
RICE UNIVERSITY 
Sustainable Manufacturing: Greener Materials and Methods for Li-ion Battery Recycling, 

Supercapacitors, and Smart Windows 

By 

Mai Kim Tran 

A THESIS SUBMITTED 
IN PARTIAL FULFILLMENT OF THE 
REQUIREMENTS FOR THE DEGREE 

Doctor of Philosophy 
APPROVED, THESIS COMMITTEE 

Pulickel Ajayan (Oct 1, 2020 10:10 CDT) 

Pulickel Ajayan 
Benjamin M. and Mary Greenwood Anderson 
Professor and Chair of the Dept. of Materials 
Science and NanoEngineering 

Ming Tang 
Assistant Professor of Materials Science and 
NanoEngineering 

Aditya Mohite 
Associate Professor of Chemical and 
Biomolecular Engineering 

HOUSTON, TEXAS 
September 2020 



 

 

ABSTRACT 

Sustainable Manufacturing: Green Materials and Methods for  

Li-ion Battery Recycling, Supercapacitors, and Smart Windows 

by 

Mai Kim Tran 

Our Common Future, otherwise known as the Brundtland Report, was published by the United 

Nations and the World Commission on Environment and Development in 1987; it defined 

sustainable development as “development that meets the needs of the present without 

compromising the ability of future generations to meet their own needs.” This thesis focuses 

on three separate efforts aligned by a common theme to promote sustainable manufacturing 

practices by employing greener materials and methods within the energy context: (1) recycling 

Li-ion batteries using environmentally-friendly deep eutectic solvents, (2) developing 

supercapacitors using asphaltene oil waste, and (3) synthesizing VO2 nanoparticles for 

thermochromic smart windows using scalable continuous flow hydrothermal systems. In all 

of these spaces, the challenge of optimizing technical performance while balancing commercial 

viability is discussed and reframed to show that green materials and methods in engineering 

can, not only work, but add value to a world increasingly conscious of a need to find cleaner 

ways to do dirty chemistry. 

 

 



 

Acknowledgments 

For Dad. 

Where do I begin with this can of worms? A PhD was never in my plans—heck, I 

don’t think engineering ever really was either. I guess this journey started like any other, maybe 

a bit on accident. But then again, isn’t that how many great discoveries are made? Wonder 

material Teflon, life-saving drug penicillin, life-saving Post-it notes… (Although, I must stop 

you now if you are continuing to read this thesis work to see if I have Nobel Prize-worthy 

material—I would venture to say that this is not it). But get ready for a monologue! 

I have been so blessed all my life to be “at the right place, at the right time;” not to say 

that this degree has come with no effort. But I do want to acknowledge my great privilege to 

have been born into a loving family—a quiet, intelligent, and contemplative father, a chatty 

and affectionate mother, and a brilliant, kind of mean-on-the-outside-but-secretly-really-kind-

on-the-inside older brother—and raised in a naturesque small-town that fostered a love of the 

earth, rivers with dolphins, and ocean beachside sunrises; a shoutout to the 3-2-1 FL space 

coast, whose commonplace shuttle launches no doubt had subconsciously inspired curiosity 

beyond my view. I had access to not only quality education but a generally comfortable life, to 

which I am grateful for the opportunities that came a-knocking. All I had to do was say “YES!” 

As I finish my thesis on this day, I have coincidentally finished my 28th revolution 

around the sun, amidst an unusual and unforgettable time period of our lives—a global 

pandemic, natural disasters worldwide, political unrest, the list goes on. But one thing among 

all this uncertainty is one certainty: that the balance of nature and people coexisting in harmony 

is the only thing that can make the world continue to go ‘round. It is why this particular trifecta 



iv 

 

of work embodies the soul of something very near-and-dear to my head and my heart: 

sustainability. Yes, it may sound like some hippie-dippie buzz word that my role model Sir 

David Attenborough made famous, but it goes beyond any single one of us.  

It is in this curious balance of nature and people that I truly am fulfilled but also 

challenged—it is what has guided most of my decisions, from taking an interest in science 

growing up, joining that nerdy Robotics team at Rockledge High, pursuing Materials Science 

and Engineering at the University of Florida (Go Gators!), and why I said yes to Rice. But 

perhaps above all, it helped me magnetically find the good people who inherently work on 

impactful science to do their part for the world. That’s where I wanted to be. 

So, this is the moment where my Oscar-worthy list of people to thank begins, right? 

I want to start again with my family. My brother’s always been tough on me, but I 

attribute my spunk and level-headedness to his “make good choices” schpeel when I was a 

kid. A realist while I was an idealist, he kept me grounded. He along with my thoughtful father 

(picture “The Thinker” statue by sculptor Auguste Rodin) inspired me to do the hard stuff—

study engineering and pursue something “not because it is easy but because it is hard” as JFK 

would say. Last but not least, my mother—always the worrier but the one with an empathetic 

heart to complement my own; who kept me looking forward and seeking people of integrity.  

To my husband, Isacco—thank you for listening to me complain about school for 

years, always “losing” arguments with me because you would rather us support each other 

than win. (I will always love winning though). I love you so much and am thankful for your 

unconditional support through everything, following me from Aus to the US, and for giving 

me an extended family in Italy for which brought both complication, but compounded love. 

Thank you, my gal pals—from St. Mary’s to RHS, to UF, and Rice—Erin, Megan, 

Chelsea, Brittny, Molly, Patty(s), Julie, Christine(s), Alyssa, Dan, Keiko. Thanks also to these 



v 

 

invaluable institutions while certainly not at all perfect, gave me the opportunity to learn both 

academics and openness to new and unfamiliar things. Which brings me to my educators— 

A particular shout-out to Ms. Kent, my high school chemistry teacher for whom my 

love of chemistry began (as did perhaps a life-long career!), Mrs. Krajewski who taught me to 

rely on the logic of math in a world that’s not always logical, my world history teacher Mr. 

Greene (and your lovely VP of a wife!) for teaching me there are more sides to a story than 

one, and my teachers of the Spanish language (Mrs. Hunt and Mrs. Chaves) and English 

literature (Mr. Hammond) who taught me that science without art is merely a black-and-white 

canvas. I am forever grateful for the first travel abroad trip with my Spanish class which has 

since inspired my wanderlust, and the journey I took in a good British novel; both made me 

appreciate the need for diversity of thought in all disciplines. I thank my swimming coaches, 

for the time-management, leadership, and teamwork skills, and also the value of health!  

At UF, I want to take this moment to thank Prof. Andrew who was beyond a female 

role-model in MSE (and whose endorsement for my study at UNSW resulted in also finding 

Isacco!) and Prof. Ruzycki who taught me that it’s okay not to know everything, but to keep 

bouncing back and trying. Thank you also to Prof. Keaffaber, who taught my very first class 

in college, who made something explode in the very first lecture of Chemistry for Engineers 

I, who taught me science communication can change a life—it certainly did to mine.  

At Rice, I want to first and foremost thank Professor P.M. Ajayan my advisor, who 

admittedly on the first day of meeting you during recruitment, I had no idea who you were or 

how cool your work was! All I remember was upon asking to be a part of your group later on, 

you said something to the likes of, “Do something different, something unconventional.” 

Then you told me to have fun in grad school, and I knew you were the right choice for me.  

