
 

 

 

 

 

 

 

 

 

Copyright 

by 

Brian Theodore Heligman 

2021 

 

 

  



The Dissertation Committee for Brian Theodore Heligman Certifies that this is the 
approved version of the following Dissertation: 

 

Design of Composite Foil Anodes for Lithium-ion Batteries 

 

 

 
Committee: 
 
 
 
 
Arumugam Manthiram, Supervisor 
 
 
 
John B. Goodenough 
 
 
 
Gyeong S. Hwang 
 
 
 
Eric M. Taleff 
 
 
 
 
 
 



Design of Composite Foil Anodes for Lithium-ion Batteries 

 

 

by 

Brian Theodore Heligman 

 

 

 

Dissertation 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Doctor of Philosophy 

 

 

The University of Texas at Austin 

August 2021 
  



 iv 

Acknowledgements 

I would like to begin by thanking my Mom and Dad; wonderfully caring people who 

provided me with all of the opportunity in the world. They supported my interest in science 

from the earliest days, and their love and understanding has been truly boundless.  

I would next like to thank Prof. Peter Kofinas, my first scientific mentor. I am eternally 

grateful I ended up in his ENES100 class. Without him recognizing something in me, there is 

no chance I would have ended up on this path. Working in his lab with Dr. Omar Ayyub taught 

me an immense amount about the scientific world, and their lessons have helped me to make 

sense of it to this day. 

I would like to thank my advisor, Prof. Arumugam Manthiram. Over decades of hard 

work, he has built a world class research lab and created an unparalleled environment focused 

upon developing materials with existential importance for modern society. The culture he has 

grown emphasizing rigorous, impactful work disseminated honestly embodies great science at 

the highest level. The freedom he has given me to perform research in this top tier environment 

was a truly special experience, and I am eternally grateful for his patience and understanding.  

Finally, I would like to thank Dr. Karl Kreder, a brilliant thinker who taught me more 

about batteries than any single person, with insights that directly informed this work. I would 

like to thank Kevin Scanlan, another wonderful collaborator with thoughtful insights into 

batteries any researcher would be lucky to hear. I would like to especially thank Dr. Abhay 

Gupta, a dear friend who helped me in more ways than I can count. I would like to thank 

Amruth Bhagrav, a warm and dynamic man whose presence brightened every day in our lab. 

And finally, I would like to thank our many lab managers who went above and beyond their 

duties as graduate students to create a productive research environment for me and my 

colleagues. 



 v 

 

Abstract 

 

Design of Composite Foil Anodes for Lithium-ion Batteries 

 

Brian Theodore Heligman, PhD 

The University of Texas at Austin, 2021 

 

Supervisor:  Arumugam Manthiram 

 

In this work, multi-phase metallic foils are developed for use as high-capacity 

lithium-ion battery anodes. The core of the approach relies upon using severe plastic 

deformation to generate dense nanostructures containing multiple metallic phases with 

differing electrochemical activity. In the first chapter, a historical context is provided both 

for the development of lithium-ion battery technology broadly and alloying anode materials 

specifically. This introduction serves to outline the motivation for the work that follows. 

In the second chapter, the experimental methods utilized to develop this new class of 

alloying anode materials are outlined. The third chapter entails a detailed investigation of 

the zinc-tin binary metal system to understand its operation as a battery anode. In this work, 

we highlight the unmatched volumetric capacity realized by the foil form factor. The fourth 

chapter investigates the electrochemical reactions of alloying metals more broadly and 

develops a generalized framework for understanding the implementation of metallic foil 

anodes in the modern battery system. This work provides a robust foundation for the design 

and implementation of foil anodes, highlighting the viable materials systems and 

contextualizing their performance in a modern cell architecture. The fifth chapter 



 vi 

represents an investigation of how the electrochemical cycling of a metallic foil anode 

alters its microstructure and impacts performance. We investigate the processes associated 

with electrochemical cycling that transform the bulk metallic foil into a porous electrode 

in-situ. The sixth chapter introduces a new technique for the manufacturing of foil anodes 

broadly that greatly expands the nanostructured composite foil anode design space. In this 

work, we investigate the performance and degradation mechanisms of a model Sn/Cu 

system, highlighting the elimination of active material loss enabled by the inactive matrix. 

The final chapter is a summary of the work carried out for this dissertation.  



 vii 

Table of Contents 

List of Tables ...................................................................................................................... ix 

List of Figures ...................................................................................................................... x 

Chapter 1: Introduction ........................................................................................................ 1 

1.1 Motivation ............................................................................................................ 1 

1.2 Development of Lithium-ion Battery Technology ............................................... 1 

1.3 Maturation of Lithium-ion Technology ............................................................... 8 

1.4 A Potential “Next-Generation” Technology: Alloying Anodes ......................... 11 

1.5 Objectives ........................................................................................................... 16 

Chapter 2: Experimental Methods ..................................................................................... 17 

Chapter 3: Zn-Sn Interdigitated Eutectic Foil Anodes for Lithium-Ion Batteries ............. 20 

3.1 Abstract .............................................................................................................. 20 

3.2 Introduction ........................................................................................................ 20 

3.3 Methods .............................................................................................................. 24 

3.4 Results and Discussion ....................................................................................... 25 

3.5 Conclusion .......................................................................................................... 43 

Chapter 4: Elemental Foil Anodes for Lithium-ion Batteries ........................................... 44 

4.1 Abstract .............................................................................................................. 44 

4.2 Introduction ........................................................................................................ 44 

4.3 Experimental Methods ....................................................................................... 46 

4.4 Results and Discussion ....................................................................................... 48 

4.5 Conclusion .......................................................................................................... 62 



 viii 

Chapter 5: Transformation of Tin Foil upon Electrochemical Cycling ............................. 63 

5.1 Abstract .............................................................................................................. 63 

5.2 Introduction ........................................................................................................ 63 

5.3 Experimental Methods ....................................................................................... 65 

5.4 Results and Discussion ....................................................................................... 66 

5.5 Conclusion .......................................................................................................... 78 

Chapter 6: Nanostructured Composite Foil Anodes for Lithium-ion Batteries ................ 80 

6.1 Abstract .............................................................................................................. 80 

6.2 Introduction ........................................................................................................ 80 

6.3 Experimental Methods ....................................................................................... 83 

6.4 Results and Discussion ....................................................................................... 84 

6.5 Conclusion .......................................................................................................... 98 

Chapter 7: Summary ........................................................................................................ 100 

Appendix: Calculation Methodology .............................................................................. 102 

Calculation of Electrode-level Volumetric Capacity ............................................. 102 

Calculation of Stack-level Energy Density ............................................................ 108 

References ....................................................................................................................... 111 

Vita .................................................................................................................................. 120 



 ix 

List of Tables 

Table 4.1. Materials sourcing ........................................................................................... 47 

Table 4.2. Cycling parameters for long-term galvanostatic cycling of limited 

utilization foil anodes ................................................................................... 47 

Table 4.3. Theoretic performance of lithium-alloy materials ........................................... 49 

Table 4.4. Cyclic voltammograms of elemental foils ....................................................... 53 

Table 4.5: Cycling performances of elemental metal foils ............................................... 60 

Table A1. Active Material Characteristics of Literature Anodes ................................... 104 

Table A2. Electrode-level Characteristics of Literature Anodes .................................... 106 

Table A3. Parameters for a modern NMC811/Graphite battery ..................................... 108 

Table A4. Geometry and performance of modern NMC811/Graphite cell stack ........... 109 

Table A5. Theoretic performance of tin-foil anode and NMC811/tin cell stack across 

various utilization ....................................................................................... 110 



 x 

List of Figures 

Figure 3.1. Synthesis of IdEA foil anode. ........................................................................ 27 

Figure 3.2. Improved Layering Upon Bismuth Addition ................................................. 28 

Figure 3.3. Hardening of Tin via Bismuth Addition. ....................................................... 28 

Figure 3.4. Optically Transparent Anode Housing ........................................................... 30 

Figure 3.5. In-situ optical microscopy of the lithiation of a ZTB1 foil. ........................... 32 

Figure 3.6. Images of a ZTB foil before and after 3 formation cycles at 250 mA h g-1. .. 33 

Figure 3.7. Calculated electrode-level capacities of various lithium-ion anode 

families ......................................................................................................... 34 

Figure 3.8.Voltage Limited Formation of IdEA Foil ....................................................... 35 

Figure 3.9. Electrochemical investigation of the formation of ZTB Anodes. .................. 37 

Figure 3.10. Diffraction patterns of the ZTB system during cycling ............................... 39 

Figure 3.11. Long-term cycling stability of the ZTB1 system ......................................... 40 

Figure 3.12. Cycling in the Absence of Bismuth.. ........................................................... 41 

Figure 4.1. Cyclic voltammograms of elemental metals, collected at a scan rate of 

0.010 mV s-1 ................................................................................................. 50 

Figure 4.2. Energy density of NMC811/foil battery across various utilizations .............. 55 

Figure 4.3. Galvanostatic cycling of elemental foil anodes.. ............................................ 57 

Figure 4.4. Nucleation of additional phase transformation during cycle 15 of indium 

foil. ................................................................................................................ 58 

Figure 4.5. Voltage profiles representing the degradation of capacity-limited 

elemental metal foil anodes .......................................................................... 62 

Figure 5.1. Voltage vs. capacity plots of tin anodes ......................................................... 68 

Figure 5.2. SEM images of cycled tin/copper electrodes ................................................. 70 

Figure 5.3. Impedance spectra of LixSn symmetric cells ................................................. 72 



 xi 

Figure 5.4. Schematic depicting the evolution in foil morphology upon cycling ............ 74 

Figure 5.5. Long term cycling of tin-foil anodes .............................................................. 77 

Figure 6.1. Accumulative roll ........................................................................................... 86 

Figure 6.2. X-ray diffraction pattern of a Sn-7.5Sb-1.5Cu foil ........................................ 88 

Figure 6.3. EDX micrograph highlighting needle-like Sn6Cu5 precipitate in 

comparison to rounded SnSb precipitate. ..................................................... 88 

Figure 6.4. Formation cycle of tin-based electrode materials .......................................... 90 

Figure 6.5. Comparison of pewter and antimony foil ....................................................... 93 

Figure 6.6. Transformation of composite foil upon cycling ............................................. 94 

Figure 6.7. Long-term cycling stability of NCF anodes ................................................... 95 

Figure 6.8. Different cycling protocols for NCF anodes .................................................. 96 

Figure A1. Electrode swelling upon lithiation ................................................................ 107 

Figure A2. Relationship between cycled gravimetric capacity and volumetric 

capacity ....................................................................................................... 109 

Figure A3. Approximate relationship between cycled capacity and average 

delithiation voltage for a tin foil anode. ..................................................... 110 

  

 



 1 

Chapter 1: Introduction 

1.1 MOTIVATION 

Energy is a foundational constant within our universe, representing the capacity of 

a system to do work. This makes rechargeable batteries a particularly important device, as 

they provide on-demand access to the cleanest and most useful form of energy, electricity. 

In addition to facilitating a transformation in the human relationship with technology via 

the consumer electronics revolution, it has now become clear that electrochemical energy 

storage technologies will represent a cornerstone of transportation in the 21st century. 

Development of new electrochemical systems offering improved performance remains one 

of the most important materials science challenges of our age.  

However, the creation of new rechargeable batteries systems remains immensely 

challenging. Only four distinct secondary battery chemistries have been introduced over 

the last 200 years; lead acid, nickel-cadmium, nickel-metal hydride, and lastly, lithium-

ion.1 In this introduction, we will first begin with a detailed recount of the invention of the 

modern secondary lithium-based battery in order to provide context with respect to the 

development of electrochemical energy devices. This will be followed by a historical 

perspective concerning the identification and development of alloying anodes for lithium-

ion batteries, laying the groundwork for the content of this dissertation: a novel approach 

to next-generation battery technology. 

 

1.2 DEVELOPMENT OF LITHIUM-ION BATTERY TECHNOLOGY 

While lithium was first identified as the most electromotive metal in 1913, the best 

entry point into the modern field of lithium electrochemistry was published by Harris in 
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1959.2,3 In his pioneering thesis, Harris developed the first practical system for 

electroplating metallic lithium in nonaqueous electrolytes.3 In this work, he identified that 

electrolytes for lithium electrochemistry must be both anhydrous and aprotic, and selected 

cyclic carbonates as his solvents of choice. After predicting the preferential solvation of 

cations in non-aqueous solutions, he improved salt solubility drastically by treating a 

lithium halide salt with a strong Lewis acid in order to create a salt containing a bulky, 

charge-delocalized anion (AlCL4-). His subsequent electrodeposition of lithium from an 

electrolyte containing a complex lithium salt dissolved in a cyclic carbonate solvent 

represents the foundation of modern lithium-battery research. In this work, he even noted 

the existence of a stable passivation layer formed upon the lithium surface, a phenomenon 

whose importance would only be understood decades later.   

In the 1960s, these concepts were translated from the field of electroplating to that 

of secondary battery development, with emphasis placed on the creation of high-energy 

batteries for military and aerospace applications.4,5 These early works focused on systems 

pairing lithium metal anodes with conversion halide cathodes and suffered extremely poor 

performance due to the irreversibility of nearly every component. While research into this 

class of battery has continued for more than 60 years, a practical device exploiting these 

mechanisms has yet to be developed. 

During this period in chemistry, there had been growing interest in host-guest 

chemistry, supramolecular structures formed due to non-covalent bonding between distinct 

species.6 It was understood that the reduction and oxidation of transition-metal cations 

within a host structure could be performed topotactically, with no change in the underlying 

structure of the material. After Armand demonstrated the successful chemical intercalation 

of alkali metals within a Prussian blue host structure in 1972, many scientists began to 

hypothesize that an analogous system could make for a highly reversible battery electrode.7 
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After the oil crisis of 1973, the salience of developing non-fossil fuel-based sources 

of energy increased significantly, and research in the space intensified. In 1974, a 

pioneering work by Rao demonstrated a guest ion could be reversibly inserted and removed 

from a layered dichalcogenide by electrochemical oxidation and reduction of the host 

structure.8 Around the same time, Rouxel demonstrated that lithium intercalation into TiS2 

structures occurred with surprisingly fast kinetics.9 In 1975, Whittingham et al. would 

combine these ideas and assemble the first rechargeable lithium-based battery, based upon 

a lithium metal anode and a titanium disulfide cathode.10,11 

Unfortunately, this remarkable accomplishment could not be utilized in a practical 

system due to the limited reversibility of the lithium-metal counter electrode. During long-

term cycling, the non-uniformity of the lithium electrodeposition reaction caused the 

formation of dendritic growths, needle-like structures that would internally short the cell 

and cause catastrophic failure. This in part stemmed from the metastable nature of the 

lithium/electrolyte interface, a phenomenon that would be christened by Peled as a “solid 

electrolyte interface”.12 However, the mechanism of lithium electrodeposition is a highly 

complex process and is still not fully understood.  

As early as 1938, Rüdorff had demonstrated an “ion-transfer cell” in which HSO4- 

ions were electrochemically shuttled between graphite electrodes with remarkable 

reversibility.13 In the 1970’s, Armand translated this idea to the field of secondary battery 

development, proposing the development of a dual host structure where both the anode and 

cathode were comprised of reversible intercalation compounds.14 This concept was first 

put into practice by Lazzari and Scrosati in 1980, who coupled a LiWO2 anode with a TiS2 

cathode and demonstrated reversible cycling of an asymmetric Li+ intercalation cell.15 

While this represented a powerful demonstration of the concept proposed by Armand, the 

low voltage of this electrochemical couple limited its practical use as a battery.  
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In 1980, a breakthrough was announced by Goodenough’s group.16 While most 

prior research into intercalation cathodes had focused upon metal sulfides, Goodenough 

recognized that the development of oxide materials could allow for a significant 

improvement to cell voltage. In the layered structure, oxidation of the oxide anion occurs 

at a much higher voltage than that of the sulfide anion, as the top of the O2-: 2p band lies 

at a much lower energy level than the top of the S2-: 3p band.17 The improved oxidation 

stability of the anionic host allowed layered oxide materials to operate with unimpeded 

access to lower-lying cationic energy bands, i.e., higher voltage redox couples. Namely, 

this utilization of oxide structures enabled the transition from cathodes utilizing the Ti3+/4+: 

t2g band at ~ 2.5 V vs Li/Li+ to the Co3+/4+: t2g band at ~ 4 V vs. Li/Li+. Goodenough’s early 

investigations identified LiCoO2 (LCO) as the most promising oxide cathode material, with 

a variety of factors contributing to this assessment. Primarily, the large size difference 

between Li+ and Co3+ leads to good cation ordering, which allowed for fast two-

dimensional ion transport throughout the structure. This also meant that after holes were 

introduced in the low spin Co3+/4+: t266-x band during delithiation, direct Co-Co interactions 

along shared octahedral edges could provide the layered structure with excellent electronic 

conductivity.   

Critically, while previous works had focused upon the design of lithium-free 

cathode hosts, the thermodynamic stability of the ternary oxide allowed for a simple solid-

state synthesis of an air-stable lithiated cathode compound. This eliminated the need to pair 

the cathode with a lithium or a lithium-containing anode, which typically suffered from 

poor air stability and limited reversibility. The higher operating voltage of the cathode 

material also minimized the voltage penalty associated with pairing the cathode with an 

intercalation anode, highlighting the viability of this approach. 
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After the development of LiCoO2, there was still a clear need for a viable 

intercalation anode suitable for pairing with this material. In 1981, Auborn and Barberio 

paired Goodenough’s LiCoO2 cathode with Scrosati’s WO2 anode, creating the first air-

stable dual intercalation battery assembled without the use of metallic lithium. However, 

the high potential of the anode in this system greatly limited energy density, and 

performance of the 2.0 V cell was insufficient for practical use.18 

Somewhat surprisingly, although it was well understood that graphitic structures 

were capable of accommodating Li+ cations within their interlayers at a highly attractive 

potential of ~ 0.10 V vs. Li/Li+, during this period in time, scientists had found little success 

in performing this lithiation electrochemically.19–21 The reason for this failure stemmed 

from the propensity of solvent molecules to co-intercalate along with the Li+ cation, leading 

to exfoliation of the graphite and consequently poor reversibility.22 Basu would produce 

one of the first graphite-based lithium batteries by utilizing LiC6 generated via chemical 

means, but the difficulty in safely preparing and handling the lithiated graphite limited the 

attractiveness of this approach.23,24 Then, in 1983, Yazimi demonstrated the first successful 

electrochemical synthesis of LiC6 via electrochemical means.25 In this work, Yazimi 

avoided undesirable exfoliation of the graphitic matrix by utilizing a solid polymeric 

electrolyte that could not co-intercalate alongside the lithium cation. While the solid 

polymeric electrolyte did not have sufficient performance for practical application, it 

represented a clear confirmation of the promise of a carbonaceous anode for lithium-ion 

batteries.  

