temperature. The Li/LPS/blocking 

contact cells for elevated temperature/pressure experiments were cycled such that the current 

pushed Li ions from the anode toward the steel blocking contact continuously until the voltage of 

the cell dropped below a cut-off voltage (Fig. 3.5B).  In the elevated temperature and pressure 

experiments, the difference in cell lifetime is a clear indicator that LPS-30 cells are less able to 

pass current than LPS-1 cells. This is not surprising because large pores leave the LPS-30 particles 

without high quality contact between each other. Interestingly, there was a drop in voltage just 

before the 3 hours mark in the LPS-1 cell cycled at elevated temperature and pressure; therefore, 

the 3-hour mark was included in the tomography analysis in Fig. 3.9. 

 
Figure 3.5. Electrochemical cycling data for operando CT samples. A) The two cells studied at 

room temperature utilized a symmetric Li/LPS/Li structure and were cycled with positive and 

negative current alternating every hour. B) The pair of cells studied at 70˚C utilized a 

Li/LPS/blocking contact structure and were cycled with one polarity of current until the voltage of 

the cell dropped below a cut-off at -2.5V. 
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3.4.4 Room temperature operando X-ray micro-tomography  

Examining the individual trends of each cell during cycling is possible even through visual 

observation of the greyscale images, while the trends are clarified by the three-phase segmentation. 

At room temperature, the cell with large, 30 μm LPS particles (Fig. 3.6) undergoes an expansion 

of the red phase assigned to Li and/or voids during cycling. This trend is consistent with other 

empirical studies of Li/solid electrolyte cells and has been attributed to Li migration to pre-existing 

defects. The expansion of pre-existing voids despite the much lower mechanical stiffness of Li 

metal relative to the surrounding ceramic is thought to be caused by a Griffith flaw-like 

mechanism.37 

  
Figure 3.6. Reconstructed CT (left) and three-phase segmented (right) images of two regions of 

interest within the interior of a Li/LPS-30/Li cell throughout cycling at room temperature without 

added confinement pressure. A1) Region 1 of the cell before cycling. B1) Region 1 of the cell after 

1 cycle. C1) Region 1 of the cell after 2 cycles. A2) Region 2 of the cell before cycling. B2) Region 

2 of the cell after 1 cycle. C2) Region 2 of the cell after 2 cycles. 

 

Table 3.1. Percentage of image area occupied by each of the three phase segments in Figure 3.6. 

Darkest (most X-ray transparent) pixels are red, intermediate pixels are purple, and lightest (most 

X-ray absorbing) pixels are green.  
Cycling 
(cycles) 

Dark, 
region 1 

Dark, 
region 2 

Dark, 

average 

Light, 
region 1 

Light, 
region 2 

Light, 

average 

Ambiguous, 
region 1 

Ambiguous, 
region 2 

Ambiguous, 

average 

0 5 9 7 69 70 69 26 21 24 

1 5 12 8 66 65 65 30 23 26 

2 8 16 12 67 61 64 25 23 24 
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Interestingly, in the cells made with smaller, 1 μm particles (Fig. 3.7), the trend in the 

behavior of the Li/void phase is different compared to LPS-30. In this case, the darkest components 

in the images shrink during cycling, resulting in a decrease of the Li/void phase. The greyscale 

images taken from the 1 cycle scan (Fig. 3.7B1,2) of this sample appears brighter and less sharply 

resolved than the other datasets collected from this cell. The lack of resolution or “fuzziness” of 

the image is due to the challenge of identifying a center of rotation in a sample that is changing 

during the scan. In this instance, including the purple, ambiguous segmentation phase helped to 

maintain the consistency of the segmentation algorithm in identifying the Li/void phase, which is 

shown in red, throughout the cycling series.  

 
Figure 3.7. Reconstructed CT and three-phase segmented images of two regions of interest within 

the interior of a Li/LPS-1/Li cell throughout cycling at room temperature without added 

confinement pressure. A1) Region 1 of the cell before cycling. B1) Region 1 of the cell after 1 

cycle. C1) Region 1 of the cell after 2 cycles. A2) Region 2 of the cell before cycling. B2) Region 

2 of the cell after 1 cycle. C2) Region 2 of the cell after 2 cycles. 

 

Table 3.2. Percentage of image area occupied by each of the three phase segments in Figure 3.7. 

Darkest (most X-ray transparent) pixels are red, intermediate pixels are purple, and lightest (most 

X-ray absorbing) pixels are green.  
Cycling 
(cycles) 

Dark, 
region 1 

Dark, 
region 2 

Dark, 

average 

Light, 
region 1 

Light, 
region 2 

Light, 

average 

Ambiguous, 
region 1 

Ambiguous, 
region 2 

Ambiguous, 

average 

0 12 14 13 65 34 49 23 52 37 

1 81 10 9 79 68 74 12 22 17 

2 8 11 9 69 44 57 23 45 34 
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A reduction in the expansion of the Li/void phase compared to the 30 μm LPS particles 

makes sense when you consider that the LPS-1 has much smaller interparticle spacing. When 

considering nano-scale porosity throughout the particles, the 1 μm LPS material has more 

homogeneous diffusion through both inter- and intra-particle pores. Similarly sized inter- and 

intra-particle voids provides multiple pathways for Li migration, resulting in less volume change 

in the LPS phase. Additionally, the overall reduction in pore size is more obstructive to Li metal 

migration and the greater surface area leads to better contact for ion conduction. The greater 

conductivity for Li ions and the lower diffusivity for Li metal will likely lead to lower Li metal 

migration overall. However, the Li/void phase does not merely reduce or stop expanding, instead 

it appears to contract. This behavior suggests that local ionic conduction at the particle surface is 

sufficiently high to utilize any Li metal that migrates through the pores but is still connected to the 

driving current at the Li metal anode. Thus, instead of becoming disconnected from the anode, 

these tendrils of migrating Li still contribute to Li ion conduction, and after doing so, the small 

amount of confinement pressure causes the now-empty pores to contract.  

3.4.5 Elevated temperature/pressure operando micro-tomography 

In addition to temperature considerations, confinement pressure should also be considered 

when investigating solid-state battery stacks, as it is necessary to maintain contact between the Li 

anode and the solid electrolyte and avoid the Li void formation observed in Fig 3.5A.  Therefore, 

both temperature and pressure considerations were applied to cells with a 30 μm and 1 μm LPS 

particle size, with results presented in Fig. 3.8 (page 54) and Fig. 3.9 (page 56), respectively. In 

the LPS-30 and LPS-1 room temperature series, there were noticeable changes in the shape and 

size of the darkest regions as cycling progressed. However, in the LPS-30 and LPS-1 elevated 

temperature/pressure cells, the changes are less clear in terms of shape and size, and more obvious 



55 

 

in relative contrast. Precisely determining contrast changes is challenging, therefore the trends 

identified by segmentation algorithms are carefully evaluated in conjunction with the grayscale 

images to assess reliability of observations and conclusions.  

