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SUMMARY 

 

 

Lithium-ion batteries are used in a broad range of applications from consumer 

electronics to electric vehicles. These applications are driving demand for increased 

battery capacity and improved safety. In this thesis, we investigate and engineer key 

battery components that can push battery performance to meet demand. 

This thesis presents several strategies to increase the energy density of lithium-

based batteries. The first strategy presented here is the use of lithium metal anodes. 

Lithium metal has the highest specific capacity of any anode material for lithium batteries, 

but its use in conventional batteries is associated with fire hazards due to its interaction 

with the liquid electrolyte. To overcome this challenge, we replace liquid electrolytes with 

solids. In the first part of this thesis, we use operando synchrotron X-ray imaging and 

analysis to study the interfacial phenomena between lithium metal and the solid electrolyte 

and uncover the role of protection layers, contact area and current constriction. 

The second strategy presented in this thesis is the use of alloying anode materials, such 

as germanium or silicon, instead of lithium metal. These materials offer lower capacity but 

are deemed safer than lithium metal. Alloying materials, however, undergo phase 

transformations that induce large volume changes and fracture, limiting their stability. In 

the second part of this thesis, we present an operando synchrotron X-ray examination of 

a germanium alloying anode at the single particle level to reveal the evolution of strain and 

stress across a sharp interface during lithiation of the material. 

Lastly, we present an engineering strategy to replace commercially-used current 

collectors with lighter and more cost-effective alternatives. This effort requires stabilizing 

the interface between new current collector materials and liquid electrolytes. Anode 



xiii 
 

current collectors in commercial batteries are made of copper and comprise around 10 % 

of the weight and cost of the battery while being an electrochemically inactive component. 

In the last part of this thesis, we develop new stabilized current collector materials resulting 

in improved energy density and reduced cost. 

The work presented in this thesis highlights the importance of understanding and 

controlling interfaces in lithium-based batteries, and it also provides important insight that 

can guide the development of the next generation of safe, high-capacity batteries.
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CHAPTER 1: INTRODUCTION 

 

 

Lithium-ion batteries have enabled the widespread use of portable electronics over 

the past 30 years. Advances towards the next generation of lithium-based batteries will 

enable mass adoption of electric vehicles and lower the costs of solar energy. Leveraging 

these technologies is essential in meeting even the most modest goals in reduction of 

carbon dioxide emissions set in the Paris agreement.1 Furthermore, affordable, high-

capacity batteries can be a practical answer to provide energy autonomy to regions 

disconnected from the grid. In countries like Colombia, about 5 % of the population lives 

in remote areas with only limited access to electricity.2 Robust energy storage systems 

can complement intermittent power sources like wind and sunlight power to enhance the 

quality of life in those areas. 

Next-generation lithium-based batteries will have higher capacity and lower cost 

without sacrificing safety. These are three intertwined and sometimes conflicting 

attributes. For example, the highest capacity is achieved when using metallic lithium, 

which often leads to safety risks. Metallic lithium is extremely reactive and it can induce 

undesired phase transformations across the different battery components. Such 

transformations shorten the lifetime of batteries and are often linked to safety hazards, 

such as short-circuits and explosions.3–5 This highlights the importance of understanding 

and developing strategies to mitigate or control these phase transformations. These phase 

transformations with undesired consequences can occur practically on any battery 

component,6–9 hence the necessity to look at next-generation batteries holistically.  

 
 

https://paperpile.com/c/Dskcyq/KHLY
https://paperpile.com/c/Dskcyq/nXS3
https://paperpile.com/c/Dskcyq/cWRf+Fwlj+nooH
https://paperpile.com/c/Dskcyq/g8my+5czx+xDwD+6qo8
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Figure 1.1. Battery components and their contribution to thickness, weight and cost of the 
battery unit. Typical values were used according to Nelson et al.11  

 
A typical lithium-ion battery has six components: a cathode, an anode, an 

electrolyte, a separator, and two current collectors. The cathode and the anode are the 

active components where electrons and lithium ions induce desired phase 

transformations. During charge, lithium ions are released from the cathode material, 

causing a phase transformation. At the same time, the anode incorporates those lithium 

ions with the accompanying phase transformation. The reverse reactions occur during 

discharge. Those lithium ions are transported from one electrode to the other through an 

electrolyte, which is embedded in a separator to prevent short-circuits. Lastly, electrons 

are transported from the electrodes to an external circuit using current collectors. Figure 

1.1 illustrates the relative contributions of each component to thickness, weight and cost 

of a typical lithium-ion battery. In terms of thickness, which is directly related to volumetric 

energy density, the active materials make up about 90 % of the thickness of the cell, but 

drop to 70 % when it comes to weight and cost.10,11 This raw analysis suggests that 

engineering both active and inactive components, such as electrolytes and current 

collectors, can enhance battery performance. 

https://paperpile.com/c/Dskcyq/Egan
https://paperpile.com/c/Dskcyq/itN2+Egan
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The key to the success of lithium-ion batteries since their commercial introduction 

by Sony in 1991 is cycling stability. This stability is achieved by using active materials that 

can be reversibly lithiated and delithiated. The active materials used in batteries today are 

graphite on the anode side, and layered oxides on the cathode side.11 The reason why 

they are so stable is that these materials have minimal mechanical changes during 

lithiation (<15 % volume change).12,13 Another important aspect of the stability of today’s 

batteries is that the anode reacts with the electrolyte to form a protective, self-limiting layer 

at the surface of the anode particles.14 This protective film, the solid electrolyte interphase 

(SEI) prevents the continuous decomposition of the electrolyte. 

Retaining cycling stability with higher-capacity battery materials is challenging. As 

a general rule, higher capacity means larger volume changes. Graphite, for example, has 

a capacity of 372 mAh/g. When it is lithiated, there is one lithium atom for every 6 carbon 

atoms, and the volume expansion is 13 %.15 On the other extreme there is lithium metal 

with a theoretical capacity of 3860 mAh/g and an infinite volume change upon 

plating/stripping. Alloying anode materials such as aluminum, germanium or silicon have 

intermediate theoretical capacities and volume expansions ranging from 90 % to 310 

%.16,17 For these materials, the large volumetric changes occur along with stress and 

fracture, which severely hinders cycling stability.6 A deeper understanding and 

engineering of these phase transformations is necessary In order to realize stable high-

capacity anodes. 

Different anode materials have different engineering strategies, but also share 

similar challenges. Alloying anodes, such as silicon, have been widely studied. Today, 

important aspects of the reaction mechanisms are well understood. In the cases of 

crystalline silicon or germanium, these materials are known to undergo a two-phase 

reaction in which an expanded amorphous phase forms on the outside of a crystalline, 

unreacted core.18,19 The expansion of the outer phase causes large amounts of stress.20 

https://paperpile.com/c/Dskcyq/Egan
https://paperpile.com/c/Dskcyq/zIPt+Pafi
https://paperpile.com/c/Dskcyq/OyJS
https://paperpile.com/c/Dskcyq/teSb
https://paperpile.com/c/Dskcyq/WIQl+YnEg
https://paperpile.com/c/Dskcyq/g8my
https://paperpile.com/c/Dskcyq/HsYG+ajad
https://paperpile.com/c/Dskcyq/euMb
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The strategies to mitigate the impact of that stress include controlling particle size and 

engineered nanostructures.21,22 These strategies cannot be directly translated to lithium 

metal. In the case of lithium metal, the main enemy is not fracture of the anode material, 

but dendritic plating and short-circuits.4 The engineering strategies on this front are 

engineered electrolytes (solid and liquid), and engineered current collectors.23–25 The 

challenges shared by alloying anodes as well as lithium metal anodes have to do with 

interfacial phase transformations. In the case of alloying anodes this is manifest in the 

form of stress and fracture of the active material, and in the case of lithium metal anodes, 

in the form of electrolyte decomposition, short-circuits, loss of contact, and fracture of the 

solid electrolyte.  

The goals of this thesis are to understand and control interfacial phase 

transformations at the anode in next-generation lithium-based batteries. To understand 

these phase transformations, we used synchrotron X-ray techniques to probe the 

interfacial evolution of solid electrolytes in contact with lithium metal as well as the stress 

evolution in single-particle alloying anode materials. To control some of those interfacial 

reactions around the anode we used thin film protection layers. These protective layers 

were successfully implemented to extend the stability of solid electrolytes and current 

collectors. The work presented on this thesis advances the science and engineering of 

various material components of next-generation lithium-based batteries. 

1.1: Solid Electrolytes 

Conventional lithium-ion batteries use a liquid electrolyte composed of a lithium 

salt and an organic solvent to transport lithium ions from one electrode to the other. This 

liquid electrolyte has been engineered to be stable during battery operation and have high 

ionic conductivity, which in turn allows for high current densities during charge and 

https://paperpile.com/c/Dskcyq/IWlz+RGLW
https://paperpile.com/c/Dskcyq/Fwlj
https://paperpile.com/c/Dskcyq/7U8l+Eaen+Dxmf
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discharge.26 The stability of the liquid electrolyte is largely due to the formation of a solid 

electrolyte interface (SEI) at the anode surface. This SEI is a product of the reduction of 

the liquid electrolyte due to the low chemical potentials at the anode. The composition and 

structure of the SEI is still a subject of active research and it has been shown to be a 

heterogeneous mixture of organic compounds and inorganic salts.14 In the case of 

graphite, although the SEI is highly stable, it can account for 50 % of capacity loss.14 In 

anode materials with more substantial volume changes upon lithiation and delithiation, the 

SEI is broken and regenerated at every cycle, leading to sustained capacity losses.27  

In the case of lithium metal anodes, liquid electrolytes present greater challenges. 

On the one hand, the infinite volume change due to plating and stripping of lithium can 

lead to more capacity losses when new lithium is exposed to the liquid electrolyte to form 

new SEI.28 On the other hand, the properties of the SEI are also linked to the morphology 

of lithium plated.23,28 Non-uniform lithium plating/stripping leads to dead lithium (lithium 

deposits disconnected from the electrode) and dendrite formation.29 Dendrites can grow 

long enough to short-circuit the battery and induce thermal runaway, which can cause fires 

and explosions.30 

Solid electrolytes are an alternative to circumvent the safety and efficiency 

challenges posed by liquid electrolytes and enable the use of lithium metal anodes. Solid 

electrolytes were thought to prevent short-circuits by mechanically blocking the passage 

of lithium dendrites.31 However, several types of solid electrolytes exhibit dendrite 

formation even at low current densities.32,33 The mechanisms for dendrite formation in solid 

electrolytes are still not well understood. Current density concentrations and high electrical 

conductivity of the solid electrolyte are common among the proposed mechanisms.32,34 

Beyond short-circuits, solid electrolytes present other challenges related to phase 

transformations at the interface with the lithium metal anode. 

https://paperpile.com/c/Dskcyq/odqa
https://paperpile.com/c/Dskcyq/OyJS
https://paperpile.com/c/Dskcyq/OyJS
https://paperpile.com/c/Dskcyq/dkIz
https://paperpile.com/c/Dskcyq/OYN0
https://paperpile.com/c/Dskcyq/OYN0+7U8l
https://paperpile.com/c/Dskcyq/ItRy
https://paperpile.com/c/Dskcyq/HiKA
https://paperpile.com/c/Dskcyq/O8AQ
https://paperpile.com/c/Dskcyq/aDMQ+7qDD
https://paperpile.com/c/Dskcyq/aDMQ+LYq9
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A practical way to categorize solid electrolytes is by their (electro)chemical stability 

versus lithium metal. Following this classification, a solid electrolyte can: 1) be 

thermodynamically stable versus lithium and not form secondary phases; 2) react with 

lithium to form a self-limiting secondary phase; or 3) react with lithium to form a secondary 

phase that grows continuously.35 There are no solid electrolytes that fall under the first 

category due to the high reactivity and low chemical potential of lithium metal. Solid 

electrolytes that fall under the second category have been shown to enable the growth of 

lithium dendrites even at moderate current densities.32–34 The reason why the secondary 

phase (or interphase) is self limiting is because it is ionically conductive and electrically 

insulating, blocking the flow of electrons to further reduce the solid electrolyte. This 

interphase is analogous to the SEI in liquid electrolytes. Solid electrolytes in the third 

category form an interphase that is both ionically and electronically conductive, causing 

the phase transformation to progress and consume the bulk of the solid electrolyte.36 The 

interphase can have lower ionic conductivity than the solid electrolyte and increase the 

impedance of the cell and also induce fracture due to volume changes.37 

Mitigating or preventing the undesired phase transformations in unstable solid 

electrolytes broadens the selection of low cost solid electrolytes for lithium metal batteries. 

A prominent strategy is the use of artificial protection layers. These protection layers have 

been used to improve contact between lithium and the solid electrolyte as well as to block 

the reduction of the solid electrolyte.38 Key attributes of common protection layers reported 

in the literature is that they need to be inert versus lithium, good ionic conductors and 

block electron transport: the same attributes of an ideal solid electrolyte.38 This approach 

has led to moderate success in unstable solid electrolyte systems, but has not solved the 

problem yet, as discussed in detail in chapter 2. In that chapter, we present a substantially 

different approach. Instead of using an electronic insulator or an alloying material to 

improve lithium contact, we use an inert metal, Cr, with the goal of controlling the growth 

https://paperpile.com/c/Dskcyq/WuTd
https://paperpile.com/c/Dskcyq/aDMQ+7qDD+LYq9
https://paperpile.com/c/Dskcyq/jVOl
https://paperpile.com/c/Dskcyq/POWa
https://paperpile.com/c/Dskcyq/DlB9
https://paperpile.com/c/Dskcyq/DlB9
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trajectory of the interphase, instead of preventing its formation altogether. Using this 

mitigation strategy, we extended the cycling stability of a solid electrolyte by a factor of 8 

in full cells. 

Controlling these phase transformations in unstable solid electrolytes requires a 

deeper understanding of the dynamics of the interface between lithium and the solid 

electrolyte. With that goal, we used synchrotron X-ray tomography to image symmetric 

cells (lithium-solid electrolyte-lithium) in operando. Our experiments revealed the 

progressive growth of interphase instead of lithium plating as well as a correlation between 

contact area and cell voltage. Chapter 3 deals with this matter in thorough detail and also 

presents a semi-quantitative model that reveals the impacts of current constriction on the 

distribution of local current densities. Our findings indicate that when contact becomes 

more ‘spotty’ and the net contact area is reduced, the local current densities increase 

dramatically along with the observed cell voltage. Since loss of contact is common across 

all types of solid electrolytes, this conclusion can guide strategies to prevent failure of 

stable and unstable solid electrolytes. 

1.2: Alloying Anodes 

While lithium metal anodes have the highest theoretical capacity of any anode 

material for lithium batteries, alloying anodes offer high capacities and lower inherent risks. 

Alloying anode materials such as germanium or silicon have theoretical capacities 5 - 10 

times higher than graphite electrodes.6,19 These alloying materials react with lithium to 

form lithium-rich phases such as Li15Ge4 or Li15Si4 at electrode potentials that are close to 

but higher than the potential for lithium plating.20 This means that the difficulties associated 

with lithium plating and stripping are removed, and that solid electrolytes that decompose 

at lithium potentials could be stable against alloying anode materials. 

https://paperpile.com/c/Dskcyq/ajad+g8my
https://paperpile.com/c/Dskcyq/euMb
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The high capacity of germanium or silicon come at the penalty of a large volume 

expansion. In the case of silicon, for example, the volume change is about 310 % upon 

lithiation.16 Besides the large volume change, the reaction mechanism involves a two-

phase reaction with an atomically sharp interface between an amorphous lithiated phase, 

and the pristine crystal.20 The difference in properties at the interface causes additional 

strain to the reacting material and leads to fracture.7,20 When fracture occurs, the freshly 

exposed anode material can react with the surrounding liquid electrolyte to form SEI or 

get disconnected and become inactive. This occurs at every cycle, causing rapid capacity 

fade.22 

Many aspects of the lithiation mechanisms of alloying anode materials are well 

understood. The trajectory of phase changes is well documented: the pristine crystal 

gradually transforms into amorphous LixGe (or LixSi) and Ge and crystallizes into Li15Ge4 

towards the end of the lithiation process.39 Electron and X-ray microscopy have revealed 

the morphology, reaction mechanism and fracture of single particles;19,40 and ensemble X-

ray and Raman measurements have been used to quantify average strain evolution during 

lithiation.39,41 All of these elements are necessary in order to engineer electrode 

architectures that can mitigate the negative impacts of the large volume expansion of 

alloying anodes. An important piece that was missing was the strain evolution at the single 

particle level. In chapter 4 of this thesis, we present a synchrotron X-ray investigation on 

single-particle germanium anodes. The technique used was operando Bragg coherent 

diffraction, which enabled us to track the crystalline unreacted core of individual 

germanium particles in reciprocal space and measure small changes in lattice spacing 

during reaction. These observations provide a fundamental understanding of a moving 

two-phase interface that sweeps across a particle during electrochemical reaction, and 

will facilitate the engineering of electro-chemo-mechanically robust alloying anodes. 

https://paperpile.com/c/Dskcyq/WIQl
https://paperpile.com/c/Dskcyq/euMb
https://paperpile.com/c/Dskcyq/euMb+5czx
https://paperpile.com/c/Dskcyq/RGLW
https://paperpile.com/c/Dskcyq/h4Wa
https://paperpile.com/c/Dskcyq/2m8S+ajad
https://paperpile.com/c/Dskcyq/h4Wa+20QE
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1.3: Current Collectors 

The technological relevance of using high capacity anodes such as lithium metal 

or alloying materials is that they can bring significant improvements in energy density. The 

volumetric energy density gain from combining solid electrolytes and lithium metal can be 

as high as 58 % and 30 % for silicon-based alloying anodes.10 However, other inactive 

components of the battery can also be optimized to obtain higher energy density. As 

shown in Figure 1.1, inactive components such as the current collectors can be as much 

as 15 % of the weight and cost of a battery, and about two thirds of this weight and cost 

come from the anode current collector alone. This suggests that engineering the anode 

current collector can significantly impact the overall energy density of next-generation 

batteries. 