In the mid 1980s, a team lead by Yoshino began integration of these disparate 

components into the modern lithium-ion battery.26 First, realizing the promise of the 

LiCoO2/C electrochemical couple, Yoshino would combine Goodenough’s cathode with a 

polyacetylene anode. When it was later determined that disordered carbons were less 
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sensitive to co-intercalation than graphitic carbons, the team would replace the 

polyacetylene anode with a petroleum coke anode, significantly increasing the practicality 

of the system.27 This battery comprised of a layered lithium cobalt oxide cathode, a 

carbonaceous anode, and a lithium salt dissolved in a cyclic ester, represents the first 

practical lithium-ion battery.28 

Having now identified a viable electrochemical system, Yoshino’s team performed 

a vast quantity of admirable work transforming the concept into a practical device. The 

team selected aluminum and copper current collectors for the respective cathode and anode 

electrodes to minimize undesirable side reactions with the electrolyte. Active materials 

were then distributed onto these current collectors as porous electrode coatings utilizing 

polyvinylidene fluoride and carboxymethyl cellulose or styrene−butadiene latex polymeric 

binders. To accommodate the lower ionic conductivity of the non-aqueous electrolyte 

systems in comparison to aqueous analogs, they developed a new cell structure comprised 

of thin electrode coatings tightly wound into a spiral to maximize performance. Realizing 

the inherent danger of utilizing a powerful oxidizer as the lithium salt, they also substituted 

LiClO4 for a more thermally stable LiBF4 salt. These integrations represented the 

maturation of a promising electrochemical couple into a prototype device. 

The prototype cells developed by Yoshino’s team would not represent the first 

mainstream lithium-ion cell to reach the marketplace. In 1987, Asahi disclosed their 

chemistry to Sony, who saw clear opportunity in the development of improved 

rechargeable energy systems.29 Sony invested massively in further research and 

development of the system and in scaling it’s production. During this time, they introduced 

multiple improvements that further increased the practicality of the system, including the 

notable substitution of the LiBF4 salt selected by Asahi with the LiPF6 salt still utilized 
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today. In 1991, Sony successfully completed translation of their prototype device and 

introduced the first commercial lithium-ion battery. 

One further technical advance was required before this product directly mirrored 

the chemistry of the modern lithium-ion cell. For much of the history of lithium-ion battery 

development, propylene carbonate was utilized as the primary solvent for the battery 

electrolyte. Another cyclic ester, ethylene carbonate, was investigated in the early works, 

including that of Harris.3 However, the general consensus was that it offered the same 

electrochemical properties as propylene carbonate and was seldom used due to its elevated 

melting point; at room temperature, ethylene carbonate is found as a solid, in contrast to its 

liquid propylene carbonate cousin.  As a quirk of chemistry, the minor structural 

differences between these highly similar compounds translated to an incredibly important 

difference in their decomposition pathways.30  

While propylene carbonate had a propensity to co-intercalate with lithium-ions into 

graphite, ethylene carbonate decomposed in such a manner that it formed a passivating 

solid-electrolyte interphase (SEI) upon the surface, analogous to the lithium solid-

electrolyte interphase highlighted by Peled.12 This passivation layer prevented solvent 

intercalation and enabled highly reversible electrochemical lithiation and delithiation of 

graphitic carbon. While it is unclear from the patent literature if the unique nature of 

ethylene carbonate was known to private companies working on battery development at 

the time, in 1990, Dahn announced this unique property of ethylene carbonate to the world. 

This advance allowed for replacement of disordered carbons anodes with graphitic carbons 

anodes, allowing for the commercial deployment of a lithium-ion battery cell that closely 

mirrors the systems still utilized in consumer electronics devices today. 
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1.3 MATURATION OF LITHIUM-ION TECHNOLOGY 

In the time since the introduction of graphitic anodes, only a few key advancements 

have been translated to practical products. However, these developments have been critical 

in improving the performance of the lithium secondary cell to the level needed to create 

practical electric vehicles capable of displacing their fossil-fuel based counterparts. 

When the original lithium-ion battery was announced, the system was advertised to 

offer a cycle life of only 100 cycles. In the years since, stability of the lithium-ion cell has 

improved many-fold, an advance which stems from a few key factors: First, the 

replacement of disordered carbons with graphitic carbon allowed for a clear improvement 

in cycle life. Second, the introduction of high purity organic solvents and salts for 

electrolytes by Ube Industries significantly reduced parasitic side reactions within the cell 

and served to further stabilize performance.31 However, the most important research thrust 

was the development of electrolyte additives that allowed for tuning of the interfacial 

chemistry within the cell during operation. The concept of tuning interfacial properties 

through the addition of small quantities of compounds to electrolyte mixtures had been 

discussed since the earliest days of lithium-metal battery development.32 When the design 

of tailored additives was translated to the lithium-ion battery, the results were astounding; 

a recent work demonstrated the simple addition of 2% vinylene carbonate to the electrolyte 

of a modern battery results in a more than 5-fold improvement to cycle life, while the use 

of tailored additive packages improved the stability by more than 10- to 20-fold.33 The 

tuning of electrochemical interfaces via the inclusion of sacrificial additives is the central 

technical advance that has enabled cells to operate for thousands of cycles needed for 

vehicle applications, and development of novel additives for electrolytes remains one of 

the most important areas of research today. 
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From an active material standpoint, two specific advances are worth highlighting, 

both of which served to eliminate the necessity of cobalt from the modern cell chemistry. 

This is critically important, as the production of the TWhs of batteries necessary to 

decarbonize transport and the electrical grid would vastly outstrip global cobalt supplies, 

placing a clear ceiling upon the impact of lithium-battery technology.  

The first class of materials that enabled widespread electric vehicle adoption is the 

family of doped lithium nickel oxide cathodes. Goodenough first investigated the lithium 

nickel oxide structure in 1980, identifying its promise as a cathode material from the 

earliest stages.34 Unlike the Co3+/4+: t2g band, the Ni3+/4+: eg band has limited overlap with 

the O2- : 2p band, allowing for greater utilization of the cationic redox couple without 

undesirable anionic redox, and subsequently greater usable capacity.17 However, the 

propensity of Ni3+ to reduce to Ni2+ at high temperatures complicated the synthesis of the 

ternary oxide and stymied its use as a cathode material. In 1993, Delmas et al. noted that 

nickel and cobalt could intermix as a solid solution within the layered oxide structure and 

recognized that this could allow for reduced cobalt-content and increased cathode 

capacity.35  This concept was later refined by Dahn, who noted that the introduction of 

equal parts of nickel, and manganese within the cobalt layered oxide structure presented a 

highly stable material capable of operating at the level of performance required for practical 

use.36 In this system, the propensity of manganese to oxidize to Mn4+ balanced the 

problematic reduction of the nickel cation, while the high octahedral site stabilization 

energy associated with cobalt served to improve the structural stability of the oxide host 

lattice.17 Another important development was described by Amine, who demonstrated that 

doping the nickel cobalt structure identified by Delmas with aluminum offered a significant 

stabilization of the underlying matrix, an advance which represented one of the first 

stabilized nickel-dominant cathodes.37 This lithium nickel cobalt aluminum oxide cathode 
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chemistry was utilized by Tesla to introduce the first mainstream electric vehicles to the 

US market. Today, US electric vehicles primarily rely upon differing varieties of stabilized 

nickel-based cathodes containing the same primary dopants: cobalt, manganese, and 

aluminum. The success of this nickel-based cathode chemistry has been remarkable, and it 

is likely that nickel cathodes for electric vehicle batteries will represent a majority of global 

nickel demand in the near future.  

The other critically important material-level advance in the time since commercial 

introduction of the lithium-ion battery was development of the polyanion cathode. In 1987, 

Manthiram and Goodenough first discovered this class of materials, identifying that the 

presence of polyanionic structures could impact the nature of a metal-oxygen bond via the 

inductive effect.38,39 They showed this phenomena could be utilized to shift the redox 

energy of the Fe2+/Fe3+ couple and increase the voltage of the resulting cell. This effect was 

then utilized by Goodenough’s group to develop an olivine LiFePO4 system that represents 

the first and only practically viable iron-based cathode material.40 While the use of this 

material was originally hampered by the low electrical conductivity of the olivine structure, 

this constraint was eliminated when Armand realized a combination of nanostructuring and 

carbon-coating the cathode particles could allow for LiFePO4 based systems to realize 

impressive power densities.41 Development of this system represents an incredibly 

important breakthrough, as the global occurrence of iron within the Earth’s crust is nearly 

700x that of nickel. The ability to process cheap and abundant iron resources into high 

energy rechargeable batteries represents the culmination of decades of scientific research 

and a monumental accomplishment that will prove impactful over decades to come. 

That being said, the most critical advances that were needed for development of a 

viable electric vehicle pack cannot be attributed to a specific scientific breakthrough, but 

instead to the combined efforts of thousands of engineers spread across dozens of 
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institutions. Since the introduction of the device in 1991 the cost of lithium battery energy 

storage has reduced by 97% and its energy density has more than tripled.42 This 

improvement has not primarily been the result of advances in materials science, but instead 

from a herculean effort to reduce inactive material fraction at all levels and to drive 

manufacturing costs to almost negligible levels. The combination of the impressive 

scientific works of the battery scientists referenced above with a monumental feat of 

engineering is what enabled the modern battery, a technology which currently offers 

staggeringly impressive specific density of nearly 800 Wh/L at a cost approaching 

$100/KWh.  

 

1.4 A POTENTIAL “NEXT-GENERATION” TECHNOLOGY: ALLOYING ANODES 
In order to further accelerate the transition to electric vehicles, it is desirable to 

design an improved battery. However, as highlighted above, the development of novel 

battery materials is a highly challenging problem with a multitude of both scientific and 

engineering considerations. In general, an improved battery would be a device that offers 

improved energy density or reduced cost while maintaining sufficient reversibility, 

stability, safety, power density, and availability of raw material inputs. Critically, it must 

also be mass manufacturable at the TWh scale to be a relevant advance capable of 

impacting the modern battery industry. One of the most promising approaches for 

developing such a system relies upon exploitation of a process known as electrochemical 

alloying. Materials that operate via this mechanism can offer significantly higher charge-

storage capacity than intercalation structures, yet generally suffer from poor reversibility. 
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In this thesis, a new framework for alloying materials is developed to overcome these 

challenges.  

The propensity of lithium to electrochemically alloy with metals at room 

temperature was observed in the earliest works in the space. In the seminal thesis of 

Harris, the initial electrodepositions of lithium metal were performed on a platinum 

substrate and it was noted that the substrate curved convexly towards the deposited alkali 

metal.3 It was thought this curvature stemmed from penetration of the alkali cation within 

the bulk metallic structure. In 1963, Baumann et al. further investigated this effect, and 

correctly identified this phenomenon as an electrochemical alloying process occurring 

between the substrate and the electrodeposited alkali metal.4 In 1971, Dey systematically 

investigated the reactions between lithium and metallic substrates and divided the 

materials into two classes: (i) Alloying metals, including Sn, Pb, Al, Au, Pt, Zn, Cd, Ag, 

and Mg, and (ii) substrates with no propensity to alloy, including Ti, Cu, Ni, and stainless 

steel.43  

This development coincided with a rapidly growing interest in secondary lithium-

based batteries, most notably resulting from the development of LiTiS2 in 1975.10 That 

same year, it was proposed that the development of a lithium-aluminum anode in organic 

electrolytes may represent a solution to the problem of dendrite formation plaguing these 

lithium-based secondary cells at that time. This work culminated in the development of a 

TiS2/LiAl battery by Exxon in 1977, representing perhaps the earliest embodiment of a 

high energy lithium-ion battery.44 An aluminum electrode was first assembled by 

mounting an aluminum active material onto an inactive nickel grid. This anode assembly 
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was then assembled into a preparation cell containing a lithium-metal counter electrode, 

where lithium inventory was inserted in a pre-formation step. The prelithiated anode was 

then removed from the preparation cell and coupled with a TiS2 cathode counter 

electrode, where it electrochemically cycled 12 times before failure. Post-mortem 

analysis of the system identified delamination of the aluminum active material from the 

supporting nickel matrix and loss of electrode-level structural integrity as the root cause 

of failure. It was noted that the addition of stack pressure would help to mitigate the 

effect of this delamination upon cycling.  

Interestingly, more than 50 years later, many investigations into alloying materials 

mirror this seminal work. In modern alloying anode research, it is common to disperse an 

electrochemically active metal throughout an inactive conductive matrix in an attempt to 

mitigate active material delamination and loss of structural integrity. External stack 

pressure is commonly applied as a means of preventing delamination and capacity fade. 

In some cases, alloying anodes are even still preformed in a similar manner to introduce 

lithium-inventory as a means of prolonging cycle life.  

 Over the following years, alloying anodes were explored in detail, with a focus 

primarily placed upon the Li-Al couple.45 It was identified that limiting depth of 

discharge served to stabilize cycling, but this came at the cost of reduced energy 

density.46 A variety of alternative systems were explored, but there was relatively limited 

success found in stabilizing these electrodes. In 1990, explicit effort began on designing a 

conductive matrix to eliminate active material loss using a combination of Cu and LiAl 
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powders to form an engineered composite.47 However, with the successful introduction of 

a carbonaceous anode in 1990, interest in the field diminished.  

 In 1995, two studies were published that would represent the beginnings of a shift 

in alloying anode research. The first study was from the Dahn group, which utilized a 

CVD process to dope a graphitic anode with nanosized silicon particles.48 While silicon 

had been investigated as an active material before this time, the overwhelming majority 

of research had been focused upon the design and optimization of aluminum active 

materials, with more limited explorations into tin active materials. This silicon-doped 

graphite anode represented a significant departure from the way in which alloying anodes 

were conceived, laying the groundwork for the major research thrusts that followed. 

 The second work published in 1995 was not directly related to alloying materials 

but concerned the development of a TiO2 anode.49 In this work, it was demonstrated that 

the reduction of the active material size to the nano-domain significantly improved the 

reversibility of the electrochemical phase transformation reaction, allowing for stabilized 

cycling. By 1996, this concept of nanosizing active material domains to improve 

reversibility was translated to the field of alloying materials, inspiring the development of 

a nanosized Sn/Cu material deposited onto a copper matrix via electroplating.50 While 

prior works had also emphasized the design of thin-films and reduced domain size as 

means of improving the reversibility of alloying anodes, the explicit desire to fabricate 

nanostructures as a means of ensuring reversibility was robustly established in these 

works.  
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 In 1998, Wang et al. combined the ideas put forth in these works and utilized a 

ball milling process to manufacture a carbon/silicon composite.51 The specific intent of 

this approach was to utilize nanostructuring to improve the reversibility of a silicon active 

material and disperse it within a conductive stabilizing matrix. This concept of 

developing nanostructured silicon anode materials coincided with growing interest in the 

field of nanoscience more broadly, and the approach exploded in popularity, with 

thousands of works on the matter published in the years since.52 Primarily, these 

investigations focused upon the development of blade-cast anodes comprised of 

nanosized active materials with inactive stabilizing matrices working to reduce loss of 

active material, improve structural stability, and minimize parasitic side reactions with 

lithium-ion electrolytes. In general, much of this research has focused upon the design of 

silicon powders, likely due to the relative simplicity of lab-scale production of silicon 

nanomaterials. 

 In 2014, an excellent review by Obrovac extensively covered these works with a 

clear emphasis on understanding their practical viability.53 In this work, he correctly 

centered the importance of cell-level energy density as the primary means upon which 

these systems should be judged and developed a robust framework for contextualizing 

anode performance. This framing highlighted the high porosity and low tap density of 

many nanostructured materials as a primary problem preventing their useful deployment.   
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1.5 OBJECTIVES 

In 2017, Manthiram group described a new means of generating nanostructured 

alloying anodes.54 Rather than relying upon the synthesis of a nanostructured active 

material powder that would be then processed into an electrode, this approach streamlined 

the assembly of electrochemically active metals into dense nanostructured electrodes using 

a single step of severe plastic deformation. This electrode design of a freestanding metallic 

foil comprised of an electrochemically active metal stabilized by the presence of a 

conducting metallic matrix had no precedent in previous battery research. In the 

dissertation that follows, the initial concept put forth by our group is developed into a 

broader nanostructured composite foil (NCF) framework for the design of high-capacity 

anodes for lithium-ion batteries.  

Accordingly, this dissertation focuses on the following: Chapter 2 outlines the 

general experimental procedures, and any specific experimental procedures are further 

described in the subsequent chapters. Chapter 3 represents a detailed investigation of the 

electrochemistry and performance of a Zn-Sn interdigitated eutectic alloy anode. Chapter 

4 develops a framework for contextualizing the implementation of bulk metallic foils in a 

modern lithium-ion battery chemistry.  Chapter 5 offers a detailed exploration of the 

transformation of the structure when a metallic foil is utilized as an anode material and 

explores the impact of this transformation on performance. Chapter 6 expands the original 

interdigitated eutectic alloy anode framework into a broader nanostructured composite foil 

framework, introducing a new technique for the manufacturing of composite foil 

electrodes. Chapter 7 summarizes the developments contained within this dissertation and 

offers avenues for further materials development.  
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Chapter 2: Experimental Methods 
Ingot Synthesis: 50 – 100g metal ingots were synthesized by melting together the 

desired weight ratios of pure elemental metals in air. Metal precursors were placed into a 

heated clay-bound graphite crucible and left at temperatures of 250°C – 800°C for 30 

minutes, with the temperature selected to be approximately 100°C above the melting 

point of the highest melting point constituent. The melt was then agitated and cast into an 

unheated graphite mold and allowed to cool to room temperature. The outer surface was 

then removed from the ingots surface using a Bridgeport milling machine such that the 

total ingot thickness was 5 mm ± 0.5 mm.  

Foil Synthesis: Ingots were reduced to foils of the desired thickness (unless 

otherwise stated, 20 µm ± 5 µm) by plastic deformation between hardened steel rollers 

with either a manual or electric Durston rolling mill. Ingots were reduced in thickness by 

approximately 0.2 - 0.3 mm per pass without lubrication. The rolling was performed such 

that elongation primarily occurred in a single dimension. 

Thickness Measurements: Thickness measurements of foils and ingots were 

performed using a Mitutoyo 543-562A Digimatic Indicator with an accuracy of 0.5 µm. 

Hardness Measurements: For hardness measurements, ingots were polished 

with the methodology described above, and characterized on the Rockwell R scale with a 

hardness tester (Instron). 

X-Ray Diffraction: X-ray diffraction (XRD) patterns were recorded with a 

Bragg-Brentano type diffractometer (Rigaku Miniflex 600) with copper Kα radiation (λ = 
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1.4505 Ǻ) in continuous mode over various ranges of 2θ at different scan rates. Typical 

ranges of scanning were from 20 – 80° 2θ at rates ranging from 1- 4 degrees per minute.  

Scanning Electron Microscopy: Both the foils and ingots were mounted and 

polished with traditional metallographic sample preparation techniques prior to the analysis 

in the scanning electron microscope (SEM). Briefly, materials were first immobilized in a 

cold mounting resin (Struers, Levocit). The mounted samples were then polished with 

silica polishing pads coated in paraffin wax (Buehler). This was followed by polishing with 

9, 3, and 1 µm diamond suspensions (Struers). The final polishing step was performed with 

a 50 nm alumina suspension (Struers). SEM data were taken on a FEI Quanta 650 SEM 

operating at a 20 - 30 keV accelerating voltage. Energy dispersive X-ray spectroscopy 

(EDX) elemental maps were generated with an Oxford Instruments INCAx-act detector. 

Electrochemical Characterization: Coin cells (CR 2032) were constructed to test 

the electrochemical characteristics of the as made foils. The foil strips were punched into 

12 mm disks. Metallic lithium chips (MTI corporation) were used as the counter electrode 

and glass fiber prefilters (Millipore APFA04700) were used as separators. The electrolyte 

used was (3:7 wt%) ethylene carbonate : ethyl methyl carbonate with 1.2 M lithium 

hexafluorophosphate (LiPF6) (BASF), 3% monofluroethylene carbonate (FEC) (BASF), 

and 3% vinylene carbonate (VC) (BASF).  The coin cells were constructed inside an inert 

(O2 < 5 ppm) dry (H2O < 1 ppm) glovebox with an argon atmosphere. 