 
Figure 3.8. Reconstructed CT and three-phase segmented images of two regions of interest within 

the interior of a Li/LPS-30 bilayer throughout cycling at 70˚C with 5.5 MPa added confinement 

pressure. A1) Region 1 of the cell before cycling. B1) Region 1 of the cell after 45 minutes of 

cycling. C1) Region 1 of the cell after 1 hour 30 minutes of cycling, before cell hit -2.5 V voltage 

cut-off. A2) Region 2 of the cell before cycling. B2) Region 2 of the cell after 45 minutes of 

cycling. C2) Region 2 of the cell after 1 hour 30 minutes of cycling, before cell hit -2.5 V voltage 

cut-off. 

 

Table 3.3. Percentage of image area occupied by each of the three phase segments in Figure 3.8. 

Darkest (most X-ray transparent) pixels are red, intermediate pixels are purple, and lightest (most 

X-ray absorbing) pixels are green. 
Cycling 
(hours) 

Dark, 
region 1 

Dark, 
region 2 

Dark, 

average 

Light, 
region 1 

Light, 
region 2 

Light, 

average 

Ambiguous, 
region 1 

Ambiguous, 
region 2 

Ambiguous, 

average 

0 58 12 35 12 37 24 29 51 40 

0.75 18 8 13 36 47 42 46 45 45 

1.5 26 7 17 37 55 46 37 37 37 

          

For the cell with 30 μm LPS particles, cycling did not progress very far before the cell was 

no longer able to pass current, but significant changes were still observed in the first hour of 

cycling. Comparing Fig. 3.8A1 to Fig. 3.8C1 shows that some dark regions have become less dark 

but spread out over a larger area while other dark regions have remained unaltered. These changes 
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are less dramatic but consistent with those observed in a second region of the same cell (Fig 3.8A2, 

3.8C2). Carefully considering both the greyscale and segmented representations of these images, 

it is apparent that this lightening and spreading results in the proportion of Li/void components 

decreasing as initially red areas are segmented into the purple, ambiguous phase. Simultaneously, 

the proportion of ambiguous components also decreases and the proportion of LPS components 

increases due to the diminishing grey-scale contrast between the ambiguous purple phase and the 

green LPS phase. The result is that the elevated temperature LPS-30 cell seems to have the same 

trend as the room temperature LPS-1 cell, but the actual behavior of the two cells is in fact quite 

different. Importantly, the Griffith flaw-like behavior observed in studies at room 

temperature37,38,51 is not clearly observed. This is likely due to improved ionic conductivity 

resulting in less Li metal deposition and migration. Increased temperature increases electronic 

conductivity as well as ionic conductivity, increasing the probability that Li ions will meet an 

electron and deposit as Li metal within the electrolyte instead of at the anode. Therefore, a 

transition from a mechanism in which Li metal migrates from the anode to defects to a mechanism 

in which Li deposits within the bulk of the electrolyte is expected. The spreading and intermixing 

behavior observed in Fig. 3.8 does not directly support that hypothesis, but it also does not disprove 

it. The segmentation presented here cannot confidently distinguish between pores and Li metal. 

So while it is assumed that large dark regions in the bulk of the cell far from the anode are voids, 

it is possible that some of these voids that have a continuous connecting region of dark 

contributions through the sample height all the way to the anode (such as the largest dark region 

in Fig. 3.8A1) are initially Li-filled. However, because these large, initially dark regions do not 

grow larger, and instead we detect that initially light regions get darker, the observed changes can 

be attributed to sub-micron interparticle voids filling with Li metal. This is consistent with the 
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hypothesis that Li ions within the bulk electrolyte are encountering electrons, due to the fact that 

LPS is not perfectly electronically insulating, and as a result, become deposited in the form of 

metallic Li.  

 
Figure 3.9. Reconstructed CT and three-phase segmented images of two regions of interest within 

the interior of a Li/LPS-1 bilayer throughout cycling at 70˚C with 5.5 MPa added confinement 

pressure. A1). Region 1 of the cell before cycling. B1) Region 1 of the cell after 1 hour of cycling. 

C1) Region 1 of the cell after 3 hours of cycling and a significant drop in cell voltage. D1) Region 

1 of the cell after 5 hours of cycling, before cell hit -2.5 V voltage cut-off. A2) Region 2 of the cell 

before cycling. B2) Region 2 of the cell after 1 hour of cycling. C2) Region 2 of the cell after 3 

hours of cycling and a significant drop in cell voltage. D2) Region 2 of the cell after 5 hours of 

cycling, before cell hit -2.5 V voltage cut-off. 

 

Table 3.4. Percentage of image area occupied by each of the three phase segments in Figure 3.9. 

Darkest (most X-ray transparent) pixels are red, intermediate pixels are purple, and lightest (most 

X-ray absorbing) pixels are green. 
Cycling 
(hours) 

Dark, 
region 1 

Dark, 
region 2 

Dark, 

average 

Light, 
region 1 

Light, 
region 2 

Light, 

average 

Ambiguous, 
region 1 

Ambiguous, 
region 2 

Ambiguous, 

average 

0 13 17 15 46 51 48 41 32 36 

1 21 34 27 30 20 25 50 46 48 

3 35 33 34 26 24 25 39 44 41 

5 33 17 25 28 50 39 39 33 36 
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In the cell with 1 μm LPS particles, regions of nearly uniform electrolyte represented by 

well-intermixed green and purple components in the segmented image (Fig. 3.9A1), become 

isolated islands of LPS in green surrounded by intermixed red and purple components after 1 hour 

of cycling (Fig. 3.9B1). Interestingly, a drop in cell voltage after 3 hours of cycling did not 

correspond to any obvious changes in microstructure but rather in a continuation of the trend 

observed after the first hour (Fig. 3.9C1,2). This behavior is slowed after the voltage drop, as 

shown after 5 hours of cycling (Fig. 3.9D1). In another location of the same cell, crack- and pore-

shaped non-uniformities in the greyscale image become more uniform after 1 hour of cycling (Fig. 

3.9A2, 9B2). Additionally, the overall coloration in this region of the cell becomes darker, shifting 

a greater proportion of the area to the purple and red segments. However, looking at Figure 3.9D2 

shows a return of lighter coloration and a corresponding shift to a higher proportion of green in 

the segmented image. These differences are more likely attributable to variations in contrast during 

the scan that were insufficiently corrected by the image normalization than to a spontaneous 

reversal of a cycling-dependent mechanism. Despite these challenges, combining the trends 

identified by segmentation with inspection of the un-segmented images shows that there is 

increased contribution from more X-ray transparent components as cycling progresses. 