Anode current collectors are made of copper owing to its electrochemical stability, 

electrical conductivity and cost. Other materials that are electrochemically stable at the 

low potentials of lithiated anodes include iron, stainless steel, nickel and chromium.42,43 A 

common characteristic shared across these materials is that they do not react with lithium 

at room temperature to form alloys, which makes them thermodynamically stable at low 

electrochemical potentials. This is in contrast to lighter metals such as aluminum, which 

is used as the cathode current collector, that readily alloy with lithium.8,17 Replacing copper 

with lighter and less costly metals would improve the energy density and cost of 

commercial lithium-ion batteries as well as next-generation lithium batteries. However, the 

choice of anode current collector materials is limited by their electrochemical stability at 

low potentials. 

The challenge of extending the stability of materials in the vicinity of the anode is 

at the core of this thesis. The previous experience using interfacial protection layers for 

solid electrolytes suggests that it is possible to increase the stability of materials in contact 

https://paperpile.com/c/Dskcyq/itN2
https://paperpile.com/c/Dskcyq/xUKW+Gd5u
https://paperpile.com/c/Dskcyq/xDwD+YnEg
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with lithium. In chapter 4, we use an interfacial protection layer to extend the stability of 

aluminum anode current collectors. In contrast to the case of solid electrolytes, where ionic 

conduction was necessary, the interlayer to protect the current collector needs to block 

lithium conduction and only allow electrons to flow. We found that a sub-micron protective 

film is sufficient to prevent the electrochemical reaction of aluminum at very low potentials 

for hundreds of hours. Implementing this strategy, it will be possible to increase the overall 

gravimetric energy density of commercial Li-ion batteries by up to 6 % from the current 

collector alone. 

1.4: Layout of this Dissertation 

The body of this document is split into 4 chapters, the first two focused on solid 

electrolytes, the next one on alloying anodes and the last one on current collectors. The 

logic behind this arrangement is to first introduce the work on the most sought-after battery 

technology, lithium metal anodes, then go in decreasing order of projected gains in energy 

density. At the same time, chapter by chapter, we present different aspects of battery 

technologies that are closer and closer to real-life implementation. Chapter 2 deals with a 

strategy to extend the interfacial stability of a solid electrolyte that is electrochemically 

unstable in contact with metallic lithium. In Chapter 3, we dive deeper into the 

understanding of interfacial phenomena at the boundary between lithium and solid 

electrolytes using synchrotron X-ray tomography. After this, alloying anodes are presented 

as an alternative to lithium metal anodes which is closer to widespread use. In Chapter 4, 

we use synchrotron X-ray diffraction to probe the strain evolution in an alloying anode at 

the single particle level. The last chapter before the conclusions and recommendations 

presents the technology developed in this thesis that is closest to commercial 

implementation in lithium-based batteries. Chapter 5 presents a protective layer that 
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enables the use of aluminum current collectors as a cheaper and lighter alternative to the 

incumbent technology. 
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CHAPTER 2: ENGINEERING THE SOLID ELECTROLYTE-LITHIUM 

INTERFACE* 

 

 

2.1: Introduction 

Solid state batteries (SSBs) are a promising alternative to conventional liquid-

electrolyte-based cells for enabling high-capacity Li metal anodes, which have long carried 

safety risks when used in liquid electrolytes.1,2 Replacing liquids with solid-state 

electrolytes (SSEs) reduces the risk of thermal runaway and may inhibit Li filamentary 

growth3, which could enable the use of Li metal anodes. Significant progress has been 

made in developing SSE materials with ionic conductivity >0.1 mS cm-1,4–9 which is 

comparable to liquid electrolytes. However, most SSEs are thermodynamically unstable 

in contact with lithium metal, and they react to form new phases (an interphase) when in 

contact with Li.10-12 In some cases, the growth of the interphase is kinetically limited and 

thus passivates the interface, which can result in relatively stable cycling.13–15 In many 

SSEs with high ionic conductivity, such as some sodium super-ionic conductors 

(NASICON) and various sulfide Li-SSEs, the interphase is instead a mixed ionic-electronic 

conductor (MIEC).16,17 MIEC interphases can grow continuously during cycling since both 

electrons and ions can be transported to react with the underlying SSE. The growth of 

https://doi.org/10.1149/2.0032005JES
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such interphases can cause fracture of the SSE, severely limiting operational current 

densities and cycle life for batteries with this type of SSE.18–20 

NASICONs are attractive materials for SSBs despite the challenges they present. 

In contrast to sulfides and garnets, NASICONs such as Li1+xAlxGe2–x(PO4)3 (LAGP) and 

Li1+xAlxTi2–x(PO4)3 (LATP) are stable in ambient air and even in water.21,22 As a 

consequence, processing is significantly simpler and more battery chemistries are 

enabled, such as Li-air batteries.23 However, the interfacial reaction between some 

NASICON SSEs and Li generates a large volume expansion which causes mechanical 

degradation.18,24 In the case of LAGP, it has been shown that the pristine material is 

continuously reduced, forming an amorphous interphase18 containing metallic 

germanium.16 The morphology of the interphase has been observed to play a key role in 

chemo-mechanical degradation and cell failure. At higher current densities (>~0.5 mA cm-

2), the interphase tends to grow with a filamentary morphology instead of the planar 

morphology found at lower current densities (~0.1 mA cm-2), and fracture and failure are 

accelerated.18 Using in situ x-ray tomography, we have shown that it is the mechanical 

degradation of LAGP that is responsible for cell failure due to increased impedance, rather 

than the impedance of the growing interphase itself.19 With these recent findings in mind, 

it is clear that preventing or controlling the reaction process at the Li/SSE interface is 

critical for further development of these materials for Li metal SSBs. 

The guiding principle to extend cycle life of unstable SSEs, including NASICON 

materials, is to prevent direct contact between Li and the SSE. This principle has led to 

the investigation of thin protection layers on SSEs,25–31 layering of different SSEs,32–34 and 

embedding the SSE into polymeric matrices.35,36 These approaches have resulted in 

varying degrees of improvement in stability. In principle, the protective layer between Li 

metal and the SSE should enable ion transport but prevent electron transport to impede 

the electrochemical reduction of the SSE.37,38 Surprisingly, electronically-conducting 
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protective layer materials, such as Ge29 and Al,30 have recently been shown to significantly 

increase cycle life at moderate current densities (0.1 - 0.3 mA cm-2) at room temperature. 

Despite this improved performance, there has been no comprehensive investigation of the 

underlying mechanisms by which these electronically-conducting protection layers 

improve stability. 

Here, we demonstrate that thin Cr protection layers between Li and LAGP extend 

stable cycling times by more than an order of magnitude (from ~30 h to >1000 h), and we 

also show that this improved stability is due to altered morphological growth trajectories 

of the interphase instead of complete prevention of interphase growth. We attribute the 

observed uniform growth of the interphase region and improved chemo-mechanical 

stability of the interphase region to the ability of the vapor-deposited Cr films to mitigate 

non-uniformities in ion transport near the interface, which can cause irregular growth and 

cell failure. A variety of electrochemical techniques, in conjunction with x-ray photoelectron 

spectroscopy (XPS) and scanning electron microscopy (SEM), support these conclusions. 

Beyond demonstrating unprecedented electrochemical stability for the Li/LAGP interface, 

these results indicate that stable performance may be attained through interface 

engineering specifically designed to control interphase formation in a variety of unstable 

materials. 

2.2: Methods 

Synthesis: LAGP was synthesized following a procedure similar to that in our 

previously reported work.18 0.8 M germanium ethoxide (Alfa Aesar, 99.995 %) and 0.2 M 

citric acid (Sigma-Aldrich, 99.5 %) were mixed in deionized water at 80 °C. After 20 h of 

stirring, stoichiometric amounts of lithium nitrate (Alfa Aesar, 99 %), aluminum nitrate 

nonahydrate (Alfa Aesar, 98 %) and ammonium phosphate (Sigma-Aldrich, 98 %) were 
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added to the solution. After 30 min, ethylene glycol (Sigma-Aldrich, 99 %) was added to 

the solution in a 1:1 molar ratio with citric acid (Sigma-Aldrich, 99 %). Then, the 

temperature was sequentially raised to 120 °C and 150 °C and held for 30 min at each 

temperature. The mixture was then held at 170 °C until dry. After drying, the powder was 

calcined and annealed in a tube furnace in ambient air at 500 °C for 4 h and then 800 °C 

for 5 h. The annealed powder was ball-milled and re-heated to 500 °C for 4 h in order to 

burn off residue from the ball milling. The burnt-off powder was then ground using a mortar 

and pestle and uniaxially pressed into pellets. The pellets were sintered in air at 900 °C 

for 6 h with a heating rate of 2 °C min-1. The pellets were polished using hexylene glycol 

(Allied) as a lubricant and diamond paper (Thorlabs) with grit sizes of 30 μm, 6 μm, 3 μm 

and 1 μm. After polishing, the pellets were heat treated at 675 °C for 3 h with a heating 

rate of 2 °C min-1. 

Protection layers: Thin films of Cr were sputtered using a Unifilm Sputtering 

system. DC magnetron sputtering was performed under argon at a current of 0.045 A and 

a voltage of 98 V (approximate power of 4.41 W) using a 3-in Cr target (Kurt Lesker, 99.95 

%). The base pressure was below 8x10-6 Torr and the process pressure was 5x10-3 Torr. 

The deposition rate was fixed at 0.1 nm min-1 and the final thickness was typically 30 nm, 

although 5 nm and 60 nm were also used. 

A custom-built ALD system was used to deposit thin films of Al2O3. Trimethyl 

aluminum (Sigma-Aldrich, 97 %) and DI water were used as precursors, and nitrogen was 

used as the carrier gas. The process temperature was 150 °C, the process pressure was 

0.33 Torr, and the base pressure was below 0.06 Torr. The carrier gas flow rate was 20 

sccm and the open and closed valve times for both precursors were 20 ms and 25 s, 

respectively. These conditions ensured a deposition rate of 1 Å per cycle. All depositions 

studied were run for 60 cycles. 
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Symmetric cells: Bare and Cr-protected Li/LAGP/Li symmetric cells were 

fabricated using pellets that had been polished on both sides. In an argon-filled glove box, 

lithium disks (Sigma-Aldrich, 99.9 %) with area of 0.486 cm2 were cleaned and pressed 

on either side of the pellets. 2032 coin cells were assembled following this stack sequence: 

conducting foam, steel spacer, pellet with pressed lithium on both sides, steel spacer. The 

coin cells were pressed at 500 psi using a crimper. All symmetric cells were conditioned 

by cycling at 0.1 mA cm-2 for 5 min in each direction over 16 h. Electrochemical impedance 

spectra were collected in the range from 3 MHz to 2 Hz before and at different times during 

cycling using a Bio-Logic SP-200 potentiostat. Galvanostatic cycling (and conditioning) 

was completed using a Bio-Logic VMP3 potentiostat at room temperature. 

Open-top cells: Open-top cells were fabricated as shown in Figure 4.4a. Pellets 

polished on both sides and coated with 30 nm Cr or 30 nm Cr on 6 nm Al2O3 were used 

for open-top cells. Only one side of the pellet was initially in contact with a lithium disk of 

0.486 cm2 area, and the other side was open to the argon atmosphere in the glove box. A 

discharge current density of 0.1 mA cm-2 was applied for 50 min using a Bio-Logic VMP3 

potentiostat at room temperature. 

Full cells: Bare and Cr-protected Li/LAGP/LFP full cells were fabricated using 

pellets that had been polished on one side. The solid-state LiFePO4 (LFP, MTI Corp.) 

cathode was made from an acetonitrile (Sigma-Aldrich, 99.8 %) slurry containing LFP, 

polyethylene oxide (PEO, 5 million M.W., Sigma-Aldrich), LiTFSI (Sigma-Aldrich, 99.95 

%), and Super P carbon powder (MTI). PEO and LiTFSI were dissolved in acetonitrile in 

an 8:1 molar ratio before mixing with the other components. The composition of the slurry 

was 20 wt.% PEO-LiTFSI, 10 wt.% Super P carbon powder, and 70 wt.% LFP. The slurry 

was drop-cast onto the unpolished side of the LAGP pellet in the glove box, and a lithium 

disk was pressed onto the polished (bare or protected) side of the pellet. The full cells 
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were galvanostatically cycled at a temperature of 60 °C with voltage limits of 2.5 V and 

4.0 V. 

LAGP as electrode: Half-cells with LAGP as the working electrode containing a 

liquid electrolyte were fabricated to study the electrochemistry of LAGP. LAGP slurries 

were made by mixing unsintered LAGP (70 wt. %), Super P carbon powder (20 wt. %), 

and PVDF-HFP (Kynar Flex) (10 wt.%) in N-Methyl-2-Pyrrolidone (Sigma-Aldrich, 99.5 %). 

The slurries were drop-cast on a copper foil and evenly spread using a doctor blade. Half-

cells were made in 2032 coin cells using metallic lithium as the counter/reference 

electrode and 1.0 M LiPF6 in 1:1 ethylene carbonate:diethyl carbonate (Sigma-Aldrich, 

battery grade) as the electrolyte. The cells were pressed and sealed inside an argon-filled 

glove box. Cyclic voltammetry (CV) and galvanostatic cycling were performed on these 

cells using a Bio-Logic VMP3 potentiostat at room temperature. 

Characterization: Symmetric and full cells were studied ex situ using scanning 

electron microscopy (SEM). Cross-sectional SEM images were obtained by breaking the 

LAGP pellet after cycling (whenever Cr was used) or by using the pieces from fractured 

pellets if fracture occurred during electrochemical cycling (this was common for bare 

LAGP). The samples were exposed to air for less than 20 s to transfer them into the SEM. 

Given the significant changes in morphology due to interphase growth (on the order of 

tens of microns), we do not expect the short air exposure to affect the interpretation of the 

SEM data. The instrument used was a Zeiss Ultra60 FE-SEM with an accelerating voltage 

of 5 or 10 kV. 

The open-top cells were analyzed using X-ray photoelectron spectroscopy (XPS) 

to determine the presence of lithium on the surface of the pellets. XPS was performed 

using a Thermo Scientific K-Alpha system with a monochromatic Al Kα source. The spot 

size was 400 μm in diameter and the X-ray gun power was 15 W. The analyzer was set 

with a dwell time of 100 ms and a pass energy of 50 eV with a resolution of 0.05 eV. The 
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surface of the sample was flooded with slow electrons and Ar+ ions using the flood gun to 

compensate for surface charging. The base pressure was 4.5x10-8 Torr, and it never 

exceeded 1.8x10-7 Torr during analysis. All the samples were transferred from the glove 

box to the XPS chamber using a vacuum transfer holder that kept the sample sealed 

without exposure to air during the transfer.  

2.3: Results and Discussion 

 

Figure 2.1. Electrochemistry of symmetric cells with and without Cr protection layers. a) 
Galvanostatic cycling of a symmetric Li/LAGP/Li cell with bare interfaces at 0.2 mA cm-2. 
b) Galvanostatic cycling of a symmetric Li/LAGP/Li cell with 30 nm of Cr at both interfaces 
at 0.2 mA cm-2. c, d) Magnified view of cycling of the two cells at different times, with (c) 
showing curves from both cells and (d) showing only the protected cell at longer times. e) 
Electrochemical impedance spectra of the cell presented in b collected at various times 
throughout cycling. f) Comparison of the evolution of total cell impedance over time among 
various cells, with the impedance plotted on a logarithmic scale. This plot shows the cell 
in panel (b) with 30 nm Cr interface layers cycled at 0.2 mA cm-2 (black circles), an identical 
cell through which no current was applied (empty triangles), a cell without any protection 
or current applied (red triangles), and an unprotected cell at 0.2 mA cm-2 (empty red 
circles). 
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As shown in Figure 2.1, the use of Cr as a protection layer significantly extends 

the cycling duration of symmetric Li/LAGP/Li cells. Without the Cr layer, the symmetric cell 

with bare LAGP cycled for a total of 25 h before reaching the voltage limit of 2 V (Figure 

2.1a). In contrast, the symmetric cell with Cr on both sides of the LAGP cycled for 850 h 

at the same current density and similar overpotentials (Figure 2.1b). Our previous report 

on cycling of bare LAGP within symmetric cells also showed lifetimes of ~30 h at current 

densities of 0.2 mA cm-2.18 Other protection layers, such as Al and Ge, have also shown 

improved cycling up to 200 h at current densities between 0.1 and 0.3 mA cm-2.29,30 We 

note that Cr is not expected to react with Li to form an alloy at room temperature,39 as 

opposed to Al or Ge.40–43 For this reason, we expect that Cr will remain as a thin film at 

the interface without reacting, and it will not diffuse into the Li metal electrode. The results 

in Figure 2.1b are among the longest cycling reported for LAGP in symmetric Li/Li cells at 

these moderate current densities, as seen in Table 2.1. Figure 2.1c, d show magnified 

views of the galvanostatic curves from cycling at shorter times (Figure 2.1c) and longer 

times (Figure 2.1d). The shape of the curves with and without Cr are distinct in Figure 

2.1c, with the Cr-free cell featuring flatter curves. The shape of the curves from the cell 

with Cr are relatively stable over time (Figure 2.1d). 

Table 2.1. Performance benchmarks for protection layers in NASICON symmetric cells. 

Solid 
Electrolyte 

Protection 
Layer 

Current 
Density 

(mA cm-2) 

Temperature 
(°C) 

Symmetric 
Cell Cycling 
Duration (h) 

Reference 

LAGP Cr 0.2 RT 850 This work 

LAGP Cr on Al2O3 0.2 RT 1200 This work 

LAGP Ge 0.3 RT 200 29 

LATP BN + PEO* + 
PEGDE** 0.3 60 500 26 
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Table 2.1. continue 

Solid 
Electrolyte 

Protection 
Layer 

Current 
Density 

(mA cm-2) 

Temperature 
(°C) 

Symmetric 
Cell Cycling 
Duration (h) 

Reference 

LATP 

Modified Li SEI 
+ Li3PO4 + 

liquid 
electrolyte 

0.05 RT 200 27 

LATP Al2O3 0.01 RT 500 28 

LATP ZnO 0.2 RT 1000 44 

LAGP Amorphized 
LAGP 

0.1 
1 

60 
80 

200 
40 34 

LAGP LiPON 0.1 
1 

60 
80 

200 
40 34 

LAGP Al 0.1 50 150 30 

 

Figure 2.2. Impedance spectra of LAGP with various deposited protection layers and Li 
on both sides before cycling. a) Bare LAGP compared to LAGP with 30 nm of Cr. b) 30 
nm of Cr 6 nm of Al2O3. c) 5 or 60 nm of Cr deposited onto 2 nm of Al2O3. d) 5 nm of Cr 
deposited on 12 nm Al2O3. The thickness of Cr did not affect the initial impedance, but the 
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thicker Al2O3 leads to increased impedance. Notice the differences in the spectra shown 
in (a) - (c) are minor and are within sample-to-sample variation. 