Galvanostatic Cycling: Once assembled, galvanostatic charge/discharge and 

cyclic voltammetry were performed with a BT-2000 Arbin instruments battery cycler.  In 

all cells, the first 2 cycles of the galvanostatic charge/discharge testing were conditioning 

cycles in which a rate of C/10 or C/20 was used. Unless otherwise specified, cells were 

cycled such that termination of the anode lithiation was determined by a capacity limit, and 
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termination of anode delithiation was determined with a voltage limit. In systems with 

limited lithium-inventory cycling, a nominal capacity was inserted on the first lithiation. 

On all subsequent cycles, the capacity inserted upon a lithiation step was equivalent to the 

capacity extracted on the delithiation step for the previous cycle. In cells with capacity 

limits, rate was defined such that 1C entailed insertion of the nominal capacity in one hour.  

Cyclic Voltammetry: Cyclic voltammograms were performed with a Biologic 

VMP3 to ramp the cell potential from the open-circuit voltage of the as-assembled cell to 

0 V followed by a reverse scan to 1.0 V.  For all the experiments, the sweep rate was fixed 

at 0.010 mV s-1.   
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Chapter 3: Zn-Sn Interdigitated Eutectic Foil Anodes for Lithium-Ion 
Batteries1 

3.1 ABSTRACT 

 Zn-Sn interdigitated eutectic alloy (IdEA) foils are highly promising anodes 

for lithium-ion batteries. Synthesized via severe plastic deformation, a two-phase alloy is 

converted into a nanostructured foil composed of tin domains distributed throughout an 

electrically conductive zinc matrix. In addition to providing mechanical integrity, uncycled 

capacity in the zinc matrix eliminates the lithium-plating risk. These monolithic foil anodes 

offer an electrode-level volumetric capacity approximately double that of graphite (798 

mA h cm-3), with a highly promising formation loss of < 10% and reversible cycling at 99% 

coulombic efficiency. Long-term degradation was associated with the cycling of a 

previously unobserved non-equilibrium ternary phase. The scalable approach requires no 

slurry-coating or drying, potentially eliminating 80% of electrode processing costs. With 

the nascent Zn-Sn system already demonstrating cycling at the highest confirmed 

volumetric capacity (1,084 mA h cm-3) reported in recent literature, further exploration of 

the IdEA framework may unlock unmatched next-generation anodes. 

3.2 INTRODUCTION 

Modern lithium-ion batteries rely upon graphite anodes, which have a limited 

volumetric charge-storage capacity and a relatively high processing cost. Alloying anodes 

such as Si and Sn are appealing due to their high capacity, but the large volume changes 

occurring during cycling lead to cracking and rapid capacity fade.55 Nanostructured  

1Heligman, B.; Kreder, Kl Manthiram, A. Zn-Sn Interdigitated Eutectic Alloy Anodes with High Volumetric 
Capacity for Lithium-Ion Batteries. Joule 2019. B.T. conceived the initial hypothesis and performed the 
experimental work. K.K. assisted in performing the experimental work. A.M. supervised the work. All authors 
participated in the preparation of the manuscript. 



 21 

alloying materials have been able to accommodate the large volume changes, but they 

require expensive processing and loadings inadequate for practical application.  

For nanostructured anode systems, even if considerable processing costs are 

ignored, many of the described materials are not commercially relevant because they 

simply do not offer meaningful improvements to performance.56 While papers often report 

impressive gravimetric capacities, this is not the most important metric for many battery 

applications. Gravimetric performance is vital for military and aerospace applications, but 

most of the largest battery markets are not very sensitive to device weight. In applications 

including microelectronics, consumer electronics, electric vehicles, and grid scale storage, 

volumetric energy density is prioritized over gravimetric capacity; yet this metric is often 

ignored.56,57 Volumetric capacity is also disproportionately important in anode research 

specifically. Battery capacity is approximately a geometric mean of the capacity of each 

electrode, and since anode materials already offer significantly higher gravimetric capacity 

than cathode materials, there are diminishing returns to further improvements in anode 

gravimetric capacity. However, state-of-the-art cathodes (~ 400 -650 mA h cm-3) can 

already outperform state-of-the-art anodes (420 mA h cm-3), suggesting anode volumetric 

capacity deserves significant attention.58 (See Supplemental Information) 

Alloying materials experience significant volume changes during cycling, and it is 

necessary that volumetric capacity be calculated at full volume expansion. However, many 

reports do not provide sufficient information to understand the performance on this key 

metric. At a material-level, the insertion of lithium into an alloying compound results in a 

corresponding 9 ml mol-1 expansion of the active particles, but translating this material-

level expansion into a corresponding electrode-level expansion is non-trivial (Figure 

A1).59 Given the complexity and diversity of electrodes investigated in the literature, it is 
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critical that researchers provide measurements of lithiated electrode thickness rather than 

relying upon theoretically calculated values.60–68   

Understanding electrode-level performance is further complicated by the tendency 

to report capacities normalized to the weight of the active material, discounting the binder 

and copper current collector. While these inactive components make up only 7% of the 

volume of a graphite electrode, they can make up ~20% of state-of-the-art silicon 

systems.61,62,69 On a gravimetric basis, the divergence is even more stark; for graphite 

electrodes, inactive components make up 35% of the electrode weight, but more than 80% 

of the weight in a silicon electrode may be inactive. (See Supplemental Information) When 

viewed through this lens, it becomes clear that comparing anode materials with highly 

disparate capacities via an active material basis may be misleading. It also becomes clear 

that as electrodes utilize higher capacity active materials, the current collector takes up an 

increasingly significant fraction of the anode. To enable meaningful comparisons of 

electrode performance, studies on anodes should clearly report areal capacity, weight, and 

thickness of fully lithiated electrodes. By coupling these metrics with delithiation voltage, 

the implied effect of an anode technology on energy density can be understood.  

In the past, investigations into tin have mostly treated the material as a direct analog 

of silicon and focused on slurry-coating tin nanoparticles onto a copper current collector. 

Unlike silicon, the significant ductility of tin enables direct processing into freestanding 

foils, but this is not generally exploited; foils were considered to be bulk materials unable 

to accommodate the cycling stresses associated with lithiation. Two-phase nanostructured 

alloy foils can overcome this limitation.  

There has been significant research into the performance of intermetallic tin alloys, 

but these systems are highly brittle, and are generally unsuitable for processing into foils. 

In contrast, the explorations into binary eutectic alloy systems have been highly limited. 
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Importantly, these systems do not form intermetallic compounds, and maintain the ductility 

of their constituent phases.  While the characteristic insolubility of binary eutectics lead 

researchers to hypothesize that the systems would behave like a simple mixtures of the 

discrete metals, in this work it is shown that the non-equilibrium conditions experienced 

during cycling result in a more complex electrochemistry. 56,70 

The Interdigitated Eutectic Alloy (IdEA) anode framework, first described by our 

group, utilizes a simple rolling mill to produce nanostructured electrodes.60 Metal alloys 

are plastically deformed by extensive cold-rolling, elongating them in the rolling direction 

and refining them in the transverse dimension. When this technique is applied to two-phase 

metal alloys, the resulting foil morphology is that of interdigitated sub-micron domains of 

the two constituent phases.  

This framework exploits the heterogeneity and ductility of eutectic alloys, using 

severe plastic deformation to simultaneously reduce the size of the tin domains while 

dispersing the said domains throughout an electrically conductive framework. This is ideal 

for both minimizing active material pulverization and the subsequent loss of electrical 

contact. Significant interphasial boundaries and dislocations promote enhanced lithium-ion 

diffusion throughout the structure, limiting undesirable side reactions between the active 

material surface and electrolyte. There is precedent for syntheses of this nature; in previous 

decades, highly deformed Cu-Nb/Cu-Ag microcomposites have been investigated for their 

impressive strength and electrical conductivity.71 The electrochemical properties of these 

deformed eutectic systems have not been explored until our seminal investigation, where 

the performance of an interdigitated aluminum-tin structure was first investigated.60   

Zinc makes for an attractive host material in an IdEA implementation, offering 

significant improvements compared to the exploratory aluminum work. The high density 

of zinc minimizes inactive volume in the anode, and its low lithiation potential enables 
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significant lithiation of the tin domains without the formation of brittle intermetallics in the 

supporting conductive matrix. While the volumetric capacity of graphite anodes is 

approximately 420 mA h cm-3, the Zn-Sn IdEA anode system described below offers 

volumetric capacities in the range of 798 – 1,084 mA h cm-3. In a survey of recently 

published commercially-relevant anode literature, this system had the highest reported 

volumetric capacity.  

Beyond an impressive volumetric capacity, this system has many attractive features 

for potential commercial applications. The facile manufacturing of the system is incredibly 

attractive; IdEA anodes do not require the slurry casting and subsequent drying steps 

associated with traditional anodes, processes responsible for nearly 80% of electrode 

processing costs.72 The system offers improved safety; the uncycled capacity below the 

lithiation potential of zinc eliminates the risk of lithium plating, and the compatibility with 

propylene carbonate decreases the flammability and freezing point of the electrolyte. Zn-

Sn alloy anodes are non-toxic, abundant, have reasonable material costs (~ 5 $/pound), 

meaningful areal capacity (> 2 mA h cm-2), and < 10% formation losses.73 The ~ 99% 

coulombic efficiency of the Zn-Sn system is the primary metric that requires improvement 

for use in practical systems.   

3.3 METHODS 

Materials Synthesis: Synthesis of Zn-Sn foils was carried out as described in 

Chapter 2.  

 

Electrochemical Characterization: Coin cells were assembled and tested as 

described in Chapter 2.  
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In-Situ Optical Microscopy: To measure the expansion of Zn-Sn IdEA foils with 

in-situ optical microscopy, a 22.7 µm ZTB1 foil (Figure 3.4) was suspended in an optically 

transparent anode housing (Figure 3.6) and electrically connected via a stainless steel wire.  

The anode chamber was flooded with a solution of 1 M bis(trifluoromethane)sulfonimide 

lithium (LiTSFI) dissolved in a 3:7 ratio of monoflouro ethylene carbonate (FEC) to 

ethylene carbonate (EC). Lithium metal was mounted in a stainless steel cathode housing 

that was machined in-house, and the system was sealed using a silicone gasket (McMaster). 

The lithiation was observed using an optical microscope (ViTiny Um12) at ~ 10 mm 

working distance and 200x magnification. Image contrast was adjusted to emphasize the 

foil, and the thickness was calculated as the average of 5 measurements made across the 

field of view.  

 

Post-Mortem X-ray diffraction (XRD) Characterization: After the appropriate 

extent of cycling, coin cells were manually decrimped with a pair of diagonal pliers. The 

cycled foil was transferred into an environmental chamber (Rigaku) and mounted using 

double-sided carbon tape. XRD patterns were collected with a Bragg-Brentano type 

diffractometer (Rigaku Miniflex 600) with Copper Kα (λ = 0.15418 nm) radiation.  The 

scans were collected in continuous mode over a 2θ range of 20 - 80° 2θ at a rate of 1° per 

minute. 

 

3.4 RESULTS AND DISCUSSION 

Zn-Sn ingots were synthesized by melting the constituent metals together and 

casting the melt into an ingot. The ingots were then anisotropically cold-rolled in a single 

dimension to create IdEA foils. The resulting foils were mounted and polished using 
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metallographic techniques and characterized with scanning electron microscopy (SEM) 

(Figure 3.1). The anisotropic cold-rolling of 55Sn-45Zn (ratios given are by weight) ingots 

did not result in a uniform nanostructure with clear layering (Figure 3.2). In previous 

literature, it has been reported that necking and inhomogeneities during severe plastic 

deformation can be attributed to a hardness mismatch between phases.74 To improve the 

compatibility between the two phases, the zinc-tin ingots were alloyed with additive 

quantities of bismuth, an element commonly used to improve the mechanical properties of 

tin.75 At room temperature, bismuth has ~ 2 wt.% solubility in tin, and ~ 0.5 wt.% solubility 

in zinc, and the resulting solid-solution hardening caused the hardness of the two phases to 

be more closely matched. The impact of bismuth on the hardness of pure zinc and tin 

individually is shown in Figure 3.3. At 1 wt.% bismuth, the materials deformed into 

homogenous layers, and thus 55Sn-44Zn-1Bi (ZTB1) was selected for electrochemical 

characterization. At this concentration, bismuth distribution was nearly homogenous with 

no discrete phases. 
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Figure 3.1. Synthesis of IdEA foil anodes: (a) Casting of ZTB1 alloy, (b) Cold rolling of 
ZTB1 ingot into IdEA anode, (c) as-cast ZTB1 ingot at 60x magnification 
(inset: As-cast ZTB1 ingot at 1000x magnification), (d) ZTB1 alloy at 75X 
magnification after 300% reduction in thickness, and (e) ZTB1 foil at 1200x 
magnification after 4,000% reduction in thickness. Dark regions represent 
zinc, while light regions represent tin. 
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Figure 3.2. Improved Layering Upon Bismuth Addition. EDX elemental maps of the tin 
distribution in the cross sections of the foils: (A) 45Zn-55Sn55, (B) 
Zn44.5Sn55Bi0.5, (C) Zn44Sn55Bi1, and (D) Zn43.5Sn55Bi1.5.  

 

 

Figure 3.3. Hardening of Tin via Bismuth Addition. Hardness of tin and zinc with 
additive quantities of bismuth.  

 

Volumetric capacity of an anode can be calculated by dividing the areal capacity of 

the electrode assembly by its lithiated thickness. In a previous work by Obrovac et al, the 

molar volume of lithium in alloying anode materials was shown to be ~ 9 mL/mol across 
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alloying anode materials.76 Using this value, the theoretical thickness upon lithiation and 

implied volumetric capacity can be calculated using Equation 1 as, 

 
𝑄!,#$%& =

'!
!"()*

   (1) 

 

where Qv is the volumetric capacity (mA h cm-3 electrode), Qc is the gravimetric 

capacity (mA h g-1 electrode), v0 is the specific volume of the pristine alloy (cm3 g-1 

electrode), k is the specific volume of alloyed lithium (cm3 mol-1), and x is the moles of 

alloyed lithium at a given specific capacity (mol g-1 electrode).  

Using this model, the volumetric capacity of a fully lithiated IdEA foil can be 

calculated. For a foil cycled at 150 mA h g-1 electrode, the implied volumetric capacity of 

the system is 798 mA h cm-3. Expanding the cycled voltage range of ZTB1 foils increases 

the respective capacities to 250 mA h g-1 and 1,129 mA h cm-3. 

However, to accurately determine the volumetric capacity of an IdEA anode, the 

thickness of the lithiated anode must be measured. In the seminal investigation of the Al-

Sn IdEA system, there was an irreversible exfoliation of the foil during the initial formation 

step, which resulted in porosity and lower volumetric capacity. Post-mortem 

characterization of foil thickness is complicated by the air-sensitive nature of lithiated 

compounds coupled with the high probability of mechanical damage and shorting during 

cell disassembly. To overcome these challenges, an optically transparent anode housing 

was machined out of PMMA (Figure 3.4) that allowed for observation of a completely 

unconstrained ZTB1 during lithiation. Direct in situ measurements of foil thickness were 

then made using optical microscopy.  
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Figure 3.4. Optically Transparent Anode Housing. Schematic of the optically transparent 
anode housing used for in-situ microscopy. 

 

A 4.21 mA h cm-2 ZTB1 foil was cycled at 250 mA h g-1 for three full 

lithiation/delithiation formation cycles, and then the fourth lithiation was closely observed 

(Figure 3.5). After formation, the foil had irreversibly expanded by approximately 17% 

from 22.7 μm to 26.7 μm (Figure 3.6), suggesting exfoliation of the completely delithiated 

foil. After lithiation to 150 mA h g-1, the foil thickness had increased to 31.3 μm, which 

compares favorably to the theoretically predicted value of 31 μm. This close match 

suggests that after expansion, the lithiated foil does not have significant porosity. During 

further lithiation, the foil was imaged every 25 mA h g-1, and the volume expansion closely 
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matched the expansion predicted by the model. In the fully lithiated state, after 250 mA h 

g-1 of lithium had been inserted into the foil, the foil thickness had increased to 38.9 μm. 

This corresponds to an experimentally measured volumetric capacity of 1084 mA h cm-3, 

likely to be the highest confirmed value in recent literature. The 12.2 μm expansion of the 

26.6 μm foil can be compared to an ~ 8 μm expansion expected for an 82 μm thick, 4.21 

mA h cm-2 graphite coating.76  
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Figure 3.5. In-situ optical microscopy of the lithiation of a 4.21 mA h cm-2 ZTB1 foil. (a) 
A comparison between the theoretically predicted relationship between state 
of charge and volumetric capacity and the experimentally observed 
volumetric capacity, with datapoints representing the mean and standard 
deviation of volumetric capacity calculated from five measurements made 
across the field of view. (b) ZTB1 foil after 3 formation cycles at 250 mA h 
g-1, (c) ZTB1 foil lithiated to 150 mA h g-1, and (d) ZTB1 foil lithiated to 
250 mA h g-1. 

 



 33 

 

Figure 3.6. Formation of ZTB Foil. Images of a 4.2 mA h cm-2 ZTB foil before and after 
3 formation cycles at 250 mA h g-1.  

 

For comparative purposes, the electrode-level gravimetric and volumetric 

capacities of recently reported anodes have been included in Figure 3.7.60–68 Although by 

no means an exhaustive review, the reported values represent an honest effort by us to 

calculate capacities of the commercially-relevant high-performance anode technologies 

described in recent literature. Detailed calculations of the reported capacities can be found 

in Appendix A. Experimentally measured volumetric expansions are exceedingly rare; 

discrepancies between calculated and measured values are explained in detail in the 

supplemental information. In brief, the simplified volumetric capacity model likely 

overestimates the capacity of traditional porous electrodes (Figure A1), as shown in 

reference 11. The underestimation of reference 14 is an example of electrode-level 

engineering of internal pore volume, which reduced expansion by about half. Given the 

difficulty in modeling complex electrode assemblies, it is critical that experimental 

measurements of expansion be made to assess the performance of different electrodes with 

certainty.   
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Figure 3.7. Calculated electrode-level capacities of various lithium-ion anode families. 
Capacities are normalized to the full electrode assembly, corresponding 
literature publications that can be found in Table A2 
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IdEA anodes undergo a unique formation process compared to other alloying 

anodes. When cycled at a voltage range of 0.25 – 1 V, there were significant variations in 

the anode capacity during the initial cycling (Figure 3.8). Given the impracticality of 

pairing a cathode with an anode of this nature, foils were instead tested with a capacity 

limit upon lithiation such that a meaningful amount of lithium was inserted during each 

cycle, 798 mA h cm-3. After this capacity-limited lithiation, all electrochemically 

accessible lithium was removed with a voltage-limited delithiation to 1V. Even when 

cycled with these parameters, the anode operated between a fairly consistent voltage 

window, between 1 and ~ 0.4 V. In a full cell system, this capacity limit upon lithiation 

could be controlled with voltage limits in an appropriately balanced cell. 

 

 

Figure 3.8. Voltage Limited Formation of IdEA Foil. Voltage limited cycling of a Zn-Sn 
IdEA anode at a rate of C/5 
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During the first delithiation, the lithium loss is quite significant (Figure 3.9a). 

However, subsequent cycling shows that the majority of lithium lost on cycle 1 is trapped 

reversibly within the foil. After 12 cycles at a rate of C/10, only 17 % of the lithium has 

been irreversibly lost (Figure 3.9b). After this recovery is complete, the lithium loss is 

linear, and as expected, directly related to the columbic efficiency. Given that lithium is 

likely lost due to this inefficient cycling during the first 12 cycles, the lithium irreversibly 

lost due to formation appears to be quite small. The deconvolution of the linear lithium loss 

on each cycle and the observed recovery process suggests a formation loss of only 5%. Due 

to the complexity of this formation process and potential errors associated with the 

deconvolution of per cycle losses, the actual formation loss is estimated as 5-10%.   