Interestingly, this is opposite of the trend in the room temperature LPS-1 cell. In the elevated 

temperature LPS-1 cell, changes in the shape and size of large features are observed (refer to the 

right edge of Fig. 3.9A1 near the bottom) but the overall behavior looks more similar to the 

elevated temperature LPS-30 cell. Initially light regions become darker with cycling, occasionally 

leaving behind islands of material that are still as light as the original LPS (refer to the square-

shaped particle near the lower left corner of Fig. 3.8C2 and the rounded shape near the top center 

of Fig. 3.9D1). As discussed above, elevated temperature and pressure increase the ability of the 
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material to conduct Li ions but also increase the conduction of electrons. Also, perhaps because 

this cell was able to withstand longer cycling, the intermixing has a longer time to continue 

occurring and the grayscale images reflect this greater amount of total intermixing with increased 

contrast between dark and light pixels, thus the trend in the segmentation is more reliable. 

3.5 Conclusion 

In this study, we have employed CT to visualize the behavior of lithium to explain the 

fundamental driving forces that dominate realistic solid electrolyte systems. Careful control of 

contributing variables during in situ heating experiments showed that temperature affects not only 

the electronic and ionic conductivity of LPS, but also influences Li and LPS microstructural 

behavior. Vitally, confinement pressure both prevents cycling-induced void formation in the Li 

anode and constrains temperature-dependent microstructural changes. Operando measurements of 

cells with different particle sizes revealed that a Griffith flaw-type mechanism may not be as 

universal as previous studies have led us to believe. When hindered by friction from high 

confinement pressure or when alternate pathways of Li and Li+ motion are enabled by elevated 

temperature, Griffith-type void expansions may not be observed, as demonstrated by experiments 

presented in this work. These discoveries expand the understanding of microstructural changes in 

practical solid-state batteries towards further enhancements in the performance for next-generation 

battery applications. 
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CHAPTER 4 

OVERCOMING OBSTACLES TO NANO-SCALE IN SITU TOMOGRAPHY OF SOLID-

STATE BATTERIES 

 

4.1 Abstract 

This chapter presents work in developing methods and platforms for advancing the 

capabilities of transmission X-ray microscopy (TXM) for the study of the Li/electrolyte interface 

in solid-state batteries. TXM offers greater spatial resolution than the 1 µm3 resolution of X-ray 

computed tomography, but the technique is much further from the operando capabilities that allow 

for detailed investigation of mechanisms. Therefore, my work in this area focused on overcoming 

obstacles to three-dimensional in situ and operando visualization with nano-scale resolution. Two 

experimental approaches were explored, and the details related to each are discussed. The results 

of these approaches are a solid understanding of practical limitations and a foundation of best 

practices to build upon for in situ nano-scale tomography of solid electrolyte systems. 

4.2 Motivation  

Initial experiments described in Chapters 2 and 3 studied β-Li3PS4 (LPS) with 30 μm-sized 

particles produced via liquid-phase synthesis, yielding a nano-porous material. Initially, it was 

thought that this nanoporosity contributed to the high ionic conductivity of the material via a 

lowered barrier to Li vacancy conduction at particle surfaces.84 In the intervening years, many 

other methods and compositions for synthesis of sulfide ceramics with high Li-ion conductivity 

have been developed100 and current understanding of the mechanisms of high ionic conductivity 

is no longer as closely tied to the surface area of the material.101 The nano-porosity of LPS was the 

initial motivation for developing nano-scale tomography capabilities discussed in this chapter, but 

as the current knowledge in the field has evolved in its understanding of the effects of nano-
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porosity, the questions regarding  nano-scale phenomena that require further study expanded, 

further motivating this study. Several findings described in Chapter 3 were particularly influential. 

Comparing scanning electron microscope (SEM) images (Fig. 3.2B) and micro-scale X-

ray computed tomography (micro-CT) (Fig. 3.3C) images of the LPS preparation with particles on 

the 1 μm size scale showed interparticle voids in the SEM images that were less well-resolved in 

the micro-CT images. Since micro-CT of samples with 30 μm LPS particles showed that 

interparticle voids play a role in Li migration, it is important to resolve the smaller voids in order 

to make direct comparisons. This is especially important at room temperature, where an 

interparticle void-mediated mechanism of lithium migration may be dominant. 

Finally, as discussed in the previous chapter, micro-CT experiments at elevated 

temperatures revealed changes in X-ray attenuation contrast during electrochemical cycling. These 

contrast changes were attributed to an intermixing behavior between the X-ray transparent Li phase 

and the X-ray absorbing solid electrolyte phase that was occurring below the 1 μm3 spatial 

resolution of micro-CT. Therefore, further investigations of this behavior require nano-scale 

spatial resolution. Nano-CT both enables this resolution and uses another X-ray probe for a 

transmission-based imaging technique, providing information that is more directly comparable to 

micro-scale X-ray CT than electron microscopy or other alternatives. 

4.3 Challenges 

To reiterate from the Chapter 1, the components of the full-field transmission X-ray 

microscope (TXM) that differ from micro-scale X-ray tomography set-ups are 1) the condenser 

lens that sits between the X-ray source and the sample and 2) the Fresnel zone plate objective lens 

which sits between the sample and the X-ray detector. The condenser lens focuses the incoming 

monochromatic X-rays onto the sample. This focal point for the photons remains fixed and is not 
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scanned across the sample, rather the sample may be moved relative to the lens to collect data from 

different volumes within a sample. The volume of this un-moving focal point is a potentially 

limiting factor that will be discussed in more detail below. The Fresnel zone plate acts as an 

objective lens and takes the scattered light created by the X-rays interacting with the sample at the 

focal point and diffracts this scattered light from frequency space back into a real space image. 

This objective lens, by converting frequency space information to real space, is what allows sub-

micron spatial resolution, and the higher angle at which the zone plate can collect the scattered 

light, i.e. the larger the aperture, the higher the spatial resolution. A Fresnel zone plate uses the 

periodic structure of alternating rings of opaque (gold or nickel) and transparent (silicon nitride) 

materials to diffract the sample-attenuated X-rays onto the scintillator. The scintillator luminesces 

when excited by ionizing radiation, converting X-ray photons into visible light photons. An optical 

objective lens is then used to perform geometric magnification of this high-resolution image onto 

the pixelated detector.63 A schematic of a TXM is presented in Figure 4.1. 

Figure 4.1. Typical transmission X-ray microscope setup includes a monochromator and mirrors 

(not pictured) to focus beam on slits (S3) that act as a virtual source. Within the microscope is a 

condenser (C) to focus beam onto sample, a pinhole (P) to remove unfocused beam, an x-y-z-theta 

sample stage, a microzone plate (MZP), and optional phase ring (PR) for Zernike phase contrast. 

A low-resolution zone plate (LRZP) is used to align the PR and is removed for imaging. 

Transmission detector system (TDS) consists of scintillator, to convert X-rays to visible light, 

objective, and CCD detector. Diagrams are not to scale. Re-used with permission from Ref. 63. 

 

During a typical tomography scan with a TXM, the sample is brought to the focal point 

such that the same region of the sample remains centered in that focal point while the stage is 

rotated. Therefore, the scan is conducted over a specific volume of the sample, the size of which 
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is determined by whichever is smaller, the depth of focus of the microscope or the field of view. 