 This is the part where the music starts playing when you’ve spoken for too long— 



vi 

 

I thank Prof. Tang who taught the hardest class I ever took but proved to me how 

patience and effective sci-comm can go a long way. I also thank Prof. Vajtai and Jessica who 

are kind of a packaged deal when joining Prof. Ajayan’s group! Thanks MSNE admin (Kim, 

Elizabeth, John Marsh, etc!) for recruiting me and keeping me here. And as part of the Energy 

Group, I thank ALL of you who became beyond friends, but family—Farheen, Dev, Abhi, 

Sam, Mohammad (honorary Energy Group member), Jianan, Hari, Tej, Anand, Jarin, Ved and 

Salma (where the legacy continues)! Special thanks to my awesome collaborators, Shayan from 

the Vargas group and Aaron from the Dahn group, Prof. Kabanni and Prof. Arepalli, and my 

committee members for your suggestions. Very, very special thanks to Marco and Babu for 

whom helped my work take flight and Keiko Kato for whom kept me sane, sharing good food 

and shopping trips to TJ Maxx! Thanks Rice technicians, particularly Dr. Bo Chen who kept 

his humor when students got annoying and equipment always broke. Thanks Ms. Maria from 

MEB and Ms. Sonny the BRC bus driver for making me smile when I had bad days. 

Of course, without funding, this whole endeavor would be impossible. So I take this 

moment to thank the NSF* and all those internships that took a gamble on me, particularly 

from NASA’s GRC, the brilliant Dr. James Gaier who inspired my nano-study for macro-

applications and beloved mentor Mrs. Debbie Waters, and Dr. Jie Li from Argonne National 

Lab for being so patient with me and supporting me esp. during COVID-19. Oh! Last one: 

thank YOU, reader, for bearing with me and attempting to read this thesis. Congratulations! 

You may either love it or hate it, but I hope if anything, you learn something from it.  

Best regards and self-plug, you can read more about my journey in my Grad School 

Blogumentary hosted on my LinkedIn (/in/kimmaitran). Cheers to the next chapter! 

                                                 

 
* This material is based upon work supported by the National Science Foundation Graduate Research Fellowship Program 
under Grant No. 1842494. Any opinions, findings, and conclusions or recommendations expressed in this material are 
those of the author and do not necessarily reflect the views of the National Science Foundation. 

https://www.linkedin.com/pulse/grain-rice-grad-life-blogumentary-11-mai-tran/
https://www.linkedin.com/pulse/grain-rice-grad-life-blogumentary-11-mai-tran/
https://www.linkedin.com/in/kimmaitran/


vii 

 

Contents 

Acknowledgments ........................................................................................................ iii 

Contents .......................................................................................................................vii 

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

List of Tables ..............................................................................................................xxi 

List of Equations ...................................................................................................... xxiii 

Nomenclature ............................................................................................................ xxv 

Li-ion Battery Recycling .............................................................................................. 28 

1.1. Secondary (Rechargeable) Batteries ..................................................................................... 29 

1.2. Li-ion Battery Materials .......................................................................................................... 31 

1.2.1. Cathodes ........................................................................................................................... 34 

1.2.1.1. Lithium Cobalt Oxide (LCO) ................................................................................. 36 

1.2.1.2. Lithium Iron Phosphate (LFP) ............................................................................... 38 

1.2.1.3. Lithium Manganese Oxide (LMO) ........................................................................ 38 

Comparing LIB Lattice Structures: Layered vs. Spinel vs. Olivine ............................................... 39 

1.2.1.4. Lithium Nickel Cobalt Aluminum Oxide (NCA) ................................................ 40 

1.2.1.5. Lithium Nickel Manganese Cobalt Oxide (NMC) .............................................. 41 

1.2.2. Anodes .............................................................................................................................. 42 

1.2.3. Electrolytes ....................................................................................................................... 45 

1.2.4. Separators ......................................................................................................................... 46 

1.3. Market Trends and Life Cycle Analysis ............................................................................... 46 

1.3.1. Mineral Sourcing .............................................................................................................. 47 

1.3.1.1. Cobalt ......................................................................................................................... 49 

1.3.1.2. Lithium ....................................................................................................................... 51 

1.3.1.3. Nickel ......................................................................................................................... 55 

1.3.1.4. Manganese ................................................................................................................. 55 

1.3.1.5. Graphite ..................................................................................................................... 56 

1.3.1.6. Other Materials ......................................................................................................... 58 

1.3.2. Consumption .................................................................................................................... 63 

1.3.3. Disposal ............................................................................................................................. 69 

1.4. Current State-of-the-Art in Battery Recycling .................................................................... 71 

1.4.1. Re-use as a Second-Life Option .................................................................................... 71 



viii 

 

1.4.2. Challenges ......................................................................................................................... 72 

1.4.2.1. Battery Health Diagnostics ..................................................................................... 74 

1.4.2.2. Collection ................................................................................................................... 74 

1.4.2.3. Pre-treatment ............................................................................................................ 75 

Sorting ....................................................................................................................................... 75 

Disassembly ................................................................................................................................ 76 

Discharging ................................................................................................................................ 78 

1.4.3. Pyrometallurgy ................................................................................................................. 79 

1.4.4. Hydrometallurgy .............................................................................................................. 80 

1.4.4.1. Leaching ..................................................................................................................... 80 

Biometallurgy .............................................................................................................................. 83 

1.4.4.2. Purification ................................................................................................................ 84 

1.4.4.3. Recovery .................................................................................................................... 86 

1.4.5. Direct Recycling ............................................................................................................... 87 

Comparing Pyrometallurgy, Hydrometallurgy, and Direct Recycling .............................................. 88 

1.5. Green Solvents for Battery Recycling .................................................................................. 92 

1.5.1. Deep Eutectic Solvents ................................................................................................... 94 

1.5.2. Solvometallurgical Methods ........................................................................................... 95 

1.5.2.1. Characterization ........................................................................................................ 98 

1.5.3. Metal Extraction Results ................................................................................................ 99 

1.5.4. Material Recovery ......................................................................................................... 105 

1.5.4.1. Precipitation ........................................................................................................... 105 

1.5.4.2. Electrodeposition .................................................................................................. 113 

1.5.4.3. Other Components and Cathode Chemistries .................................................. 117 

1.5.5. Conclusions ................................................................................................................... 121 

1.6. Outlook ................................................................................................................................. 122 

1.6.1. Green Design in Mind ................................................................................................. 124 

1.6.2. Policy .............................................................................................................................. 126 

Waste-to-Supercapacitors ........................................................................................... 131 

2.1. Current State-of-the-Art in Supercapacitors .................................................................... 132 

2.1.1. Materials ......................................................................................................................... 134 

2.2. Asphaltene and the Deposition Problem ......................................................................... 136 

2.2.1. Asphaltene ..................................................................................................................... 136 

2.3. Undesirable Waste to Indispensable Energy ................................................................... 139 

2.3.1. Methods ......................................................................................................................... 139 

2.3.1.1. Extraction of Asphaltene from Crude Oil ......................................................... 139 



ix 

 

2.3.1.2. Activation Process of Asphaltene ....................................................................... 140 

2.3.1.3. Characterization ..................................................................................................... 142 

2.3.1.4. Supercapacitor Device Fabrication and Testing ............................................... 145 

2.3.2. Activation and Supercapacitor Performance Results .............................................. 145 

2.3.2.1. Sponge-Templated, Asphaltene-Derived, Activated Porous Carbon ............ 145 

2.3.2.2. Electrochemical Properties .................................................................................. 152 

2.4. Outlook ................................................................................................................................. 156 

Dynamic Smart Windows .......................................................................................... 157 

3.1. Windows: Current State-of-the-Art .................................................................................. 158 

3.1.1. Insulated Windows ....................................................................................................... 159 

3.1.2. Low-Emissivity Windows ........................................................................................... 162 

3.1.3. Electrochromic Windows ............................................................................................ 164 

3.1.3.1. Suspended Particle Device ................................................................................... 166 