The electrochemical behavior of the constituent metallic phases can be clearly 

shown by cyclic voltammetry (Figure 3.9c). Tin lithiates through a thermodynamically 

expected pathway: Sn à Li2Sn5 à LiSn à Li7Sn3 at 0.66, 0.56, and 0.47 V 

respectively.55,77 Zinc lithiates to LiZn at 0.18 V, and the lithiation kinetics of the pure 

metal are quite poor. In the ZTB1 system, the recovery of reversibly trapped lithium is 

concurrent with the formation of a new electrochemical plateau at 0.77 V, a potential higher 

than expected from either individual constituent (Figure 3.9d). By cycle 15, this plateau is 

quite significant, contributing more than 25% of the foil’s capacity. Interestingly, there is 

a strong correlation between this plateau and the recovery of lithium; when 56 mA h cm-3 

of lithium is recovered on cycle 12, the plateau is 56 mA h cm-3 larger during the 

subsequent lithiation. (Figure 3.9e) 
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Figure 3.9. Electrochemical investigation of the formation of ZTB Anodes. (a) 
Galvanostatic cycling of a 1.85 mA h cm-2 ZTB foil at a rate of C/10. (b) 
Accumulated lithium loss during the cycling of the ZTB anode. The column 
plot represents the difference between the amount of lithium inserted into 
the foil on lithiation and the lithium removed on the subsequent delithiation, 
while the scatter plot shows the running sum of accumulated lithium loss 
during cycling. (c) CVs of pure metallic zinc and tin. (d) Charge/discharge 
plots of the ZTB1 foil at various cycling. (e) Lithium recovered on cycles 5 - 
15 compared with the growth of the 0.77 V plateau.  

Post-mortem X-ray diffraction (XRD) was used to elucidate the mechanism by 

which this reversible lithium trapping occurs. ZTB foils were cycled galvanostatically, and 

at critical points during cycling, the cells were disassembled and investigated by XRD. In 

the pristine state, all peaks can be attributed to either tin or zinc, suggesting the small 

amount of bismuth dissolved in the system is not present as a discrete phase in the material 

(Figure 3.10a). After one cycle of lithiation and delithiation at a rate of C/10, when there 

is a significant amount of lithium trapped within the foil, the XRD pattern changes 

significantly (Figure 3.10b). The foil undergoes significant amorphization during this 

formation; the peaks associated with crystalline tin are no longer observed in this state. 
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There appear to be impurity peaks related to the standard lithiated tin compounds. Most 

notably, peaks with significant intensity corresponding to a Zintl Li3Zn2Sn4 phase are now 

observed in the foil. This phase does not form under equilibrium conditions. The synthesis 

of this phase has only been previously reported by quenching the molten metals in liquid 

nitrogen.78 This is the first known synthesis of the phase at room temperature. Precedence 

exists for the formation of non-equilibrium phases in alloying compounds, as lithiation 

stresses within domains can reach up to 30 GPa.79 After 15 cycles, when the reversibly 

trapped lithium has been released by the foil, there is a recovery of the peaks corresponding 

to tin, and the relative intensity of the Li3Zn2Sn4 phase is reduced compared to the Zinc 

phase (Figure 3.10c). This suggests that the non-equilibrium ternary is responsible for 

reversibly trapping the lithium. During the initial lithiation, the Li3Zn2Sn4 phase forms at 

the interphasial boundaries, and the poor delithiation kinetics of the ternary phase leads to 

low apparent columbic efficiency. During the subsequent cycling, repeated volume 

expansion of the tin domains leads to pulverization of the ternary alloy, increasing the 

surface area and releasing previously inaccessible lithium.  

Interestingly, if the foil is lithiated to the end of the newly formed 0.77 V plateau, 

the relative intensity of the peaks associated with the ternary phase increase significantly 

(Figure 3.10d). This suggests that not only does the non-equilibrium ternary phase form 

on initial lithiation, but also it can reversibly lithiate and delithiate during subsequent 

cycling. In addition to the recovery of peaks associated with the ternary alloy, the symmetry 

of the tin peaks increases as well. It is possible that the delithiation of Li3Zn2Sn4 phase 

results in the formation of a previously unreported tin-zinc phase with a lower lattice 

parameter, and the observed plateau corresponds to the lithiation of this Zn-Sn compound, 

but further study is needed.  
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Figure 3.10. Diffraction patterns of the ZTB system during cycling. (a) XRD of the 
pristine foil, (b) post-Mortem XRD of the foil after one lithiation and 
delithiation, (c) post-Mortem XRD of the foil after twelve 
lithiation/delithiations, (e) post-Mortem XRD of the foil lithiated to 0.68 V 
after twelve lithiation/delithiations, (e) expected peaks for the Li3Zn2Sn4 
phase (PDF#01-083-8808), and (f-i) symbolic representations of the state of 
charge during XRD analysis. 

 

ZTB1 foils were also studied for long-term cycling stability (Figure 3.11a). A ZTB 

anode with an areal capacity of 1.7 mA h cm-2 was cycled with a capacity limit on lithiation 
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of 150 mA h g-1 electrode, and a corresponding electrode-level volumetric capacity of 798 

mA h cm-3.  

 

 
 

Figure 3.11. Long-term cycling stability of the ZTB1 system. (a) Long term 
galvanostatic cycling of a 1.7 mA h cm-2 foil at a rate of C/5 after two 
forming cycles at a rate of C/10 and (b) voltage profiles of the ZTB1 foil 
during cycling. (c) Rate study of 1.9 mA h cm-2 foil and (e) voltage profiles 
of ZTB1 cycled at various rates. 

 

On the first cycle, the average delithiation voltage of the ZTB foils was 0.66 V. 

During the lithium recovery during formation, the new 0.77 V lithiation plateau resulted in 

an increase in the average delithiation voltage to 0.73 V, where it remained for the rest of 
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cycling. Paired with a 3.9 V cathode, this higher delithiation voltage would reduce the 

voltage of a full cell by ~ 15 %, but this is more than compensated for by the significantly 

increased capacity and elimination of lithium-plating risk. The average coulombic 

efficiency of the foil between cycle 25 and 50 was 98.9 %, and the efficiency between cycle 

25 and 80 was 99.2 %.   

Zn45Sn55 foils cycled without the addition of bismuth had similar first cycle loss 

and coulombic efficiency but failed after only 60 cycles (Figure 3.12). This suggests that 

the improved homogeneity of the foil and reduced tin domain size significantly improved 

the cycling stability of the foil but did not impact the reversible lithium trapping in the 

ternary LZT phase.  

 

Figure 3.12. Cycling in the Absence of Bismuth. Capacity limited cycling of a 1.2 mA h 
cm-2 Zn45Sn55 anode cycled at 150 mA h g-1.  
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During the long-term cycling of the anode, capacity degradation was primarily 

isolated to the 0.77 V plateau (Figure 3.11b). Interestingly, while there was a significant 

reduction in the capacity of this initial plateau, the capacity corresponding to the first two 

plateaus combined remained fairly constant. If delithiation of the ternary Li3Zn2Sn4 phase 

does result in a Zn-Sn binary phase, this could be explained by the loss of zinc from the 

thermodynamically unfavorable binary alloy, generating metallic tin. In any case, the 

observed voltage profiles suggest mitigating the formation and degradation of the ternary 

alloy will likely be critical for further improvement of the columbic efficiency of the 

system.  

To understand the lithiation kinetics of ZTB1 anodes, foils were cycled at various 

rates. With capacity-limited lithiation parameters, the same amount of lithium ions are 

inserted regardless of the rate, followed by a removal of all electrochemically accessible 

lithium. Under these conditions, the critical performance metrics are the polarization, 

representing the cycling kinetics, and the coulombic efficiency, representing the 

reversibility of the electrochemical reaction.  When scaled from a rate of C/10 to 2C, 

polarization increased linearly from 130 mV to 400 mV (Figure 3.11c). Even at the fastest 

rate, the lower voltage cutoff was well above the potential for lithium plating (Figure 

3.11d). There was no strong correlation between coulombic efficiency and C-rate. For the 

C/5, C/2, 1C, and 2C rates, the Coulombic efficiencies were 98.6 %, 98.8 %, 98.8 %, 98.6 

% respectively.  

Given that 798 mA h cm-3 already represents a significant improvement in anode 

volumetric capacity, future work should primarily focus on improving the columbic 

efficiency of the system. However, it should be noted that as the system matures, 

significantly higher capacities are potentially possible. If the fundamental system limitation 
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is simply operation above the lithiation potential of zinc, capacities above 300 mA h g-1 

and 1300 mA h cm-3 are technically feasible. 

The ZTB alloy described in this paper is only one embodiment of the IdEA 

framework. Not only are there alternative alloy systems potentially ranging from Cd-Sn 

and Cu-Pb to Zn-Si, the IdEA system may have relevance for other working ions such as 

Na+ and Mg2+ which do not currently have viable anodes. It is expected that there will be 

significant variations in performance across this material class, but given the impressive 

capacity, facile processing, and unique electrochemistry of the framework more broadly, 

all are worthy of study. 

3.5 CONCLUSION 

With minimal processing costs, an impressive volumetric capacity of > 798 mA h 

cm-3 and < 10% irreversible formation losses, this initial exploration of the ZTB system 

describes a nascent but commercially promising anode material. Even at this early stage, 

this material matches or improves upon commercial systems on many of the critical 

performance metrics in anode research. Further research into alternative alloy 

compositions, processing techniques, tailored interfaces, and optimized electrolyte systems 

will be essential in improving the cycling coulombic efficiency from ~ 99% to 

commercially practical levels.    
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Chapter 4: Elemental Foil Anodes for Lithium-ion Batteries1 

4.1 ABSTRACT 

Alloying anodes represent a promising class of material for enabling increased 

energy density for lithium-ion batteries. However, most research in this space has focused 

upon the development of powders for use in blade-cast anodes. In this work, we develop a 

robust framework for understanding the implementation of alloying materials as foil 

anodes, surveying the full range of elemental metals to identify viable materials systems 

and contextualize their potential impact on performance. Aluminum, indium, tin, and lead 

are highlighted as promising candidates for direct use as active materials, with each 

offering the potential for a 40-50% improvement in energy density over graphite-based 

systems. Interestingly, aluminum, tin, and indium offer not only high capacities but also 

display remarkable formation efficiencies ranging from 90 to 98%. The stability of each 

material was also benchmarked across a range of utilizations, laying the groundwork for 

future efforts in designing stable foil anodes for high-energy-density batteries. 

4.2 INTRODUCTION 

As battery production massively expands to meet the demands of increased electric 

vehicle adoption, the incentive to increase cell-level performance has drastically 

increased.80,81 However, the modern lithium-ion cells still mirror the original device 

commercialized in 1991; energy is stored by shuttling lithium ions between a porous metal 

oxide cathode and a porous carbon anode. Successful deployment of a next-generation 

battery chemistry would rapidly accelerate the transition to electrified transport, 

transforming society on a global scale. 
1
Heligman, B.; Manthiram, A. Elemental Foil Anodes for Lithium-Ion Batteries. ACS Energy Lett. 2021. B.T. 

conceived the initial hypothesis and performed the experimental work. A.M. supervised the work. All authors 
participated in the preparation of the manuscript. 
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Currently, most development efforts have focused upon either the passivation of a 

lithium-metal anode or the development of nanostructured silicon electrode materials.82 

These systems have the potential to allow for a significant increase in cell-level energy, but 

a myriad of technical challenges have stymied their commercial use. The design of a mass 

manufacturable electrode that offers improved performance and reduced cost in 

comparison to a graphite-coated copper foil remains an unsolved challenge. 

Recently, there has been growing interest in an alternative approach to anode design 

utilizing alloying metals as monolithic foil anodes.83–86 The attributes of metallic foils that 

make these systems attractive current collectors also make them attractive electrode 

materials; foils are dense, electrically conductive, and easy to manufacture at large scale. 

Critically, these materials offer the potential for a significant improvement to battery 

energy density, offering charge storage capacities far beyond the theoretical maximum of 

a graphite-based systems. However, there has been comparatively little work focused upon 

the development of foil anodes. While the diverse range of alloying elements was explored 

during the early stages of lithium-ion battery development, in recent decades, most work 

has focused upon directly substituting alloying materials into the blade-cast electrode 

geometry.53 The design of an engineered foil anode may offer an unexplored path towards 

the development of a commercially relevant high-energy battery system. 

The lithium-ion battery has evolved significantly since the seminal work 

investigating the full class of alloying anodes.87,88 In that light, it is critically important to 

holistically assess the potential impact of these materials in the modern cell configuration 

to understand viable material systems and contextualize claims of improved performance. 

In this work, we investigate the electrochemical alloying of these elemental foils in a 

modern carbonate-based electrolyte and assess the impact of their adoption in comparison 
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to a commercially relevant NMC811/graphite couple. Our hope is that this work will 

provide a robust scaffold guiding the development of foil anodes moving forward.   

 

4.3 EXPERIMENTAL METHODS 

Materials Sourcing: Elemental materials were sourced from a variety of vendors, 

listed in Table 4.1. Whenever possible, metals were sourced or processed to a thickness of 

< 25 µm and punched into 3/8” discs for electrochemical testing. Silicon, bismuth, 

antimony, and gallium had insufficient ductility for processing in this manner and were 

cleaved into 1 mm2 plates and subsequently polished to the minimum achievable thickness 

using abrasive SiC paper (Buehler). Due to cost constraints, the area of the gold foil tested 

was ~ 0.1 mm2, and it is possible that edge effects contributed to the high apparent 

utilization of the system. No annealing was performed in this study. 

Electrochemical Characterization: Coin cells were assembled and tested as 

described in Chapter 2. Cells were cycled with voltage and capacity limits as described in 

Table 4.2. 
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Table 4.1. Materials sourcing 

Material Purity Initial 
Thickness 

Final 
Thickness 

Vendor 

Tin 99.8% > 1 mm 20 micron Fisher Scientific 
Aluminum 99.99% 100 micron 18 micron High Purity Aluminum 
Indium 99.99% 25 micron 25 micron Indium Corp 
Lead 99.9% > 1 mm  20 micron Rotometals 
Zinc 99.8% > 1 mm 25 micron Fisher Scientific 
Cadmium 99.999% > 1 mm 25 micron Fisher Scientific 
Magnesium 99.9% 50 micron 25 micron Sigma Aldrich 
Silver 99.9% > 1 mm  25 micron Sigma Aldrich 
Silicon 9N 500 micron 300 micron Sigma Aldrich 
Antimony 99.6% > 1 mm 500 micron Rotometals 
Bismuth 99.99% > 1 mm 500 micron Fisher Scientific 
Gallium 99.999% > 1 mm 300 micron Sigma Aldrich 
Platinum 99.99% 25 micron 25 micron Sigma Aldrich 
Gold 99.999% 100 micron 50 micron Sigma Alrich 
Copper 99% 10 micron 10 micron MTI 
304 Stainless 
Steel 

-   MTI 

 

Table 4.2. Cycling parameters for long-term galvanostatic cycling of limited utilization 
foil anodes  

System Reduction Cutoff Oxidation Cutoff 1C defined as 
Sn – 30 %  300 mA h g-1 | 0 V 1.0 V 300 mA g-1 

Sn – 50 % 500 mA h g-1 | 0 V 1.0 V 500 mA g-1 
Sn – 100 % 0V 1.0 V 1000 mA g-1 
Al – 30 %  300 mA h g-1 | 0 V 1.0 V 300 mA g-1 
Al – 50 % 500 mA h g-1 | 0 V 1.0 V 500 mA g-1 
Al – 100 % 0V 1.0 V 1000 mA g-1 
In – 20 % 400 mV 1.0 V 200 mA g-1 
In – 30 % 200 mV 1.0 V 300 mA g-1 
In – 100 % 0V 1.0 V 500 mA g-1 
Pb – 30 % 175 mA h g-1 | 0 V 1.0 V 175 mA g-1 
Pb – 50 % 275 mA h g-1 | 0V 1.0 V 275 mA g-1 
Pb – 100 % 550V 1.0 V 550 mA g-1 
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4.4 RESULTS AND DISCUSSION 

Aluminum, tin, lead, indium, zinc, cadmium, magnesium, silver, silicon, antimony, 

bismuth, gallium, gold, and platinum were selected as representative of the metals with 

potential relevance for electrochemical reactions.53,89 Although prohibitively expensive for 

wide-spread application, gold and platinum were included due to their use as reference 

electrodes in academic studies of electrochemical systems.90 Copper is widely considered 

by the community to be an inactive material, yet the generally accepted phase diagram 

predicts a room-temperature lithium solubility of approximately 13 at %. However, recent 

reports have cast doubt upon this solubility, so both copper and 304 stainless steel were 

included to represent inactive controls.91  

For the reaction mechanism, materials were classified as alloying via an addition 

reaction (A) if the phase diagram predicted the nucleation of discrete line-phase 

intermetallic compounds. The materials were classified as alloying via a solid-solution 

mechanism (SS) if lithium was reported to be miscible in the metal’s host structure. Finally, 

the materials were identified as alloying via a hybrid mechanism (H) if the reaction was 

expected to progress through intermediate phases capable of existing across broad 

compositional ranges. These classifications should only be considered as broadly 

descriptive of the equilibrium phase-diagram itself; given the propensity of materials to 

undergo non-equilibrium reaction mechanisms during room temperature alloying, they 

should not be considered authoritatively descriptive of their electrochemical alloying 

process.92 While Ge, As, Sr, Ca, Os, Ir, Pd, Rh, Hg, Tl, Te, and Se are known to form alloys 

with lithium, these materials were considered beyond the scope of this study. The 

theoretical performance, abundance, cost, reaction mechanism, and ductility of each 

element is given in Table 4.3.   
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Table 4.3. Theoretic performance of lithium-alloy materials 

  
Theoretical 
Capacity 
(mA h g-1)  

Average 
Potential1 
(Volts) 

Theoretical 
Energy 
Density2 
(Wh L-1) 

Theoretical 
Cost3 ($ 
KWh-1) 

2019 
Production3 
(TWh year-1) 

Ductility4 Mechanism 

C 372 0.125 780 3.6 1.5 N IC 

Al5 (AlLi) 993 
(Al4Li9) 2200 

0.38 
0.3 

1214 
1307 

0.63 
0.27 

229 
507 Y H 

Sn 993 0.504 1275 5.6 1.0 Y A 
Pb 582 0.4 1308 1.1 9.2 Y A 
In 1012 0.3 1353 110 0.003 Y H 
Zn 410 0.375 1385 1.9 19 Y H 
Cd 715 0.2 1229 0.98 0.066 Y H 

Mg 2150 0.03125 1377 0.62 9.2 Y SS 
Ag 670 0.175 1396 210 0.067 Y H 
Si 3579 0.4 1323 0.18 88 N A 
Sb 660 0.948 1072 4.40 0.31 N A 
Bi 385 0.822 1105 6.3 0.023 N A 
Ga 769 0.45 1241 190 0.85 N H 

Pt 687 ~ 0.5 1214 12000 0.0004 Y H 
Au 510 ~ 0.4 1275 25000 0.006 Y H 
Cu 62  - - -  - Y SS 

1 The average potentials for material systems were sourced from literature sources53,89 
2 Energy density was calculated as described in Appendix A 
3 Theoretical cost and production were calculated utilizing values for global production and cost 
as reported in the 2019 edition of the US Geographic survey93 
4 Ductility was defined as the ability to be processed into a foil of < 100 µm thickness 
5 Aluminum can theoretically react to a terminal Al4Li9 phase, but generally this reaction can be 
kinetically inhibited at room temperature. As such, performance values were calculated for both 
this theoretical maximum utilization and a more conservative utilization commonly realized in 
the literature. 