With the synchrotron set up used at beamline 6-2c at the Stanford Synchrotron Radiation 

Lightsource (SSRL), a cylinder about 30-40 μm in diameter and 30-40 μm in height of any given 

sample can be imaged during a specific scan. This limitation is driven by the field of view, while 

the depth of focus of the TXM is 100-200 μm. If one desires to collect data over larger volume of 

the sample, then the sample can be moved 30 μm up, down, left, or right and the scan repeated 

until the total desired volume is measured. It is important to note that one must consider beam 

damage and how much time they are willing to spend per sample in choosing a desired volume. 

An example of a typical tomography experiment using the TXM of cathode particles in a 

2 cm diameter pouch cell battery is described below. The experimenter would locate an isolated 

particle that fits entirely within this 30 μm field of view, center the particle through 180˚ of rotation, 

and begin a scan that collects 2D projection images through 180˚ of rotation. If further data were 

required, the experimenter might find another isolated particle in the same pouch cell, re-center 

the sample, and collect a second scan at that location. Any material outside of that 30 μm field of 

view, i.e. all the non-centered regions of the pouch cell, would contribute to the attenuation of the 

sample as it rotated but would be out of focus and therefore provide no useful signal regarding the 

nano-structure. Practically, this means that in order to even be scanned, a sample 1) requires a 

center-able feature that fits within the 30 μm field of view and 2) must not be too attenuating so as 

to block X-ray transmission from the chosen 30 μm region, i.e. you cannot wrap a 10 μm particle 

in 50 millimeters of lead. 

Although TXM in the battery field has largely been focused (pun intended) on studies of 

particles,67,102 experiments on thick films or bulk materials, where the whole matrix is of interest, 

rather than individual particles, are possible.103,104 For bulk samples that are not sensitive to air, 
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such as lithium manganese oxide cathodes, laser cutting is an excellent option for reaching the 30 

μm sample size constraint.105 However, both LPS and Li metal are air sensitive and a laser cutter 

that is powerful enough to limit thermal damage to the sample is not going to fit inside of a 

glovebox as they’re the size of a closet or bureau. Therefore, one must utilize a technique that can 

cut a bulk sample to thinner than the width of a human hair without introducing too much damage 

and that either fits in a glovebox or has air-free transfer capabilities. 

In situ or operando experiments must consider additional considerations related to cycling 

One must determine how much current can be applied to a cell that is 10s of microns in diameter 

while maintaining realistic current densities. With a Li anode 50 μm in diameter, applying a current 

density of 1 mA/cm2 requires a potentiostat capable of reliably delivering 20 nA. It is also vital to 

make good contact between the cell and the current collectors without breaking the fragile cell. In 

larger cells, this is achieved through use of confinement pressure. Matching the 5.5 MPa 

confinement pressure applied during previous micro-CT experiments discussed in Chapter 3 would 

require only 0.9 g of weight placed on top of a 50 μm cell. And, unlike the machined current 

collectors designed to make a flat, smooth interface as is desired for micro-CT, the current 

collectors that would be used for these nano-scale experiments would have to be  made as narrow 

as possible and the resulting sharpness risks puncturing the Li anode or cracking the LPS if too 

much pressure is applied. 

Another banal but important consideration for in situ or operando experiments is wire 

placement. A wire which is the same diameter or larger than the sample itself crossing through the 

field of view during sample rotation will result in significant data loss. So, it seems most natural 

to keep the electrical connection to the bottom current collector below the field of view and the 

connection to the top electrode above the field of view. While this is easily achievable for micro-
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CT experiments, holding the electrical wires suspended above the sample is difficult to do without 

tugging or twisting the delicate electrical connection to the top of the tiny nano-CT samples and 

causing it to either break or move the sample out of the precise focal point. 

And finally, in situ or operando TXM experiments require that they be performed at a 

synchrotron; therefore, one must consider where the samples will be prepared and how they will 

be transported to the beamline. As it is regrettably illegal to transport any amount of lithium on 

passenger airlines, that leaves preparing the samples at the synchrotron facility or shipping them 

there via a carrier that is qualified for hazardous materials.  

4.4 Experimental 

Over the course of three years, two approaches to nano-CT sample preparation were 

explored. The two methods resulted in different sample conformation which impacted both 

experimental factors and data analysis. The first approach aimed to create a sample that fit entirely 

within the 30-40 μm field of view of the TXM by cutting a large piece of material down into a 

cylinder. This is the technique used in the study of contact properties between 

LiNi0.33Mn0.33Co0.33O2 (NMC) cathode particles and Li1.3Ti1.7Al0.3(PO4)3 (LTAP), a NASICON-

type solid electrolyte by Li et al. The as-prepared samples were cut into pieces by a razor and a 

resulting sharp corner was sufficiently small to fit within the field of view.53 The second approach 

utilized the phenomenon of internal tomography to create a reconstruct-able volume within a 

sample much larger than the microscope field of view. This approach has precedent in the 

examination of the over-lithiation of LiCoO2 cathode particles in a liquid electrolyte system. X-

ray transparent pouch cells were used to collect operando microscopic and spectroscopic data in 

tandem, focusing on clusters of 4-5 cathode particles in each scan.106 For both approaches, the 

experimental design, specific details that led to X-ray results, and obstacles that were overcome 
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are discussed here. Results of TXM experiments and the success and failures of the two sample 

preparation approaches with regard to X-ray characterization are presented in the Results and 

Discussion section.  

For both approaches, LPS electrolyte was prepared at Solid Power Inc. using two routes, a 

previously reported procedure84 for ~30 μm particles of LPS and ball milling for ~1 μm particles. 

The LPS powder was subsequently tape cast, and then transferred to 35-μm-thick lithium foil 

(Rockwood Lithium, 0.5% Al) by cold pressing to form Li/LPS bilayers.  

4.4.1 Full field of view 

Laser cutters are capable of creating high quality 30-40 μm samples, however, due to their 

large size that precludes them from being enclosed in an argon environment, they are inappropriate 

for highly air-sensitive materials such as Li and LPS.105 Therefore, alternative approaches were 

considered to create samples that fit entirely within the TXM field of view and an SEM instrument 

with a focused ion beam, or FIB/SEM, was chosen. The FIB/SEM instrument is enabled with air-

free transfer to and from a glovebox, which protects the air sensitive materials from degradation, 

and the focused ion beam can mill the bulk Li/LPS bilayer into cylindrical pillars 30-50 μm in 

diameter.  

 A FEI Nova Nanolab 200 FIB/SEM equipped with air-free sample transfer was used to 

mill cylindrical pillars into the edges of Li/LPS bilayers. An ion beam current of 20 nA and 

accelerating voltage of 30 kV were used. A typical work flow for this approach is as follows. The 

Li/LPS bilayer is stored in an argon glovebox. A small piece of the bilayer is mounted lithium-

side-up on an SEM sample platform. The SEM platform is sealed into an air-free transfer vessel 

and moved into the vacuum in the FIB/SEM before the bilayer is milled into a cylindrical pillar of 

the desired dimensions. Within the SEM vacuum, the pillar is severed and mounted for TXM study 
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before it is removed back to the glovebox with the air-free transfer vessel. The TXM sample is 

then be packaged for shipping such that the argon environment is maintained until it arrived at the 

synchrotron and placed in a glovebox.  