 

Figure 2.1e shows electrochemical impedance spectra collected at different times 

during cycling of the Cr-protected cell in Figure 2.1b. The initial impedance spectra of bare 

and Cr-protected LAGP are very similar (Figure 2.2). Both exhibit one semicircle in the 

frequency space surveyed, which is typical for LAGP.18,19 Total impedance is thus reported 

here since this metric defines the performance of the cells. The cell impedance remained 

relatively low during cycling and slowly increasing over time, but the impedance suddenly 

increased to ~90 kΩ cm2 over the last 75 h of cycling. This is likely due to mechanical 

fracture of the LAGP driven by the continuous formation of the interphase, as previously 

shown in unprotected cells.18,19 Figure 2.1f shows the cell impedance over time for this Cr-

protected cell and another Cr-protected cell with no current applied. This plot also shows 

impedance data from two different symmetric cells with bare interfaces; one was operated 

at 0.2 mA cm-2 and the other had no current applied. Interestingly, Figure 2.1f shows that 

the increase of impedance over time for the Cr-protected cell cycled at 0.2 mA cm-2 

followed a trajectory similar to that of the identical cell without any current applied. In both 

cases, the impedance of these Cr-protected cells increases at roughly the same rate 

during the first ~650 h, resulting in a much higher impedance at the end of the 

experiments. The magnitude of the impedance of the Cr-protected cell at zero current is 

slightly higher than the cell at 0.2 mA cm-2 during the first ~650 h, but this is due to sample-

to-sample variation. We note that interphase formation can still occur without applied 

current through direct chemical reaction, and bare LAGP has shown substantially 

improved chemo-mechanical stability under such conditions compared to when current is 

applied.18 After ~850 h, the impedance of both cells without current and the Cr-protected 

cell under applied current were all of similar magnitude. These results are significant since 
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they suggest that Cr-protected interfaces behave similarly both with and without an applied 

current, which differs from the unprotected case (bare cells with an applied current failed 

after 30 h, as shown in Figure 2.1f). 

 

Figure 2.3. Comparison of the interphase morphology between bare and protected LAGP. 
a, b) Cross-sectional SEM images of Cr-protected LAGP from a symmetric Li/LAGP/Li cell 
cycled at 0.2 mA cm-2 for 570 h at low magnification (a) and at high magnification (b). c, 
d) Cross-sectional SEM images of Cr-protected LAGP from an identical cell held for 660 
h at open circuit. 

 

Additional investigation showed that the significantly increased stability is not due 

to the total prevention of reacted interphase formation by the Cr layers. Two identical 

symmetric cells with Cr-protected LAGP were constructed and tested under different 

conditions. One cell was cycled at 0.2 mA cm-2 for 570 h, and the other cell was held at 

open circuit without any applied current for 660 h. Figure 2.3 shows SEM images of the 

interphase region formed electrochemically (Figure 2.3a, b) and chemically (Figure 2.3c, 
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d). The darker contrast of the interphase in the SEM images arises because of the higher 

electronic conductivity of the interphase and the incorporation of a significant amount of 

Li, which has a lower atomic number. The thickness and morphology of the interphase for 

both cells is very similar, which is consistent with the impedance evolution discussed in 

Figure 2.1f. In both cases, the interphase is uniform and planar, with a sharp reaction front 

separating it from the pristine LAGP. This information is important for two reasons. First, 

it is clear that the Cr layer does not prevent the chemical reaction even when no current 

is applied, which indicates that Li atoms can diffuse through the Cr interlayer and react 

with the underlying LAGP. Second, the uniform morphology of the interphase in Figure 

2.3a is significantly different than the non-uniform interphase that forms under identical 

electrochemical conditions with unprotected LAGP.18 Currents of 0.2 mA cm-2 in 

unprotected cells cause filamentary interphase morphologies, which results in mechanical 

stress concentrations that significantly accelerate chemo-mechanical degradation.18 

Uniform and planar interphases avoid these stress concentrations and can be stable for 

much longer times. We thus conclude that the Cr layer causes the interphase to grow 

much more uniformly than in unprotected cells under the same current conditions, and 

that this planar interphase morphology is responsible for the significantly improved electro-

chemo-mechanical stability. 

Despite this improved performance, Cr-protected symmetric cells cycled at higher 

currents were observed to exhibit shorter cycle life. Post-mortem cross-sectional SEM of 

Cr protected cells cycled at 0.3 mA cm-2 for over 120 h revealed filament-like interphase 

growth as well as interphase formation deep into the bulk of the pellet, which results in 

chemo-mechanical degradation and fracture (Figure 2.4). This indicates the existence of 

a current density limit above which the Cr layer no longer enables a uniform and planar 

reaction front to grow. The filament-like growth and the presence of interphase within the 
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bulk of the pellet resembles the growth of Li filaments reported in garnets,45,46 and the 

recent measurements of Li metal formation within the bulk of Li7La3Zr2O12 and Li2S–P2S5.47 

Figure 2.4. Cr-protected LAGP cycled at 0.3 mA cm-2. a) Galvanostatic cycling until failure. 
b) Cross-sectional SEM of the cell in (a) where the interphase had been detached from 
the pellet; the interphase covered the top portion of the pellet. c) Schematic representation 
of (b) to illustrate the detachment of the interphase. 

 

The interphase formation observed in the electrochemically-cycled sample in 

Figure 2.3 gives rise to an important question: is Li being plated/stripped, or is all the 

current being used for the electrochemical reaction of the SSE? It is difficult to determine 

the amount of Li plating/stripping solely from the electrochemical response in galvanostatic 

cycling of symmetric cells,48 and the extended galvanostatic cycling thus does not directly 

translate into extended Li plating/stripping. To address this question, we designed an 

open-top cell, as depicted in the inset of Figure 2.5a. This cell was operated by applying 

current in one direction to cause reduction at the deposited Cr layer on the top side of the 

cell, which was exposed to the argon environment of a glove box. Both sides of the LAGP 

pellet were coated with the Cr layer, but only one side of the pellet was initially in contact 

with Li. With this cell, we can detect reaction products on the “open-top” side of the pellet 

without the presence of a thick Li foil electrode that obscures the solid-state interface. The 

Cr layer on the top of the pellet behaves as the electrical contact, and a thicker Cu ring is 

used as an electrical connection. 



 
28 

  

Figure 2.5. Evidence of plating and extended stability with dual-layer protection. a) 
Schematic and data from the open-top cell experiments. The two curves show 
galvanostatic discharge of open-top cells at 0.1 mA cm-2 with 30 nm Cr (black) and 30 nm 
Cr on 6 nm Al2O3 (blue). b) Chromium 2p and c) lithium 1s XPS spectra of the open top 
surface after galvanostatic discharge of both samples. Deviations in peak positions of Li 
1s are attributed to sample-to-sample variation, but the presence of Li species is verified 
with these results. d) Galvanostatic cycling from symmetric cells with the LAGP coated 
with either dual-layer Cr-Al2O3 (blue) or Al2O3 alone (orange). The Al2O3 was 6 nm in both 
cases, and the Cr was 30 nm. e) Post-mortem cross-sectional SEM of the Cr-Al2O3 
protected cell after failure showing uniform interphase growth on both sides of the pellet. 

 

The electrochemical signatures from galvanostatic experiments with two different 

open-top cells are presented in Figure 2.5a. The black trace in Figure 2.5a is from an 

open-top cell with only a 30 nm Cr layer on top, while the blue trace is from an open-top 

cell with a bilayer of 30 nm Cr on top of 6 nm Al2O3 deposited by atomic layer deposition 

(ALD). For the cell with only Cr, the cell voltage remained above 0 V during the initial 

stages of the discharge and gradually fell below 0 V after 0.2 h. The XPS data shown in 

Figure 4.4b, c indicate that Li entirely covered the Cr layer, since the Cr 2p peaks are no 

longer visible after discharge. These data suggest that while there is some electrochemical 

reaction of the LAGP at higher potentials, there is also some Li metal deposition to cover 
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the Cr layer. The cell with the Cr-Al2O3 bilayer was also constructed and tested to examine 

the effects of the electronically-insulating Al2O3 layer (which likely converts to a Li+-

conducting LiAlOx phase in contact with Li49–52). For this bilayer cell, the cell voltage 

immediately became negative under applied current in Figure 2.5a, and the voltage 

showed an initial dip typically associated with a nucleation overpotential.53–55 This behavior 

suggests that this sample features direct electrochemical deposition of Li metal without 

significant reaction of the LAGP to form an interphase. However, the XPS data shown in 

Figure 2.5b, c show that Cr 2p peaks are detected after plating Li within this bilayer cell, 

which likely means that Li did not plate uniformly when the Al2O3 layer was added between 

Cr and LAGP. These results indicate that the initial electrochemical behavior of the 

interface can be directed through judicious choice of interfacial layers. 

Although the Cr-Al2O3 bilayer enabled preferential lithium deposition without 

interphase formation in the early times of this experiment, long-term cycling still resulted 

in the reaction of LAGP and the formation of a uniform interphase. However, the dual layer 

also enabled a significant extension in cycle life in symmetric cells at a current density of 

0.2 mA cm-2, similar to Cr alone, as shown in Figure 2.5d. A 6 nm layer of Al2O3 alone at 

the interface did not result in improved stability (Figure 2.5d), indicating that the Cr layer 

was again necessary. Figure 2.5e shows that the interphase formed using the Cr-Al2O3 

dual layer during the experiment in Figure 2.5d is indistinguishable from that formed using 

Cr alone. We expect that the initial electron blocking effect that favors Li plating over LAGP 

reduction is lost over time as the Al2O3 transforms to a phase that is more electronically 

conducting, as well as because the Al2O3 layer can be mechanically damaged as the 

underlying LAGP reacts and expands to form the interphase. As the bilayer evolves to 

become more electronically conductive, LAGP reduction becomes more favored. In sum, 

a Cr-Al2O3 protection layer is not practically different from a Cr protection layer. We note 
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that thicker Al2O3 layers were also tested within the bilayer, which significantly increased 

impedance (Figure 2.4). 

Finally, we examined the effects of the Cr interfacial layer on the electrochemistry 

of full cells. The cathode in these cells consisted of LiFePO4 (LFP) active material 

embedded in a poly(ethylene oxide) (PEO)-based polymer-electrolyte composite which 

was drop-cast on the top of the LAGP pellet (see Experimental). As shown in Figure 2.6, 

the Cr interfacial layer at the Li metal interface also extends stability of these full cells, and 

the full cells provide additional understanding of the behavior of these interfaces. Figure 

2.6 shows the cycling behavior of Li/LAGP/LFP cells tested at 60 °C using a current 

density of 0.1 mA cm-2. The data from the Cr-protected LAGP cell in Figure 2.6b, c show 

much greater cycling stability than the data from the bare sample in Figure 2.6a. Figure 

2.6c shows the Coulombic efficiency during cycling of these two samples, with the Cr-

protected LAGP cell exhibiting sustained high efficiency during cycling. The extended 

cyclability attained with Cr is again connected to the improved chemo-mechanical stability 

of the LAGP pellet. Figure 2.6d shows that a planar, uniform interphase was formed on 

the anode side of a similar sample with no signs of fracture after 500 cycles. We believe 

that failure of these protected cells occurs not due to fracture, but due to delamination of 

the cathode (as can be seen in Figure 2.6d). 
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Figure 2.6. Characterization of full cells with a LiFePO4 cathode. a) Galvanostatic 
charge/discharge curves at 0.1 mA cm-2 from a Li/LAGP/LFP cell with uncoated interfaces. 
b) Galvanostatic charge/discharge curves at 0.1 mA cm-2 from a Li/LAGP/LFP cell with 
the Li interface coated with 30 nm of Cr. The cells in (a) and (b) were tested at 60 °C. c) 
Discharge capacity for the cells in (a) and (b). d) Post-mortem cross-sectional SEM image 
of a protected cell after cycling for 500 cycles. 
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Figure 2.7. Electrochemical behavior of half cells with liquid electrolytes with an LAGP 
composite slurry electrode as the working electrode. a) Galvanostatic discharge at 0.004 
mA cm-2. b) Galvanostatic cycling at 0.016 mA cm-2. c) Cyclic voltammetry at a sweep rate 
of 0.1 mV s-1. d) Inset of (c) starting from the second cycle. 

 

Another feature evident from Figure 2.6a and b is that the Cr interlayer alters the 

voltage of the full cell. As shown in Figure 2.6a and b, the galvanostatic curves of the Cr-

protected LAGP cell consistently show lower charge/discharge voltages than the bare 

cells by about 0.3 V. The average voltage of ~3.4 V for the bare cell (Figure 2.6a) is 

consistent with the use of an LFP cathode and Li plating/stripping at the anode. The 

reduction in cell voltage for the Cr-coated cell is most likely due to the negative electrode 

reaction being reversible conversion of the LAGP instead of Li plating/stripping. To further 

investigate this possibility, we constructed conventional slurry-based electrodes with 

LAGP powder and examined their electrochemical behavior within liquid-electrolyte half 

cells (see Experimental Details section). Cyclic voltammetry and galvanostatic cycling of 
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LAGP working electrodes showed that this material undergoes redox (likely a conversion 

reaction) between about 0.2 and 0.4 V vs. Li/Li+ (Figure 2.7). These additional results 

provide strong evidence that the shift in voltage of the Cr-protected solid-state cell in 

Figure 2.6b is due to reversible conversion reaction of the LAGP at the anode. Thus, these 

findings suggest that without the Cr protection layer, Li/LAGP/LFP full cells operate via Li 

plating/stripping at the anode, but when the Cr layer is added, it promotes the direct 

electrochemical conversion reaction of the LAGP. In the Cr-protected LAGP cells, the Cr 

layer represents an additional barrier for Li transport, which could frustrate Li 

plating/stripping and favor electrochemical conversion. These findings are largely 

consistent with the open-top cell shown in Figure 2.5a, in which reduction occurred above 

0.0 V vs. Li/Li+. However, the XPS observation of coverage of the Cr layer in Figure 2.5c 

suggested at least some Li deposition, which could have occurred because of the open 

space above Cr in this configuration or the different electrochemical nature of the cell. 

As shown herein, the addition of the sputtered Cr film caused the interphase to 

grow in a very uniform and planar fashion at current densities up to 0.2 mA cm-2, which is 

in contrast to filamentary growth in bare cells which leads to chemo-mechanical 

degradation and cell failure. We propose that the significantly improved stability of the 

cells with Cr-coated interfaces, as well as the differences in electrochemical behavior in 

full cells, are due to the Cr layer acting to remove electric field concentrations and other 

sources of ionic current “hot-spots” at the interface. The improved physical contact and 

coverage of the vapor-deposited Cr film compared to a pure Li electrode on the LAGP 

surface is one probable source of this behavior, as it removes point contacts present when 

using Li foils that could result in electric field/ionic current concentrations and filamentary 

interphase growth.56 Sputter deposition of the Cr creates a uniform film in intimate contact 

with the polished polycrystalline LAGP surface. The Li electrodes, on the other hand, are 

bulk foils that are much rougher and exhibit non-uniform contact at the LAGP surface. This 
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argument also explains the success of other reported vapor-deposited protection layers, 

such as Ge.29 Finally, it is also possible that these various metal interlayers impact charge 

transfer and interphase growth trajectories via altering the partial molar volume of Li, as 

has been predicted previously.57 

At higher current densities, filamentary growth of the interphase occurs following 

a mechanism similar to that reported for bare LAGP.18 Beyond 0.2 mA cm-2, the rate of 

reaction is accelerated and minor irregularities due to surface roughness or grain 

boundaries create preferential pathways for ionic transport and interphase formation. We 

hypothesize that, while electron transport can be uniform due to the metallic Cr protection 

layer, Li+ transport is still restricted due to imperfect contact, which can lead to preferential 

localized growth of the interphase. Since the interphase is a MIEC,16,17 reduction of pristine 

LAGP is favored at the interphase protrusions, where the ion transport distance is 

shorter.18 It is possible that higher pressures58 or other strategies to improve contact at the 

interface could improve stability at higher current densities. 

2.4: Conclusions 

This work shows that metallic protection layers can enable >1000 h of cycling time 

for NASICON-based lithium metal batteries, and it provides important insights into the 

mechanisms through which these metallic protection layers operate. We demonstrate that 

engineering the Li-SSE interface with metallic layers enables control over the evolution of 

the interphase, which is key for the long-term stability of LAGP. Cr interlayer films were 

found to significantly extend the lifetime of symmetric and full cells by promoting uniform 

interphase growth and delaying fracture at moderate current densities. At the same time, 

the Cr layers promoted reversible electrochemical conversion of the LAGP material 

instead of Li deposition/stripping. Experiments with electron-blocking Cr-Al2O3 bilayers 
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showed initial promotion of Li plating, but long-term stability and interphase growth was 

similar to Cr alone. These results are important since they demonstrate the underlying 

mechanisms that govern the action of metallic protection layers. In particular, the ability of 

the 30 nm Cr layers to allow Li+ to be transported while also reducing ion transport non-

uniformities and improving stability could be beneficial when used with a variety of SSE 

materials. For ultimate stability, however, true electron-blocking layers to entirely prevent 

interphase formation, or other layers that can significantly slow the growth of the 

interphase, are seemingly required. In either case, the use of metallic layers in conjunction 

with these future protection materials could be advantageous. Thus, we expect that the 

findings reported here are an important step on the way toward the development of a 

diverse array of solid-state battery chemistries with long-term stability and high energy. 
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CHAPTER 3: CURRENT CONSTRICTION AT THE SOLID 

ELECTROLYTE-LITHIUM INTERFACE* 

 

 

3.1: Introduction 

Our previous discussion in Chapter 2 showed that it is possible to extend the 

stability of solid electrolytes by engineering the interface between the solid electrolyte and 

lithium. A common thread among publications that reveal extended cyclability of both 

stable and unstable solid electrolytes is that improving interfacial contact is key.1,2 In 

Chapter 2, we showed that using a non-alloying metallic contact at the interface also 

extended the cyclability of a solid electrolyte, which suggests that not only the mechanical 

contact but also the uniformity of the electric field might play a role. Studying the interfacial 

contact between lithium and the solid electrolyte is challenging due to the fact that it is a 

buried interface, and only a few techniques allow for direct probing. In this chapter, we 

present operando X-ray tomography examinations of the Li-SSE interface and reveal the 

role and evolution of contact. 