To understand the quasi-equilibrium electrochemical reaction pathways of each 

system, cyclic voltammetry was performed with cells comprised of each metal and a 
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lithium-metal counter electrode. In this experiment, the electrochemical phase 

transformations are associated with reduction at the anode, presenting as a peak in the 

voltammogram. The results of this study are depicted in Figure 4.1 and Table 4.4. 

 

Figure 4.1. Cyclic voltammograms of elemental metals, collected at a scan rate of 0.010 
mV s-1 
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Both aluminum and indium foils reacted to completion, displaying meaningful 

reversible capacities primarily resulting from an initial transformation to an intermediate 

phase (AlLi v. InLi). These materials displayed more limited utilization of the intermetallic 

line phases in the lithium-rich portion of their phase diagram. Tin and lead foils both 

reacted through a series of intermetallic line phases to near completion, approaching 

theoretical capacities that were returned upon the subsequent cycle. 

The zinc foil reacted to near completion, having reached a peak reduction current 

at ~ 0.18 V, but apparent utilization was quite low. A hysteresis upon the reverse scan 

suggests this initial lithiation may have marginally improved lithium transport throughout 

the foil. The cadmium, magnesium, and silver foils did not react to completion, with poor 

utilizations and a peak reduction current reached only at the end of the forward scan. All 

four of these foils displayed reversible oxidation reactions on the reverse scan.   

While the thick silicon wafer was not fully utilized, this material stored a 

meaningful reversible capacity of 2.9 mA h cm-2. Bismuth, antimony, and gallium all 

displayed meaningful utilizations even at very large thicknesses, suggesting impressive 

lithium-transport throughout these bulk materials. However, the bismuth and antimony 

materials displayed poor reversibility, passing significant uncontrolled oxidation currents 

upon the reverse scan, causing the experiment to be terminated before complete delithiation 

could be achieved.  

Both gold and platinum displayed clear alloying reactions when driven to potentials 

below 0.25 V. Additionally, the platinum foil had an apparent propensity to catalyze an 

irreversible side reaction with the electrolyte after the alloyed lithium had been removed. 

These reactions are likely to occur if such electrodes are placed in similar electrochemical 

environments. Both the copper and stainless-steel controls were inactive, with small 

currents attributed to reduction and oxidation of the electrolyte.  
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When investigating this full class of materials, it is possible to note general trends 

within the various alloying mechanisms. Materials that alloyed via an addition reaction 

(Sn, Pb, Si, Sb, Bi, and Ga) all stored > 2 mA h cm-2 of lithium during the initial scan, 

representing sufficient areal capacity for practical application. Of the materials expected to 

alloy through a hybrid process, Al, In, Pt, and Au reacted to a significant extent, while Zn, 

Cd, and Ag did not. The mechanistic reason for this discrepancy is unclear, and a deeper 

study of the differences in lithiation processes for these bulk metals may offer useful 

insights into the design of alloying anodes in the future. With no electrochemical lithiation 

was observed for the copper system, magnesium stands alone as the sole material capable 

of alloying via a strictly solid-solution mechanism, making it unique amongst this class of 

alloying metals.  
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Table 4.4. Cyclic voltammograms of elemental foils 

  Thickness 
(μm) 

Peak 
Reduction 
Current        
(mA cm-2) 

Areal 
Capacity 
(mA h  
cm-2) 

Specific 
Capacity 
(mA h g-1) 

Utilization Reversibility 

Al 18 10.44 5.30 1090 47% 70% 
Sn 20 2.71 11.97 820 83% 93% 
Pb 20 9.17 10.92 479 82% 74% 
In 25 1.87 5.74 314 31% 98% 
Zn 25 0.145 0.71 40 10% 32% 
Cd 25 0.471 1.41 65 9% 76% 
Mg 25 0.214 0.13 30 X* 26% 
Ag 50 0.331 0.49 9.4 1.3% 24% 
Si 300 1.933 2.93 42 1.1% 62% 
Sb 500 4.8 53.81 161 25% X 
Bi 500 6.9 292.14 583 120% X 
Ga 300 3.15 61.20 400 52% X 
Pt 25 0.856 2.41 45 7% X 
Au 50 1.29 38.35 397 78% 43% 
Cu 10 0.003 0.06 - - 10% 
304SS 200 0.0016 0.02 - - 30% 

Of the elements tested, Al, Sn, Pb, and In displayed sufficient lithiation kinetics for 

meaningful utilization of the bulk material, ductility for processing into a thin foil, and a 

material cost that would allow for practical utilization. These relatively thin electrodes all 

stored significant quantities of lithium, cycling at gravimetric capacities above that of the 

standard graphite/copper composite.  

To fully contextualize the cell-level impact of adopting a new material system, both 

voltage and capacity must be considered. Battery capacity is best understood as the total 

charge stored by the electrochemical cell in its entirety, taking into account both electrodes 
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and the separator. In state-of-the-art batteries, the bulk of the cell weight is in the cathode, 

and the bulk of the cell thickness is in the anode. This means improving cathode capacity 

provides a disproportionate improvement to specific energy and improving anode capacity 

disproportionately improves volumetric energy density. The discharge potential of the 

battery is the difference between the delithiation potential of the anode and the lithiation 

potential of the cathode. 

Adoption of a foil anode would provide a significant improvement to battery 

capacity, while the elevated delithiation potential of the alloying chemistry would reduce 

the cell potential. When both factors are considered, the improvement to energy density 

remains substantial; specific energy is improved by 35%, while energy density is improved 

by 50%, as can be seen in Appendix A. However, to stabilize the alloying electrode, it may 

be desirable to limit the cycled capacity of the foil to a subset of the overall capacity.  

Limiting utilization as a means of prolonging cycle life has precedent with layered 

metal oxide cathode materials, which are commonly cycled under a reduced state-of-charge 

(SoC) range. However, the practical significance of limited SoC cycling of foil anodes is 

distinct from these more traditional electrode systems. In a porous cathode electrode, 

limited SoC cycling represents partial utilization of discrete active material particles and is 

necessitated due to the electronic structure of the intercalation host. In foil anodes, excess 

capacity can be trivially included by controlling the total electrode thickness. Nonuniform 

utilization of the electrode causes a fraction of the alloying metal to act as an inactive 

current collector, providing a ductile matrix capable of supporting the brittle intermetallics 

generated during electrochemical lithiation.94,95 For these monolithic electrode systems, 

such capacity limitation can have significant impacts on long-term performance.  

The specific energy and energy density of foil-based batteries were calculated 

across the full range of utilizations, shown in Figure 4.2. These values were calculated 
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assuming that the foils would be paired with 3.5 mA h cm-2 NMC811 cathode in a state-

of-the-art battery, with calculation methodology provided in Appendix A.   

 

 

Figure 4.2. Energy density of NMC811/foil battery across various utilizations (a) Stack-
level energy density of batteries as a function of cycled utilization (gray line 
represents baseline stack-level specific energy as calculated in the 
Appendix A). (b) Stack-level specific energy as a function of utilization 
(gray line represents baseline stack-level energy density as calculated in the 
Appendix A) 

 

When observing this relationship, it becomes clear that even under limited 

utilizations, foil anodes can offer significant improvements to the state-of-the-art battery 

system. These improvements are most pronounced with regards to energy density, where 

even severe limitations on utilized capacity can offer improved performance. Operating 

foils in this reduced utilization regime may offer a promising route towards developing a 

system capable of demonstrating long-term stability. 
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Galvanostatic cycling was used to assess the long-term stability of each over a range 

of utilizations. To cycle the foils, reductive current was driven through the cell until a 

specified limit was reached and followed by oxidative current until the cell reached 1.0 V 

vs Li/Li+. This was repeated until failure. Cycling was intended to approximate 20-100% 

capacity utilization, referred to as 0.2, 0.3, 0.5, or 1.0 depending upon the extent of cycling. 

Utilizations of 0.3, 0.5, and 1.0 were selected to represent the performance of Al, Sn, and 

Pb. Given that the initial two plateaus observed during indium lithiation neatly 

corresponded to respective utilizations of 20 and 30%, indium was tested using cycling 

profiles targeting utilizations of 0.2, 0.3, and 1.0 to directly study the reversibility of each 

lithiation regime.96  Detailed descriptions of the individual cycling profiles can be found in 

the Table 4.5.  

Figure 4.3 shows the voltage profiles of the first lithiation and delithiation of the 

foil for each cycling profile, along with a graphical depiction of the delithiation capacity 

of the foils tested under different protocols. Quantitative results for cycling performance 

are given in Table 4.5.  
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Figure 4.3. Galvanostatic cycling of elemental foil anodes. First cycle voltage profiles 
for (a) aluminum foil cycled to approximately 30 %, 50 %, and 100 % 
utilization (c) indium foil cycled to approximately 20 %, 30 %, and 100 % 
utilization, (e) tin foil cycled to approximately 30 %, 50 %, and 100 % 
utilization, and (g) lead foil cycled to approximately 30 %, 50 %, and 100 % 
utilization. Long term cycling behavior of (b) aluminum foil cycled to 
approximately 30, 50, and 100% utilization, (d) indium foil cycled to 
approximately 20 %, 30 %, and 100 % utilization, (f), tin foil cycled to 
approximately 30 %, 50 %, and 100 % utilization, and (h) lead foil cycled to 
approximately 30, 50, and 100% utilization. Detailed descriptions of cycling 
profiles can be found in Table 4.4.  

 In the Al-based system, a large nucleation potential inhibited the initial lithiation 

of the Li-Al phase. 0.3, 0.5, and 1.0 cycling were associated with respective formation 

efficiencies of 86%, 88%, and 93% (Figure 4.3a). Although the foil lithiated to 0 V 

displayed an impressive formation efficiency of 93%, this was followed by a highly 

irreversible second cycle (34%) and rapid capacity fade (Figure 4.3b). This immediate 

fade was not observed in the system limited to 500 mA h g-1. The reduction in capacity 

from 0.5 to 0.3 was associated with further stabilization, although the difference in 

performance within the capacity limited regime was more limited.  
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Figure 4.3c shows the initial galvanostatic cycle of indium-based foils. Lithiation 

occurred through two distinct electrochemical plateaus. The most striking feature of the 

indium foil is the remarkable first-cycle efficiency of the system across all capacity 

utilizations, ranging from 98 - 99%. Within the capacity-limited regime, there did not 

appear to be a significant relationship between utilized capacity and long-term cycling 

stability, as the 0.2 and 0.3 cycling profiles displayed similar capacity fade after cycle 20 

(Figure 4.3d). Interestingly, the foil lithiated to 0 V underwent an additional phase 

transformation on the 15th cycle, presenting as a large plateau at approximately 5 mV 

(Figure 4.4). The utilization of this plateau nearly doubled the charge storage capacity of 

the indium foil and was followed by drastic capacity fade. It is likely that a nucleation 

overpotential prevented this phase transformation on the previous cycles.  

 

Figure 4.4. Nucleation of additional phase transformation during cycle 15 of indium foil.  
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Figure 4.3e shows the first cycle voltage profile of tin foil galvanostatically cycled 

to different extents. Of immediate note is a stark nonlinearity in reversibility across, with 

0.3, 0.5, and 1.0 cycling profiles displaying respective formation efficiencies of 34%, 83, 

and 90%.  The second cycle efficiency was also interesting, with 0.3, 0.5, and 1.0 

displaying a respective second cycle efficiency of 136%, 110%, and 102%. Subsequent 

cycles displayed efficiencies above these numbers, leading to an apparent coulombic 

efficiency of 100% for the 0.3. The mechanism by which the trapping and recovery occurs 

will be explored at length in the following chapter. For this system, more limited utilization 

resulted in an improvement in long term cycling stability (Figure 4.3f).  

Figure 4.3g shows the first cycle voltage profile for a lead foil. In all cases, there 

was a highly inefficient formation, ranging from 28% to 47%. Surprisingly, the fully 

utilized foil displayed markedly reduced first cycle efficiency in comparison to the lead 

foil tested with a cyclic voltammetry cycling profile. Regardless of the nominal cycling 

profile, all foils displayed a rapid decay to approximately 100 mA h g-1, at which point they 

retained a similar capacity until their eventual failure (Figure 4.3h). Any trapping or 

recovery that occurred during the initial cycling of the foil was obscured by massive 

irreversible losses and continuous voltage instabilities observed during cycling, suggesting 

lead foils may form a poorly passivating solid electrolyte interface in the electrolyte utilized 

in this study. The cycling performance of these various materials is reported in Table 4.3, 

providing clear benchmarks of these elemental systems and offers a context when assessing 

foil-based systems in the future.  
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Table 4.5: Cycling performances of elemental metal foils 
 SoC Cycled 

Capacity 
(mA h g-1) 

FCE1 Potential 
(V)2 

Polarization 
(V)3 

CE4 Cycle 
Life 

Lifetime 
Capacity 
(A h g-1)5 

Energy 
Density 
(W h L-1) 

Sn 0.3  300 34% 0.65 0.14 100% 40 11.2 1061 
Sn 0.5  500 83% 0.63 0.14 98.7% 20 9.5 1128 
Sn 1 841 90% 0.59 0.23 91.3% 10 9.8 1174 
Al 0.3 300 86% 0.43 0.12 95.9% 40 11.5 901 
Al 0.5  500 88% 0.43 0.13 95.4% 21 10.5 1033 
Al 1 1076 93% 0.36 0.15 96.1% 28 6.9 1160 
Pb 0.3  185 28% 0.43 0.1 99.5% 82 7.2 1099 
Pb 0.5 275 21% 0.41 0.22 98.6% 60 5.33 1150 
Pb 1 458 47% 0.49 0.24 97.7% 56 4.6 1234 
In 0.2  200 98% 0.66 0.07 98.9% 34 6.0 1005 
In 0.3  300 98% 0.57 0.07 97.1% 34 8.0 1079 
In 1 304 98% 0.58 0.09 98.8% 21 7.5 1091 

1 First cycle efficiency (FCE) was defined as the coulombic efficiency of the initial 
cycle of the foil anode 
2 The values represent the average delithiation voltage in the third cycle 
3 The values represent the polarization on third cycle 
4 Coulombic efficiency (CE) was calculated as an average of the values of coulombic 
efficiency for cycles 10-15  
5 Cycles with clear soft shorting were excluded from the sum of total capacity 

 

Interestingly, the remarkable first cycle efficiency of tin, aluminum, and indium-

based foils suggests that highly reversible formation processes may be a general property 

of foil anode systems, laying in stark contrast to their blade-cast alloying anode 

counterparts. This is likely due to the significantly reduced surface area of the pristine 

electrode and the elimination of the commonly used carbon-black additive that can catalyze 

electrolyte decomposition. In addition to reduced electrolyte composition, this reversibility 

also suggests that loss of electrical contact within the electrode is minimal during the first 

cycle. 

While restricting utilized capacity served to stabilize cycling, further work is 

required to realize the requisite stability for electrochemical application, both with regards 
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to capacity retention and cyclic efficiency. For aluminum, complete capacity utilization 

was associated with immediate structural decay after the initial cycle, whereas more limited 

utilization linearly increased stability. Like aluminum, indium displayed rapid decay upon 

utilization of more lithium-rich phases, but stabilization due to capacity limitations within 

the higher voltage domains was less drastic. For tin, capacity restrictions stabilized cycling, 

but limited utilization of foil capacity was associated with a highly irreversible formation 

process. Finally, the lead-based system displayed reasonable long-term stability, yet clearly 

aberrant electrochemical cycling as evidenced by large oscillations in coulombic 

efficiency. Voltage profiles depicting the degradation of the intermediate capacity 

utilization of each chemistry can be found in Figure 4.5. Given the clear distinctions in 

electrochemical performance across each material system, this initial work should provide 

some insight into the achieved performance of each system, but more detailed investigation 

of specific failure mechanisms of each system is merited in the future. 



Figure 4.5. Voltage profiles representing the degradation of capacity-limited elemental 
metal foil anodes 

4.5 CONCLUSION 

In summary, metallic foils represent a broad yet underexplored class of lithium-ion 

anode materials, excelling at metrics where traditional nanostructured alloying anodes 

struggle. Of particular interest are systems based upon aluminum, indium, and tin, as these 

materials provide impressive capacities of > 300 mA h g-1 and stellar formation efficiencies 

of > 90%. Future development of foil alloying anode systems using these materials 

represents a promising path towards to the production of high-energy-density batteries.  

62 
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Chapter 5: Transformation of Tin Foil upon Electrochemical Cycling1 

5.1 ABSTRACT 

Tin foils have an impressive lithium-storage capacity more than triple that of 

graphite anodes, and their adoption could facilitate a drastic improvement to battery energy 

density. However, implementation of a dense foil electrode architecture represents a 

significant departure from the standard blade-cast geometry with a distinct electrochemical 

environment. In this work, we investigate the unique behavior of a tin active material in a 

foil architecture to understand it’s performance as an anode. We find shallow cycling of 

the foil results in an irreversible formation (< 40 %) due to diffusional trapping, but 

intermediate and complete utilization allows for a remarkably reversible formation reaction 

(> 90 %). This striking nonlinearity stems from an in-situ transformation from bulk metal 

to porous electrode that occurs during formation and defines electrode-level lithium-

transport on subsequent cycles. An alternative cycling procedure for assessing stability of 

foils is proposed to account for this chemomechanical effect.  

5.2 INTRODUCTION 

The lithium-ion battery is one of the most critically important devices of the 21st 

century, facilitating the widespread proliferation of consumer electronic devices and 

electrified transport.80,81  Currently, the traditional lithium-ion battery system stores energy 

by shuttling lithium-ions between an metal oxide cathode material and a graphite anode 

material.  

Substitution of the graphite anode material with a high-capacity alloying anode 
1
Heligman, B.; Scanlan, K.; Manthiram, A. An In-depth Analysis of the Transformation of Tin Foil Anodes 

during Electrochemical Cycling in Lithium-ion Batteries. Submitted. 2021 B.T. conceived the initial hypothesis 
and performed the bulk of the experimental work. K.S assisted with the experimental work. A.M. supervised the 
work. All authors participated in the preparation of the manuscript. 
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 represents one promising route for improving battery energy density.53 These materials 

offer lithium storage capacities many times larger than graphitic materials, but successful 

implementation of these chemistries in a practical electrode has proven challenging. This 

is because the electrochemical reactions between lithium and alloying compounds result in 

electrode-level degradation via a variety of chemomechanical effects, including 

pulverization upon alloying, porosity generation upon dealloying, and diffusional lithium 

trapping throughout the electrode structure.97–99 Attempts at designing stable alloying 

anodes have primarily focused upon the design of engineered nanostructured powders, but 

these systems commonly suffer from high first cycle loss and low volumetric capacity. 

Recently, there has been growing interest in improving battery energy density by 

replacing the graphite/copper anode assembly with a foil alloying anode.83–85 These fully 

dense low surface area materials can offer nearly three times higher capacity than the 

standard graphite system and eliminate the need for an external current collector, 

representing a simple route for the production of high-energy anode materials. However, a 

bulk metal represents a fundamentally different electrode architecture in comparison to a 

blade-cast porous anode, as chemomechanical evolutions of the active material impact not 

just isolated particles but the entirety of the electrode structure. 