For the first step of the process, a piece Li/LPS bilayer was cut with either a razor blade or 

biopsy punch inside an argon glovebox. Colloidal silver paint was used to adhere the LPS side of 

the bilayer to a flat aluminum SEM mount. This SEM mount was placed in close proximity to the 

TXM mount which were both placed on a platform that interfaced with the air-free transfer system 

between the glovebox and the SEM vacuum chamber. The air-free transfer system (Rocky 

Mountain Vacuum Tech, Inc.) consisted of an air-tight steel box that was sealed inside the argon 

environment of the glovebox and moved out through the antechamber. The box was connected to 

a transfer arm that was evacuated by a rough pump. First the transfer arm and then the box were 

opened to the vacuum and brought to 10-3 Torr by the rough pump. Next, the transfer arm removed 

the sample platform from the steel box, the arm and box were re-sealed, the box was disconnected, 

and the transfer arm was connected to a port on the SEM chamber. The 10-6 Torr environment of 

the SEM was gradually opened to the 10-3 Torr environment within the transfer arm and the sample 

platform was transferred onto the SEM stage. The port between the SEM and the transfer arm was 

then closed until the end of the experiment when the process was repeated in reverse to move the 

sample platform back into the argon glovebox. Because the 10-3 Torr environment was not 

sufficient to prevent Li from oxidizing in the long-term, the process was performed as quickly as 

possible to minimize the time the sample was exposed to that atmosphere. 

Once within the SEM chamber, the milling and severing of the 30-50 μm pillars imitated 

the more conventional methodology for lift-out preparation of transmission electron microscope 

(TEM) samples. The Li/LPS bilayer was mounted flat in the SEM and the stage was tilted to 
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examine the edge of the bilayer. A “good” location for milling a pillar is one that has good adhesion 

between the Li and LPS layers and where the LPS is not jagged, does not contain overhangs or 

shelves of particles, but instead forms a smooth, cut face. This location on the bilayer was then 

raised into the eucentric position, the stage was tilted to a 52˚ angle to make the specimen surface 

perpendicular to the focused ion beam, and patterning software was used to program the beam to 

mill in a ring.  

 
Figure 4.2. Schematic of FIB milling procedure to form cylindrical sample for TXM. 

 

The inner and outer diameters of the ring determined the diameter of the resulting pillar, 

how long the milling would take, and, to some extent, how easily and at what height the pillar 

could be severed from the bilayer. The most common inner diameter used was 30 μm, as this was 

the best balance between milling time and creating enough material to obtain useful X-ray 

microscopy data. The minimum difference between outer diameter and inner diameter was 25 μm, 

because although larger differences made for more convenient lift-out of the pillar, milling times 

were already in excess of seven hours with a 30 μm inner diameter and 55 μm outer. Using a 

smaller outer diameter was not attempted as the lift-out was not anticipated to be successful under 

those conditions.  

In conventional TEM lift-outs, it would be common to protect a delicate surface like the Li 

of the Li/LPS bilayer from being destroyed by the ion beam by depositing a protective layer of 
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platinum using the precursor gas system in the FIB/SEM. However, Li is reactive with Pt and can 

alloy with the pure metal, not even mentioning the unwanted side reactions that could occur with 

the gaseous Pt precursor with complex organic ligands. Therefore, the surface was left unprotected 

and some amount of loss of thickness in the Li layer, as well as gallium implantation from the ion 

beam, are expected. Once the pillar was milled by the ion beam, the stage was tilted back to a 0˚ 

angle so that the specimen surface was perpendicular to the electron beam. The FIB/SEM micro-

manipulator tool was then attached to a top edge of the freshly milled pillar via the Pt deposition 

tool, and the ion beam was used to sever the base of the pillar from the bilayer. 

 
Figure 4.3. Schematic of lift-out procedure for cylindrical Li/LPS sample for TXM. 

If the sample were not sensitive to air, the micro-manipulator could be removed from the 

FIB/SEM and used as both the mounting post and current collector for the in situ X-ray microscopy 

experiments. However, the freshly cut sample had to be mounted for X-ray microscopy without 

being exposed to air. Therefore, the bulk bilayer was mounted adjacent to a platform onto which 

the 30-50 μm pillar were transferred immediately after milling. 

The first iteration of this platform utilized a customized TEM grid holder (Fig. 4.4). Two 

aluminum faces were squeezed together by tightening a small screw. A small titanium grid was 

cut into quarters to expose a single post at the highest point and this quartered grid was held 

between the two aluminum faces. This titanium grid-post was the mounting post of the Li/LPS 
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cylinder and the bottom current collector for the Li/LPS cell. Electrical conductivity was 

maintained to the titanium post via connection with the aluminum of the grid holder. An isolated 

pad of copper placed on one side of the aluminum TEM grid holder formed the base for an 

electrical connection to the top of the cylindrical sample. On this copper pad, a small piece of 30-

50 μm diameter copper wire was adhered with colloidal silver paint and cured under a heat lamp 

to eliminate the volatile components of the paint. The free end of the copper wire was moved as 

close as possible to the top-most post of the quartered titanium grid. The micro-manipulator tool 

has a limited range of motion while the SEM sample stage is stationary and the connection between 

the copper wire and the top of the Li/LPS cylinder was greatly simplified by accurate placement 

of the wire. For similar reasons, the height of the post within the customized grid holder and the 

height of the flat SEM mount upon which the Li/LPS bilayer was originally placed were made as 

equal as possible. 

 
Figure 4.4. Customized platform for FIB/SEM preparation and in situ nano-scale tomography of 

30-50 μm cylinders of Li/LPS bilayer.  
 

The assembly was then moved to the glovebox, the Li/LPS bilayer was mounted adjacent 

to the TEM grid and as close to the same height position as the top of the titanium post as possible, 

and the whole platform was transferred to the FIB/SEM using the air-free transfer system. After 

the freshly milled pillar was severed from the Li/LPS bilayer, the micro-manipulator was used to 

move the pillar to the top of the titanium post. The pillar was attached to the titanium post with the 
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Pt deposition tool and was severed from the micro-manipulator with the ion beam. The micro-

manipulator was then Pt-deposition-attached to the loose end of the 50 μm diameter wire in order 

to push the wire into contact with the top of the Li/LPS pillar. A final connection was made with 

the Pt deposition system between the pillar and the wire, the micro-manipulator was disconnected 

from the wire with the ion beam, and the assembly was moved back to the glovebox in the air-free 

transfer box.   

 
Figure 4.5. A) FIB/SEM image of prepared cylinder after it was mounted on titanium grid post 

with Pt deposition tool. B) In-progress image of copper wire being attached to cylindrical sample 

with Pt deposition tool and tungsten micro-manipulator probe. 