The challenge of interfacial contact between lithium metal and solid electrolytes 

has been addressed in various ways before. Different approaches to enhance the 

‘lithiophilicity’ of the surface of the solid electrolyte as well as efforts to understand the role 

of pressure demonstrate the fundamental role of interfacial contact.1,3–5 In the case of 
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Li7La3Zr2O12 (LLZO), for example, a broad range of surface treatments have been used to 

increase its critical current density.6 At the critical current density, lithium dendrites grow 

through stable solid electrolytes, such as LLZO, and short circuit the cell.1 From polishing 

in inert atmosphere7 to protection layers including alloying metals8, oxides6 and silicates9, 

exhibit some degree of success at increasing the critical current density of the solid 

electrolyte. Similar strategies have been used in less stable solid electrolytes such as 

LAGP, as discussed in Chapter 2. Another strategy used to increase the critical current 

density in stable solid electrolytes, such as LLZO and Li6PS5Cl (LPSC), is to control the 

stack pressure.1,10,11 Generally, it has been found that increasing the stack pressure leads 

to lower overpotentials and higher critical current densities.3 At the same time, it has been 

shown through 3-electrode cell configurations that it is the stripping interface that controls 

cell failure.1 Various models to explain these phenomena propose that voids are formed 

during lithium stripping.1,10,12 Interfacial voids reduce the effective contact area and create 

current density hot-spots, or current constrictions, which lead to dendrite growth and cell 

failure.10 However, only limited evidence of those voids is available and measurements of 

effective contact area are needed. 

Current constriction between metallic contacts is a phenomenon that has been well 

described and modeled since the mid 1900s.13,14 Briefly, when the effective contact area 

between two conductors is smaller than the area of either contact, the lines of current flow 

converge towards the smaller effective contact area.15 This phenomenon has typically 

been described as a constriction resistance. This approximation helps simplify the 

unknown shape and area of real contacts, and has been used to formulate predictive 

models based on average distributions and dimensions of contact spots.15,16 For 

theoretical or ideal contacts where the exact area and distribution of the contact spots is 

known, it is possible to predict the amount of current that flows through each of the contact 

spots. In those cases, it has been observed that the current density through each spot 
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tends to be higher when the spots are smaller and when they are further away from the 

center.16 The concept of current constriction in metallic contacts translates well into the 

problem of solid state electrochemical systems. Current flows from one side of the contact 

to the other, except it takes the forms of ions on one side and electrons on the other. One 

example of use of this concept is the modeling of solid state fuel cells.17,18 The growing 

interest in understanding the role of interfacial contact in solid state batteries is an 

opportunity to apply the well-established models for constriction current in this 

electrochemical system. 

In order to make any approximation to modeling the interfacial constriction current, 

it is necessary to have a detailed characterization of the contacting interface. Due to the 

buried nature of this interface, X-ray tomography is a natural choice of technique for direct 

imaging of the evolution of contact at the lithium-solid electrolyte interface. X-ray 

tomography has been used in battery systems to study the impact of structure, porosity 

and mechanical properties of materials on cell performance.1,19–22 An important challenge 

that comes with X-ray tomography is that contrast depends on the density and atomic 

number of the materials being probed, making it difficult to differentiate lithium from voids 

in many cases.22 One way to improve the contrast between lithium and voids is to use 

lower X-ray energies. At the same time, lower X-ray energies make it more difficult to 

image high-density solid electrolytes such as LLZO or LAGP.19,22 On the other hand, void 

formation has been demonstrated using X-ray tomography of LPSC, which suggests that 

sulfide solid electrolytes are more suitable for this type of study.1,20 In this work, we use 

Li10SnP2S12 (LSPS), which is an unstable solid electrolyte,23 similar to LAGP (discussed 

in Chapter 2), in which a continuously growing interphase is formed. Compared to LAGP, 

this sulfide solid electrolyte has an ionic conductivity two orders of magnitude higher and 

cells can be fabricated through cold pressing.23  
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In this chapter, we model the evolution of constriction current at the interface 

between lithium metal and a solid electrolyte. We used operando  X-ray tomography to 

image the evolution of lithium contact at the interface with the solid electrolyte. The 

tomographic data were segmented and transformed into contact maps that served as the 

input to a simple model directly derived from Greenwood16. The results from this model 

reveal a broad distribution of current densities across the surface of the solid electrolyte, 

with values orders of magnitude higher than the nominal current density applied. The 

approach presented here can be further refined and used in other electrochemical 

systems to predict voltage evolution and cell failure. 

3.2: Methods 

Cell Assembly: Li10SnP2S12 (LSPS) was purchased from NEI Corporation. A 

custom X-ray tomography cell was built for the operando synchrotron X-ray tomography 

experiments. The cell body was constructed out of PEEK to minimize X-ray attenuation 

and prevent short circuiting between the electrodes. The inner diameter was designed to 

be 2 mm to minimize the sample size, ensuring sufficient transmission to image the cell. 

Symmetric Li/LSPS/Li cells were assembled inside of an Ar-filled glovebox. 7 mg of LSPS 

was loaded into the cell and pressed at a pressure of 225 MPa to form a pellet 

approximately 1 mm thick. Lithium metal foils were punched out and attached to steel 

rods, which were then inserted into each side of the cell. To establish the pressure 

necessary to cycle these cells at high current densities, screws were used to compress 

the rods against the faces of the pellet. O-rings attached to the screw heads were 

simultaneously compressed to form a seal when the screw was inserted. The torque 

applied to the screws was 0.25 N-m (estimated to be greater than 10 MPa) for each 

experiment unless otherwise specified. Graphite foils were placed between the steel rods 
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and screws to prevent the rods from rotating and damaging the Li/SSE interface. All 

operando electrochemical measurements were performed using a Bio-Logic SP-150 

potentiostat. 

 

Synchrotron X-Ray Computed Microtomography Experiments: Operando X-

ray computed microtomography experiments were conducted at the Advanced Photon 

Source’s 2-BM beamline. Monochromatic X-rays with an energy of 28 keV were chosen 

to maximize transmission in our samples based on attenuation length calculations (Fig. 

S3). 1500 projections were taken with an exposure time of 210 ms while rotating the 

sample 180°. An Oryx 5.0 MP Mono 10GigE detector and a 2 magnification lens were 

used for the optics in this setup. The sample-to-detector distance for all experiments was 

100 mm. We were able to achieve a voxel size of 1.7 μm while fitting the entire sample 

within the field of view of ~ 4.2  1.4 mm2. The time required to complete a scan under 

these conditions was approximately 7 min. The raw data were reconstructed with TomoPy 

using the Gridrec method62. 

 

Segmentation Analysis: Lithium segmentation. The reconstructed images were 

segmented using MATLAB to identify the lithium volumes across the entire 3D dataset. A 

dynamic cropping procedure was applied to select the appropriate regions of interest. 

Schematic representations of the MATLAB procedures used to segment the regions of 

interest for different phases are shown in Figure 3.1 - 3.3. To identify lithium metal (Figure 

3.1), the cropped reconstructed images were analyzed by traversing columns of pixels 

from the top to the bottom of the image. The sharp difference in intensity between the steel 

rod and lithium electrode was used to define the upper boundary of the lithium. Traversing 

downward from the upper boundary, the algorithm continued to recognize pixels as lithium 

as long as their intensity was below the specified intensity cutoff typical for lithium (Figure 
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3.1). The identification of lithium in a single pixel column stopped when the average 

intensity of the next 5 pixels was above a threshold value typical of the interphase. This 

process repeated for every column until the entire 2D image was segmented; the algorithm 

was then used to segment each 2D image within the 3D tomographic dataset to identify 

the entire volume of the lithium electrodes. Analysis using subvolumes was performed by 

selecting specific regions within these segmented electrodes. 3D renderings of the 

subvolumes were created using the Dragonfly software platform. 

Void segmentation. Void segmentation was performed using a separate algorithm 

in MATLAB. The segmentation process is schematically illustrated in Figure 3.2. The 

algorithm traversed pixel columns in 2D image slices from the bulk of the LSPS pellet 

toward the lithium electrode while identifying pixels with intensities below an intensity 

cutoff typical for voids. Once such a pixel was found, the algorithm continued identifying 

the neighboring pixels in the column with intensities below the void cutoff to determine the 

height of the void. After continued traversal, the algorithm would reach the lithium metal; 

once the average intensity of five adjacent pixels was representative of lithium metal (i.e., 

typical of lithium intensity and below the LSPS threshold), all of the identified void pixels 

were segmented as an interfacial void. If the average intensity of the pixels above the void 

was higher than the LSPS threshold (i.e., representing LSPS instead of lithium), then the 

identified void was recognized as a pore in LSPS and was ignored. The algorithm would 

then continue until an interfacial void was identified or the end of the column was reached. 

This process was repeated for every column in each 2D image, and subsequently for 

every image along the interface in the 3D tomographic dataset. 3D renderings of the 

subvolumes were created using the Dragonfly software platform. 

Contact area mapping. The contact area was segmented using a modified version 

of the lithium volume segmentation algorithm in MATLAB (Figure 3.3). After identifying 

lithium in every pixel column of a 2D reconstructed image (Figure 3.1), the contact area 
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algorithm evaluated the five pixels in each column at the edge of the lithium electrode in 

search of values below the lithium intensity and typical void intensity. If any of these five 

pixels had intensity below the lithium intensity threshold (i.e., a void is present at the 

interface), that pixel column was marked as exhibiting no contact at the interface. 

Otherwise, the pixel column was marked as contacting at the interface. The image slice 

was then regenerated containing only columns that were marked as having contact. This 

procedure was performed on every 2D slice of the entire 3D Li/LSPS interface. The 

modified slices were then projected onto a 2D plane perpendicular to the image slices, 

yielding a 2D map of the contact area for the entire interface, which are the contact area 

maps shown in Figure 3.7. In these images, white pixels represent regions where lithium 

contacts LSPS, while black pixels represent regions with either interfacial voids or no 

lithium present. The contact area for an interface was calculated by measuring the number 

of white pixels and using the voxel dimensions to convert this value to physical area. 
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Figure 3.1. Schematic representation of the procedure used to segment the lithium 
electrodes. a) This segmentation procedure is applied to the entire electrode. b) The 
algorithm starts by sequentially traversing each pixel column in a reconstructed 2D image 
slice. c) The intensity profile of the pixels along each column is used to identify the location 
of lithium metal, which exhibits an intensity below LSPS and the steel rods. First, the upper 
boundary is defined based on the reduction in intensity at the interface between the steel 
current collector and lithium electrode (see blue dashed box labeled 1 in (c)). Second, the 
algorithm continues to recognize pixels along the column as lithium if their intensity is 
below the specified intensity cutoff typical for lithium (see blue dashed box labeled 2 of 
the intensity profile). Third, the lower boundary of lithium is identified when the average 
value of five adjacent pixels in the column is above a threshold value typical of the 
interphase. d) This procedure is repeated for every column in the image slice, and then 
extended to every image slice along the Li/LSPS interface of the 3D electrode. The final 
result is the segmented lithium electrode volume consisting of many segmented 2D slices, 
as shown in (d). 

 



 
47 

  

 
Figure 3.2. Schematic representation of the procedure used to segment interfacial void 
volume. a) Like lithium segmentation, the entire interface is segmented during this 
process. b) The algorithm starts by sequentially traversing each pixel column in a 
reconstructed 2D image slice. c) As the pixel column is scanned from the LSPS to the 
lithium (upwards in this case), a general procedure is applied. First, the algorithm searches 
for the first pixel below an intensity cutoff typical for voids (indicated by black dashed line 
in intensity plot in (c)). The algorithm then moves to adjacent pixels in the column and 
continues to identify pixels with intensities below this cutoff. If the average intensity of the 
next five pixels corresponds to lithium (i.e., typical of lithium intensity and below the LSPS 
threshold), then the void segmentation for this pixel column is completed. However, the 
identified region could also be a pore in the bulk of LSPS. If the average value of five pixels 
adjacent to the void is higher than the LSPS threshold, then this void is ignored in the 
analysis and the scan continues. d) This process is repeated for every column in the 2D 
image slice and then for every image slice, generating the void volume across the entire 
interface. 
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Figure 3.3. Schematic representation of the procedure developed to create 2D contact 
area maps for an Li/LSPS interface. a) This segmentation was performed on the entire 
interface of interest. b) First, the lithium volume was segmented using the same algorithm 
detailed in Figure 3.1. c) After identifying lithium, the original reconstructed image slices 
(shown in (a)) were scanned for interfacial voids. This was performed by traversing each 
pixel column (as shown in (c)) and identifying any pixels after the lithium electrode with 
intensity below the lithium intensity and typical void intensity. d) If an interfacial void was 
identified in a column, that column was marked as exhibiting “no contact” at that location. 
If no void was found, that pixel column was marked as “contacting.” The image slice was 
then regenerated with only the contacting pixel columns displayed. e) This procedure was 
repeated for every column in an image slice, and then applied to every slice along the 
Li/LSPS interface, yielding the vertical white contacting pixel columns in each slice shown. 
f) All of these modified image slices were then projected onto a 2D plane (shown in (e)) to 
yield the final contact area map. White pixels in (f) are pixels that lithium contacts the 
LSPS/interphase directly, while black pixels are pixels with no contact between lithium and 
LSPS.  
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Current density maps: The current density maps were calculated by solving 

equations 3.1 and 3.2 to find the current at each spot. The inputs for this calculation are 

the contact area maps with the location of each white pixel representing the location of 

individual circular contacts. The radius of each circular contact was calculated as the 

radius of a circle of the same area as an individual pixel. The contact area maps had to 

be resized and thresholded to minimize the number of equations and maximize the 

resemblance to the contact area maps. The contact area maps were processed and the 

equations solved using a python script developed by the author and available on the 

appendix. 

3.3: Results and discussion 

Figure 3.4 shows the cell design, electrochemistry and the reconstruction of a 

cross section of the cell at different times of the experiment. The main aspect of the cell 

design presented in Figure 3.4a is the selection of materials and dimensions to minimize 

X-ray attenuation. Figure 3.4b shows the voltage evolution over time at a nominal current 

density of 1 mA cm2. It can be seen that the overpotential grows very large towards the 

end of the second half cycle, while it barely increases during the first half cycle. In this 

symmetric cell configuration, the first half of the cycle corresponds to lithium stripping from 

the top, and the second half to stripping from the bottom interface. The reconstructions 

shown in 3.4 c-f correspond to the same slice in the cell, and reveal interphase growth 

and void formation. In those reconstructions, attenuation is proportional to brightness: 

voids are the darkest and pristine LSPS is the brightest. In this chapter, we will focus on 

the role of voids at the interface as they provide a direct observation of loss of contact 

area. 
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Figure 3.4. Operando X-ray imaging of symmetric cells. a) Schematic of the custom X-ray 
tomography cell used to cycle Li/LSPS/Li cells during operando experiments. b) 
Galvanostatic voltage curves measured during operando experiment at a nominal current 
density of 1 mA cm-2, respectively. c) Reconstructed cross-sectional images before cycling 
at 1 mA cm-2; these images are extracted from the 3D tomographic datasets. The regions 
with dark contrast are the lithium electrodes, while the grey phase is the LSPS electrolyte. 
d) Cross-sectional image from the same location as those shown in (c) after the 
electrochemical cycling procedure shown in (b). e) Magnified cross-section of the Li/LSPS 
interface before cycling at 1 mA cm-2, taken from the blue-boxed region in (c). Voids in the 
left half of the image are overlaid with red for easier visualization, and the red dashed line 
on the left side demarcates the interphase boundary. The right half of the image is 
unmarked. The formation of a darker grey interphase can be seen at the interfaces, along 
with morphological changes in the lithium electrodes. f) Magnified cross-section of the 
same interface as shown in (d) after one full cycle at 1 mA cm-2. The volume of voids at 
the interface has increased significantly (overlaid with red on the left half of the image), 
along with growth of the interphase (demarcated by the red dashed line in the left half of 
the image). 
 

In contrast to other unstable solid electrolytes, such as LAGP, failure was not 

associated with crack formation. Figure 3.4 shows the irregular formation of an interphase 

several tens of microns in thickness and no clear indication of fracture. Additionally, we 

observed a continuous growth of the interphase, much like in the case of LAGP, which 

suggests that the properties of the interphase are not directly causing the cell to fail. A 

comparison between Figures 3.4 e and f reveals that, besides the growth of the 
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interphase, there is a larger void area at the interface after lithium stripping. This suggests 

that loss of contact at the stripping interface might be related to cell failure rather than 

cracks. This phenomenon is common across all types of solid electrolytes: voids form 

when lithium is depleted at a faster rate than it can be replenished,5 which reduces the 

effective contact area between the lithium electrode and the solid electrolyte. In the case 

of unstable solid electrolytes, void formation should be exacerbated by the continuous 

consumption of lithium through the chemical decomposition of the solid electrolyte. 

Using the segmentation algorithms described in Figures 3.1-3.3, we quantified the 

changes in effective contact area at the Li/LSPS interface throughout the experiment. 

Figure 3.5a shows the evolution of effective contact area at the top and bottom interfaces 

of the solid electrolyte. It can be seen that the changes in contact area at the top interface 

are minimal throughout the cycle. The bottom interface, in contrast, exhibits more dramatic 

changes in effective contact area. Interestingly, the sudden increase in overpotential 

during the second half of the cycle matches well with a sudden decrease in contact area 

at the bottom interface, the interface from which lithium was being stripped. Figure 3.5b 

shows an example of a contact area map constructed using the segmentation procedure 

described in Figure 3.3.  