3.1.3.2. Polymer Dispersed Liquid Crystal ...................................................................... 166 

3.1.4. Thermochromic Windows .......................................................................................... 167 

3.2. Nano-VO2 as a Solution ..................................................................................................... 174 

3.2.1. Continuous Flow Hydrothermal Synthesis ............................................................... 176 

3.2.1.1. Phase One: Synthesizing Ultra-Small VO2 (M) Nanoparticles ....................... 179 

ANSYS Nanoparticle Synthesis Simulations .......................................................................... 197 

3.2.1.2. Phase Two: Window Film Casting ..................................................................... 202 

Matlab Modeling of Composite Films ...................................................................................... 208 

3.3. Outlook ................................................................................................................................. 213 

References .................................................................................................................. 216 

 

 



 

List of Figures 

Figure 1-1. Schematic of a Li-ion battery as applied in an electric vehicle showing the (a) 

discharge mechanism in which Li-ions travel within an electrolyte through the separator from 

the anode to the cathode generating a stream of electrons (represented by the yellow circles) 

that run through an external circuit to power the car; and (b) charge mechanism in which the 

Li-ions travel from the cathode back to the anode where an external source of electrons 

accumulate. Reproduced and modified from the U.S. Department of Energy [6]. ............... 33 

Figure 1-2. Representative materials used in the cathode, electrolyte, and anode of a standard 

recharegable Li-ion battery; reproduced from Cheng et al. [3]. ........................................... 34 

Figure 1-3. Spider diagrams comparing five different Li-ion battery cathode chemistries used 

in different industries from smartphones to electric cars, power tools, electric buses, and 

specifically Tesla cars employing lithium cobalt oxide (LCO), lithium nickel manganese cobalt 

oxide (NMC), lithium manganese oxide (LMO), lithium iron phosphate (LFP), and lithium 

nickel cobalt aluminum oxide (NCA) chemistries, respectively. Reproduced from A. Rathi in 

Quartz magazine using Battery University (Cadex Electronics, Inc.) data [9]. ...................... 36 

Figure 1-4. LiCoO2 cathode (a) crystal structure and (b) discharge/charge voltage profile vs. 

lithium composition for LixCo1.01O2/Li at 200 µA cm-2 current density. Reproduced and 

modified from Mizushima et al. [2], [11]. .......................................................................... 37 

Figure 1-5. Lattice structures of three of the early Li-ion battery cathode chemistries: LiCoO2 

(LCO), LiMn2O4 (LMO), and LiFePO4 (LFP) which feature 2D, 3D, and 1D Li+ ion transport, 

respectively. Reproduced from Julien et al. [15]. ................................................................ 39 

Figure 1-6. Comparison of cathode chemistries used in China as well as the rest of the world, 

with projections into 2030. Note that this chart excludes other chemistries like the original 

LiCoO2 compound; reproduced from McKinsey & Company [12]. ................................... 42 

Figure 1-7. Charge/discharge profile for (a) graphite, (b) hydrogen-containing carbon, and (c) 

hard carbon; reproduced from Li et al. [2]. ........................................................................ 44 

Figure 1-8. Periodic table of elements highlighting the major elemental players in Li-ion 

batteries depicting (a) the availability of different elements used in Li-ion batteries as well as 

the 5-year price range in USD lb-1, and (b) the charge capacity of elements used in battery 

electrodes measured both in gravimetric (mAh g-1) and volumetric (mAh cm-3) capacity units. 

Reproduced from Nitta et al. [14]. .................................................................................... 48 



xi 

 

Figure 1-9. Flow diagram of refining cobalt from a copper-cobalt ore; blue boxes represent 

different processing techniques while green text represents material inputs and the final blue 

text represents products. Up until the precipitation step, much of the processing occurs locally, 

but most of the crude Co(OH)2 produced ends up being exported to China where it is refined 

into the cobalt sulfates, oxides, and carbonates. Reproduced from Dai et al. [29]. ............... 51 

Figure 1-10. Lithium resources worldwide, showing lithium carbonate equivalent (LCE). Note 

that resources ≠ reserves, because the former refers to total supply whereas the latter implies 

recoverable mineral. Reproduced from Plateau Energy Metals [30]. ...................................... 54 

Figure 1-11. Anticipated growth of key elements in metric tons (lithium, graphite, cobalt and 

nickel) for Li-ion batteries (excluding manganese); reproduced from Plateau Energy Metals [30].

 ...................................................................................................................................... 57 

Figure 1-12. (a) Process energy flow of battery components used to produce 1 kWh NMC 

111 battery, and (b) the corresponding cradle-to-gate impact including weight, total energy, 

greenhouse gas (GHG), sulfur oxide pollutants (SOx), nitrogen oxide pollutants (NOx), 

particulate matter less than 10 µm in diameter (PM 10), and water. Values are calculated using 

Argonne National Laboratory’s GREET model, assuming virgin materials and production in 

the United States; reproduced from Dai et al. [21]. ............................................................ 60 

Figure 1-13. Cumulative energy demand (CED) measured in MJ Wh-1 comparing different Li-

ion battery chemistries including lithum phosphate (LFP), lithium phosphate-lithium titante 

(LFP-LTO), lithium cobalt oxide (LCO), lithium cobalt nickel composite (LCN), lithium 

manganese oxide (LMO), lithium nickel manganese cobalt oxide (NCM), and lithium nickel 

cobal aluminum oxide (NCA). Models show also differences in top-down (T-D) vs. bottom-

up (B-U) methodology used in life cycle analysis. Reproduced from Peters et al. [41]. ......... 62 

Figure 1-14. Process energy flow diagram for a lithium manganese oxide Li-ion battery from 

cradle-to-gate for the functional unit, electric mobility. Values with arrows indicate thermal 

and electrical energy per kg Li-ion battery while italicized text indicates a specific process; all 

assume an electric vehicle with about 200 km per charge with a battery weight of 300 kg, a 

capacity of 0.114 kWh kg-1, and 150,000 km lifetime. Reproduced from Notter et al. [40]. ... 64 

Figure 1-15. Greenhouse gas (GHG) emissions for hybrid EVs (HEVs) and battery EVs 

(BEVs) powered by Li-ion batteries compared with combustion vehicles (CVs) and plug-in 

hybrid EVs (PHEVs) powered by nickel metal hydride batteries. (a) shows the relative 

proportion of production phase in yellow vs. the in-use (consumption) phase in green when 

assuming a normalized electricity mix based on JRC (2008), and (b) shows the absolute life 

cycle emissions in g CO2 eq km-1, with the error bar representing the variation when fuel by 

coal is used instead of the normalized electricity mix. These models compare data from three 

sources, Samaras et al. (2008), SEI/AEA (2007), and Helms et al. (2010), and assume a 238,000 

km vehicle lifetime; reproduced from Duleep et al. [44] ..................................................... 66 



xii 

 

Figure 1-16. (a) Li-ion battery pack price and demand (historical and projected) between 2010 

through 2025, and (b) price sensitivity for NMC 811 when metal commodity fluctuates. 