 

Despite the lengthy preparation time, the high degree of manual dexterity required, and the fragility 

of the final samples, this FIB/SEM approach pushed the limit of samples that fit entirely within 

the field of view of the TXM.  

4.4.2 Internal tomography 

Considering the lengthy FIB-milling process and the fragility of assembled cell, an 

alternative approach to sample preparation was sought. Rather than fitting the entire sample inside 

the 30 μm field of view, a sample can be made larger than the field of view so long as a 30 μm 

volume can be reliably identified as a point to focus the microscope. This process is called internal 

tomography. As long as there is sufficient X-ray transmission, the resulting data are functionally 

the same as those from a 30 μm or smaller sample: the light from the in-focus field of view is 
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scattered onto the Fresnel zone plate which then diffracts the light back into a real space image. 

The X-rays will pass through much more material, but any regions that are outside the 30 μm of 

thickness around the focal point will be out of focus and not remain in view during rotation. The 

data reconstruction also uses the same algorithms; however, there will be extra intensity in the 

signal measured at the edges due to contributions from the extra material that was out of focus. 

The reconstruction algorithm used for these TXM data simply adds that extra intensity as a ring 

around the reconstructed volume. This bright ring can contribute to poorer imaging contrast but 

can be cropped out.  

As this approach was examined after the full field of view approach was underway, it also 

presented an opportunity to simplify and polish the platform upon which the cell would be 

assembled, cycled, and scanned. The customized TEM grid was replaced with printed circuit board 

(PCB) for higher quality electrical conductivity and the titanium post was replaced with a stainless-

steel post that was 0.5 mm at the base and sharpened to a tapered tip at the top (Fig. 4.6). This new 

platform was designed to be compatible both with internal tomography as well as the FIB/SEM 

approach if its other limitations could be overcome or avoided. 

 
Figure 4.6. Second generation platform for FIB/SEM or internal tomography preparation and in 

situ nano-scale tomography of Li/LPS bilayer. The half-millimeter-diameter steel tip tapers to a 

30 μm point at the top and connects to a PCB platform at the bottom. This platform can be 

unscrewed from the larger base. O-rings are present for making seals around the platform, but 

epoxy can be used to make a seal at the steel tip. 
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The preparation of internal tomography samples is straight-forward. The tapered steel tip 

of the PCB platform was covered with a 350 μm diameter polyimide capillary (Cole-Parmer 

Masterflex Transfer Tubing, 0.0135” inner diameter x 0.0155” outer diameter) and sealed with 

epoxy (Devcon 5 Minute® Epoxy) to make an air-tight seal. The platform with the attached 

capillary was moved into an argon glovebox. A 0.35 mm biopsy punch (EMS-Core Sampling 

Tool) was used to cut a 350 μm circle of Li/LPS bilayer and place the circle Li-side-down onto the 

top of the steel post. Rather than using a single 350 μm-thick wire, a piece of 18-gauge wire was 

stripped, unwound, and three or four strands were re-twisted to fit into the 350 μm capillary. The 

top of the capillary was then sealed shut with epoxy inside the glovebox. As the capillary was thin 

and Polyimide is not fully impermeable to water, the samples were kept inside a glovebox until 

immediately before a scan.  

An important component of internal tomography is determining a focal point. Although 

the TXM was capable of transmitting X-rays through all 350 μm of LPS material, no features in 

the LPS were distinguishable, as any region that occupied the 30 μm field of view was obscured 

by the out-of-focus material behind and before it. Therefore, the focal point had to be something 

other than the sample. Any object that was 30 μm or smaller could be used to focus the microscope. 

However, the process of reconstructing the 2D projections into a 3D volume required a more 

precise focal point. To identify a center of rotation for the reconstruction algorithms, the focal 

point had to be something that could be reliably identified with a spatial resolution of ~30 nm, 

meaning it should either be spherical or a cone with a 30 nm tip.  

Although the tapered tip of the steel post upon which the center of the sample rested was 

sharp enough to identify a 30 μm-diameter volume to scan, it was not sharp enough to reliably 

center the 2D projections during reconstruction. Also, a sharper tip, if mechanically possible, 
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risked puncturing the 30-μm thick Li or cracking the several-hundred-nanometers-thick LPS. Two 

alternatives were tried: a 50 μm diameter copper wire cut at an angle placed near the center of the 

sample and 100-200 nm gold nanospheres scattered on top of the steel post and/or on top of the 

top (LPS) side of the sample. For data collection, the copper wire was relatively simple to bring 

into focus and the synchrotron X-ray energy could be changed to just above the copper K 

absorption edge to maximize the X-ray absorption of the thin wire and therefore maximize the 

contrast between the wire and the LPS. In contrast, the inclusion of many gold nanoparticles made 

it difficult to find one isolated nanosphere that was not obscured by another at any point during 

the sample rotation. However, once one such location was located, bringing the sphere into focus 

was equally simple as for the copper wire. 

For both choices of focal point, in situ cycling was accomplished by performing one TXM 

scan on the uncycled sample, then carefully bending the top wire perpendicular to the sample to 

connect it to a Biologic SP-300 potentiostat with an alligator clip, connecting the steel post to the 

potentiostat via the banana plug that was built into the PCB platform, and applying 50-100 pA of 

current for 3-4 hours. A snapshot of cycling data for an internal tomography sample with a copper 

wire focal point is presented in Figure 4.7 on page 75. After cycling was complete, the potentiostat 

was disconnected, the top wire was carefully bent back up to avoid hitting the optics during sample 

rotation, and the TXM scan was repeated. Due to the length of the top wire, the stability of the 

base for the PCB platform, and the care taken when making the electrical connections, the sample 

was not jostled out of place and the microscope did not need to be re-focused.  
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Figure 4.7. Cycling data for internal tomography sample with copper wire focal point. The 

potentiostat is able to deliver 50-100 pA, resulting in a voltage response of approximately 3.5-4 

V. The input current is equivalent to a current density of 0.05-0.1 μA/cm2 if the current is flowing 

uniformly over the 350 μm sample. However, the steel tip of the platform’s bottom current 
collector is about 30 μm wide, which equates to a current density of 7-14 μA/cm2. The top current 

collector likely has an even smaller area of contact. 

 

4.5 Results and discussion 

X-ray microscopy images, reconstructions, and other results of TXM experiments are 

presented in this section. The X-ray characterization successes and failures of the two sample 

preparation approaches described in the Experimental section are discussed. 

4.5.1 Full field of view 

The FIB/SEM preparation method resulted in samples that were approximately 30 μm in 

diameter with top and bottom electrical connections for in situ cycling. However, the delicate 

electrical connections, particularly the 50 μm wire connected to the top of the pillar, could not 

reliably survive the shipping of samples from Golden, CO to the TXM at SSRL, located in 

California (Figure 4.8A, page 76). Additionally, the 30 μm pillars were incredibly sensitive to any 

air exposure, and while they were double-packed in an argon environment, there were serious 

concerns on whether these samples will withstand the required conditions during shipping for 

many hours.  
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Figure 4.8. A) 2D projection TXM image of FIB/SEM prepared cylinder. The bright pixels at the 

top-center of the cylinder is the platinum remaining after the connection to the copper wire was 

broken. B) 3D reconstruction of TXM images of FIB/SEM prepared cylinder. The dark pixels at 

the top-center are X-ray absorbing platinum. The interior volume of the cylinder appears white 

because the cylinder is hollow and was therefore X-ray transparent. 