The unique aspects of this electrode architecture appear to have non-obvious 

impacts on electrode-level performance. While it would be expected that the lithiation 

kinetics of a dense metallic foil would be quite low, reports have demonstrated these 

systems can accept lithium at impressive rates > 6 mA cm-2.83,85 Additionally, while it 

would be expected that the low surface area of a metallic foil would equate to reduced first 

cycle loss, literature reports of reversibility have been hugely divergent, with a variety of 

groups reporting a large range of values from ~ 10 % to > 85 %.85,86,100,101 Developing a 
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correct assessment of the properties of this simple foil system is critically important for 

understanding the necessary avenues for development of the class of foil electrode 

materials moving forward. In this work, we develop a more complete fundamental 

understanding of the evolution of a tin-foil anode during cycling, shining light upon the 

mechanisms governing its reversibility and performance.  

5.3 EXPERIMENTAL METHODS 

Materials Synthesis: Synthesis of 20 µm tin foils was carried out as described in 

Chapter 2.  

Tin Microparticle Anode: For the blade-cast electrode, tin microparticles (99% 

Sigma Aldrich) were dispersed in water with carboxymethyl cellulose (Sigma Aldrich) and 

carbon black at an 8:1:1 ratio, and blade-cast on a 10 µm copper foil such that the Sn 

loading was 1 mg cm-2. 

Electrochemical Characterization: Coin cells were assembled and tested as 

described in Chapter 2.  

Post-Mortem Imaging: Tin/copper composite electrodes were prepared by 

mounting 20-micron tin foils onto a 0.1 mm copper mesh (TWP) using a Carver laboratory 

press. The cross-section milling of tin/copper electrodes was performed using an ion mill 

(IM4000+; Hitachi Inc., Japan). The cross-section of a cycled electrode was fixed with a 

carbon tape so that approximately 1 mm of the sample extended out from the stub. Milling 

was then performed for 40 min under the following conditions: acceleration voltage of 4 

kV, discharge voltage of 1 kV, and Ar gas flow of 0.09 cm3/min. Cross sectioned foils were 

then examined with an FEI Quanta 650 scanning electron microscope operating at a 20 

keV accelerating voltage. 
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Electrochemical Impedance Spectroscopy (EIS): Tin/copper composite 

electrodes were prepared by mounting 20 µm tin foils onto a 0.1 mm copper mesh (TWP) 

using a Carver laboratory press. EIS was conducted on LixSn symmetric coin cells using a 

Biologic VMP3 potentiostat. Impedance was measured in the frequency range of 100 kHz 

to 1 mHz with a voltage perturbation of 10 mV. Two Sn/Copper electrodes of similar mass 

were each placed in a Swagelok cell with a lithium-metal counter electrode, glass fiber 

separator, and 400 µL of electrolyte. Swagelok cells were electrochemically cycled at a 

current of 25 mA/g to achieve the desired state of charge and allowed to rest for at least 12 

h. The LixSn electrodes were extracted from the Swagelok cells and placed in a CR2032 

coin cell (Hohsen) along with two layers of separator (Celgard 2500) and 100 µL of 

electrolyte. Each symmetric cell was short-circuited for about 30 minutes before the EIS 

measurement to bring the open circuit potential of the cell to less than 1mV. 

 

5.4 RESULTS AND DISCUSSION 

Metallic tin has a theoretical lithium storage capacity of 993 mA h g-1 or 2116 mA 

h cm-3, with an average delithiation potential of 0.55 V vs. Li/Li+. At room temperature, 

the electrochemical alloying of lithium with tin is typically described by a series of 

electrochemical reactions separated into two distinct regimes.56  

 
Regime 1 (LixSn where x < 2.5) ~ 0 - 525 mA h g-1 

		𝑆𝑛
+,
→	𝐿𝑖-𝑆𝑛. ∶ 0 − 90	𝑚𝐴	ℎ	𝑔/0	@	0.76	𝑉	𝑣𝑠. 𝐿𝑖/𝐿𝑖(													[1]	 

	𝐿𝑖-𝑆𝑛.
+,
→ 	𝐿𝑖𝑆𝑛 ∶ 90 − 225	𝑚𝐴	ℎ	𝑔/0	@	0.66	𝑉	𝑣𝑠. 𝐿𝑖/𝐿𝑖(								[2]			 

𝐿𝑖𝑆𝑛
+,
→	𝐿𝑖1𝑆𝑛2 ∶ 225 − 	525	𝑚𝐴	ℎ	𝑔/0	@	0.53	𝑉	𝑣𝑠. 𝐿𝑖/𝐿𝑖(			[3] 
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Regime 2 (LixSn where x > 2.33) ~ 525 - 993 mA h g-1 

𝐿𝑖1𝑆𝑛2
+,
→	𝐿𝑖01𝑆𝑛. ∶ 525 − 993	𝑚𝐴	ℎ	𝑔/0	@	0.485	𝑉 − 0	𝑉	𝑣𝑠. 𝐿𝑖/𝐿𝑖(	[4] 

 

In regime 1, the reaction proceeds via distinct two-phase reactions which are 

capable of storing ~ 525 mA h g-1. In regime 2, the observed electrochemical potential 

becomes sloped, suggesting an inability to nucleate crystalline phases. In this regime, the 

reaction occurs through a variety of highly disordered structures approximating phases, 

including Li5Sn2, Li13Sn5, Li7Sn2, and Li17Sn4.102  

Much of the work on tin alloy electrochemistry has investigated engineered 

particles dispersed throughout a porous matrix. This porous electrode is distinct from a 

dense metallic foil, where lithium transport through the electrode thickness must occur via 

solid-state diffusion. To investigate the impact of this alternative electrode geometry, the 

initial lithiation and delithiation of a 20 micron foil was compared to a blade-cast tin 

microparticle anode (Figure 5.1a). 
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Figure 5.1. Voltage vs. capacity plots: (a) Initial cycles of tin foil anode and a blade-cast 
tin microparticle anode cycled to 0 V at a rate of 50 mA g-1; (b) formation 
cycles of tin foil anode lithiated to 0 V; and (c) initial cycle of a tin foil 
anode lithiated to differing extents at a rate of 20 mA g-1. 

For the microparticle anode, the initial stages of lithiation were associated with a 

sloped discharge potential and showed ill-defined electrochemical plateaus at 

approximately 0.65 V and 0.55 V, respectively corresponding to the Sn →  Li2Sn5 and 

Li2Sn5 →  LiSn reactions. In the foil-based system, these plateaus were not observed. In 

this system, the surface potential was rapidly driven to ~ 0.4 V, with a small nucleation 

overpotential observed at the initial stages of reduction.  This plateau at 400 mV is closer 

to the potential associated with the LiSn → Li7Sn3 phase transition, rather than the 

thermodynamically expected Sn→ Li2Sn5 phase transition. This is likely due to interfacial 

strain depressing the reaction potential of the initial Sn → Li2Sn5 alongside poor solid-state 

lithium transport preventing a uniform lithiation of the thick metallic film.103 However, this 

non-equilibrium behavior does not appear to limit the utilization of the foil itself. For both 

the foil anode and the microparticle anode, the cell potential is driven to 0 V after 

approximately 800 mA h g-1 of capacity has been passed, i.e., ~ 80 % of tin’s theoretical 
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capacity. This result closely matches that of previous reports describing the utilization of 

tin active materials at room temperature.104  

The initial lithiation of this tin foil was highly reversible, with 91 % of the reduction 

capacity being returned upon the subsequent delithiation. While there have been multiple 

reports on the propensity of tin materials to sometimes catalyze a significant decomposition 

of electrolytes at approximately 1.6 V vs. Li/Li+, this effect was not observed for the cells 

tested in this study.105 In the literature, this decomposition effect is not always observed, 

but appears most likely to occur during lithiation of high surface area tin films fabricated 

by sputtering or electrodeposition techniques.106 In contrast, the microparticle anode 

displayed a formation efficiency of only ~ 80%, likely due to increased electrolyte 

decomposition across the increased surface area of the tin and conductive carbon additive 

as well as loss of electrical contact within the coating.     

For the foil-based system, subsequent lithiation/delithiation cycles are distinct from 

the initial cycle (Figure 5.1b). These subsequent cycles follow the expected equilibrium 

lithiation pathway, displaying plateaus corresponding to each of the three phase 

transformations, commonly associated with tin lithiation in regime 1.  

Interestingly, the utilization during the initial cycle of a tin foil anode had a 

significant impact on the reversibility of the electrochemical reaction (Figure 5.1c). 

Lithiation to 300 mA h g-1 and 525 mA h g-1 were associated with respective formation 

efficiencies of 36 % and 91%. When comparing the delithiation profiles of the capacity-

limited foil anodes, it becomes apparent the discrepancy in delithiation efficiency can be 

entirely attributed to increasing reversibility of the upper two plateaus; when cycled to a 

shallow extent, the LiSn and Li2Sn5 phases formed during lithiation are kinetically 

inaccessible.  
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To understand the nonlinear dependence between reversibility and utilization 

during cycling in the first capacity regime, tin foils were mounted onto copper grids, 

electrochemically cycled, cross-sectioned using an ion mill, and imaged using scanning 

electron microscopy. A pristine foil, a foil lithiated to 150 mA h g-1, and a foil lithiated to 

500 mA h g-1, and a foil lithiated to 500 mA h g-1, and delithiated to 1.0 V were selected 

for characterization (Figure 5.2).  

 

 

Figure 5.2. SEM images: (a) pristine Sn foil mounted on copper mesh; (b) tin after 
lithiation to 150 mA h g-1; (c) tin after lithiation to 500 mA h g-1, and (d) tin 
after lithiation to 500 mA h g-1 and delithiation to 1.0 V.  

 

When looking at the foil cross sections, it becomes clear that the lithiation is 

associated with a moving interface of lithiated tin growing into the bulk of the material. 

During the initial stages, there is a clearly apparent pulverization front that is moving 

through the foil material. After 500 mA h g-1 has been inserted into the foil and the 

surface potential begins to fall below the 400 mV potential associated with the LiSn →  

Li7Sn3 reaction, the entire foil has been converted into a lithiated compound. Then, as the 

system is delithiated, the foil does not contract back to the original thickness, but instead 
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is transformed into a porous electrode. Improved lithium transport throughout this porous 

structure likely explains more equilibrium lithiation potential observed during the 

subsequent cycle.  

To further understand this evolution of lithium transport during this transformation, 

electrochemical impedance spectroscopy (EIS) was used to understand the evolution of 

lithium-transport during this first cycle transformation. To ensure impedance behavior 

was not obscured by the impedance of the lithium-metal counter electrode, symmetric 

cells were used instead of half cells for electrochemical impedance spectroscopy. To 

assemble each symmetric cell, two tin/copper assemblies of nearly identical weight were 

pre-cycled in a Swagelok cell versus a lithium-metal counter electrode. These electrodes 

were then extracted from the Swagelok cells and assembled into a coin cell for testing 

(Figure 5.3). Foils lithiated to 50, 150, 300 and 500 mA h g-1 were selected to understand 

the transformation that occurs during the first lithiation. Additionally, the evolution of 

impedance during lithiation to 500 mA h g-1, delithiation to 1.0 V, and relithiation to 500 

mA h g-1 was studied to understand the impact of this transformation upon the electrode’s 

electrochemical properties.  



 72 

 

Figure 5.3. Impedance spectra of LixSn symmetric cells: (a) Bode plot depicting the 
evolution of foil impedance during the initial lithiation; (b) Nyquist plot 
depicting the evolution of foil impedance during the initial lithiation to 500 
mA h  g-1; (c) magnified inset of highlighting the features of the Nyquist 
plot in Figure 5.3b; (d) Bode plot depicting the evolution of foil impedance 
during the initial cycle; (e) Nyquist plot depicting the evolution of foil 
impedance as a foil is lithiated (500 mA h g-1), delithiated (500 mA h g-1 D), 
and relithiated (500 mA h g-1 R); and (f) Bode plot depicting the evolution 
of foil phase behavior during the initial cycle. 

 

During the initial lithiation, there is a massive decrease in impedance across the 

entire frequency range (Figure 5.3a). Analysis of the Nyquist plot suggests this is due to 

a reduction in impedance in two elements: a finite Warburg impedance and a charge-

transfer resistance (Figure 5.3b-c). The reduction in charge-transfer resistance suggests 

that during the initial lithiation of the foil, the active material surface area increases 
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drastically. The reduction in low-frequency impedance suggests that this increase in 

surface area is coupled with an increase in lithium diffusivity throughout the electrode, 

either due to a reduction in solid-state diffusion path length or an increase in solid-state 

lithium diffusivity. 

After delithiation of the foil, the low-frequency impedance markedly increased 

(Figure 5.3d-f). It would be expected that the additional porosity introduced during 

dealloying of the foil would further decrease the solid-state diffusion path length, yet the 

diffusional limitations increased drastically. In this delithiated state, the low-frequency 

phase behavior of the material mirrors that of the foil lithiated to only 150 mA h g-1. These 

facts strengthen the hypothesis that the Li2Sn5 and LiSn phases are associated with poor 

solid-state lithium diffusivity. Upon relithiation, the Warburg impedance is again 

drastically reduced, and alongside a further reduction in charge-transfer resistance.  

Synthesis of the voltage profiles, SEM, and EIS results suggests that the initial cycle 

of a tin foil anode is associated with the conversion of the bulk material into a nanoporous 

electrode via a moving front lithiation mechanism (Figure 5.4). During the initial stages 

of lithiation, lithium-poor phases nucleate upon the surface of the foil, but insufficient 

diffusivity through these structures causes the foil surface to be driven to increasing lithium 

concentrations, resulting in the nucleation of the Li7Sn3 phase.  Significant strain is 

associated with the phase transformations occurring at this Li7Sn3/Sn interface, resulting 

in pulverization of the surrounding material. The combination of the improved solid-state 

diffusivity of Li7Sn3 and the reduced solid-state diffusion length due to pulverization 

allows for sufficient lithium-transport to enable near complete utilization of the foil. This 

initial front of pulverization/agglomeration also serves to transform the monolithic metal 

foil into a nanostructured electrode. When this transformation is coupled with the porosity 
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introduced upon dealloying, a more equilibrium lithiation of the system can be achieved 

during subsequent cycles.  

 

 

Figure 5.4. Schematic depicting the evolution in foil morphology upon cycling 

 

This microstructural insight changes the way in which cyclic stability of tin foil 

anodes should be assessed. In modern batteries, anodes are never fully lithiated to 0 V vs. 

Li/Li+. Leaving unutilized anode capacity serves to eliminate the risk of accidental lithium 

plating and can also serve to stabilize the cycling of high-capacity alloying materials. In 

many cases, this is mirrored in a half cell by the utilization of capacity limit cutoffs on 

cycling. Generally, a consistent amount of capacity is inserted into the system on each 

cycle, and subsequently delithiated until the cell potential is driven above a specified 

capacity. However, given the limited reversibility of tin in the low utilization regime, 

capacity limited cycling results in a significant increase in the total lithium inventory within 

the foil far beyond what would be expected. This chemical environment could not be 

achieved in a lithium-limited full cell without drastically limiting utilization of the 

corresponding cathode.  
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In contrast to the simple capacity limit (CL), a more accurate representation of a 

lithium-limited full cell could be achieved by cycling a half cell using an artificially limited 

lithium inventory (LLI). In this testing protocol, a given amount of lithium in inserted into 

the anode on the initial cycle. Accessible capacity is then removed from the system until 

the cell potential is driven above a specified capacity. On subsequent cycles, the charge 

inserted into the anode is equivalent to the charge removed on the subsequent cycle. This 

mirrors operation in a full-cell where anode lithiation is generally terminated due to the 

cathode potential reaching a specified limit, and anode delithiation is limited by cell 

polarization. Usefully, this testing profile accounts for all formation and cycling losses, as 

a fixed charge capacity is cycled into and out of the anode material.  

The difference between these cycling protocols can be most clearly explained by 

treating the foil cycled to 300 mA h g-1 in detail (Figure 5.5a). For this foil, 300 mA h g-1 

of lithium was inserted upon the first reduction, and 103 mA h g-1 of lithium was removed 

upon the subsequent oxidation. This represents a first cycle efficiency of 34%. When using 

a capacity limited cycling profile, an additional 300 mA h g-1 of lithium is inserted, driving 

the total lithium inventory of the system to 498 mA h g-1. This increased utilization served 

to improve lithium-transport in the electrode, and 408 mA h g-1 could be removed from the 

system during the second delithiation with a second cycle efficiency of 136%. On the 

following cycle, the insertion of 300 mA h g-1 drove the total lithium inventory to 398 mA 

h g-1, and the resulting recovery of trapped lithium on subsequent cycles resulted in 

additional decreases in the utilized lithium inventory. (Figure 5.5b) This dynamic lithium 

inventory is clearly distinct from the chemomechanical environment that an anode would 

experience in a lithium-limited full-cell, where total lithium inventory is fixed by the 

capacity of the cathode material. 
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In a limited lithium inventory cycling protocol, the removal of 103 mA h g-1 on the 

first delithiation is followed by the insertion of 103 mA h g-1on the subsequent cycle. After 

this lithiation, only 103 mA h g-1could be removed, which was again inserted on the third 

cycle. The third delithiation allowed for 107 mA h g-1 to be removed, and a slow recovery 

of this trapped capacity was observed over the following 50 cycles (Figure 5.5c). It should 

again be noted that this style of cycling accounts for both the increase in lithium-inventory 

resulting from the recovery of trapped lithium and the decrease in lithium inventory 

resulting from parasitic side reactions between the foil and electrolyte.  
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Figure 5.5. (a) A comparison of the second cycle of a foil tested with 300 mA h g-1 using 
capacity-limited (CL) and limited lithium inventory (LLI) testing profiles. 
(b) A comparison of the initial cycling using CL and LLI testing profiles. (c) 
LLI cycling of tin foil anodes cycled with various lithium inventories. (d) 
Delithiation voltage profiles of a foil cycled with a limited lithium inventory 
of 150 mA h g-1   

When cycled with inventories of 150 mA h g-1, 300 mA h g-1, and 500 mA h g-1, 

the maximum utilizable capacity was reached at cycle 5, 51, and 187 (Figure 5.5d). For 
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the foil cycled to 500 mA h g-1, a modest recovery of lithium on the second cycle efficiency 

increased the total formation efficiency to 94%, competitive with the current commercial 

standard for graphite-based anodes.  

Another feature of note is the impressive cycling efficiency of the foil cycled at 150 

mA h g-1 LLI. While the initial utilization of the inserted lithium was extremely low, after 

187 cycles, 85 % of the initial capacity had become accessible. This suggests cycling of 

this foil was remarkably efficient in this regime; across 200 cycles, the tin foil stored 15.16 

Ah g-1 while returning 15.19 Ah g-1 for a cumulative efficiency of 99.8%. This cumulative 

efficiency includes all formation and cycling losses. Analysis of the delithiation profiles 

portray a steadily increasing utilization of the lithium-poor phases, suggesting these 

electrochemical reactions are relatively reversible. Rapid failure after the recovery of 

trapped lithium was observed in the foils cycled with lithium inventories of 150 mA h g-1 

and 300 mA h g-1, suggesting the presence of larger kinetically inaccessible lithium-poor 

phases or unutilized metallic tin may serve to stabilize the foil structure.  