Reproduced from Pellow et al. [46] and BloombergNEF, respectively [45]. ........................ 68 

Figure 1-17. Li-ion batteries depicting relative markets that reached their end-of-life globally 

(metric tons) from 2000 to 2018. Reproduced from H. E. Melin commissioned by the Swedish 

Energy Agency [47]. ........................................................................................................... 70 

Figure 1-18. Cost structure for (a) NMC chemistry 40 Ah Tesla EV pouch cell and (b) Li-ion 

battery, the latter averaging values from cylindrical, prismatic, and laminate cells in 2016; 

reproduced from Avicenne Energy [49]. .............................................................................. 73 

Figure 1-19. Construction of a Li-ion battery in various configurations including (a) a 

cylindrical cell, (b) a coin cell, (c) a prismatic cell, and (d) a thin and flat cell. Reproduced from 

Tarascon and Armand [56]. ............................................................................................. 76 

Figure 1-20. Li-ion batteries within cylindrical, prismatic, and pouch configurations shown at 

the cell, module, and pack level for use in electric vehicles of varying cathode chemistries, 

based on models from 2014; reproduced from Harper et al. [48]. ....................................... 77 

Figure 1-21. Ascorbic acid acting as both an (a) organic acid and a (b) reducing agent where 

it is doubly oxidized to dehydroascorbic acid; reproduced from Li et al. [78] ...................... 83 

Figure 1-22. Solvent extractants and the effect of pH on extracting nickel, cobalt, and copper 

in solution at 25˚C; reproduced from Lv et al. [67]. ........................................................... 85 

Figure 1-23. (a) Three main methods of Li-ion battery recycling and their respective 

descriptions, (b) the generalized recycling processing steps for the three methods, with 

(bulleted) variables associated with each step or method. .................................................. 89 

Figure 1-24. Li-ion battery recycling avoided greenhouse gas emissions comparing 

pyrometallurgical, hydrometallurgical, and direct recycling methods for (a) cylindrical and (b) 

pouch cells of NMC, NCA, and LFP chemistries; reproduced from Ciez and Whitacre [87].

 ...................................................................................................................................... 91 

Figure 1-25. GlaxoSmithKline Solvent Sustainability Guide assesses commonly used, small 

molecule organic solvents based on waste potential, environmental impact, health, and safety, 

as sorted by chemical class. Reproduced from Alder et al. [89]. .......................................... 93 

Figure 1-26. Battery recycling schematic: starting with the disassembling of the Li-ion battery, 

cathode waste is inserted into a deep eutectic solvent and then heated and stirred. Extraction 

of cobalt and lithium ions occurs through dissolution, and at this step, aluminum foil, binder, 

and conductive carbon can be recovered when the leachate is filtered. Cobalt compounds can 

then be recovered either through precipitation or electrodeposition, allowing reutilization of 



xiii 

 

these valuable materials. The pie chart shows the relative amounts by weight of the parts of a 

LIB [93]. ........................................................................................................................ 96 

Figure 1-27. Molecular structure of the deep eutectic solvent, choline chloride halide salt to 

hydrogen bond donor ethylene glycol (ChCl:EG), also known as ethaline. ......................... 97 

Figure 1-28. Extraction of cobalt using choline chloride and ethylene glycol deep eutectic 

solvent (DES); (a) photograph of the color change when LiCoO2 (LCO) is dissolved into the 

DES (which is clear in its pure form) at different temperatures. Deeper blues with increasing 

temperature corresponds to the increasing concentration of cobalt. (b) Cobalt concentration 

vs. temperature shows the dependency of heat upon dissolution of LCO in the deep eutectic 

solvent for 24 hours, with leaching efficiency shown on the (non-linear) right axis. The inset 

zooms into the temperature range between 25˚C and 150˚C. (c) Cobalt concentration vs. 

temperature at three different durations of dissolution show the time dependency of the cobalt 

leaching. ........................................................................................................................ 101 

Figure 1-29. UV-vis spectra of LiCoO2 + deep eutectic solvent filtrates from different 

temperature treatments. The presence of cobalt (II) chloride complex [CoCl4]
2- is indicated by 

the three signature bands shifting slightly right from 630, 667, and 696 nm. At 220˚C, the 

filtrate’s spectra exhibits shifts in the band positions by 5 nm, suggesting the existence of 

different cobalt halide complexes. .................................................................................. 104 

Figure 1-30. (a) XRD of precipitated compounds from the LiCoO2 + deep eutectic solvent 

leachate shows the presence of carbonate and oxide, (b) Co 2p3/2 XPS indicates fitted peaks 

correlating to divalent cobalt, most likely from Co(OH)2 with the shoulder at 778.8eV possibly 

resulting from trace metal cobalt; the inset shows the spin-orbit coupling between the 2p1/2 

and 2p3/2 bands that suggest the presence of trace metal cobalt. (c) O 1s XPS shows a peak at 

531.7 eV which from studies conducted by Dupin et al. and Stoch et al., indicates CO3
2-, 

suggesting that basic cobaltous carbonate is precipitated [126], [127]. .............................. 107 

Figure 1-31. Characterization of precipitate from leaching cobalt ions from the deep eutectic 

solvent; (a) FTIR indicates the presence of carbonate groups before calcining (blue curve). 

The corresponding band vanishes upon calcination (red curve) which prompts the conversion 

of the powder into Co3O4. (b) SEM image of the calcined powder, showing a uniformly 

spherical microstructure. (c) XRD spectra of the calcined powder, exhibiting crystalline peaks 

matching that of the cubic cobalt oxide spinel, JCPDS 42-1467. (d) XPS spectra of the calcined 

powder, showing fitted peaks indicative of the binding energies of Co3O4. ...................... 108 

Figure 1-32. (a) Photograph of precipitate from LiCoO2 + deep eutectic solvent leachate 

containing hydrated basic cobaltous carbonate (after rinsing with deionized water and drying 

overnight at 90˚C), (b) photograph of the same powder after calcination at 500˚C for 6 hours 

in an air atmosphere showing a qualitative change from the light brown precipitate into the 

resulting black Co3O4 powder. ....................................................................................... 109 



xiv 

 

Figure 1-33. SEM images of (a) washed Co3O4 from recycled LCO, and (b) Alfa Co3O4 

pristine powder at both 2000x (scale bar = 60 µm) and 5000x (scale bar = 20 µm) 

magnification. Courtesy of Aaron Liu, Dalhousie University. ........................................... 110 

Figure 1-34. (a) XRD spectra with Rietveld refinement of washed Co3O4 from recycled LCO 

and Alfa Co3O4 pristine powder and the (b) corresponding lattice parameters. (c) shows the 

washing of the calcined Co3O4 powder initially with some cobalt loss but then clear in the 

second rinse. Experiments, data, and photographs courtesy of Aaron Liu, Dalhousie 

University. ..................................................................................................................... 111 

Figure 1-35. Recycled and washed Co3O4 (black) and Alfa Co3O4 pristine (red) powders 

synthesized into LiCoO2 for electrochemical performance as a Li-ion battery coin cell; (a) 

voltage vs. capacity in mAh g-1, (b) charge/discharge profile, and (c) capacity vs. cycle number.

 ..................................................................................................................................... 112 

Figure 1-36. Recyclability of the deep eutectic solvent; (a) LiCoO2 is added to the pure DES. 