 
Figure 3.5. Relating interfacial contact area to cell electrochemistry. a) Plot of the voltage 
curve measured during cycling at 1 mA cm-2 (blue line) and the corresponding lithium 
contact area of the top (green) and bottom (yellow) Li/LSPS interfaces in this cell. b) 
Exemplary contact area map obtained through the segmentation process where white 
pixels represent contact. The scale bar represents 0.5 mm. 
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Although the decreasing contact area is correlated to increasing current densities, 

any current density calculated from the total effective contact area is only an ensemble 

average. Implicitly, this approximation assumes that the current is homogeneously 

distributed across all the contact spots, i.e. the current density is the same everywhere. 

However, dendrites are not expected to grow everywhere. On the contrary, according to 

several models, current density hot-spots are precursors for dendrite growth and cell 

failure.1,2,5,10,11,24 For this reason, it is important to map the current density in each of the 

contact spots in order to better understand and predict cell failure. 

A simple approach to map the current density is to use a well established model 

for constriction resistance developed by Greenwood.16 Their model calculates the 

potential at each contact based on the interaction of the charge passing through each 

contact with the charge passing through all of the other contacts. Then, since the contacts 

are good conductors, the condition that all the potentials must be equal is used to find the 

current and resistance of each contact. The method is analogous to assuming each 

contact as a charged circle interacting with other charged circles, each circle being a 

contact. The reader is encouraged to read the original paper and its appendix for a detailed 

derivation. With this model, the potential at the i-th contact is calculated as: 

  Equation 3.1 

Where Φ is the potential at the i-th contact, ρ is the resistivity of the high resistance 

member of the contact, I is the current passing through the contact, is the spot radius, 

and sij is the distance between contacts i and j. 

This provides a self-contained system of equations that can be solved to find the 

current at each spot if the potential is known. However, in the case of contact at the lithium-

solid electrolyte interface, it is difficult to know that potential with precision. This is easily 
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overcome when the cells are operated in galvanostatic mode: the total applied current 

must be the summation of the current passing through each contact spot. 

    Equation 3.2 

Now the current passing through each contact spot can be found solving equations 

3.1 and 3.2 simultaneously. 

This model was developed for the contact between two conductors, but it can be 

applied to the case of a lithium anode and a solid electrolyte. The first underlying 

assumption of the model is that current flows from one side of the contact to the other. For 

metals, that current flows in the form of electrons on both sides of the contact. In the case 

of solid state batteries, charge is transferred as electrons on the lithium side of the contact, 

and as lithium ions on the solid electrolyte end of the contact, hence the underlying 

assumption of current flow is fulfilled. The second assumption is that the electric potential 

will be the same for all the contacts, which is true in the case of batteries since the lithium 

anode is a metallic conductor, and hence the potential should be the equal at all points of 

its surface. Now, choosing the value of resistance to use this model in the context of 

unstable solid electrolytes is complex. In general, the high resistance member of the 

contact should be the solid electrolyte, since its ionic conductivity is orders of magnitude 

lower than the electrical conductivity of lithium. In the particular case of unstable solid 

electrolytes, this ionic conductivity should be the conductivity of the interphase, which is 

unknown. An unsuspected advantage of equations 3.1 and 3.2 is that the resistance term 

is a constant factor multiplying all the coefficients in equation 3.1, so, at a fixed total 

current, the currents of each spot can be calculated independently from the resistance. 

What will change as a function of the resistance, given a total current, is the potential. One 

way to think about this physically, instead of mathematically, is the following: imagine a 

wire of a single material and a fixed diameter and length through which a current is passed. 
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Now, imagine that we replace one half of the length of the wire with a material of a different 

resistivity but with exactly the same diameter, matching perfectly the cross sectional area 

of the other half of the wire. In both cases, it would be possible to apply the same current, 

but the voltage drop across the length of the wire will be different as a function of the 

resistance. With this logic, it is possible to calculate the current at each spot even without 

knowing the resistance of the solid electrolyte. 

In the 1960s, when this model was developed, it was too expensive to solve this 

system of equations for a real areal contact with hundreds of contact spots. For that 

reason, the model was used to calculate a total contact resistance making assumptions 

about the average size and distribution of the contact spots.16,25 It is much easier to solve 

these equations for real systems today. The approach we take on this chapter is to treat 

each pixel where lithium touches the solid electrolyte as an independent circular contact 

spot. This is computationally simpler than modeling the charge interactions between 

sparse contacts of arbitrary shapes and sizes. One point of concern with this approach of 

assuming each pixel as an independent contact spot is that it might misrepresent what 

happens in contacts made of multiple continuous pixels. This concern was addressed by 

Greenwood on the same paper, and showed that the current passing through a closely 

packed cluster of circular spots arranged in a circle, is essentially the same current that 

would pass through a single circle of the dimensions of the cluster.16 Generalizations of 

Greenwood’s model to other contact shapes, such as squares have also been developed 

and demonstrated to represent the case of arbitrary shapes modeled as sets of squared 

contacts.26 To further validate the applicability of the model in continuous contacts, we 

used our model to estimate the current density distributions of electrochemical systems 

and geometries previously reported in the literature, as shown in Figure 3.6. 

The current density maps developed with the model presented here are 

qualitatively and quantitatively very similar to the maps presented by Park et al27. The 
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electrodes studied by Park et al. are microelectrodes for neurostimulation. Geometrically, 

they are on a chip, on the same plane as the counter and reference  electrodes.27 The first 

aspect to note is that in all cases, the highest current densities are located at the edges of 

the contacts, maximizing the distance between the charges. More quantitatively, the order 

of magnitude of the current densities is very similar when comparing the reference from 

the literature and the model presented here. There are some discrepancies in the average 

and maximum current densities, generally overestimated by the model presented here. 

The origin of the discrepancies is spatial resolution. While the circle in the model has 

smooth edges, the one used to test the model presented here has a much smaller number 

of pixels and therefore serrated edges. The same is true for the fractal and the serpentine 

structures. These additional spikes on the serrated edges concentrate more current 

compared to the smooth edges. 

 
Figure 3.6. Validation of the current density model. a) Current density maps for various 
electrode contact shapes calculated using COMSOL, reproduced without modification 
from 27. b) Current density maps of the same electrode contact shapes calculated with 
equations 3.1 and 3.2. To calculate the maps in (b), the images from (a) were binarized 
and scaled appropriately to reflect the same electrode dimensions. The images in (a) are 
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reproduced under the Creative Commons Attribution 4.0 International License: 
http://creativecommons.org/licenses/by/4.0/. 

 

There are important differences in the way the current density maps in Figure 3.6a 

were constructed compared to Figure 3.6b. The maps in Figure 3.6a were obtained using 

finite element analysis with COMSOL to simulate non-Faradaic reactions at the interface 

between the electrodes of various shapes and brain tissue. In their model, they solved the 

charge conservation equation, and used an electrode potential and resistivity that 

represented experimental conditions. To construct the maps in Figure 3.6b, we used the 

same shapes and dimensions to build binary images where the electrode shape was 

represented by white pixels, and the background was represented by black pixels. Then 

we solved equations 3.1 and 3.2 to find the current at each white pixel using the total 

current calculated by the COMSOL model. To calculate the current density at each pixel, 

we simply divided the current at that location by the area of the pixel. For the maps in 

Figure 3.6b, each pixel represented approximately 1.25 μm, so the circle, for example, 

which was 100 μm in diameter, was 80 pixels in diameter for our model. This means that 

the number of contact spots to solve using equations 3.1 and 3.2 was approximately 5026 

to represent the area of the circle. The same number of spots would be present in the 

other shapes as the area is the same for all of them27. Naturally, higher resolution would 

require more equations to be solved simultaneously, and hence more computing power. 

Figure 3.7 shows the contact area maps and current density maps of the bottom 

interface at various times while stripping lithium from that interface (see Figures 3.4a and 

3.5a). Figure 3.7a shows how the contacts become smaller over time, with a sudden 

reduction in size and effective contact area in the last 0.25 h of the stripping process, 

which is the time at which the cell fails and the experiment ends in Fig. 3.5. The modeled 

current density maps in Figure 3.7b reveal the non-uniform distribution of current density. 

In general, the highest current densities are concentrated on the smaller satellite spots 
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and on the edges of the larger spots. Interestingly, we observe that the edges of the larger 

spots recede during lithium stripping, indicating that lithium is not depleted at the same 

rate across the surface of the contacts. This is consistent with the higher current densities 

at the edges of the larger spots. The extreme case of current density concentrated on the 

edges of large spots and the recession of those edges is manifest in the last large spot 

after stripping for 10 h being situated near the center of the map. 

 

 
Figure 3.7. Evolution of contact area and current density at the stripping interface. 

a) Contact area maps of the bottom interface at various times of the experiment obtained 
through the segmentation described in figure 3.3. Each white pixel represents a point 
where lithium was in contact with the solid electrolyte, black pixels represent no contact. 
Each pixel in (a) corresponds to 1.7 μm. b) Current density maps obtained by solving 
equations 3.1 and 3.2 based on the contact area maps from a. Each pixel in (b) 
corresponds to 8.5 microns. The difference in spatial resolution arises from compressing 
the images in a. This compression was necessary to minimize the number of equations 
that needed to be solved simultaneously. The scale bars represent 0.5 mm.  
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Figure 3.8. Current density line scans in different locations of the interface at various 
times. a) Current density as a function of location across the equator of the current density 
maps from Figure 3.7b. b) Inset of (a). c) Current density as a function of location across 
a different parallel on the current density maps from Figure 3.7b. d) Inset of (c). The lines 
in the circles at the top of (a) and (c) represent approximate locations of the parallels in 
the current density maps. 
 

The current density line profiles in Figure 3.8 show the magnitude of current 

constriction. The changes in the magnitude and spatial distribution of the current density 

are small between 5.5 h and 9.75 h, and then the biggest change occurs between 9.75 h 

and 10 h. As the lateral size of the spots becomes smaller, and the spots spread out, the 

current density becomes higher. Notice how the magnitude of the current density reaches 

values higher than 800 mA cm-2, which is 800 times higher than the nominal current 

density. Besides showing the differences in current density between different spots, the 

line plots in figure 3.8 highlight the differences in current density within the same spot: 

current density is always higher on the edges of the contact. 

Figure 3.9a shows the statistical distribution of spot current density at various 

times. It can be seen that the changes in the shape of the distribution are small up to 9.75 

h. From 5.5 h to 9.75 h, the distributions are unimodal and right-skewed, with most of the 
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current density values below 100 mA cm-2. The distribution of the 10 h dataset is much 

more spread out, with a minor peak between 300 and 400 mA cm-2. The area under the 

curves in Figure 3.9a represent the total current, since this total current is the same 

throughout the experiment, this is a direct comparison of how much of the total current 

passed at each current density at different times through the experiment. The flatter 

distribution at the end of the experiment indicates that a larger fraction of the current was 

passing at higher current densities. From this statistical information, it is also possible to 

extract values to represent the distribution. Figure 3.9b shows the comparison of the 

evolution of the median and the mean current densities over time. Not surprisingly, the 

overall current density, calculated as the applied current divided by the measured total 

effective contact area, falls between the mean and the median current densities calculated 

from the model. An important aspect to underline is that both the median and the mean 

current density calculated from the model are at least twice as high as the overall current 

density at 10 h. This discrepancy is explained by the fact that the model takes into account 

the current constriction instead of assuming a uniform distribution of the current.  

 
Figure 3.9. Statistical analysis of the calculated current density maps. a) Kernel density 
estimation of spot current density at various times of the experiment. The distribution is 
truncated at the minimum value of current density calculated. b) Comparison of median 
(blue circles) and mean (yellow crosses) current densities obtained from a throughout the 
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entire experiment. The green squares represent the current density calculated as the 
applied current divided by the effective contact area. 
 
 

This study provides quantitative evidence of a broad distribution of current 

densities across the lithium-solid electrolyte interface. From figure 3.9, it becomes clear 

that it would be difficult to choose one statistical value to uniquely represent the current 

flow at the interface. Instead, the spatial information of current density across the interface 

can help identify hotspots and predict locations where dendrites are more likely to form in 

the case of stable solid electrolytes, for example. Additionally, it would be possible to use 

the current density maps to feed a more robust electrochemical model with predictive 

power.  

3.4: Conclusions 

This work reveals the dynamic evolution of contact at the lithium-solid electrolyte 

interface, and presents a simple model to estimate the current density at every point of 

the interface. We used operando X-ray tomography to probe the buried interface of lithium-

LSPS-lithium cells. Using this technique, it was possible to directly image the evolution of 

interfacial voids and precisely map the contact between lithium and the solid electrolyte. 

We used this information to estimate the distribution of current density across the interface 

using a simple model for current constriction. Although the model was developed to predict 

the constriction resistance at the contact between electrical conductors, we demonstrate 

here its applicability in electrochemical systems, such as batteries, in which one side of 

the contact is an electrical conductor and the other side is an ionic conductor. In this simple 

model, each contact spot is treated analogously to a charged circle interacting with the 

charges of all the other contact spots. The potential at each circle is defined by its own 

charge and its interactions with all the other contact spots. Since the real contact spots 
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measured through X-ray tomography are not circles, but have arbitrary shapes, we treated 

each pixel from the contact area maps as an individual circular spot. The calculated current 

density maps reveal a broad distribution of current densities. Our model predicts higher 

current densities in smaller contact spots and towards the edges of larger contacts. This 

is in line with the general observation that the edges of larger contact spots recede as the 

lithium stripping proceeds, suggesting that there is a higher rate of lithium consumption at 

the edges of the contact spots. This strategy to estimate the current density distribution at 

the interface between anodes and solid electrolytes can be extended to other 

electrochemical systems and reveal localized phenomena such as dendrite formation in 

stable solid electrolytes. 
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CHAPTER 4: STRAIN EVOLUTION DUE TO A MOVING 

INTERFACE DURING LITHIATION OF ALLOYING 

ANODES* 

 

 

4.1: Introduction 

Alloying anodes, such as silicon, germanium, and tin, are leading candidates for 

next-generation Li-ion batteries with higher energy density.1-4 These materials feature ~3-

10 times higher theoretical specific capacity than conventional graphitic anodes; for 

example, Si and Ge exhibit specific capacities of 3579 mAh g-1 and 1383 mAh g-1, 

respectively, compared to graphite’s 372 mAh g-1. However, insertion/removal of such 

large quantities of lithium causes substantial volumetric expansion and contraction during 

cycling.1 These transformations can cause mechanical fracture and continual exposure of 

new surface area, which leads to electrical disconnection, accelerated solid-electrolyte 

interphase (SEI) growth that irreversibly consumes lithium, and subsequent capacity 

decay with cycling.5-9 Thus, understanding and controlling volumetric and structural 

changes is critical for continued progress towards commercialization of these materials. 

A significant body of work has been focused on understanding the transformation 

mechanisms in alloying anode materials,10-16 and the fundamental nanoscale reaction 

processes in Ge and Si are fairly well understood.1, 17-19 It is known that crystalline Ge and 

https://doi.org/10.1021/acsenergylett.7b01185
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Si react via a two-phase reaction process in which an atomic-scale reaction front 

separates a highly-lithiated phase and the original Ge or Si; this reaction front moves into 

and consumes the Ge or Si during the reaction.16, 19 Despite recent progress in 

understanding these reactions, some key aspects require more attention. In particular, the 

large volume changes during the reaction of Ge and Si with Li induce substantial 

mechanical stress within active particles,18, 20-23 and these stresses are known to cause 

fracture and to slow the reaction rate in Si nanoparticles.6, 24 Lithiation-induced stresses 

have been measured in planar thin film electrodes, and these experiments have shown 

that the highly lithiated LixSi and LixGe phases undergo plastic flow under biaxial 

compressive stresses of ~0.75 GPa for LixSi and ~0.5 GPa for LixGe.20 However, the 

stress state within particles has been predicted to be different than thin films due to the 

curved reaction front, with circumferential (hoop) tension at the surface causing fracture.24 

A recent operando Raman spectroscopy study was the first to measure stress within active 

material in a particulate Si electrode,25 and another study has used x-ray diffraction;26 

these works showed that the mean stress across many crystalline Si particles in the 

electrode became more compressive during lithiation. However, stress and strain have 

not been measured in individual alloying anode particles. While operando x-ray methods 

have revealed morphological changes in individual particles,7, 10, 27 it is critical to develop 

methods to obtain quantitative measurements of stress or lattice strain. This will allow the 

evolution of stress and strain to be related to particle size and shape in individual particles, 

providing important information to guide the engineering of damage-tolerant active 

materials. 

Here, we use synchrotron operando x-ray diffraction with coherent x-rays to 

investigate the electrochemical reaction of individual Ge microparticles with Li. Bragg 

coherent diffractive imaging (BCDI) has recently been applied to battery cathode materials 

to reveal strain evolution and defect dynamics in real time.28-29 We use the high precision 
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enabled by coherent beamline 34-ID-C at the Advanced Photon Source in the present 

study to measure strain evolution in high capacity anode materials. The experiments 

herein reveal the buildup of compressive strain within the crystalline core of an individual 

Ge particle during discharge, and they provide the ability to track the amorphization of the 

particle. These results are the first to reveal crystallographic strain evolution in individual 

alloying particles, and this knowledge is critical both for validation of prior modeling and 

for designing tailored electrode materials. 

4.2: Methods 

Diffraction Experiments: Synchrotron x-ray measurements were performed at 

Sector 34-ID-C at the Advanced Photon Source at Argonne National Laboratory. The 

experimental geometry is shown in Fig. 1 . An incident beam of coherent x-rays with an 

energy of 8.919 keV and 1 eV bandwidth was focused down to an area of 5x20 𝜇𝜇𝜇𝜇2 

(vertical by horizontal) and aimed to illuminate the battery coin cell. The beam passed 

through a kapton-covered hole in the stainless-steel case of the coin cell to minimize 

attenuation. The battery was oriented so that the beam went through the lithium electrode 

and the separator before reaching the germanium electrode. The detector 

(Medipix2/Timepix, 256x256 pixels, each pixel 55μm x 55μm) was placed at a distance of 

2.0 m from the sample and a scattering angle of 24.3455°, corresponding to the (111) 

Bragg peak of crystalline Ge. 