5.5 CONCLUSION 

The adoption of tin-foil anodes represents a promising avenue for a significant 

increase in cell-level energy density. However, the implementation of a dense metallic 

anode represents a significant change to electrode architecture in comparison to standard 

blade-cast geometry. While it is well known that tin active materials undergo significant 

evolutions during electrochemical cycling, these transformations take on new importance 

when the material is utilized in the form of a free-standing metallic foil. For this system, 

efficient formation cycles were associated with lithiation via a moving front of 

pulverization followed by porosity generation during electrochemical dealloying. The 

combination of these effects represents a simple in-situ means for transforming a bulk 
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metal into a porous electrode, and this evolution governs lithium transport for the tin foil 

electrode on all subsequent cycles. Future work on foil anodes should focus on the long-

term stabilization of the porous electrode structures generated after the formation cycles, 

since a stable foil system would allow for a transformative improvement to battery 

performance. 
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Chapter 6: Nanostructured Composite Foil Anodes for Lithium-ion 
Batteries1 

6.1 ABSTRACT 

In this work, we introduce a new nanostructured composite foil (NCF) alloying 

anode framework for high-capacity anode materials for lithium-ion batteries. These 

materials are manufactured with an accumulative roll-bonding (ARB) process, a simple 

route for the generation of hierarchical nanostructures. The model Sn/Cu NCF system 

provides volumetric capacities between 1,000 and 1,720 mA h cm-3, equating to a projected 

20 – 50 % increase in cell-level volumetric energy density. The initial electrochemical 

cycle was associated with an efficient formation process (88 - 92 %) that drastically 

increased transport kinetics, allowing for rapid lithiation (> 8 mA cm-2) on subsequent 

cycles. The introduction of a multilayered inactive copper matrix successfully eliminated 

loss of active material as a degradation mechanism, and loss of lithium-inventory limited 

long-term cyclability in lithium-limited environments. Further development of this 

framework to eliminate the loss of lithium inventory may provide a promising route 

towards the production of high-energy battery materials.  

 

6.2 INTRODUCTION 

The modern lithium-ion battery has facilitated a revolution in our relationship with 

energy, providing safe on-demand access to electricity.80  As devices utilizing the metal 

oxide/carbon electrochemical couple have reached maturity, the realization of high-energy 

battery systems has enabled the design and construction of electric vehicles with  

1Heligman, B.; Scanlan, K.; Manthiram, A. Nanostructured Composite Foil Anodes for Lithium-ion Batteries 
Generated Via Accumulative Roll-bonding. In preparation. 2021 B.T. conceived the initial hypothesis and 
performed the bulk of the experimental work. K.S assisted with the experimental work. A.M. supervised the 
work. All authors participated in the preparation of the manuscript. 
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performance rivaling that of the fossil-fuel based counterparts.81 However, electric 

vehicles represent a small fraction of total vehicle sales, and accelerating their 

deployment is critical for decarbonization of the transportation sector.  

A material-level advance to battery performance could significantly accelerate the 

deployment of electric vehicle technology but designing practically viable rechargeable 

battery systems is an immensely a challenging task. Currently, the two primary routes being 

considered for a material-level improvement to battery performance are focused upon the 

development of high-capacity anode materials.82 Primarily, these routes rely upon 

stabilization of a lithium-metal anode or the design of a nanostructured alloying anode.  

Alloying materials are attractive due to their similarity to the original rocking-chair 

concept that enabled lithium-ion battery deployment.53 In these systems, there is no need 

to rapidly electroplate a highly reactive alkali metal, as the lithium-ions are stored within a 

stabilizing compound. However, unlike intercalation, lithium-storage via electrochemical 

alloying is associated with a significant transformation in the underlying structure of the 

anode material, commonly leading to significant mechanical degradation. 

In the past, most research into alloying materials have attempted to design active 

material powders capable of acting as drop-in replacements for the graphite powder system. 

However, this has proven challenging – most nanosized materials suffer from low tap 

density, and the polymeric binder/carbon black matrix utilized in standard blade-cast 

electrode architectures is unable to maintain robust electrical contact during the expansion 

and contraction associated with cycling.  

Recently, there has been a renewed interest in utilizing alloying materials in the 

form of metallic foil anodes.107,83–85 This is attractive as foils are dense, electrically 
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conductive, and easy to manufacture. However, these bulk materials are unable to 

reversibly accommodate the expansions and contractions associated with cycling while 

maintaining robust pathways for electron transport throughout the structure. 

In our earlier work, we exploited the severe plastic deformation of binary 

immiscible metal systems to fabricate an conductive matrix capable of stabilizing the 

cycling of alloying metals.54,83 While these systems provided impressive volumetric 

capacity, materials selection was highly limited by thermodynamic considerations; metal 

systems that reacted to form intermetallic compounds were brittle and could not be 

processed into multilayered composites.108 Of the systems that were compatible, 

undesirable lithiation of the secondary metals (Al, Zn) limited the stabilizing nature of the 

conductive matrix.  

Herein, we utilize an accumulative roll-bonding (ARB) technique to expand our 

interdigitated eutectic alloy (IdEA) anode architecture into a broader nanostructured 

composite foil (NCF) framework.109 In the ARB process, successive cold-bonding steps 

are used to transform a precursor into a multilayered composite electrode. In structural 

materials science research, a huge range of materials systems have been explored with this 

process.110 However, there have been almost no exploration of this class of nanomaterial 

for battery applications. While a recent work explored utilization of a similar process for 

stabilizing a structure for a lithium-metal anode, to our knowledge there has been no work 

utilizing the ARB process to design alloying electrode materials.111 We explore here the 

tin/copper system as a model NCF material to understand the viability and promise of this 

approach.  
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6.3 EXPERIMENTAL METHODS 

Materials Synthesis: Pewter and tin foils were synthesized with the procedures 

described in Chapter 2.  

 

X-ray Diffraction: X-ray diffraction was performed using the procedure described 

in Chapter 2. 

 
Manufacturing of Composite Foil: For composite foil anodes, 70 µm tin alloy 

precursors were vacuum sealed withing aluminized pouches, heat treated at 220 ° C for 1 

h, quenched in ice water, and then tempered at 100 ° C for 48 h. These hardened alloy foils 

were then stacked on either side of a 25 µm copper foil (MTI), and rolled such that there 

was a 50 % reduction in thickness. After this step, the electrode was cut in half, stacked, 

and rolled again such that there was a 50 % reduction in thickness, without intermediate 

surface preparation. With the desired number of roll-bonding operations, the material 

thickness was reduced to 20 µm for analysis.  

Electron Microscopy of Composite Foils: Pristine samples were first mounted and 

polished as described in Chapter 2. Polished pewter foils were briefly etched with a 2 % 

nital solution (Sigma Aldrich) before imaging.  

Electrochemical Characterization: Materials were assembled into coin cells with 

the procedure described in Chapter 2.   
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Post-Mortem Imaging: Cycled foils were manually decrimped using a pair of 

diagonal cutters. Foils were then mounted onto double sided carbon tape on a SEM 

substrate and manually sectioned using a razor blade. This manual preparation procedure 

provided improved contrast in comparison to the ion-milling procedure utilized in 

Chapter 5.   

Preparation of LFP Cathode: LiFePO4 (MTI) was dispersed in n-methyl 

pyrrolidone with polyvinylidene fluoride (Sigma Aldrich) and carbon black at an 8 : 1 : 1 

ratio, and blade-casted on a 15 µm aluminum foil such that the active material loading 

was ~ 15 mg cm-2. The LFP/NCF cells were cycled between the voltage limits of 3.6 and 

1.5 V. 

6.4 RESULTS AND DISCUSSION 

At the outset of this work, a target electrode morphology was identified as a 20 µm 

metallic foil consisting of nanostructured active material domains distributed throughout 

an electrochemically inactive matrix. For our initial attempt at manufacturing such a 

system, a 25 µm copper foil was sandwiched between 70 µm tin foils and the resulting 

stack was cold rolled such that there was a 50 % reduction in total thickness (Figure 6.1). 

After this initial deformation, the materials were effectively bonded into a single mixed 

metal precursor. This precursor was then cut in half, stacked, and bonded three successive 

times, for a target of 8 layers of copper. Finally, the resulting composite material was 

reduced to a total composite foil thickness of 20 microns.  

In order to understand the microstructure of the resulting composite, the foil was 

mounted in epoxy, polished, and imaged with SEM. By visual inspection, the targeting 



 85 

electrode morphology was clearly not achieved (Figure 6.1b-c). This was attributed to the 

highly disparate mechanical properties of the two materials. While both materials are 

highly ductile, the resistance of copper to mechanical deformation is significantly greater 

than that of tin. This disparity is further amplified by the significant work hardening that 

occurs during room-temperature deformation of elemental copper.   
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Figure 6.1. (a) Schematic depicting the ARB process, (b) SEM micrograph depicting an 
elemental tin foil, (c) SEM micrograph depicting a Sn/Cu multilayered 
composite foil, (d) SEM micrograph depicting a pewter foil, (e) SEM 
micrograph depicting a pewter/copper NCF, (f) EDX map displaying the 
distribution of copper and tin within the pewter foil, and (g) EDX map 
displaying the distribution of copper and tin within the pewter/copper NCF. 
Tin is shown as blue and copper is shown as orange in the elemental EDX 
maps.  

 

a 
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In practice, there are very few applications which rely upon unalloyed tin. However, 

the mechanical strength of tin can be significantly enhanced via alloying with additional 

components. For applications requiring mechanical integrity, the most common form of 

alloyed tin is that of pewter, a ductile tin-rich alloy that has found use stretching back 

thousands of years.108   While  the pewter materials span a broad family of alloys consisting 

of diverse composition and microstructures, the most common modern pewter alloy 

consists of a ternary alloy system comprised of tin, antimony, and copper. In this system, 

a cored solid-solution of antimony in tin is strengthened by fine precipitates of Cu6Sn5 and 

SnSb intermetallic compounds. 

A standard composition of pewter (91Sn-7.5Sb-1.5Cu) was synthesized in-house 

and selected for analysis. As a semi-quantitative measure, a Rockwell Hardness Tester was 

utilized to understand the impact of these constituents on the material-level hardness of the 

alloy.  We found that the introduction of this constituents more than tripled the material-

level hardness from HRR 30 (Sn) to HRR 95 (Pewter).  Given the significant disparity in 

hardness between copper and tin, it is not possible to characterize copper on the HRR scale, 

but it remains clear that the presence of antimony and copper significantly reinforced the 

tin active material.   

The pewter ingot was then processed into a foil and imaged to understand the 

resulting microstructure (Figure 6.1d, Figure 6.1f). Promisingly, the feature sizes 

observed within the pewter microstructure were of primarily of micron and sub-micron 

feature size, fitting within our original design guideline targeting a nanosized active 

material domains for the composite foil. Analysis via x-ray diffraction identified the clear 

presence of a SnSb intermetallic phase, while EDX confirmed the structure as containing 

both SnSb intermetallic precipitates alongside fine needle-like precipitates of Sn6Cu5. 

(Figure 6.2 & 6.3) 
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Figure 6.2. X-ray diffraction pattern of a Sn-7.5Sb-1.5Cu foil 
 
 

 

Figure 6.3. EDX micrograph highlighting needle-like Sn6Cu5 precipitate in comparison 
to rounded SnSb precipitate. 
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When the same accumulative roll bonding process was performed with a 25 µm 

copper foil sandwiched between two 70 µm pewter foils, the resulting electrode 

morphology was much more closely in-line with the desired electrode structure. This 

material consisted of approximately 16 alternating layers of copper and pewter, each of 

which was approximately ~ 1-2 microns in thickness (Figure 6.1e, Figure 6.1g). The 

pewter layer was further refined by the presence of intermetallic compounds, generating a 

unique hierarchically structured active/inactive composite. 

As an electrode, the pewter (91Sn-7.5Sb-1.5Cu) is comprised of three distinct 

components (Sn, SnSb, Sn6Cu5), each of which is known to be electrochemically active. 

Accounting for each electrochemically active metals, the total theoretical capacity of the 

pewter can be calculated at 968 mA h g-1, representing the contributions of both tin (993 

mA h g-1) and antimony (660 mA h g-1). The 20 µm composite foil contains approximately 

12.4 mg cm-2 of active pewter material stabilized by 15 vol. % of an inactive copper matrix. 

This translates to a total theoretical capacity of approximately 797 mA h g-1 or 12 mA h 

cm-2. To understand the realized electrochemical properties of these systems, tin, pewter, 

and the composite were assembled into coin cells and then lithiated and delithiated at 50 

mA g-1 (Figure 6.4a).  
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Figure 6.4 (a) Tin, pewter, and a NCF anode lithiated to 0 V at 50 mA g-1. (b) Tin, 
pewter, and a NCF foil lithiated to 225 mA h g-1 at 22.5 mA g-1.   

 

Significant differences were observed between the electrochemical alloying of each 

system. Pure tin displayed a non-equilibrium lithiation pathway, with the surface potential 

being rapidly depressed to approximately 400 mV. This potential range is commonly 

associated with the LiSn → Li7Sn3 phase transformation, suggesting poor lithium-transport 

throughout the bulk of the foil material. The surface potential remained at this value until 

approximately 525 mA h g-1, closely corresponding with the theoretical lithiation capacity 

of the conversion from Sn to Li7Sn3. After this conversion had completed, the surface 

potential began to fall below ~ 400 mV in a sloping plateau corresponding to lithiation to 

more disordered lithium-rich compounds, reaching a total capacity of 800 mA h g-1, or ~ 

80 % of the theoretical capacity. 102 Upon the subsequent delithiation to 1.5 V, 760 mA h 

g-1 was returned, representing a first cycle efficiency of 90 %. 
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At the onset of lithiation, clear distinctions can be drawn between the pewter and 

tin materials. Unlike the tin compounds, the initial stages of lithiation displayed multiple 

plateaus, with electrochemical reactions corresponding to approximately 150 mA h g-1 

observed in an initial reaction.  This was followed by a depression in the surface potential 

to approximately 400 mV, suggesting the intermediate lithiation of the pewter may 

correspond to the same LiSn → Li7Sn3 reaction observed for the metallic tin system. 

However, the termination of this reaction occurred well before the theoretical capacity of 

the transformation had been reached, and with a more limited utilization of the theoretical 

capacity of around 63 %. Reversibility of the corresponding delithiation was also reduced 

in comparison to elemental tin, as the system displayed significant voltage instabilities and 

returned only 444 mA h g-1 upon oxidation to 1.5 V, representing a first cycle efficiency 

of 71 %.   

When analyzing the initial lithiation of the composite, a significant overpotential is 

observed in comparison to both the pewter and tin foil. This likely represents impeded 

lithium transport due to the presence of the inactive matrix. However, the broad trends 

mirrored that of pewter foil, with a short plateau observed at the onset of lithiation, 

followed by a relatively flat lithiation potential observed during the intermediate utilization 

regime, and then by a slightly sloping plateau as the cell potential was driven to 0 V. Unlike 

the pewter foil, this reaction was highly reversible, storing 545 mA h g-1 and returning 500 

mA h g-1 for a first cycle efficiency 92 %. The distinct phase transformations observed 

upon delithiation that closely mirrored those observed during the delithiation of elemental 

tin, with the addition of a new plateau at 0.8 V, corresponding to the electrochemical 

reaction between lithium and antimony. The average delithiation voltage associated with 

these progressive oxidation reactions was 0.72 V.   
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This realized capacity of 545 mA h g-1 is drastically higher than that of the modern 

graphite/copper electrode, which provides an electrode-level specific capacity of ~ 225 mA 

h g-1.112 On a volumetric basis, the divergence is even more stark; accounting for the 

theoretical volume expansion associated with lithiation, the electrode could realize a 

volumetric capacity of as high as 1720 mA h cm-3, nearly 4.2 timesx higher than that of 

graphite. Realization of these values would provide a 10 % improvement in stack-level 

specific energy and a 50 % improvement in stack level energy density. Detailed 

methodologies for the calculation of volumetric capacity and cell-level energy density for 

foil anode systems can be found in our prior work.107 

These materials were also tested in a capacity-limited regime, cycled at capacities 

intended to approximate the modern graphite system (Figure 6.2b).  This equated to a 

respective specific capacity and areal capacity of 225 mA h g-1 and 2.8 mA h cm-2. In this 

range, the calculated volumetric capacity of the electrode would be approximately double 

that of graphite/copper, translating to a 25 % improvement to cell-level volumetric energy 

density and a 25 % deprecation to cell-level specific energy.  

While tin cannot be utilized in this regime due to the significant diffusional trapping 

associated with limited utilization during cycling, interestingly, both the pewter and the 

composite displayed relatively reversible formation processes. This altered lithiation 

pathway can be attributed to the presence of antimony, as a similar elimination of trapping 

was observed for both pewter and binary tin-antimony anode materials (Figure 6.5).  
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Figure 6.5. The initial electrochemical cycle of 92.5Sn-7.5Sb and 91Sn-7.5Sb-1.5Cu 

foils. 

 

Post-mortem analysis of a lithiated foil confirmed that the system is capable of 

realizing theoretical volumetric capacities, as lithiation to 225 mA h g-1 was associated with 

the predicted 11 µm expansion to a total thickness of 31 µm (Figure 6.6a). This translates 

to an electrode-level volumetric capacity of 1083 mA h cm-3. Upon delithiation, the foil 

contracted only 4 µm, remaining greater in thickness than the original 20 µm (Figure 6.6b). 

Observation of the second electrochemical cycle shows the pulverization and dealloying 

associated with this formation cycle resulted in a drastic transformation of the underlying 

structure, significantly improving lithium-transport on subsequent cycles (Figure 6.6c). 

During subsequent cycling, the generated structure was able to accept lithium at 8 mA cm-

2 without any risk of lithium-plating (Figure 6.6d). It is expected that the system would be 

symmetrically capable of fast-discharge, but this was not tested to avoid the high areal-
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current electrodeposition of lithium associated with rate-testing of high-loading electrodes 

in the half-cell form factor. Rather than representing a practical fast-charging system, this 

data serves to demonstrate that in a well-engineered cell, the NCF framework’s 

combination of high volumetric capacity alongside the porosity generated in-situ may 

allow for the use of rapid charging protocols and high areal-loading cathodes. 

 

Figure 6.6. (a) Composite foil lithiated to 225 mA h g-1. (b) Composite foil lithiated to 
225 mA h g-1 and delithiated to 1.5 V. (c) Voltage profiles representing the 
first and second cycle of a composite foil anode. (d) Impressive transport 
kinetics for a post-formation NCF anode. 
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 In order to understand the impact of the copper matrix upon long-term 

cyclic stability, cycling performance of the pewter and the composite materials were 

compared in the capacity-limited regime, as at this utilization, both systems displayed 

comparable formation efficiency (Figure 6.7).  

 

 

 

Figure 6.7. (a) Long-term cycling stability of NCF anodes. (b) Evolution of the voltage 
profiles for the composite foil anode. (c) Evolution of voltage profiles for 
pewter foil anode. (d) Comparison of LFP full cell with LLI cycling in a 
half-cell. (e) Evolution of voltage profiles during cycling of full cell. (f) 
Evolution of differential capacity plots for LFP full cell during cycling. 

 

When the long-term cyclic stability of anode materials is tested with half cells in a 

capacity limited regime, the most common testing protocol utilizes a capacity-limited 
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lithiation, followed by a voltage-limited delithiation. In this style of testing, a fixed charge 

capacity is inserted into the anode irrespective of faradaic reactions on previous cycles 

(Figure 6.8). However, since there are irreversible charge losses during both formation and 

subsequent cycling, this results in a steadily increasing lithium-inventory cycled within the 

system. This is unlike the electrochemical environment of a full-cell, where total charge is 

fixed by the lithium-content of the cathode. For monolithic foil anodes, inserted lithium 

inventory takes on increasing importance, as the structural integrity of the electrode is 

intrinsically tied to the chemomechanical evolution of the active material. In practice, this 

ever-increasing lithium-inventory results in progressively larger electrode-level expansion 

and structural decay.  