(b) After stirring under 135˚C heat, cobalt is leached into the solution causing the color change 

from clear to green. (c) The Co2+ ions are electrodeposited onto a substrate, allowing the 

remaining DES to be recovered. (d) LCO is added to the recovered DES for another cycle of 

electrodeposition and results in a similar leaching efficiency as the first cycle. ................... 114 

Figure 1-37. Electrodeposition of cobalt-concentrated DES leachate (heat treated at 220˚C) 

run at a constant current of -6.5 mA. Photographs show the stainless steel electrode at 

different time increments, with the final photo showing electroplated cobalt. ................... 114 

Figure 1-38. (a) SEM image and (b) Raman spectra of electrodeposited cobalt before (blue) 

and after annealing at 600˚C (red) which takes the form of Co3O4 on a stainless steel mesh 

conducted at a constant current of -4 mA. ...................................................................... 115 

Figure 1-39. Cyclic voltammogram of cobalt electrodeposited onto a stainless steel mesh at a 

constant current of -4 mA and subjected to various scan rates. ........................................ 116 

Figure 1-40. Photographs of the effect of the deep eutectic solvent on various Li-ion battery 

components when 5 g of ChCl:EG eutectic is heated at 25˚C, 55˚C, and 105˚C and mixed with 

(a) 100 mg of carbon black, (b) aluminum foil, (c) 100 mg PVDF, and  (d) copper foil, which 

is the only battery component that is reactive with the eutectic at these temperatures. ....... 117 

Figure 1-41. (a) Photograph of dismantled spent LCO/Li half-cell containing (i) cathode 

powder/conductive carbon coated onto aluminum foil bound by PVDF binder, (ii) stainless 

steel (SS) cell bottom, (iii) quartz separator, (iv) SS spacer, (v) SS cell lid, and (vi) SS spring. (b) 

Photograph of the immediate color change upon Li-ion battery cathode and the deep eutectic 

solvent’s immersion into an oil bath at 180˚C. ................................................................. 118 



xv 

 

Figure 1-42. Leaching efficiency of LiNi1/3Mn1/3Co1/3O2 (NMC) powder dissolved in the 

choline chloride and ethylene glycol deep eutectic solvent at 180˚C; Li and Co can be extracted 

with different efficiencies depending on the initial added NMC powder to the DES. ........ 119 

Figure 1-43. Raw material supply for lithium, cobalt, nickel, and manganese shown in (a) 

mining locations worldwide and (b) demand in 2018 and expected demand by 2030 [52]. . 123 

Figure 1-44. Comparison of (a) lead-acid battery cell composition vs. (b) Li-ion battery cell 

composition using LiCoO2 model compound [86]. ........................................................ 124 

Figure 1-45. Li-ion batteries available for recycling by (a) geographical region and (b) cathode 

chemistry, projected from 2018 to 2025 [47]. ................................................................. 130 

Figure 2-1. Ragone plot showing different representative energy storage devices; reproduced 

from Simon and Gogotsi [145]. ..................................................................................... 132 

Figure 2-2. Supercapacitor (a) structure for a symmetric cell, and (b) classification of the three 

SC types made of various electrode materials; reproduced from González et al. [147]. ...... 134 

Figure 2-3. Proposed mechanism for asphaltene transport in an oil reservoir’s wellbore; 

reproduced from Vargas et al. [152]. ............................................................................... 137 

Figure 2-4. (a) Proposed island and archipelago structure, and (b) traditional stuctural 

representations of asphaltene; reproduced from Hoepfner [150]. .................................... 138 

Figure 2-5. Schematic of the activation process for the creation of sponge-templated, 

asphaltene derived, activated porous carbon. Dispersed pristine asphaltene powder in toluene 

is mixed with a KOH and DI water solution, then sonicated. An emulsion is prepared and 

homogenized, then a melamine sponge is saturated with the emulsion. The sponge is heated 

to burn off the melamine, resulting in a porous activated asphaltene which can be used for 

fabrication of supercapacitors. ........................................................................................ 141 

Figure 2-6. (a) X-ray diffraction spectra and (b) Raman spectra of the second batch of 

asphaltene (ASP2, blue curves) and the second batch of sponge-templated asphaltene-derived 

activated porous carbon (S-AC2, red curves). ................................................................. 143 

Figure 2-7. XPS description of ASP2 vs. S-AC2; (a) survey scan and (b) high-resolution C1s 

peak and its deconvolution. ........................................................................................... 144 

Figure 2-8. Structural characterization using (a) XRD and (b) Raman spectroscopy of sponge-

templated, asphaltene derived activated porous carbon (S-AC1, red) versus pristine asphaltene 

(ASP1, blue). ................................................................................................................ 147 



xvi 

 

Figure 2-9. XPS spectra comparing sponge-templated, asphaltene derived activated porous 

carbon (S-AC1, red) versus pristine asphaltene (ASP1, blue), (a) survey spectra and (b) high-

resolution C1s peak and its deconvolution. .................................................................... 148 

Figure 2-10. (a) N2 adsorption and desorption isotherms and (b) pore size distribution of 

sponge-templated asphaltene derived activated porous carbon (S-AC1) and the activated 

carbon control sample (AC1) (c) and (d) SEM images of S-AC1 at different magnifications 

showing the honeycomb-like structure. .......................................................................... 150 

Figure 2-11. CV curve of the 3-electrode system using 1M H2SO4 electrolyte and subjected 

to the different voltage rates, with an Ag/AgCl reference electrode and large-area stainless 

steel mesh counter electrode. ......................................................................................... 153 

Figure 2-12. Electrochemical Performance of the sponge-templated activated porous carbon 

(S-AC1). (a) Cyclic voltammogram (CV) of the device in the 1M H2SO4 electrolyte, (b) cycle 

life of that device in the 1M H2SO4 electrolyte; (c) CV curve of the device in a “water in salt” 

LiTFSI electrolyte, and (d) the respective cycle life of the device in the LiTFSI electrolyte.154 

Figure 2-13. Galvanostatic charge-discharge of the “water in salt” electrolyte with sponge-

templated, asphaltene-derived activated porous carbon (S-AC1) at 0.4 A g-1 current density.

 .................................................................................................................................... 155 

Figure 3-1. Schematic of a thermally insulating, double-pane integrated glass unit showing the 

standard parts of the window installation [187]. .............................................................. 160 

Figure 3-2. (a) U-value vs. thermal emittance for the low-e third surface (measured from the 

outside) of a double-glazed IGU using different fill gases; (b) energy savings (compared with 

an uncoated window) vs. thermal emittance when the double-glazed low-e window is used in 

a residential (Res.) or commercial (Comm.) building in different climates: Stockholm (Sthlm), 

San Francisco (SF), and Miami [190]. ............................................................................. 163 

Figure 3-3. Electrochromic window switching from transparent to deep blue on a laminated 

IGU, adapted from Baetens et al. [180]. .......................................................................... 165 

Figure 3-4. Working principle behind electrochromic suspended particle devices which 

operate on the reversible random-to-aligned particles that react to a change in voltage [196].

 .................................................................................................................................... 166 

Figure 3-5. Working principle behind polymer dispersed liquid crystals which react to voltage 

similarly to SPDs but within an organic matrix [196]. ...................................................... 167 

Figure 3-6. Schematic of thermochromic window exhibiting the metal-to-semiconductor 

trantion: (a) an infrared (IR)-transparent semiconducting state below the critical temperature 

TC, and (b) an infrared-reflective metallic state above the TC while always allowing visible light 



xvii 

 

through. This simplified scenario would ideally be used for passively, automatically, and 

reversibly allowing IR heat from the solar radiation to enter through the window on cold, 

wintry days and reflect IR heat on hot, summer days in the northerm hemisphere climates.

 .................................................................................................................................... 169 

Figure 3-7. Crystal structure of (a) monoclinic semiconducting VO2 corresponding to the 

environmental T < TC and (b) rutile metallic VO2 corresponding to the environmental T > TC. 