Three different types of x-ray measurement scans were performed. In the first type, 

the position of the detector was fixed, and the battery was translated horizontally and 

vertically perpendicular to the beam direction with micrometer-range steps so that the 

beam illuminated a total area of 2 mm2 during all the steps. The purpose of these scans 

was to locate particles within the electrode that were oriented so that diffracted x-rays from 
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these particles were detected at the detector. These scans normally took ~6 h and 

generally less than 5 appropriately-oriented particles were found across the total scanned 

area; the position of the stage during these detection events was recorded. The second 

type of scan consisted of collecting rocking curves around the Bragg peak. For each 

rocking curve scan, the battery was rotated in 42 steps through the angle ω (see Fig. 1a). 

An image of the diffracted intensity was collected at each step with an exposure time of 

1.0 s. This procedure provides a 3D view of the diffraction point in reciprocal space, and 

these scans were analyzed to determine diffracted intensity and the evolution of d-spacing 

during the experiments. It was observed that the particles either rotated or moved within 

the electrode during the reaction, so a third type of scan was used to track the particles 

while the battery stage and the detector were moved accordingly to ensure that the 

diffracted beam was aligned with the detector. These tracking scans were rocking curves 

with 16 steps and 0.1 s exposure times. 

One particle was selected for observation within each of the batteries tested, and 

discharge at a rate of C/9 was initiated along with a series of tracking scans. Tracking 

scans were continuously collected during discharge to maintain the Bragg condition. For 

collection of detailed rocking curves, the current was first paused and the battery was 

allowed to rest for 5-10 min, and then between 3 and 6 detailed rocking curves were 

collected. This rest period allowed for stabilization of subtle particle movements. 

 

Data Analysis: Calculation of d-spacing: Each rocking curve consisted of 42 

image files at different values of sample rotation (ω in experimental coordinates). Each 

pixel in these images was summed with the corresponding pixels at the same location in 

all the other images, resulting in an integrated image. This image was then averaged with 

the data processed in the same manner from the other rocking curves at each point during 

discharge. An effective 2θ value was then calculated for each pixel based on its position 
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in reciprocal space. The resulting data were integrated over 2θ intervals which were the 

size of the angular resolution of the detector (0.0014°). Instrumental resolution was 

calculated as the difference in the angles measured at two adjacent pixels sharing an edge 

on the detector given the pixel size and the distance from the sample to the detector. The 

reported d-spacing was calculated using the 2θ interval with the highest intensity. 

Calculation of integrated diffracted intensity: The reported integrated intensity 

corresponds to the summation of the intensity of all the pixels in each averaged image 

from the rocking curve scans. 

Error bars in both cases are the confidence interval obtained considering between 

3 and 6 rocking curve scans for each data point using a Student’s t-distribution with 

α=0.05. The instrumental resolution was used for d-spacing error bars whenever the 

instrumental resolution was larger than the calculated confidence interval. 

Extent of reaction of a single particle: The evolution of d-spacing can also be 

analyzed as it relates to the extent of reaction of the single particle. For this purpose, we 

will define the extent of reaction as the volume fraction of the initial crystalline Ge that has 

reacted: 

                         𝜉𝜉(𝑡𝑡)  = 𝑣𝑣0−𝑣𝑣(𝑡𝑡)
𝑣𝑣0

                                 (1) 

Here, V0 is the initial volume of the crystalline particle, and V(t) is the volume of the 

remaining crystalline Ge portion. It can be seen that this parameter goes from 0 to 1 from 

the beginning of the reaction to the end. 

Volumetric data is not immediately available from the experiments, but it can be 

assumed that given the size of the particles, volume is directly proportional to the 

integrated intensity (as discussed later). With this consideration, the extent of reaction can 

be expressed in the same form as Equation (1), using integrated intensity instead of 

volume. This analysis is presented in Figure 4.7a. The x-axis error bars in this figure were 
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calculated by using the spread of integrated intensity shown in Figure 4.4a. For 

comparison, the predicted evolution of d-spacing vs. extent of reaction according to the 

spherical single-particle model is presented in Figure 4.7b. 

 

Electrochemistry: As shown in Fig. 1a, the experiments involved illuminating a 

battery coin cell with a coherent x-ray beam with energy of 8.919 keV and detecting the x-

rays that were diffracted from a single active material particle within the working electrode. 

The coin cells had Kapton windows to facilitate x-ray transmission,29 and the cells featured 

a Ge working electrode (Sigma-Aldrich, 99.999%, 100 mesh) with ~2.1 mg/cm2 mass 

loading spread on expanded copper foil mesh (Dexmet Corp.), along with a Li metal foil 

counter/reference electrode (Sigma-Aldrich, 99.9%). The electrolyte was a 1:1 mixture of 

ethylene carbonate (EC) and dimethyl carbonate  (DMC) with 1.0 M LiPF6 salt (Sigma-

Aldrich). A two-dimensional photon-counting x-ray detector (Medipix 2) was positioned 2.0 

m downstream from the coin cell at a position on the {111} Debye-Scherrer ring of Ge (Q 

= 1.923 Å-1). The incoming x-ray beam, which had a size of 4 mm by 4 mm, was then 

rastered across the sample until a diffracted beam from a single particle was detected at 

the detector location. Diffraction from single particles was assured due to their random 

orientations; only 3-5 particles with appropriate orientation for diffraction onto the detector 

were found across ~2 mm2 area in a typical experiment. After selecting an appropriate 

particle, the x-ray beam was positioned on that particle, and diffraction was continuously 

monitored during galvanostatic discharge of the battery cell at current rates of C/9 

(corresponding to full discharge of the theoretical capacity of the working electrode in 9 

hours). Figure 4.1b shows a typical discharge curve of a half cell during an operando 

experiment; the Ge electrodes in these experiments consistently showed near-theoretical 

capacity when discharged at these rates. During discharge, rotations and/or lateral 

translations of the particle were corrected for by rotating/translating the cell to maintain the 
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diffraction condition. Possible particle translations in the direction of the beam were 

calculated to have negligible effect on the position of the peak. 

Three-dimensional diffraction intensity distributions in reciprocal space were 

collected by rotating the sample through a small angle (0.2° through the angle ω in Fig. 

1a) and recording the 2D diffracted slice at each angle (this is known as a “rocking curve”). 

Two types of such scans were used: one with shorter exposure times and fewer rotation 

steps (~16) to track the reacting particle, and a longer scan with more steps (~42) for 

detailed analysis during pauses in the discharge current. 

4.3: Results and Discussion 

 

Figure 4.1. Experimental setup. a) The incident x-ray beam illuminates the 
electrode through a window inside the battery. The diffracted beam is transmitted through 
the remainder of the cell and collected at a 2D detector positioned at the Debye-Scherrer 
ring for Ge {111}. To collect the three-dimensional shape of the diffraction intensity in 
reciprocal space, the battery was rotated 0.2° along ω. b) Typical galvanostatic discharge 
curve for a Ge working electrode in the operando half cell. This cell was discharged at a 
rate of C/9. The measured specific capacity was slightly larger than theoretical, which is 
likely due to solid-electrolyte interphase growth. 

 Figure 4.2 displays diffraction data from an operando experiment. Figure 

4.2ashows rocking curve data revealing the 3D shape evolution of the diffraction intensity. 
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The 3D diffraction data shown in Figure 4.2a were taken at different times during 

discharge, and it is evident that both the position and the shape of the diffraction intensity 

changed during discharge. Importantly, the position of the diffraction intensity moved 

perpendicular to the Debye-Scherrer ring (shown in gray), indicating a change in 

interplanar spacing. Motion along the ring corresponds to particle rotation. Furthermore, 

the diffraction point broadened and decreased in intensity as lithiation proceeded, 

corresponding to a decrease in the amount of crystalline Ge during the reaction. Figure 

4.2b displays the diffraction data visualized in a different way; here, the diffracted intensity 

is projected onto the detector plane and shown as a line plot. The x-axis in Figure 4.2b 

thus represents the magnitude of the scattering vector Q. In this plot, the diffraction peaks 

are observed to diminish in intensity and broaden with increasing extent of lithiation. 

Simultaneously, the center of the peak shifts to higher scattering vector values, indicating 

a change in lattice spacing. 

Ideally, coherent diffraction can be used to provide real-space images of Bragg 

electron density and strain within materials via the use of phase retrieval algorithms that 

rely on oversampling of the diffraction pattern produced by diffracted coherent x-rays.30-33 

Such techniques have previously been used to image battery cathode materials,29 as well 

as other nanoscale materials and thin films.34-35 Unfortunately, our experiments struggled 

to sufficiently oversample the data due to the large particle size of a few microns. Instead 

of using real-space reconstructions, we focus on structure and strain evolution determined 

from the position and intensity of diffracted x-rays; future research will focus on optimizing 

conditions to obtain data for which phase information can also be calculated. 

 

 

  



 
72 

  

 

Figure 4.2 Evolution of the diffracted intensity from the (111) planes of a single Ge 
particle during lithiation. a) 3D representation of the diffraction intensity in reciprocal space 
at different times during lithiation. The z-axis in this figure corresponds to the experimental 
rotation of the particle around angle ω (see Fig. 1a). The x- and y-axes are converted from 
the pixels on the detector. The gray surface represents constant Q, and the legend shows 
the extent of discharge. b) This plot shows representations of the diffraction peaks 
calculated by integrating over all separate 2D slices collected during a single rocking curve 
measurement. In other words, these peaks are the diffracted intensity projected along the 
z-axis in (a). The inset shows magnified peaks during the later stages of lithiation for which 
the diffracted intensity is lower. 
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Figure 4.3. Diffraction peaks calculated by integrating over all separate 2D slices 
collected during a single rocking curve measurement, as in Figure 4.2b. These data are 
from the non-reacting particle shown in Figure 4.5, and the legend refers to the time during 
discharge. The magnitude of the scattering vector is presented over the same range as 
shown in Figure 4.2b for comparison. 
 

Table 4.1. Full-width-half-maximum (FWHM) of the peaks shown in Figure 4.3. 

Time (h) FWHM (Å-1) 

0 3.48 x10-4 

4.2 3.44 x10-4 

4.7 3.44 x10-4 

5.3 3.45 x10-4 

6.9 3.47 x10-4 

8.0 3.44 x10-4 

9.7 3.35 x10-4 
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Figure 4.4a shows the integrated diffracted intensity (i.e., peak area) from this 

same particle overlaid on the galvanostatic discharge curve for this battery cell. These 

values were calculated by averaging the integrated intensity of several rocking curves 

taken sequentially after pausing the cell current. Integrated intensity is proportional to the 

volume of the material when attenuation is negligible, which is the case when Ge is thin 

(<40 µm for ~9 keV incident x-rays36). As shown in Figure 4.4a, the integrated diffracted 

intensity steadily decreased during discharge until a specific capacity of ~200 mAh g-1 had 

been reached. After this, the decrease in integrated intensity slowed until a capacity of 

~550 mAh g-1 had been reached, when the (111) diffraction from the particle disappeared. 

This indicates that the crystalline Ge (c-Ge) had been completely consumed by the 

electrochemical reaction. From previous work, it is known that c-Ge is first converted to 

an amorphous LixGe phase (where x = 2.25) via a reaction in which the two phases are 

separated by a sharp reaction front. Near the end of discharge, this heterogeneous 

amorphous phase and other amorphous Ge phases crystallize into the Li15Ge4 structure.10-

11, 17, 19 This is similar to the phase evolution when crystalline Si reacts with Li.1, 37 Previous 

ensemble in situ x-ray diffraction (XRD) on Ge microparticle electrodes showed that the 

crystalline Ge phase disappeared after reaching ~60% of the maximum theoretical 

discharge capacity.11 The crystalline Ge phase in the particle in our experiment 

disappeared after ~40-45% of the maximum theoretical capacity had been reached, which 

illustrates that some individual particles behave differently than the ensemble. Reaction of 

individual alloying anode particles at different times, and therefore different 

electrochemical potentials, may be expected for particles of different shapes, sizes, and 

extent of mechanical confinement within the electrode architecture. This is because these 

variations could lead to different mechanical stresses and therefore varying local 

electrochemical potentials, as recently demonstrated for Si electrodes.38-39 
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Figure 4.4. Changes in intensity and (111) planar spacing overlaid with electrochemistry.  
a) Evolution of the integrated diffracted intensity from an individual Ge particle during 
discharge (left axis); these data are superimposed on the galvanostatic electrochemical 
curve (right axis). b) Evolution of the (111) planar spacing during discharge for the same 
particle, along with the same electrochemical data. Error bars correspond to the 
confidence interval (α = 0.05) from multiple sequential measurements when paused at the 
same specific capacity. In some cases in (b), the confidence interval was smaller than the 
instrument resolution (i.e., the angular span of a single pixel at the detector distance), so 
the latter is presented instead. These error bars were chosen instead of using the full-
width-half-maximum (FWHM) of the peaks as error bars in (a) since the FWHM convolves 
multiple factors (e.g., strain gradients, particle size) that do not directly impact precision. 

 

The two-phase alloying reaction in which the c-Ge was converted into LixGe did 

not start until the plateau at 300 mV vs. Li/Li+ was reached in the galvanostatic curve in 

Figure 4.4a. This relatively flat plateau signifies a two-phase reaction according to Gibb’s 

phase rule, as has been shown for the c-Ge to LixGe transformation.10, 19 The discharge 

capacity observed before this potential was reached arose due to contributions from solid-
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electrolyte interphase (SEI) formation and electrochemical reaction of GeOx surface 

oxides, as commonly observed in many alloying anode materials.40 In addition, it is 

possible that the intercalation of small amounts of Li+ occurred during this pre-plateau 

region. This has been suggested to cause a decrease in diffracted intensity in a prior 

study,11 but a definitive decrease in diffracted intensity before the plateau was not 

observed here. In addition to the diffracted intensity analysis, an estimate for the initial 

particle size can be obtained by applying a Fourier transform to the initial diffraction data. 

For the particle analyzed here, the initial size was estimated to be about 2 µm. 

From the diffraction data, the planar spacing of the individual c-Ge particle can be 

calculated using Bragg’s Law from the position of the diffraction point in reciprocal space. 

Figure 4.4b shows the (111) spacing for the c-Ge particle from Figure 4.4a as a function 

of discharge capacity. The planar spacing was fairly constant until the plateau at 300 mV 

vs. Li/Li+ was reached, and then the (111) spacing steadily decreased until the crystalline 

phase was no longer detectable at ~550-600 mAh g-1 capacity. The planar spacing 

decreased from an initial value of 3.266 Å to a value of 3.259 Å at the end of lithiation. 

This represents a direct measure of the average strain in the crystal along the [111] 

crystallographic direction, and these measurements show that the crystal experiences an 

average of 0.21% compressive strain along this direction. For comparison, Figure 4.5 

shows data from another particle from a separate experiment; this particle did not undergo 

electrochemical reaction during discharge, which could be because it was not well-

connected to the electrode architecture. The diffracted intensity fluctuated during the 

experiment due to particle movement and/or rotation (Figure 4.5a), but it was virtually the 

same at the beginning and the end, indicating that the Ge crystal did not decrease in size. 

Accordingly, the measured (111) lattice spacing was also constant (Figure 4.5b). This 

comparison gives further evidence that the steady decrease of diffracted intensity and 

lattice spacing shown in Figure 4.4 are due to the electrochemical reaction. 
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Figure 4.5. Integrated diffracted intensity and d-spacing from a non-reacting 
particle. a) The integrated intensity did not change significantly from the beginning to the 
end of the reaction. The intensity fluctuations during the reaction are explained by 
movement of the particle. b) d-spacing is plotted within the same range as shown in Figure 
4.4b. It can be seen that the changes in d-spacing are negligible compared to the changes 
observed for the reacting particle displayed. The spikes in the voltage curve arise because 
the current was decreased to C/100 to take detailed rocking curves. 

The stress state within spherical particles and other structures during this two-

phase lithiation process has been modeled with analytical and computational methods in 

previous work.23-24 The large lithiation-induced volume expansion causes significant 

compressive stress in the lithiated shell near the two-phase interface.24 Circumferential 

(hoop) tension exists at the surface of such particles, which is consistent with prior reports 

of fracture initiating at the surface of lithiated Si and Ge.8, 18, 41 The substantial compression 

within the lithiated shell has been predicted to induce compressive stress within the 

crystalline core; for a spherical nanoparticle with an infinitesimally thin reaction front 

region, such stresses have theoretically been predicted to be hydrostatic.6, 24 

Our experiments provide a precise measurement of the strain along the [111] 

direction in a Ge particle during lithiation. Since only one diffraction point from a given 

particle is able to be tracked during discharge in these experiments, the strain along other 

directions (and thus the full strain tensor) was not measured in this study. If we assume 

that the crystalline Ge core experiences purely hydrostatic stress, our measured strain 
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would correspond to a pressure of 490 MPa within the crystalline core (given a bulk 

modulus of 77.2 GPa for Ge42). On the other hand, if we assume uniaxial strain along the 

[111] direction (a limiting case), the measured strain would correspond to a uniaxial stress 

of 220 MPa within the core (given a Young’s modulus of 102.7 GPa for Ge43). The stress 

within the crystalline core is likely not purely hydrostatic because the Ge crystals are not 

perfect spheres in these experiments; asymmetric lithiation and morphological changes 

may introduce a deviatoric component. However, the range of stresses within the Ge 

particle found here is similar to previous ensemble measurements of stress in Si 

nanoparticles using Raman spectroscopy that found maximum pressure values of 300 

MPa.25 Even though these particles were smaller, prior modeling has shown that the 

evolved stress during this two-phase large-volume-change reaction should be 

independent of particle size, assuming fracture does not occur and that particle size does 

not approach the width of the reaction front (~1-2 nm length scale). Thus, due to their 

similar reaction mechanisms, it is expected that both c-Ge and c-Si should exhibit similar 

stress states and magnitudes even when comparing nanoparticles and the larger particles 

studied here. This similarity, in addition to the likelihood that the particle investigated here 

did not fracture during lithiation (as indicated by the relative stability of the position of the 

diffraction point), suggests that the stress state in the crystalline Ge core of this particle 

was closer to hydrostatic than uniaxial. 