     
Figure 6.8. (a) Long-term cycling of the NCF anode when cycled with a capacity limit of 
225 mA h. g-1 (b) Total lithium inventory utilized during cycling with capacity limit and 

limited-lithium inventory. 

 

Alternatively, a fixed charge inventory can be cycled into an anode material. In this 

style of testing, a fixed charge is inserted on the initial cycle, followed by the removal of 

all charge kinetically accessible below a specified voltage limit. This protocol much more 

closely matches the electrochemical testing in commercial batteries, where anode lithiation 

a b 
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is terminated when the cathode material reaches a specified potential (~ 4.3 V), and anode 

delithiation is generally terminated when the anode material polarizes. Cycling a fixed 

charge material into an anode is a more aggressive style of testing which clearly highlights 

all formation and cycling losses.  

Both pewter and the composite material were tested utilizing this limited lithium 

inventory cycling. During the initial cycle, pewter displayed a formation efficiency of 78 

%, while the composite material displayed a formation efficiency of 82 %. During, the 

second cycle, the composite experienced a modest recovery of lithium, increasing the 

cumulative formation efficiency to 88 %. While the pewter material displayed a modest 

recovery of trapped capacity on the subsequent cycles, it never attained the same accessible 

lithium-inventory as the composite. While polarization of the composite was elevated on 

the first cycle, on subsequent cycles, polarization was rather comparable. After this initial 

recovery process, the pewter system displayed significant voltage instabilities, and charge-

inventory was rapidly lost. This contrasts with the composite foil system, which displayed 

a clean and linear charge inventory across 100 cycles, equating to a coulombic efficiency 

of ~ 99 %.  

When observing the differences in voltage profile evolution between the two 

systems, the differences in the degradation mechanisms of the two materials becomes clear. 

While charge inventory is lost in both cases, in the composite, there is essentially no loss 

of active material observed during degradation. This is evidenced by the fact that between 

cycles 30, 50, and 70, ~ 50 mA h g-1 of capacity has been lost, yet there has been no 

reduction in capacity in the initial two-phase transformations; all active material that was 

electrically connected to the system on cycle 30 remains on cycle 70. For the pewter 

system, a clear reduction in capacity is observed in these plateaus – when half of the charge 
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inventory is lost, half of the Sb and Sn appears to have become electrically isolated from 

the system.  

 To confirm the validity of this style of analysis, balanced full cells were 

assembled with NCF anodes and LFP cathodes. In this system, the complete lithium-

inventory of the LFP cathode was removed from the cathode on each charge, followed by 

a complete removal of all capacity from the anode on the subsequent discharge. The cycling 

stability of this lithium-limited full cell almost identically matched that of our artificially 

lithium-limited half-cell, demonstrating this testing protocol provides a simplified means 

of predicting performance in realistic testing conditions. Analysis of the evolution in 

voltage profiles for the full cell confirms similar results. Differential voltage analysis offers 

a similar conclusion; for the composite foil system, capacity loss is observed, but all anode 

active material remains electrically connected during long-term cycling.113 This provides 

clear evidence of the promise of the NCF approach. Rather than relying on a single central 

current collector, the design of laminated composites comprising a variety of current 

collectors can ensure robust pathways for electron transport within a foil anode, eliminating 

loss of active material as a degradation mechanism.  

6.5 CONCLUSION 

The design of nanostructured composite foil alloying anodes represents a new and 

unexplored route for developing high-energy batteries. While the model tin/copper 

composite system did not realize the requisite cycling efficiency for long-term cycling, this 

work demonstrated the ability of the NCF approach to create high-capacity anode materials 

capable of rapid charging. Use of the accumulative roll-bonding approach allowed for the 

properties of an electrochemically active material to be independently tuned via 

compositional doping and distributed throughout an inactive matrix to stabilize long-term 



 99 

cycling. Looking forward, the development of alternative NCF materials and optimized 

electrolyte compositions represents a promising direction for the development of high-

energy battery anodes.  
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                Chapter 7: Summary 

In conclusion, the above work lays out a new approach for the design of high-

energy battery systems: designing multi-phase metallic foils as high-capacity battery 

electrodes. The investigation of the Zn-Sn system in Chapter 3 demonstrated the immense 

potential of foil-based anodes due to their high volumetric capacity and provided the first 

evidence of non-obvious electrochemical phenomena unique to the foil-based geometry. 

In the screening of elemental metal foils in Chapter 4, we primarily highlighted the 

impressive system-level performance of foil-based batteries with respect to abundance, 

cost, formation efficiency, and cell-level energy density. We also found that the reversible 

trapping first observed in Chapter 3 was intrinsic to the electrochemistry of tin foil systems. 

In the deep dive on the phenomena in Chapter 5, we found that the trapping within the tin-

foil anode in the limited utilization regime was an artifact of the transformation that occurs 

to the foil microstructure during electrochemical cycling. It also became clear that the 

excellent rate performance first noted in Chapter 3 is tied to this phenomenon, as these in-

situ structural transformations that occur during electrochemical cycling define lithium-

transport on subsequent cycles. In this work, we also developed new techniques for 

characterizing the microstructural evolution of foil anodes, namely utilizing ion-milling 

and electrochemical impedance spectroscopy to gain deeper insights into the structure of 

cycled foils. In Chapter 6, we synthesized the ideas put forth in the previous chapters and 

developed a new process for manufacturing of composite foil anodes. The synthetic 

flexibility enabled by our development of the accumulative roll bonding process for this 

application allowed us to independently tune the properties of a tin-active material and 

disperse it throughout an inactive copper matrix, representing a highly pragmatic approach 

to manufacturing engineered high-capacity electrodes. 
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The first avenue for future work on these materials should emphasize minimizing 

the loss of lithium-inventory that occurs during cycling of NCF materials. Moving away 

from copper matrices to alternative inactive materials with greater mechanical 

compatibility may allow for more thorough encapsulation the active material, limiting the 

presence of larger domains which can become increasingly porous during cycling and 

consume charge via parasitic reactions. Designing electrolytes specifically for the NCF 

material represents another promising strategy for mitigating this degradation mechanism. 

A second avenue for future work is the design of cells and NCFs for larger form 

factors. In pouch and cylindrical cells, charge must be transported throughout the electrode 

itself, making in-plane electrical conductivity critically important. While the NCF 

approach should allow for the design of systems with adequate performance on this metric, 

explicit consideration of the phenomena will be critical for practical applications. 

Additionally, given pouch, prismatic, and cylindrical cells represent disparate pressure 

environments at the electrode-level, developing our understanding of the impact of external 

pressure on NCF microstructural evolution may guide the development of useful cells.   

A final avenue remaining for future work is the detailed exploration of aluminum 

NCF systems. Aluminum makes for a great active material as it is cheap, abundant, and 

offers great charge-storage capacity at a desirable potential. While there was significant 

research into Al materials in the early stages of alloy anode development, recent work has 

been more limited, likely due to the relative difficulty in wet chemical synthesis of 

aluminum nanomaterials. The composite foil approach developed in this dissertation is 

well suited for the development of engineered aluminum-based anodes, and a detailed 

exploration of Al NCFs is clearly merited. It is our hope that this will enable the eventual 

creation of a practical LiFePO4/Al battery, an electrochemical couple that combines 

impressive theoretical performance with material inputs available at the 100 TWh scale.   
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Appendix: Calculation Methodology 

CALCULATION OF ELECTRODE-LEVEL VOLUMETRIC CAPACITY 

 In this work, the model described by Obrovac et al. was used to calculate 

the energy density of the system. 53,76 Briefly, the moles of lithium inserted into an electrode 

at a given capacity was calculated, and the value of 8.97 mL mol-1 Li derived in Obrovac’s 

earlier work was used to calculate volume expansion. With this volume change, the implied 

volumetric capacity of the anode could be calculated at full volume expansion. For graphite 

anodes, lithiation was associated with a 10% volume expansion.  

 

Specific Volume of Zn44Sn55Bi1: 
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Volumetric Capacity of Commercial Graphite Anode: 

𝑄;,;<8$3 = 357
𝑚𝐴ℎ
𝑔 /	1.1	

𝑁
𝑃 ∗ 	9.5

𝑚𝑔	𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒
𝑐𝑚-	𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 

= 3.08	
𝑚𝐴ℎ

𝑐𝑚-	𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 

𝑡;<8$3 = 	62	𝜇𝑚	𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒 ∗ 	1.1	
𝑐𝑚2	𝑙𝑖𝑡ℎ𝑖𝑎𝑡𝑒𝑑	𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒

𝑐𝑚2	𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒 		 

= 68.2	𝜇𝑚 

𝑄!,;<8$3 =
𝑄;,;<8$3
𝑡;<8$3

 

= 451	
𝑚𝐴ℎ

𝑐𝑚2	𝑙𝑖𝑡ℎ𝑖𝑎𝑡𝑒𝑑	𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒	𝑎𝑛𝑜𝑑𝑒 

 
 
Volumetric Capacity of Commercial Graphite/Copper Electrode: 

𝑡;<8$3 =	 𝑡/ = 	68.2	𝛍𝐦 
𝑡5=773<6	584435687 =	 𝑡55 = 	10	𝛍𝐦 

𝑄!,3435678$3 = 𝑄!,;<8$3 ∗ 	
2 ∗ 	 𝑡/

2 ∗ 𝑡/ +	𝑡55
	

= 421	
𝑚𝐴ℎ

𝑐𝑚2	𝑙𝑖𝑡ℎ𝑖𝑎𝑡𝑒𝑑	𝑎𝑛𝑜𝑑𝑒 

 
 
Volumetric Capacity of Commercial NMC Cathode 

𝑄!,5;6>8$3 = 210	
𝑚𝐴ℎ
𝑔	𝑁𝐶𝐴 ∗ 4.8	

𝑔
𝑐𝑐 ∗ 70%	𝐴𝑐𝑡𝑖𝑣𝑒	𝑉𝑜𝑙𝑢𝑚𝑒 

= 700
𝑚𝐴ℎ

𝑐𝑐	𝑐𝑎𝑡ℎ𝑜𝑑𝑒 

𝑡5;6>8$3 = 𝑡( = 3.5	
𝑚𝐴ℎ
𝑐𝑚- ∗ (700

𝑚𝐴ℎ
𝑐𝑐 	𝑐𝑎𝑡ℎ𝑜𝑑𝑒)/0 

𝑡( = 50𝛍𝐦 
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Volumetric Capacity of Commercial NMC/Al Electrode 
 

𝑡5=773<6	584435687 =	 𝑡55 = 	10	𝛍𝐦 

𝑄!,3435678$3 = 𝑄!,5;6>8$3 ∗ 	
2 ∗ 	 𝑡(

2 ∗ 𝑡( +	𝑡55
	

= 636	
𝑚𝐴ℎ

𝑐𝑚2	𝑐𝑎𝑡ℎ𝑜𝑑𝑒 

 
Using the model described above, a survey was conducted of the electrodes recently 

published in the literature.  
 

Table A1. Active Material Characteristics of Literature Anodes. Reported properties of 
anode active materials in recent literature, with experimentally measured 
volume expansions depicted in bold.  

System Active 
Gravimetric 
Capacity 
(mA h g-1) 

Areal 
Capacity 
(mA h cm-2) 

Active 
Material 
Loading 
(mg/cm2) 

Pristine 
Coating 
Thickness 
(μm) 

Lithiated 
Coating 
Thickness 
(μm) 

Ref 

ZTB 272 2.0 6.29 18 25 This 
Work ZTB 455 4.21 9.26 20 38.9 

AZT 300 3.5 11.6 20 > 32 58 
Graphite 357 3.39 9.5 62 68 64 
SiMP-PDH 2442 4.25 1.74 22.62 35.6 59 
SiMP-PR 2336 2.5 1.07 15 23.3 60 
Graphite/Si 829 3.73 4.5 24 38.9 61 
V6 (Si) 924 4.158 4.5 34 66.4 61 
SnO2* 942 3.3 3.5 32 38 62 
SGC‡ 517 3.36 6.5 42 51.2 63 
Sn 693 0.69 1 9 11.3 64 
Sn/C 600 0.55 1 12 14 65 
Li† 832 4.0 1.03 200 200 66 

† In this work, Yang et al. specifically engineered the internal pore space to 

minimize volume expansion. Lithiation of a 1.87 mg cm-2 system resulted in a ~ 18% 

expansion, about half of the expected value. It was assumed that the thicker 3.8 mg cm-2 

electrode would also expand by only 18%. 
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* In this work, Nazar et al. assumes use of a 200 μm Li foil. When pairing that 

anode with two 4 mA h cm-2 cathodes, a capacity which will likely become possible in the 

near future, there remains considerable excess lithium in the system. For this reason, the 

calculated value is shown as the lower estimate of volumetric capacity, and the impact of 

reducing excess lithium is depicted by the slope of the Li region in Figure 3.2.  

‡ The graphite-silicon composite was modeled assuming that the 94 wt.% graphite 

would cycle at 357 mA h g-1 and expand 10%. The remaining 181 mA h g-1 would be 

inserted into the 6 wt.% silicon, which would expand at 8.97 ml mol-1 lithium.  

To fairly assess implied volumetric capacity in a commercial cell, electrodes were 

modeled as 10 μm copper foils coated by active material on both sides. This is the 

traditional approach for maximizing performance, as coating both sides of the current 

collector minimizes inactive electrode material. Anodes cycled to 0.01 V and below were 

modeled assuming an N/P ratio of 1.1 would be required to prevent lithium plating.  
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Table A2. Electrode-level Characteristics of Literature Anodes. Reported capacities of 
full electrode assemblies, with capacities calculated from experimentally 
measured volume expansions depicted in bold.  

System Current 
Collector? 

N/P Active 
Volume 
Fraction 

Active 
Weight 
Fraction 

Gravimetric 
Capacity 
(mA h g-1) 

Volumetric 
Capacity 
(mA h cm-3) 

Anode 

ZTB N N 0.55 0.55 150 797 This 
Work ZTB N N 0.55 0.55 250 1,084 

AZT N N 0.47 0.7 300 < 1100 6 
Graphite Y Y 0.93 0.66 214 421 12 
SiMP-
PDH 

Y Y 0.88 0.26 580 923 7 

SiMP-PR Y Y 0.82 0.18 390 823 8 
Graphite/Si Y Y 0.89 0.47 353 772 9 
V6 (Si) Y Y 0.93 0.53 402 527 9 
SnO2 Y Y 0.88 0.40 338 701 10 
SGC Y Y 0.91 0.58 271 539 11 
Sn Y N 0.64 0.17 115 424.6 12 
Sn/C Y Y 0.7 0.17 91 287 13 
Li N N 0.2 0.32 620 400 14 

 
 

Experimental measurements of the electrode-level volume expansion of alloying 

anodes have been extremely limited. To convert from material-level expansion to 

electrode-level expansion, it is necessary to understand the change in electrode porosity 

upon lithiation. In this model, it has been generously assumed that an active material can 

expand without a corresponding increase in the interparticle spacing. This means that the 

insertion of 0.1 ml of lithium into an electrode results in 0.1 ml expansion and a 

corresponding reduction in electrode porosity. Experimental evidence suggests that this 

assumption does not hold true for traditional porous electrodes, where the pressure required 

to reduce porosity far exceeds the forces achieved during cycling.9 Under this potentially 

more accurate constant porosity assumption, both the particles and the voids expand; for a 

system with 50% porosity, insertion of 0.1 ml of lithium into the active material particles 

would result in a 0.2 ml electrode expansion (Figure A1). Additional experimental 
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measurements of volume expansion would significantly improve the accuracy of 

theoretical models. 

In some work, internal void space is specifically engineered in an attempt to 

eliminate electrode-level volume expansion, but without experimental confirmation, it is 

difficult to judge the veracity of these claims. Yang et al. recently investigated a tin oxide 

electrode with engineered voids approximately 2.7 times larger than the encapsulated 

active material, and found that there was still an 18% volume expansion, or about half of 

the expected value.10 This work by Yang et al. offered both some of the highest claimed 

volumetric capacity for a nano-engineered electrode, as well as one of the only 

experimental measurements of lithiated thickness, and was deemed as representative of this 

approach to maximizing volumetric capacity. 

Experimentally measured volume expansions were used whenever provided, and 

experimentally measured values are marked in bold.  

 

Figure A1. Electrode Swelling Upon Lithiation.  Experimental evidence suggests the 
expansion of active particles does not improve electrode packing density. 
This constant porosity assumption would result in expansion in both 
particles and voids. 
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CALCULATION OF STACK-LEVEL ENERGY DENSITY 
 

To calculate energy density, a stack-energy model was developed for both a 

commercially relevant NMC811/graphite cell and a NMC811/foil cell. Stack energy was 

calculated in the fully lithiated state accounting for the additional molar volume of 

lithium as described by Obrovac and confirmed by our prior work (Figure A2).53,83 For 

tin, the relationship between average delithiation voltage and utilization was estimated 

from the voltage profile of a 20-micron tin foil fully lithiated and delithiated at a rate of 

C/500 (Figure A3). For indium, aluminum, and lead, simplified values of 0.3 V, 0.4 V, 

and 0.4 V were used irrespective of utilization. In reality, energy density will be further 

complicated by other factors, including first cycle loss, polarization, and irreversible 

expansion during cycling, but the reported values should offer a reasonable 

approximation of the expected trends of the system.  

 
 

Table A3. Parameters for a modern NMC811/Graphite battery 
 

Metric Value Unit 
Areal Loading 3.5 mA h cm-2 

Cathode Capacity 200 mA h g-1 

Cathode Active Fraction 0.94  
Cathode Voltage 3.9 V 
Cathode Density 3.5 g cm-3 

N/P 1.1  
Graphite Capacity 350 mA h g-1 

Graphite Active Fraction 0.954  
Graphite Voltage  0.15 V 
Anode Density 1.55 g cm-3 

Anode Expansion 1.07  
E/C Ratio 1.3 g Ah-1 

Al Current Collector 15 μm 
Copper Current Collector 8 μm 
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Table A4. Geometry and performance of modern NMC811/Graphite cell stack 

 
Stack Weight 
(mg cm-2) 

Stack Thickness 
(μm) 

Cathode CC 2.03 7.50 
Cathode  17.50 53.19 
Cathode Inactive 1.12  
Separator 1.50 16.00 
Electrolyte 4.55  
Anode 11.00 79.60 
Anode Additive 0.53  
Anode CC 3.59 4.00 
Total: 41.81 160.29 

 (314 Wh/Kg)  (819 Wh/L) 
 

 

Figure A2. Relationship between cycled gravimetric capacity and volumetric capacity as 
described by Obrovac.53 
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Figure A3. Approximate relationship between cycled capacity and average delithiation 
voltage for a tin foil anode. 

Table A5. Theoretic performance of tin-foil anode and NMC811/tin cell stack across 
various utilization 

 

Utilization 
Capacity 

(mA h g-1) 
Capacity 

(mA h cm-3) 

Delithiation 
Voltage 
(Volts) 

Specific 
Energy (W 

h kg-1) 

Energy 
Density (W 

h L-1) 
1 993 2116 0.56 387 1254 

0.9 893.7 2050 0.58 380 1239 
0.8 794.4 1973 0.60 371 1223 
0.7 695.1 1881 0.63 361 1201 
0.6 595.8 1772 0.64 350 1183 
0.5 496.5 1639 0.66 336 1157 
0.4 397.2 1472 0.68 317 1122 
0.3 297.9 1260 0.73 289 1062 
0.2 198.6 977 0.78 246 971 
0.1 99.3 584 0.80 175 794 
0.05 49.65 324 0.82 111 583 
0.025 24.825 171 0.86 63 378 
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