The blue balls represent vanadium and the red balls represent oxygen; adapted from Yuxia Ji 

at Uppsala University [197]. ........................................................................................... 169 

Figure 3-8. Representative graph showing (a) spectral reflectance and (b) transmittane with 

the blue curve representing the semiconducting phase and the red dotted curve representing 

the metallic phase, and (c) irradiance for the standard luminous efficiency of the average 

human eye (blue dotted curve, denoted 𝜙𝑙𝑢𝑚) as well as the standard irradiance spectrum for 

air mass 1.5 corresponding to the sun standing 37˚ above the horizon (red curve, 𝜙𝑠𝑜𝑙) .... 172 

Figure 3-9. Optical transmittance spectra of a single-layer thermochromic VO2 100nm-thick 

film deposited on fused quartz substrate measured at temperatures of 20˚C and 90˚C 

represented by the blue and red curve respectively. The black-shaded and gray-shaded areas 

respectively represent normalized value of the standard luminous efficiency function (𝜙𝑙𝑢𝑚) 

and spectral solar irradiance (𝜙𝑠𝑜𝑙) which solar energy modulation (∆𝑇𝑠𝑜𝑙) is calculated. The 

green and red shapes within the inset of the graph show the temperature dependence of the 

kuminous and solar tranmittances respectively, with the open shapes indicating the 

measurement during a temperature rise while the solid shapes indicating the measurement 

during a temperature drop. ∆𝑇𝑠𝑜𝑙 in this graph is the percent difference between the red shapes 

at 20˚C and ~68˚C (above the TC) equating to about ~10% in this case [204]. ................. 173 

Figure 3-10. Ashby chart comparing solar energy modulation (∆𝑇𝑠𝑜𝑙) trade-offs with 

luminous transmittance (𝑇𝑙𝑢𝑚) based on different VO2 structures from single-layers to multi-

layers and composites [212]. .......................................................................................... 175 

Figure 3-11. LaMer model of the concentration particle nucleation and growth, measured as 

function of time [217]. .................................................................................................. 178 

Figure 3-12. Properties of H2O including its (a) pressure-temperature phase diagram at the 

the critical point and (b) thermophysical properties near the pseudocritical point. Specific heat 

reaches its maximum value at the supercritical point, making this region appropriate for rapid 

heating for conversion of products; reproduced from Pioro and Mokry [221]. ................. 179 

Figure 3-13. Continuous flow hydrothermal reactor schematic in which a [V4+] precursor 

(from Pump 1) at room temperature and DI water (from Pump 4) heated to supercritical 

conditions flow and meet at a Phoenix micro-reactor that rapidly heats the reactants into the 



xviii 

 

product VO2 nanoparticles converted to the desired M-phase at high pressure and high 

temperature. The resulting colloidal solution can optionally be met with a capping agent 

(pumped via Pump 2) such as an organic ligand to instantly create core-shell nanostructures 

but otherwise is met with additional DI water at room temperature from both this pump and 

a small stream from Pump 3 before being cooled with the heat exchanger and filtering through 

the final stage passing through the back-pressure regulator and into the final collection bottle 

at the end of the setup. .................................................................................................. 182 

Figure 3-14. Photograph of the continuous flow hydrothermal (CFHT) system; the 

experimental operation begins in the lower right where four pumps flow in deionized (DI) 

water, vanadium oxide precursor, and optionally a capping agent (typically an organic ligand). 

The largest pump flows the DI water through the bronze cast-in heater which heats the fluid 

to supercritical conditions at 220 MPa (220 bar) and 274˚C, then meets the room-temperature 

precursor solution at the micro-reactor in which the conversion to VO2 (M) occurs. The 

resulting colloidal solution cools down by a small flow of DI water at room temperature right 

before entering the heat exchanger, passing the back-pressure regulator, a 45 um mesh filter, 

and finally into the product collection bottle at the bottom left of this image. .................. 184 

Figure 3-15. [V4+] precursor (a) before mixing and (b, c) after mixing at 60˚C in an 

ultrasonication bath for at least 3 hours. The aqua blue color (b) corresponded to a molar ratio 

of 1 V2O5 : 3 (C2H2O4·2H2O) while the royal blue (c) coresponded to a 1:4 molar ratio. ... 185 

Figure 3-16. Resulting VO2 colloidal solutions from the parametric study varying CFHT 

system flow rate, precursor concentration, precursor molar composition, and the final 

optimized studies exhibiting variation in color and clarity................................................ 186 

Figure 3-17. DLS particle size measurements from parametric studies show the effect of (a) 

varying flow rate, (b) varying precursor [V4+] concentration, (c) varying flow rate with a three-

times diluted precursor concentration, and (d) the final optimized CFHT conditions using the 

same parameters from (c) but with a 1:4 vanadium pentoxide to oxalic acid dihydrate molar 

ratio. The effect of increasing system flow rate resulted in a gradual decreasing trend in particle 

size. The effect of the precursor concentration resulted also in a decrease in particle size from 

no dilution (0.0356 M) to a 3x dilution (0.0119 M) before increasing in size again at greater 

dilutions ( 0.0071 M). The optimized study in (d) shows particle size intensity averages 

reduced to 88.8 nm and number averages reduced to 51.4 nm when a flow rate of 173 mL 

min-1 is used. Plots (e)-(h) show the corresponding SEM images for each of the studies, 

representative of the smallest particle sizes achieved at each stage; for the (e) 201 mL min-1 

flow rate run, in (f) 0.0119 M concentration (3x diluted precursor) controlled at 144 mL min-

1 flow rate,  (g) 201 mL min-1 run using the 0.0119 M concentration, and (h) 173 mL min-1 

using the 0.0119 M concentration with a 1:4 vanadium pentoxide to oxalic acid dihydrate molar 

ratio in the precursor. .................................................................................................... 189 



xix 

 

Figure 3-18. XRD spectra from the parametric study show the effect of (a) varying flow rate, 

(b) varying precursor concentration where no dilution = 0.0356M [V4+], 2x diluted = 0.0178M 

[V4+], and 3x diluted = 0.0119M [V4+], and (c) final, optimized CFHT conditions in which the 

3x diluted precursor is used in a composition of 1:4 molar ratio of vanadium pentoxide to 

oxalic acid dihydrate (as opposed to the standard 1:3 ratio in earlier experiments). It should be 

noted that in (b), the larger dilutions of precursors did not produce adequate sample for XRD 

measurements. Overall, the general pattern exhibited a conversion from more VO2 (B)-phase 

peaks to stronger VO2 (M)-phase peaks when the system flow rate is increased, higher reaction 

temperatures are observed, and greater reductant agent amounts are used. ...................... 192 

Figure 3-19. Reynolds Number calculated for maximum and minimum supercritical 

temperature, and maximum and minimum supercritical pressure (for this CFHT system's 

capability) at the five flow rates tested in the parametric study. It is calculated theoretically that 

higher pressure and minimal supercritical temperature is the most optimal condition for 

mixing in this CFHT system. ......................................................................................... 196 

Figure 3-20. The CFHT system reaction zone is shown as (a) a diagram with cross-sectional 

dimensions of the cross and the whereabouts the different fluids flowing in and out of the 

cross, (b) a CAD model cutaway view of this zone, and (c) the full mixing section. Figure 

reproduced from Jackson Spurling. ................................................................................ 198 

Figure 3-21. Fluid flow characteristics of the CFHT reaction zone simulating (a) specific heat, 

(b) static temperature, (c) density, (d) molecular viscosity, (e) velocity magnitude, and (f) 

turbulent kinetic energy at time scale 3 seconds, 23.5 MPa for 5.6 million elements. Figure 

adapted from Elizabeth Rasmussen and Jackson Spurling. .............................................. 199 

Figure 3-22. Velocity and temperature countours of the mixing section showing the effect of 

the small water quenching pump which flows a maximum of 9 mL min-1 right after the reaction 

zone where the supercritical water and precursor solution meet. The inset displays a zoomed-

in view of the section where the water quench Pump 3 is introduced. Figure reproduced from 

Jackson Spurling’s research poster. ................................................................................ 201 