To analyze these results in greater detail, we build on a previously developed 

analytical model24 for stress evolution during the two-phase reaction of large-volume-

change battery materials. This model was developed for lithiation of c-Si, but it should also 

describe the lithiation of c-Ge due to the similar two-phase mechanism involved. Figure 

4.6a shows a schematic of the two-phase expansion of a spherical particle with initial 

radius of B. After partial reaction, the radius of the crystalline core decreases to A, while 

the outer radius increases to b (Figure 4.6b). The ratio of the volume of the expanded shell 
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to the original volume of the reacted crystalline region is given by , where W is the molar 

volume of the two species. As shown by K. Zhao et al.,24 the outer radius b of the sphere 

depends on the radius A of the crystalline core in the following manner: 

𝑏𝑏(𝑡𝑡)  =  [𝐴𝐴(𝑡𝑡)3 + 𝛽𝛽(𝐵𝐵3  −  𝐴𝐴(𝑡𝑡)3)]1/3   (2) 

From this equation and the deformation of a given volumetric element at radius R 

within the sphere, the radial stress  and hoop stress  can be derived at all points in the 

sphere as a function of the extent of lithiation, as shown by K. Zhao et al.24 This derivation 

neglects elastic strain and assumes that the original material is rigid and the lithiated 

material is rigid-plastic, which is a reasonable assumption since the lithiation-induced 

strains (200-300%) are much larger than elastic strains. This derivation finds that 

hydrostatic stress evolves within the shrinking crystalline core according to the following 

equation: 

𝜎𝜎ℎ =  −2 𝜎𝜎𝑦𝑦 𝑙𝑙𝑙𝑙 (𝑏𝑏/𝐴𝐴)    (3) 

In equation (3),  is the hydrostatic stress in the core,  is the yield stress of the 

lithiated material, and the radius ratio b/A reflects the extent of lithiation. The compressive 

flow stress for Li2.25Ge has been measured to be ~450 MPa.20, 22 Using this value for the 

yield stress, Equation (3) is plotted in Figure 4.6c. This simplified model predicts increasing 

pressure in the crystalline core as the extent of lithiation increases; at large b/A values 

(i.e., small crystalline core), the pressure is quite large (~GPa level). 

This derivation predicts stress as a function of the extent of lithiation, but it does 

not predict the time dependence of stress evolution in galvanostatic experiments like those 

reported here. Thus, we extend this model to predict stress as a function of time for the 

lithiation of a spherical particle at a constant lithiation rate, where the rate of reduction of 

the volume V of the crystalline core due to reaction is given by 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡

= 𝑘𝑘     (4)    
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where k is constant. The infinitesimal change in volume due to lithiation is given by 

𝑑𝑑𝑑𝑑 =  −4 𝜋𝜋 𝐴𝐴2 𝑑𝑑𝐴𝐴    (5) 

Combining equations (4) and (5) gives the rate of change of the core radius A with 

time (dA/dt), and integration and combination with equation (2) provides the core radius A 

and outer radius b with time: 

𝐴𝐴(𝑡𝑡)  =  �−3𝑘𝑘
4𝜋𝜋

 𝑡𝑡 +  𝐵𝐵3�
1/3

   (6) 

𝑏𝑏(𝑡𝑡)  =  �(𝛽𝛽 − 1) 3𝑘𝑘
4𝜋𝜋
𝑡𝑡 + 𝐵𝐵3�

1/3
   (7) 

Using appropriate values of b, k, and B, these equations for A(t) and b(t) can be 

inserted into Equation (3) to calculate the pressure within the core as a function of time 

given the assumption of constant lithiation rate (i.e., constant volumetric consumption). 

The predicted pressure in the crystalline core as a function of time is shown in Figure 4.6d 

for the lithiation of a spherical crystal. The rate of reaction is set so that consumption of 

the crystal occurs in ~5 hours, which approximately corresponds to the experimental 

observations herein. The volume expansion ratio b was chosen to be 3.0 based on prior 

experiments.18-19 This model shows that the hydrostatic stress within the crystalline core 

is expected to decrease (i.e., increased pressure) in a fairly linear manner with time over 

most of the lithiation process. During the last ~20% of the lithiation process, the pressure 

increase accelerates due to rapid shrinkage of the small remaining crystal. Figure 4.6e 

shows the predicted evolution of planar spacing within the Ge crystal as a function of time 

given these hydrostatic stresses. Our experimental data are remarkably consistent with 

the prediction of a close-to-linear change in d-spacing over most of the lithiation time, as 

shown in Figure 4.4b. The effects of the rapid pressure increase and large pressures 

predicted at the end of lithiation are likely difficult to detect in our experiments, because 

they occur when the crystalline core is < ~5-10% of its original volume, meaning that x-

ray scattering from this volume would be significantly reduced. The measured strain and 
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calculated maximum pressure value (490 MPa) from experiment are within the range of 

that predicted from this model at intermediate extents of lithiation. Overall, the good 

agreement between our results and this model, in addition to agreement with prior 

experimental results on ensemble electrodes,25 affirm the accuracy of these 

measurements. We note that when the experimentally measured and predicted d-spacing 

values are plotted against the extent of reaction of this single particle (as estimated from 

the integrated diffracted intensity), a similar trend is observed (see Figure 4.7). 

 

Figure 4.6. Analytical model for stress and strain evolution within a crystalline Ge 
particle during electrochemical reaction. a-b) Schematics of the evolution of a spherical 
particle during lithiation. The initial particle with radius B in (a) is transformed to a core-
shell structure in (b) with internal Ge radius A and external radius b. c) Predicted evolution 
of hydrostatic stress within the Ge core as a function of extent of reaction (b/A). d) 
Predicted evolution of hydrostatic stress within the Ge core as a function of time. e) 
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Predicted evolution of (111) planar spacing within the crystalline Ge as a function of time 
based on the hydrostatic stress in (d). The calculations in (c)-(e) were performed for a 2 
µm particle that was consumed in ~5 hours. 

 

 

Figure 4.7. Evolution of d-spacing as a function of the extent of reaction for a single 
particle. The extent of reaction is represented by the fractional change in volume of the 
crystalline Ge particle according to Equation (1). This is a different way to display the data 
than in Figure 4.4, which are plotted against specific capacity of the entire cell. a) 
Experimental values for the particle discussed in the ; the integrated diffracted intensity is 
used to estimate the volume of the particle. b) Predicted values according to the model 
for a spherical particle discussed above. From these plots, the relationship between d-
spacing and extent of reaction for this particle closely mirrors the relationship between d-
spacing and electrochemical reaction of the whole electrode (Figures 4.4 and 4.6). 

  

4.4: Conclusions 

This study has revealed the evolution of structure and mechanical strain in large-

volume-change alloying anodes for Li-ion batteries using operando synchrotron diffraction 

techniques. Diffraction from single c-Ge particles was tracked during discharge of half 

cells, and the diffracted intensity and crystallographic strain were examined. Since 

lithiation of c-Ge converts the material to an amorphous phase and then a highly lithiated 

crystalline Li15Ge4 phase, the extent of reaction can be monitored via the diffracted 
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intensity from the c-Ge phase. Additionally, the shift in the position of the diffraction peak 

provided information on crystallographic strain within the reacting particle. It was found 

that compressive strain was generated during lithiation (as measured along the [111] 

crystallographic direction in these experiments), which agrees well with previous 

modeling. The emergence of compressive strain within the interior of these particles is 

somewhat counterintuitive, as the overall volumetric transformation of these particles 

involves expansion. However, it is the nature of the two-phase reaction within particles 

that gives rise to this compression, as the expanded outer region exerts compressive 

forces on the crystalline interior.   

These observations provide important experimental insight into the 

chemomechanics of large-volume-change phase transformations in alloying anodes. The 

enhanced knowledge of chemomechanical behavior of these materials is important for 

designing battery materials with optimal shape, size, and structure to withstand 

electrochemical transformations while avoiding fracture and mechanical degradation. 

Moreover, since the large mechanical stress that evolves within two-phase alloying 

materials has been shown to influence the driving force for reaction, it is critical to 

experimentally measure strain and stress in these battery materials with operando and in 

situ techniques. One challenge with studying such materials with coherent diffraction-

based techniques is that alloying anodes generally undergo significant structural changes 

during Li insertion and removal, which makes investigation of further charge and discharge 

cycles difficult. However, as demonstrated here, these methods can be particularly useful 

for understanding mechanical phenomena during electrochemical reactions. Future work 

will be designed to link detailed morphological changes in such particles, as obtained via 

phase-retrieval algorithms, to mechanical strain evolution.  
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CHAPTER 5: ENGINEERING INTERFACES OF CURRENT 

COLLECTORS 

5.1: Introduction 

Commercial Li-ion batteries were first introduced by Sony Corporation in 1991 and 

have become the dominant battery chemistry for consumer electronics and electric 

vehicles.1 Immense progress has been made from the first commercial batteries designed 

in the mid 1980’s in order to improve energy density, safety and cost. The energy density 

of Li-ion batteries increased steadily at a rate of 10 % every year between 1991 and 2005.2 

These improvements were obtained by engineering the anode and cathode materials and 

optimizing the liquid electrolyte composition. For example, anode materials have changed 

from hard-carbon to graphite,1 the composition of the LiCoO2 cathode material has been 

engineered by incorporating Ni, Mn and Al,3 and the liquid electrolyte composition has 

been modified with different salts and additives to control SEI formation.4 Despite all these 

changes in the rest of the battery components, the current collectors of the first 

intercalation rechargeable Li-ion battery described in Yoshida’s patent in 19855 are the 

same standard current collectors used today6: 10 μm Cu foil for the anode and 15 μm Al 

foil for the cathode. This begs the question: what advances are possible at current 

collectors? 

The role of current collectors is to connect the active materials to the external 

circuit. For this reason, current collectors need to be highly conductive and mechanically 

robust and adhesive to support the electrode materials.7–9 Cu foils are used as the anode 

current collector due to their electrochemical stability at low potentials vs Li/Li+.10,11 Al 

alloys with Li below 0.2 V vs Li/Li+, but it is stable at high potentials, so it is used on the 
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cathode side.12 Electrochemical stability aside, Cu foils cost 4 times as much as Al foils 

and are 3 times denser, which suggests that replacing Cu current collectors with Al could 

reduce the weight and cost of Li-ion batteries. The reduction in cost could be around 3 - 6 

% per kWh with a respective increase in gravimetric energy density around 3 - 6 % for 

conventional6 as well as next-generation13 Li-based batteries, as shown in Figure 1.1. 

The alternative to using Al as the anode current collector in Li-ion batteries has 

been explored previously. Given its electrochemical stability window, Al can be used as 

the anode current collector for higher voltage anode materials such as lithium titanate, 

which intercalates lithium at 1.5 V vs Li/Li+.14 Another approach has been to use Al as an 

active metal current collector. The Li-Al alloying reaction has a theoretical capacity of 993 

mAh g-1 and a volume expansion of 90 %, which limits the cyclability of Al as an anode 

material.15 A recent study showed extended cycling stability of Al foils that had been 

pretreated to increase their hardness.16 In that work, only a fraction of the thickness of the 

Al foil was used as the anode material, while the bulk served as the current collector. Other 

examples of active metal current collectors include hand-pressing Li and Al foils 

together,17–19 heating and roll-pressing LiAl alloys,20 and cold-rolling Al with Sn to form an 

interdigitated eutectic alloy.21 Lastly, protection layers have been studied as alternatives 

to enable Al anode current collectors. For example, Liu et al.22 used a 500 nm Sn 

protection layer and observed low current densities and no measurable Li in the Al current 

collector at potentials as low as 0.2 V vs Li/Li+ for up to 6 hours. 

Extending the stability of Al anode current collectors for commercially relevant 

periods of time using protection layers requires a different approach. This protection layer 

should be a low-cost material and meet the following criteria: 1) it should be electrically 

conductive, 2) it should not react with Li, and 3) it should block lithium diffusion. While Cu 

may appear to be an obvious candidate, it has been demonstrated that lithium can diffuse 

into this material when it is used as a current collector.23,24 TiN is also a promising material 
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that is commonly used as a diffusion blocker. TiN was used in microbatteries to prevent 

the reaction of Si substrates at low potentials vs Li/Li+.25,26 However, it was also found that 

TiN was able to incorporate moderate amounts of lithium proportionally to the thickness 

of the film.25,27  

 
Figure 5.1. Concentration profile measured by Neutron Depth Profiling of implanted Li on 
an Fe target after 1 h of annealing at different temperatures: room temperature, 800 °C 
and 900 °C. Replotted from 28 
 

Conditions 1 and 2 point to metals that do not react with lithium, such as Mo, Nb, 

Ti, Ni, Cr or Fe.29–34 Condition 3, however, seems more elusive. Fink et al. 28 reported the 

diffusivity of lithium in those metals, except for Cr and Fe. Cr was the only material from 

this list that was not examined in that study. In the case of Fe, they found that Li diffusion 

is severely hindered.28 Figure 5.1, replotted from28, shows neutron depth profiles of Fe 

samples in which Li ions had been implanted at an energy of 100 keV using a heavy ion 

accelerator at room temperature. After implantation, the samples were annealed at room 

temperature, 800 °C and 900 °C for 1 h. Figure 5.1 shows that the concentration profiles 

are essentially identical regardless of the annealing temperature. The conclusion that 
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follows is that the Li ions were unable to diffuse into the Fe matrix. This is in contrast to 

materials such as Cu in which the concentration profiles of Li become flatter as annealing 

temperature increases, which is to be expected to happen in regular thermal diffusion.28 

Using this evidence that Fe meets all 3 criteria, we test Fe as a protection layer for Al 

anode current collectors.  

In this chapter, we test the hypothesis that an electrically conductive thin film that 

does not react with lithium and blocks lithium diffusion, such as Fe, can prevent the 

alloying reaction between Li and Al in anode current collectors. We use potentiostatic 

holds at 10 mV vs Li/Li+  to simulate the electrochemical environment of fully charged 

batteries. These tests reveal that sub-micron thick Fe films extend the stability of Al anode 

current collectors to hundreds of hours with current densities comparable to copper anode 

current collectors, the incumbent technology. Implementing this new technology in 

commercial batteries could reduce the cost and weight of the cells by 3 - 6 %. 

5.2: Methods 

Sample Preparation: The Al foil substrates were 15 μm in thickness and supplied 

by a commercial vendor. Prior to sputtering, the foils were secured on a stainless steel or 

glass slide by means of adhesive tape. The Al foils used had two distinct sides, one more 

lustrous than the other. In all cases, the Fe films were sputtered on the more lustrous side. 

For building coin cells, the Al foils were secured on stainless steel spacers (1.55 cm in 

diameter) using double-sided conductive carbon tape. The area of the foil, tape and 

stainless steel spacer were approximately the same. In the case of flooded cells, strips of 

Al foil were taped onto glass slides using double-sided kapton tape of the same width as 

the Al strips. The Al strips were longer than the glass slide onto which they were taped in 

order to make electrical connections. After securing the foils, they were pressed firmly 
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against the tape with compressed nitrogen in order to ensure a flat surface. Immediately 

before loading the samples in the sputterer, the samples were rinsed with isopropyl alcohol 

and dried with nitrogen. 

Sputtering: Fe films were sputtered on Al foil substrates using DC magnetron 

sputtering. 

Cell Construction: Electrochemical cells were constructed using metallic Li as 

counter and reference electrode, a 1.0 M solution of lithium hexafluorophosphate in in 

ethylene carbonate and diethyl carbonate (1:1 volume ratio, Sigma) as electrolyte, and the 

test foil as working electrode. Two types of cell were used: coin cells and flooded cells. 

CR2032 coin cells were constructed in an Ar glovebox (<0.1 ppm water, <0.3 ppm oxygen) 

with the following stack order inside the stainless steel case: stainless steel spring, test 

foil, celgard separator soaked in electrolyte, Li metal electrode. In the case of Fe-protected 

Al foils, the sputtered foils were stored in the same Ar glove box. The Li metal electrode 

was typically a disk 0.318 cm in diameter and the celgard separator was approximately 

0.5 x 0.5 cm2. The separator was placed away from the edges of the foil, and the Li 

electrode was placed in the center of the separator. In the case of Cu and Fe-protected Al 

foils with epoxy (Henkel Loctite EA 9460), the Li disk was 0.397 cm in diameter. 

Flooded cells were constructed as depicted in Figure 5.4c. Quartz tubes 0.635 cm 

in diameter were adhered to the test foil using epoxy (Henkel Loctite EA 9460) and cured 

in ambient air at room temperature for ~12 h before a second layer was applied and cured 

in the same conditions. After this, the cell was brought into the glovebox. Small squares 

of glass fiber (0.2-0.3 cm in length) were placed inside the quartz tube to cover the 

exposed area of the test foil. After this, ~30 μL of electrolyte were pipetted into the tube. 

The Li metal electrode was cut in ~1 x 1 cm2 pieces, polished, and wrapped around the 

end of a Cu wire, covering its tip completely. The Cu wire was inserted into the quartz tube 

ensuring that the Li metal electrode was pressed against the glass fiber separator and 
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fully submerged in the electrolyte. The other end of the Cu wire extended past the opening 

of the quartz tube. The cell was finally sealed with the same epoxy inside the glovebox 

and cured at room temperature for at least 12 h before electrochemical testing. The area 

used for calculating the current density of each experiment with flooded cells was the 

exposed area of the test foil at the bottom of the cell. 

Electrochemical Testing: All cells underwent linear sweep voltammetry followed 

by potentiostatic holds using a Bio-Logic VMP3 potentiostat at room temperature. The rate 

of the linear sweep voltammetry was 0.1 mV s-1 from open circuit potential to 10 mV. The 

voltage was subsequently held at 10 mV.  

Surface Characterization: Scanning electron microscopy (SEM) was used to 

probe the surface of Fe-protected Al foils. The instrument used for SEM was a Zeiss 

Ultra60 FE-SEM with an accelerating voltage of 5 or 10 kV, and the samples were 

transferred in air. In the case of electrochemically tested samples, care was taken to 

reduce the transfer time to under 30 s.  