 

Unfortunately, the damaged electrical connections meant that in situ studies were no longer 

possible. These samples were still analyzed ex-situ, providing initial evaluation of feasibility of 

these experiments. The first ex situ experiments found the lower limit of sample diameter and 

provided an opportunity to study the beam sensitivity of the LPS material. As shown in Figure 4.9 

on page 77, it was found that FIB/SEM samples less than 20 μm in diameter, although more 

expedient to prepare, were so thin that X-ray contrast between LPS and empty air was difficult to 

achieve, especially at sample edges. Air exposure, resulting in a chemical reaction between LPS 

and water to form H2S(g), may have also contributed to this lack of contrast. In this case, the lesser 

amount of material in a smaller cylinder meant the sample could be made completely X-ray 

transparent by more minimal air exposure. The LPS was found to not be beam sensitive to the X-

ray dosage applied in nano-CT experiments, during repeated scans of the same area or, as shown 

in Figure 4.10 (page 77), with repeated exposures of each angle during a single scan (a setting 

which improves signal-to-noise ratio).  

A B 
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Figure 4.9. 2D projection TXM image of a FIB/SEM prepared cylinder. The LPS material is so X-

ray transparent that it is difficult to distinguish where the sample is and where it is not. This 

transparency may be due to the sample being too thin, loss of LPS material due to water permeation 

of the argon environment, or a combination of the two. 

 

 
Figure 4.10. A) A single exposure 2D projection and B) a 5 exposure 2D projection collected an 

hour or so later. There are no visible changes due to beam sensitivity or water exposure. Increased 

contrast in B) is a benefit of improved signal-to-noise from collecting multiple exposures. 

 

Another sensitivity of concern for initial ex situ experiments was the water-permeability of 

the polyimide material used to maintain the argon environment around the nano-CT sample. To 

test the impact of water permeation through the polyimide layers, a sample was scanned 

immediately after being removed from the glovebox and scanned again at the same region many 

hours later (Fig. 4.11, page 78). It was determined that best practice was to remove samples from 

the glovebox immediately before they were placed in the TXM, but the air- and water-insulation 

of the set-up was reliable for several hours. If samples were exposed to air or water, either during 

shipping or through prolonged time outside of an argon environment, the decomposition reaction 
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of the electrolyte with water would result in loss of LPS material. In some cases, as in Fig. 4.4B, 

the outside of the material is preserved from this decomposition due to another undesired side 

reaction, gallium implantation from the focused ion beam, resulting in a hollow cylinder. 

 
Figure 4.11. A) A 2D projection taken within hours of sample removal from glovebox and B) a 

2D projection of the same sample after being left outside of the glovebox for ~14 hours. Contrast 

changes may be due to different sample positioning or beam changes but may also be due to LPS 

material loss due to water exposure. 

 

4.5.2 Internal tomography 

The product of the internal tomography TXM scans was a collection of 2D projection 

images at each angle in 180˚ of rotation. Regardless of the focal point used, these data alone are 

insufficient to understand Li/LPS behavior at the nano-scale. Changes with cycling are not visible 

in the 2D projection images where the behavior of 350 μm of material is averaged together at each 

pixel and much of it out of focus (Fig. 4.12, page 79). The only changes that would be visible in 

the projections would be dramatic changes in contrast that occurred throughout the entire cell 

diameter. Such changes did not occur. Therefore, the projection data must be reconstructed into 

3D volumes to see if the Li/LPS bilayer changed during cycling and for that, the 30 nm focal point 

is needed.  

At the reconstruction phase of the experiment, the copper wire proved challenging to 

utilize. It was difficult to find the tip of the copper wire with 30 nm spatial resolution in the 2D  
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Figure 4.12. 2D projection TXM images of the internal tomography sample with the gold 

nanosphere focal point collected after approximately A) 30 minutes, B) 45 minutes, C) 1 hour 25 

minutes, D) 1 hour 50 minutes, E) 2 hours 10 minutes, and F) 2 hours 30 minutes of cycling. 

 

projection images (Fig. 4.13A) and the assigned focal point in each image included significant 

error. The resulting reconstruction, one cross-sectional slice of which is shown in Figure 4.13B, is 

blurry and features are not easily identifiable. The technique did not yield the desired 30 nm spatial 

resolution and changes due to cycling could not be tracked. 

 
Figure 4.13. Reconstruction process for internal tomography sample with copper wire focal point. 

A) A single 2D projection image in the greyscale collected by the TXM. B) Slice from 3D 

reconstruction image showing bright regions (copper wire) and curved streaks due to imperfect 

alignment of 2D projections during reconstruction. 

 

Instead, the gold nanosphere was the more optimal focal point to use for reconstruction, as 

the center of the sphere could be found with assistance from image analysis programs. The auto 



81 

 

local thresholding feature of ImageJ was used to binarize the projections such that the edges of the 

nanosphere created a well-defined boundary of black and white pixels. Trial and error within the 

auto local thresholding settings found that Otsu’s method, with a parameter of 50, was optimal to 

accomplish this well-defined boundary (Fig. 4.14B). Next, the particle analysis function of ImageJ 

was used to approximate the boundary as an ellipse, calculate the center of that ellipse, and output 

the XY coordinates of the center in a table. These coordinates of the ellipse center were then used 

as the focal point in each 2D projection. The resulting reconstruction is high quality and has spatial 

resolution approaching 30 nm. However, since the placement of the gold nanoparticles was 

random, the identification of a sufficiently isolated sphere was difficult during data collection. In 

this case, the chosen nanosphere was either not near the sample or the features of the sample are 

indistinguishable at 30 nm resolution (Fig. 4.14C,D). Regrettably, it is far more likely that the 

nanosphere was unfortunately placed away from the sample and because the 350 μm of LPS was 

out of focus, it was impossible to realize the situation until after the experiment was concluded. 

 
Figure 4.14. Reconstruction process for internal tomography sample with gold nanosphere focal 

point. A) A single 2D projection image in the greyscale collected by the TXM. B) 2D projection 

image from (A) with local thresholding algorithm applied (Otsu method with parameter of 50). C) 

Slice from 3D reconstruction image showing gold nanosphere but no visible LPS features. D) 

Cropped slice from 3D reconstruction showing gold nanosphere but no visible LPS features. 