Figure 3-23. Composite thin film schematic: In step 1, a polyvinylpyrrolidone (PVP) 

pretreatment is conducted to adsorb it onto the VO2 surface. For step 2, a shell of SiO2 is 

formed by surrounding the structure in an aqueous ethanol solution with tetraethoxysilane 

(TEOS) and ammonium (NH4OH) to control thickness. In step 3, the VO2@SiO2 is surface-

modified and dispersed in polyurethane (PU) in step 4, followed by casting onto poly(ethylene 

terephthalate) (PET) and dried to prepare the final film (step 5) [229]. ............................. 202 

Figure 3-24. SEM images of different capping agents' effect on the particle size and 

morphology including (a) polyvinylpyrrolidone (PVP), (b) cetrimonium bromide     (CTAB), 

and decanoic acid in a (c) low concentration and a (d) high concentration. ...................... 204 



xx 

 

Figure 3-25. Doctor blade-coated films with commercial VO2 (M) in varying concentrations 

of particles and matrix where 1, 2, and 3 correspond with increasing VO2 particle 

concentrations and “a” and “b” correspond with lower and higher PVB matrix concentrations, 

respectively. Each combination is mixed in 5 mL of ethanol before being cast and dried in a 

vacuum oven at 70˚C overnight. .................................................................................... 206 

Figure 3-26. UV-Vis-NIR spectra for doctor blade coated films using commercial VO2 

varying (a) particle concentration and (b) single layer vs. double layer-coated. The blueish lines 

are the semiconducting case (25˚C) and the reddish lines are the metallic case (90˚C). ...... 207 

Figure 3-27. DLS particle size distribution for commercial VO2 using an intensity distribution 

alongside a numerical summary of results. ...................................................................... 208 

Figure 3-28. Light fluxes traveling in the positive (I) and negative (J) directions which consider 

collimated (subscript c) and diffuse (subscript d) components, as defined in the four-flux 

method. Figure reproduced from Claire Frank. .............................................................. 209 

Figure 3-29. Decision tree for the Optical Property Analysis app, designed by Claire Frank. 

From left to right, the user first inputs prompted parameters and the software outputs either 

the effective optical outputs (N, ε) if particle size is not considered, or transmittance (T) and 

reflectance (R) in the visible luminous (subscript lum) or solar spectrum (subscript sol), and 

solar energy modulation (∆𝑻𝒔𝒐𝒍) in the full or near-IR (subscript (NIR) range. Figure 

reproduced from Claire Frank. ...................................................................................... 210 

Figure 3-30. Optical property outputs with respect to nanoparticle size (diameter) from the 

MATLAB app including (a) luminous transmittance for both the metallic and semiconducting 

case, (b) solar modulation in the full solar spectrum as well as in the NIR range, and (c) the 

transmittance of VO2 (M), the semiconducting phase, with respect to wavelength. This 

simulation assumed a 10 µm thick film with VO2 spherical nanoparticles embedded in a PVB 

film (dieletric constant ≈ 2.7) with a filling factor of 0.01 for nanoparticle sizes 20 to 200 nm.  

Figure reproduced from Claire Frank. ............................................................................. 211 

Figure 3-31. Modeled energy savings comparing thermochromic, low-emissive (low-e) 

coatings, a thermochromic and low-e combination, electrochromics, and uncoated windows 

across multiple systems where energy transfer is a concern [174]. .................................... 213 

 



 

List of Tables 

Table 1-1. Characteristics of the four most popular rechargeable battery systems [4]. ......... 30 

Table 1-2. Performance and advantages/disadvantages comparing the five main cathode 

chemistries commercially available; reproduced from Brückner et al. [17]. .......................... 41 

Table 1-3. Elemental compositions of metals for three major cathode chemistries by kg kW-

1 h-1; graphitic carbon is included in the last column from other literature sources; 

reproduced from Olivetti et. al. [33], [39], [40]. .................................................................. 58 

Table 1-4. Material composition of a 27 kWh NMC 111 Li-ion battery as outlined by the 

open-access GREET model created by Argonne National Laboratory [36]. ....................... 59 

Table 1-5. Summary of reserves and production in million metric tons (Mt) of the most 

relevant elements in a commercial Li-ion battery in order of natural abundance ranking† as 

described by Zubi et al.* [28]; carbon data refers to natural graphite. Updated data from the 

U.S. Geological Survey [25]. ............................................................................................ 63 

Table 1-6. Second-life Li-ion battery initiatives among several car makers including 

residential and grid-scale re-use, as well as commercial and industrial (C&I) energy storage 

systems, remanufacturing, and backup power. Reproduced from H.E. Melin, commissioned 

by the Swedish Energy Agency [47]. ...................................................................................... 72 

Table 1-7. Pros and cons of the three main recycling methods as it pertains to the feasibility 

of recycling Li-ion batteries; modified with additions from Gaines et al. [86]. ..................... 90 

Table 1-8. Effect of temperature on cobalt and lithium metal concentration and leaching 

efficiency; note that the resulting concentrations and respective leaching efficiencies are 

based on the combination of 0.1 g LCO with 5 g ChCl:EG, heated for 24 hours. Averages 

and standard deviations based on at least three replicates at each average temperature. Error 

bars in Figure 1-28 reflect these +/- standard deviations. ................................................ 102 

Table 1-9. Effect of time on cobalt extraction by the ChCl:EG deep eutectic solvent. The 

resulting concentrations and respective leaching efficiencies are based on the combination of 

0.1 g LCO with 5 g ChCl:EG, heated at the indicated temperatures for the indicated time. 

Averages and standard deviations based on at least three replicates at each average 

temperature. ................................................................................................................. 103 



xxii 

 

Table 1-10. Metal extraction from LiN1/3Mn1/3Co1/3O2 (NMC) using ChCl:EG, based on the 

combination of varying amounts of NMC powder initially added to a fixed 5 g ChCl:EG 

heated for 24 hours at 180˚C. Concentration from Li, Co, Ni, and Mn are shown. Note that 

averages and standard deviations based on at least three replicates at each average 

temperature with the exception of manganese due to oversaturation of the measurement 

during ICP. .................................................................................................................. 120 

Table 1-11. Summary of various Li-ion battery policies worldwide including possible 

strategies to improve recycling and collection of LIBs; reproduced from Winslow et al. [139].

 .................................................................................................................................... 128 

Table 2-1. Comparison between batteries and supercapacitors; reproduced from Miller and 

Simon [146]. ................................................................................................................. 133 

Table 2-2. Activated carbon from various sources, their activation method, and 

corresponding surface area measured from BET (Sbet); reproduced from González et al. 

[147]. ............................................................................................................................ 135 

Table 2-3. Properties of crude oil 1 and crude oil 2 at 1 atm and 20˚C used in the 

experiments. ................................................................................................................. 140 

Table 2-4. XPS elemental composition of pristine asphaltene from a different source of 

crude oil (ASP2) and its sponge-templated activated porous carbon counterpart (S-AC2). 144 

Table 2-5. XPS elemental composition of pristine asphaltene (ASP1) and sponge-templated 

activated porous carbon (S-AC1). .................................................................................. 149 

Table 2-6. Physical properties of untreated asphaltene (ASP1) in comparison with the 

control group of conventional activated carbon (AC1 and AC2), and lastly the sponge-

templated activated porous carbon (S-AC1 and S-AC2). Data includes the Brunauer-

Emmett-Teller (BET) specific surface area, total pore volume, and average pore size. ...... 149 

Table 3-1. Summary of all CFHT experimental results for the synthesis of VO2. Note that 

sample letters followed by a number means that the experiment is conducted in the same run 

(same day) and the parametric studies varying flow rate, precursor concentration, and twice 

optimized conditions are shown in blue, orange, and red/purple respectively. ................. 194 