5.3: Results and Discussion 

 
Figure 5.2 shows the stability of Fe-protected Al foils in contrast to bare Al and Cu 

current collectors. In this test, 800 nm of Fe was sputtered on commercial Al foils. The 

foils were used as the working electrode in a coin cell with metallic lithium as the counter 

electrode. Prior to the potentiostatic hold at 10 mV vs Li/Li+ shown in the figure 5.2, the 

cell was brought from open circuit potential (around 3 V) through a linear sweep 

voltammetry at a rate of 0.1 mV/s. This protocol resembles slow battery charge and then 

simulates the electrochemical environment of the current collector when the anode is fully 

lithiated for extended periods of time.35–37 The comparison in Figure 5.2a shows that the 

evolution of current in the Fe-protected aluminum current collectors is essentially identical 
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to the case of standard copper current collectors. In comparison, bare aluminum evolves 

current densities two orders of magnitude higher than what is observed for copper current 

collectors. This larger current density in bare aluminum is related to large morphological 

changes in the foil as shown in Figure 5.2d. In this case, the bare Al foil was completely 

pulverized, leaving a hole in the reacted area directly underneath the Li electrode.  

 
Figure 5.2. Performance of Fe protection layer on Al compared to Cu and bare Al. a) 
Evolution of current density over 120 h of potentiostatic hold at 10 mV for Cu, bare and 
Fe-protected Al. The darker blue line represents the average of 3 replicates of the same 
experimental condition, and the light blue area shows the standard deviation. b) Evolution 
of transferred charge density corresponding to the experiments in a. Photographs of c) 
Cu, d) bare Al, e) Fe-Protected Al after potentiostatic hold at 10 mV. Notice the hole in d 
matching the shape and location of the Li electrode. The imprint of the separator and Li 
electrode are only visible in e because the foil was fixed with carbon tape on a steel current 
collector while the other ones had no carbon tape. 
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In contrast, the lower current densities are correlated with no visible changes in 

the morphology or mechanical integrity of the foils, as shown in Figure 5.2 c, e. In the case 

of the Fe-protected Al foil, no pulverization occurred. Although the foil does not appear flat 

as compared to the Cu foil, this is not due to decomposition of the Al foil. Instead, it is due 

the fact that the Al foil was supported on carbon tape onto a stainless steel spacer prior to 

sputtering. During the fabrication of the coin cell, the separator and Li electrode are 

pressed against the foil, deforming the underlying carbon tape. In the case of Cu or bare 

Al foil, no carbon tape was used, which is why those foils appear flat after the 

electrochemical testing procedure. 

The observed current can come from various sources. In the case of bare Al, most 

of the current comes from the reaction with Li, while in the case of bare Cu it likely comes 

from electrolyte decomposition. Figure 5.2b shows the cumulative charge density 

transferred corresponding to the current density plots in Figure 5.2a. Assuming Al reacts 

with Li to form LiAl, with a theoretical capacity of 993 mAh cm-3, the areal charge density 

transferred in lithiating a 15 μm foil is ~4 mAh cm-2. It can be seen that the bare Al foil 

reaches that charge density within less than 5 hours, suggesting rapid lithiation of Al. This 

lithiation causes a volume change of 90 % and is known to induce pulverization in Al 

anodes,16 which is consistent with the foil destruction observed in Figure 5.2d.  

The current evolution in Cu current collectors has a different origin. As shown in 

Figure 5.2a,b, the current density and cumulative charge density of Cu is significantly 

lower than that of Al, but it is non-zero. Lin et al.38 studied this phenomenon and postulated 

that Cu continuously reacts with the electrolyte. They observed differences in the 

composition and thickness of the SEI on Cu versus Li and found that it is thinner on Cu 

than on Li. According to them, the decomposition of the electrolyte on Cu produces soluble 

products, and the thickness of the SEI is a result of a balance between SEI formation and 

dissolution that occurs continuously. This decomposition reaction at low potentials vs Li/Li+ 
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produces a small current. This is an indication that the observed current comes from 

electrolyte decomposition and not lithiation of the Al foil. 

 

Figure 5.3. Scanning electron microscopy images of the sputtered Fe film. a) Cross 
section from a pristine sample. b, c) Top views of the film at different magnifications. d) 
Top view of an Fe-protected film after 120 h of potentiostatic hold at 10 mV rinsed with 
PC. e) Top view of an Fe-protected film after 120 h of potentiostatic hold at 10 mV rinsed 
with water and acetone (same magnification as d for comparison). f) Higher magnification 
of the sample in e (same magnification as c for comparison). Images in d-f were taken 
from the region that sat directly below the Li electrode.  
 

The mechanical stability of the Fe films was further confirmed through electron 

microscopy. Figure 5.3a-c show the morphology of pristine Fe films on Al foils. Figure 5.3a 

shows an image of a flake of film lifted off the Al substrate. This type of detachment was 

observed in samples that had not been properly cleaned prior to sputtering or had visible 

scratches before sputtering. The cross section of the film revealed in Figure 5.3 shows the 
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polycrystalline structure of the film and the abundance of grain boundaries perpendicular 

to the Al substrate. Figure 5.3d-f shows top views of the film after 120 h of potentiostatic 

hold at 10 mV. The micrograph in Figure 5.3d was obtained after rinsing the sample with 

propylene carbonate. The surface of this sample did not exhibit the characteristic grain 

boundaries of the pristine film and was highly susceptible to beam damage. For example, 

some of the clusters of circles in Figure 5.3d appeared after exposure to the electron 

beam. This suggests that the Fe-protected Al foil was covered in SEI. The top views in 

Figure 5.3e,f correspond to a sample prepared in the same way as the one in Figure 5.3d 

except that the Fe-protected Al foil was rinsed in water and acetone to remove the SEI. 

The top views of this sample look very similar to what we observed in pristine Fe films 

(compare to Figure 5.3b,c). We found no evidence of damage in the Fe film (such as 

cracks or flakes) compared to the pristine samples.  

One of the biggest challenges that come with testing a protection layer on a current 

collector is that the unprotected edges and back of the foil need to be isolated from the 

liquid electrolyte. In the experiments shown above, this was achieved by making the 

lithium counter electrode and the celgard separator much smaller than the foil inside the 

coin cell. In our earlier attempts, we used flooded cells such as the one depicted in Figure 

5.4c,d. In those cells, abundant amounts of lithium and liquid electrolyte were confined to 

a small area away from the edges of the foil. This cell configuration was used to identify 

early signs of failure. 

The electrochemical tests on flooded cells provide evidence that extended stability 

of Al current collectors is possible. The longest time before failure demonstrated in this 

cell configuration was over 1000 h, more than three orders of magnitude longer than 

without the protection. A comparison between Figures 5.2a and 5.4a suggests that the 

coin cells without epoxy could be stable for similar periods of time. This experimental 

evidence indicates that Fe is indeed preventing the lithiation of Al. 
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Figure 5.4. Flooded cell configuration and demonstration of long stability. a) Current 
density evolution of various foils in flooded cells during potentiostatic hold at 10 mV. b) 
Charge density evolution corresponding to the experiments in a. c) Schematic of the 
flooded cell configuration. d) Photograph of a flooded cell. e) Back-side of an Fe-protected 
Al foil during failure. The dotted circle marks the location of the active components of the 
flooded cell. 

 

Figures 5.4a and b show the current transients of flooded cells over extended 

periods of time. We observe low current densities for hundreds of hours, with a dramatic 

increase towards the end. This increase in current density above 0.1 mA cm-2 is indicative 

of failure. Figure 5.4e shows the backside of a flooded cell after failure. The dotted circle 

shows an obvious change in the mechanical integrity of the foil. This suggests that rather 

than being a gradual process, once Li reaches Al through a defect, the reaction cascades 

rapidly. We propose that this occurs because of the volume expansion of Al upon lithiation. 
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This volume expansion would act to break the protective film and induce more defects, 

exposing more Al to the liquid electrolyte and the Li reservoir. 

 
Figure 5.5. Effect of epoxy on current density evolution. a) Current density evolution of 
various coin cells with and without epoxy. b) Photograph of an Fe-protected foil sealed 
with epoxy after 120 h of potentiostatic hold at 10 mV showing a thick, grey SEI in the 
central area of the foil. 

 

An important consideration in the analysis of flooded cells is the role of the epoxy 

used to seal them. The epoxy was in direct contact with the Fe protective layer and the 

liquid electrolyte, which means that it was subjected to the same electrochemical 

environment and prone to decomposition. To explore this possibility, we build coin cells 

with and without epoxy and compared them in Figure 5.5. It is clear from Figure 5.5a that 

Cu cells with epoxy evolve current densities about an order of magnitude higher than those 

without epoxy. This result translates to Fe-protected Al. Additionally, the Fe-protected Al 

cells with epoxy develop an SEI layer that is several microns in thickness. Such thick SEI 

is not visible in cells without epoxy, which suggests that the epoxy molecules are being 

reduced to form SEI. This observation indicates that the current density values obtained 

in flooded cells are inflated. Additionally, the fact that we observed failure in the flooded 
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cells suggests that the decomposition of the epoxy is not playing a role in extending the 

stability of those cells. What these experiments highlight is the importance of careful 

selection of materials and strategies to protect the edges and back of the Fe-protected Al 

current collectors in real-life applications. 

5.4: Conclusions 

This study demonstrates that Fe is a suitable material to prevent lithiation of Al foils 

at low potentials vs Li/Li+. Potentiostatic holds at 10 mV vs Li/Li+ show that Fe protected 

Al foils produce current densities comparable to Cu current collectors and can remain 

stable for more than 1000 h. No obvious morphological changes were observed after more 

than 100 h of potentiostatic holds. When failure occurs, the current density increases 

suddenly, suggesting that the failure process is rapid once it sets off. We propose that 

failure is due to the presence of defects in the Fe film. Further work is needed in order to 

establish the role of film thickness as well as to measure the distribution of Li across the 

Fe film. The results presented here could enable the use of Al anode current collectors as 

a replacement of Cu in Li-ion batteries. 
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 

 

 

In this thesis, we developed protection layers to extend the stability of solid 

electrolytes and current collectors, and we used operando synchrotron X-ray techniques 

to reveal interfacial phenomena in anode materials.  

From chapter 2, we learned that it is possible to extend the interfacial stability of 

solid electrolytes using a conformal protection layer made of a metallic material that does 

not alloy with lithium. This finding contrasted with the more accepted approach of 

increasing lithium ‘wettability’ using alloying or insulating protection layers. The extended 

stability we observed with this protection layer prompted the hypothesis that the uniformity 

of the electric field at the interface played a role in the failure mechanisms of solid 

electrolytes. Following this hypothesis, and the generally accepted scientific notion that 

interfacial void formation governed the growth of filaments through the solid electrolyte, 

we studied the lithium-solid electrolyte interface using operando synchrotron X-ray 

tomography. Our tomographic data revealed a dynamic interface with smaller contacting 

regions formed  when lithium was stripped from it. We created contact area maps and 

implemented a simple model to estimate the current density at each point in the interface. 

The results, presented in chapter 3, show current density concentrations orders of 

magnitude higher than the nominal current density, as well as a very broad distribution of 

current densities throughout the interface. Detailed current density maps, like the ones we 

created, can be used to test hypotheses about dendrite formation in stable solid 

electrolytes. One way to do this is to replicate our experiments using a stable solid 

electrolyte through which lithium dendrites are known to form. With the X-ray tomography 

data, it will be possible to map the locations where dendrites begin to form and overlay 
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these maps with current density maps generated with an algorithm similar to what we 

show in chapter 3. This might allow one to correlate dendrite formation to a local current 

density threshold, which would provide a more quantitative understanding of the process. 

More generally, the information extracted from current density maps can be used as the 

input for electrochemical models to predict overpotentials in electrochemical systems such 

as fuel cells and batteries. 

In chapter 4, we used operando synchrotron X-ray Bragg diffraction to study the 

evolution of strain in the crystalline core of a germanium microparticle during its 

electrochemical lithiation. Our results provided the first single-particle measurements of 

strain evolution within an ensemble electrode of an alloying material. While the information 

we collected is valuable to design anode materials with optimal shape, size and structure 

to accommodate the large compressive strain and stress, it is possible to take this 

technique one step further. The same technique can be used to create detailed, direct-

space maps of localized strain throughout the volume of a single particle. In our 

experiments, we were limited by the intensity of the X-ray beam. This intensity can be 

slightly improved using a different cell design, but it would be necessary to use a brighter 

X-ray source. One of the reasons why a brighter source will be needed is because the 

intensity of the diffracted X-rays is also a function of the size of the crystalline core, which 

shrinks as it is lithiated. It will be possible to get the necessary intensity in the coming 

years after the upgrade of the Advanced Photon Source is complete. With a higher 

intensity, it would also be possible to study lighter alloying anodes, such as silicon, which 

is more technologically relevant than germanium. 

Lastly, in chapter 5, we used fundamental materials science thermodynamics and 

kinetics to identify a protection layer to prevent the lithiation of anode current collectors 

made of aluminum. The goal was to replace copper with aluminum as the material for 

anode current collectors to reduce the overall cost and weight of lithium-ion batteries. 
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Aluminum readily forms an alloy with lithium in the electrochemical environment of the 

anode current collector, so it was necessary to engineer a protection layer that prevented 

the reaction. This protective layer should not react with lithium in that electrochemical 

environment, block lithium diffusion, be electrically conductive and be made of abundant 

materials. We reviewed the literature in search of phase diagrams and diffusivity data of 

conducting materials, and found one material that met all the criteria. This strategy saved 

time and unnecessary experiments and provided a solid background for experimentation. 

The material we found from the literature search effectively prevented the lithiation of 

aluminum for hundreds of hours. Some of the experiments are still running with no sign of 

failure after hundreds of hours. More work is neededto fully understand the diffusion of 

lithium through this material, as well as the role of defects in large area current collectors. 

Similarly, it will be necessary to demonstrate the performance of this protection layer in 

full cells and in direct contact with lithium metal. The work presented in chapter 5 is a solid 

foundation for future development of anode current collectors made of aluminum or other 

electrochemically unstable materials. 

This thesis pushes the edge of our knowledge and understanding of 

electrochemical interfaces a little further in different realms of application in the world of 

lithium-based batteries.
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APPENDIX 

 

 

Python Code to Calculate Current Density Maps 

This code takes contact area maps as inputs and produces current density maps 

as outputs as described in chapter 3. This version of the code can be used when the 

potential at the contacts is unknown but the total current is known. The input for this code 

is a folder with images that represent contact area maps, and the output is a csv file for 

each scan with the information of location and current density of each pixel. A version of 

this code that can be run online is available in the link below: 

https://colab.research.google.com/drive/1_C2StarSn-

IxOMYP6_xPcFp1gZonHrih?usp=sharing 

 

import numpy as np #Can be used without GPU, but consumes large amounts 

of RAM 

import cupy as cp #Necessary when using GPU 

import pandas as pd 

from PIL import Image 

import os 

 

 

## Physical constants 

resizing_factor=5 #Specify the factor by which the images need to be 

compressed 

applied_current=0.314 #Total applied current in mA 

radius=(1.7*1e-4)*resizing_factor/1.77 # Corrects pixel dimensions | 

Units must be cm 

https://colab.research.google.com/drive/1_C2StarSn-IxOMYP6_xPcFp1gZonHrih?usp=sharing
https://colab.research.google.com/drive/1_C2StarSn-IxOMYP6_xPcFp1gZonHrih?usp=sharing
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area=((1.7*1e-4)*resizing_factor)**2 # Corrects pixel dimensions | 

Units must be cm2 

rho=500 # Resistivity based on 2e-3 S/cm -> 500 ohm cm 

 

directory = "DIRECTORY PATH" 

 

for file_name in os.listdir(directory): 

  ## Import image  

  image=Image.open(directory+"/"+file_name) 

  # RESIZE image to 1/resizing_factor of original size 

(original=2448,1275) 

  image.thumbnail((490,255)) 

  image3=np.asarray(image) 

 

 

  ## Find contact spots 

  

spot_list=cp.zeros((image3.shape[0]*image3.shape[1],2),dtype='float1

6') #use cp to use GPU, np to use CPU 

  k=0 

  for i in range(image3.shape[0]): 

    for j in range(image3.shape[1]): 

      if image3[i][j]>255*0.6: # Threshold: 60 % of max intensity 

(255) 

        spot_list[k,0]=i 

        spot_list[k,1]=j 

        k=k+1 

  spot_list=spot_list[~cp.all(spot_list == 0, axis=1)] 

 

 

  ## Calculate coeff matrix 

 

  coef_mat=cp.zeros((len(spot_list)+1,len(spot_list)+1)) #use cp to 

use GPU, np to use CPU 

  k=0 

  for a in spot_list: 

    coef_mat[k,0:-1]=rho/2/3.14/radius/2/(((a[0]-

spot_list[:,0]))**2+((a[1]-spot_list[:,1]))**2)**0.5 # UNITS: (ohm 

cm)/(cm) 

    k=k+1 
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  cp.fill_diagonal(coef_mat,rho/4/radius) 

 

  # Last column is -1 as the coefficient for the field 

  coef_mat[:,-1]=-1 

  # Last row is 1 as the coefficient for each of the currents that 

add up to the total current (balance of currents) 

  coef_mat[-1,:]=1 

  # The very last item of the last row is 0 since the balance of 

currents does not include a voltage (mV) term 

  coef_mat[-1,-1]=0 

 

 

  ## Solve 

  b=cp.zeros(len(spot_list)+1) 

  b[-1]=applied_current 

  currents=cp.linalg.solve(coef_mat,b) 

  #reset coef_mat 

  coef_mat=[] 

 

  ## Save DF as csv | last row is a voltage 

  cur_df = pd.DataFrame(currents) 

  positions_df=pd.DataFrame(spot_list) 

  

current_dataframe=pd.concat([cur_df,positions_df],ignore_index=Tru

e,    axis=1) 

current_dataframe.columns=['Current (mA)','posY','posX'] 

current_dataframe['spot current density 

(mA/cm2)']=current_dataframe['Current (mA)'].apply(lambda 

x:x/area) 

csv_file="DESTINATION DIRECTORY" + file_name.replace("png","csv") 

current_dataframe.to_csv(csv_file,index=False) 
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