 

4.6 Summary and perspectives 

This chapter discussed the progress made towards in situ nano-tomography of Li/LPS cells 

using transmission X-ray microscopy. Motivations for pursuing nano-scale X-ray imaging were 
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presented, followed by discussion of challenges. First, a FIB/SEM approach to preparation of 

approximately 30 μm samples of Li/LPS bilayer with electrical connections to both layers was 

presented. However, the fragility of the resulting assembly prevented successful X-ray microscopy 

of such a sample. In the future, a similar sample prepared in a FIB/SEM with air-free transfer 

capabilities (including cryogenic temperature transfer capabilities) that was in local proximity to 

a synchrotron with a transmission X-ray microscope, may yield more positive results. The 

improvement to the design of the sample platform was also discussed, which may improve the 

chance of successful FIB/SEM preparations. The improved platform was also used for internal 

tomography, which was investigated as an alternative approach to FIB/SEM. The challenges of 

creating and utilizing 30 nm focal points for internal tomography was presented. While initial 

attempts were not successful at resolving features of interest, it was determined that controlled 

placement of isolated nanoparticles, perhaps through dispersion techniques, direct placement with 

a micro-manipulator, etc., will enable the more feasible reconstruction of the nanosphere focal 

point with the added ability to control which region of the sample is studied. Significant progress 

was made toward in situ experiments; however, operando cycling will require a more sophisticated 

consideration of the placement of electrical contacts. Additionally, a tomography scan takes tens 

of minutes, so one must consider the dynamics of the processes they wish to capture.  
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CHAPTER 5 

SUMMARY AND FUTURE DIRECTIONS 

5.1 Summary of impact 

 The work presented in the Chapters 2-4 has implications and value for scientists 

researching a variety of solid electrolyte systems, focusing both on advancing characterization and 

improving understanding of these devices. As highlighted in Chapter 1, both of these directions 

are highly motivated. In the solid electrolyte battery field, my work contributed to a broader 

understanding of the factors that impact lithium metal behavior in all-solid systems. I have also 

contributed through development of platforms for X-ray microscopy experiments with solid-state 

batteries. The advancements and processes reported in this document also hold value for other 

studies focused on X-ray microscopy characterization of other systems. By presenting both 

successes and failures, I provided valuable insights that can help others with similar 

characterization goals. My work provides both starting points and notes on pitfalls to avoid.  

 Chapter 2 represents a combination of characterization-centered and materials-centered 

contributions. The defect-expansion mechanism observed in β-Li3PS4 (LPS) at room temperature 

was consistent with observations under similar conditions in other experiments and in other solid 

electrolyte systems. This information has also been collected in review papers on dendrite growth 

and on techniques used to study solid electrolyte systems. This work was published two years ago, 

and now lithium-induced void expansion is well-recognized as one of the mechanisms by which 

solid-state electrolytes fail. The technique and platform for conducting similar experiments is also 

available to the field which is similarly well-aware of the usefulness of micro-CT. 

 The impact of Chapter 3 is largely realized through insights into material behavior, by 

conducting operando studies. The defect-expansion mechanism identified in Chapter 2 is well-
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known but high profile reports of other mechanisms of lithium migration, particularly lithium 

nucleation directly within the electrolyte have thrown uncertainty into the field.107 Therefore, the 

in-depth study of the factors that influence migration mechanism presented in Chapter 3 is a vital 

step to more nuanced understanding. This type of study has proved helpful in the liquid electrolyte 

field48 and similarly to Chapter 2, the work presented in Chapter 3 will undoubtedly prove equally 

useful. It will guide the experimental design of many future studies, encouraging others in the field 

to track the influence of temperature, confinement pressure, and initial defect state. 

 Finally, Chapter 4 presented early groundwork for a platform to greatly simplify collection 

of in situ nano-scale tomography data. This work is expected to influence the characterization of 

solid-state electrochemical systems, batteries or otherwise. The obstacles that have been overcome 

and the dead-end avenues of experimentation that have been found serve to downselect the next 

steps and will allow future studies to be successful in much shorter time frames. Additionally, the 

methodologies presented are equally useful for any solid-state electrochemical system, not only 

the β-Li3PS4 sulfide solid electrolyte system demonstrated herein.  

5.2 Future directions and perspective 

 The results presented in this work raise a multitude of questions and motivate future studies 

in many directions. Of particular interest from Chapter 3 is the sub-micron intermixing behavior 

observed between lithium and the solid electrolyte at elevated temperature. Now that the 

methodologies for nano-scale tomography have been created, it will be very impactful to re-create 

the elevated temperature experiments with greater spatial resolution. Equally of interest would be 

to re-create the experimental conditions that led to the inter-mixing behavior inside the vacuum of 

a scanning electron microscope and perform operando experiments on an exposed interface. The 

comparison of the tomographic data to the electron imaging would provide useful insight into how 
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behavior is affected not only by operating conditions but also by the conditions necessary to the 

chosen characterization technique. Due to its ability to distinguish lithium from void, electron 

imaging may be a useful technique for more refined post-mortem analysis of samples examined 

with micro-CT than was used in Chapter 2. By applying referential markers to the sample before 

tomography and carefully removing the sample from the operando cell, locations of interest 

identified by micro-CT can be examined by FIB cross-sectioning or otherwise ion milling a cycled 

cell to expose the interior to a surface-sensitive technique like SEM or even scanning probe 

microscopies. 

 Other interesting directions for future studies include using micro-CT to study polymer-

ceramic hybrid electrolyte systems with the same consideration of operating conditions as those 

applied in experiments described in Chapter 3. Studies of these hybrid systems are increasingly 

frequent as they combine the major benefits of both classes of solid electrolyte.50,108 In terms of 

the data that is retrieved by micro-CT, careful standardization of sample-to-detector distances, 

sample size, and inclusion of materials with known X-ray transmission properties as standards 

could enable more quantitative 3-phase segmentation. Standards that may be useful include Li 

metal, a precisely known volume of empty space within the argon environment of a sample holder, 

and a solid piece of material that is slightly more X-ray absorbing than the solid electrolyte. In the 

case of LPS, Ti metal may be appropriate. Another interesting future study would be to utilize the 

nano-scale tomography platform presented in Chapter 4 as a complementary technique for studies 

of lithium behavior in cryogenic transmission electron microscopes.76 As temperature has already 

been shown to play a role in lithium behavior, nano-scale tomography enables the understanding 

of how the behavior may differ from cryogenic conditions to room temperature to elevated 

temperature. In general, the micro-CT and nano-scale tomography platforms presented in this work 
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are adaptable and well-suited for study of the structure and morphology of many solid electrolyte 

batteries or all-solid electrochemical devices. Of all the other solid electrolyte systems, the garnet 

type electrolyte Li7La3Zr2O12 (LLZO) is among the most interesting to study with the nano-

tomography platform. TXM can provide chemical information if the incident X-ray energy is 

scanned through the X-ray absorption edge of an element of interest. While this is not possible for 

lithium, phosphorus, or sulfur in LPS, it is feasible for the lanthanum in LLZO. I hope and expect 

that this thesis will accelerate the edification of the lithium anode interface in solid electrolyte 

batteries through use of the microscopy approaches I have established. 
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