Table 3-2. Commercial VO2 film parameters varying VO2 particle concentration and PVB 

matrix concentration. Each slurry is mixed in 5 mL of ethanol. ....................................... 205 

Table 3-3. Cost in $ per square foot of different window tech, modeled by LBNL [234]. 214 

 



 

List of Equations 

Equation 1-1. Hydrochloric acid-leaching reaction with a layered metal oxide, where M is 

the transition metal Co, Mn, or Ni. .................................................................................. 81 

Equation 1-2. Sulfuric acid-leaching reaction with a layered metal oxide, where M is the 

transition metal Co, Mn, or Ni. ........................................................................................ 81 

Equation 1-3. Sulfuric acid-leaching reaction with a metal oxide with an addition of a 

reducing agent (H2O2), where M is the transition metal Co, Mn, or Ni. .............................. 81 

Equation 1-4. Sulfuric acid-leaching reaction with LFP cathode aided by H2O2 as an 

oxidizing agent; iron and phospate ions in solution are waste products while only lithium is 

recovered. ...................................................................................................................... 82 

Equation 1-5. Leaching efficiency (η) equation where C = final concentration of the metal 

measured in mg L-1, V = volume of initial leaching solution in L, and mx = mass of the initial 

amount of x (Li+ or Co3+, for example) in the active material, measured in mg [109]–[112]. 98 

Equation 2-1. Energy density (E) measured in Ws kg-1 where C is the capacitance in F kg-1, 

and V is the working voltage window in measured in volts. The obtained energy density is 

converted to Wh kg-1 by multiplying a factor of 1/3600. ................................................. 155 

Equation 3-1. Ion insertion/extraction with tungsten oxide (WO3) where M+ is a positively 

charged ion such as H+, Li+, Na+, or K+, 0 < x < 1, and e- is an electron [180]. ............ 165 

Equation 3-2. Luminous transmittance (𝑻𝒍𝒖𝒎) where 𝑻(𝝀) is the spectral transmittance at 𝝀 

wavelength, 𝝓𝒍𝒖𝒎(𝝀) is the standard luminous efficiency function which describes the 

human visual perception of brightness at that same wavelength. ...................................... 171 

Equation 3-3. Solar energy transmittance (𝑻𝒔𝒐𝒍) where 𝑻(𝝀) is the spectral transmittance at 

𝝀 wavelength and 𝝓𝒔𝒐𝒍(𝝀) is the global total spectral solar irradiance at air mass of 1.5 on 

the 37˚C sun-facing tilted surface according to ASTM G-173. .......................................... 171 

Equation 3-4. Solar energy modulation (∆𝑻𝒔𝒐𝒍) defined as the difference in solar energy 

transmittance (𝑻𝒔𝒐𝒍) between the transparent and the opaque state (below and above the TC) 

[203]. ............................................................................................................................. 171 

Equation 3-5. Hydrolysis reaction of metal where MLx is the inorganic metal salt and 

M(OH)x is the resulting metal hydroxide. ........................................................................ 179 



xxiv 

 

Equation 3-6. Dehydration of the hydroxide M(OH)x into the resulting metal oxide product, 

MOx/2 and water. .......................................................................................................... 179 

Equation 3-7. Proposed reaction of 1 mol V2O5 to 4 mol C2H2O4·2H2O precursor with 

heat provided from supercritical water in the CFHT reaction. ......................................... 180 

Equation 3-8. Reynolds number (Re) calculation where ρ is the density of the fluid in kg m-3, 

u is the flow rate in m s-1, D is the diameter of the tube measured in m, and μ is the dynamic 

viscosity of the fluid measured in Pa-s. .......................................................................... 195 

 



 

Nomenclature 

BET Brunauer–Emmett–Teller 

CED Cumulative Energy Demand 

ChCl:EG Choline Chloride : Ethylene Glycol 

CV Cyclic Voltammetry 

DES Deep Eutectic Solvent 

DMC Dimethyl Carbonate 

DRC Democratic Republic of the Congo 

EC Ethyl Carbonate 

EDLC Electric Double Layer Capacitor 

EMD Electrolytic Manganese Dioxide 

EOL End-of-Life 

FTIR Fourier Transform Infrared Spectroscopy 

GHG Greenhouse Gas 

ICP-OES Inductively-Coupled Plasma Optical Emissions Spectrometry 

IGU Integrated Glass Unit 

IL Ionic Liquid 

LCA Life Cycle Analysis 

LCE Lithium Carbonate Equivalent 

LCO Lithium Cobalt Oxide 

LFP Lithium Iron Phosphate 

LIB Li-Ion Battery  



xxvi 

 

LiTFSI Lithium bis(trifluoromethanesulfonyl)imide 

LMO Lithium Manganese Oxide 

LTO Lithium Titanate Oxide 

NCA Nickel Cobalt Aluminum 

NMC Nickel Manganese Cobalt 

NMP N-methyl Pyrrolidone 

PC Polycarbonate 

PDLC Polymer-Dispersed Liquid Crystal 

PET Poly(ethylene Terephthalate) 

PM Particulate Matter 

PSD Pore Size Distribution 

PVB Poly(vinyl Butyral) 

PVDF Polyvinylidene Fluoride 

RI Refractive Index 

SC Supercapacitor 

SEI Solid Electrolyte Interface 

SEM Scanning Electron Microscopy 

SPD Suspended Particle Device 

Tc Critical Transition Temperature 

Tlum Luminous Transmittance 

∆Tsol Solar Energy Modulation 

UV-Vis Ultra-Violet Visible Spectrophotometry 

XPS X-ray Photoelectron Spectroscopy 

XRD X-Ray Diffraction



 



 

28 

 

Chapter 1 

Li-ion Battery Recycling 

Li-ion batteries represent a ubiquitous part of everyday life from mobile phones to portable 

laptops and more recently, electric vehicles (EVs). With the 2019 Nobel Prize in Chemistry 

awarded to the developers of the lithium-ion battery (LIB), this portable, rechargeable 

technology has enabled the globe to communicate wirelessly and move society towards the 

electrification of everything. Because of their high energy density, high operating voltage, long 

lifetime, and almost nonexistent memory effect, LIBs have dominated the energy storage 

market and are expected to continue to be a leading technology [1], [2]. In turn, the potential 

to employ LIBs for essentially every industry from medical devices to transportation has 

allowed a broader momentum towards a carbon-free world, as was brought up in 2009 at the 

UN Climate Change Conference [3]. In its early conceptual research, focus was placed on solid 

state physics, whereas closer to the beginning of the 21st century, morphology of electrodes 

became the primary study with particular materials science into shape, size, porosity, and 
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surface effects, all with the intention of creating LIBs that were high-performing yet lighter 

and smaller, longer-lasting, safer, and to top it off—cheaper [2]. However, despite the scientific 

progress in the field, deeper problems face the batteries beyond the technical shortcomings, 

and that is the environmental footprint of its raw materials, consumption, and subsequent 

waste. More recent research surfacing into the LIB field has seeped into the life-cycle side of 

materials, with implications in economic supply and demand as well as policy, leading to news-

breaking stories on LIB material sourcing and disposal—and recycling—as the new era of 

research to be explored. 

1.1. Secondary (Rechargeable) Batteries 

The rechargeable battery predecessors to the Li-ion battery include the oldest system 

still ubiquitous in conventional automobiles—the lead acid battery—introduced back in the 

1800s. However with its high toxicity and low specific energy, newer battery systems were 

introduced including variations of carbon zinc and other “dry cells” up until the 20th century 

when the nickel cadmium (NiCd) system was invented and improved to withstand extreme 

temperatures or long service life (hence its continued presence in the aviation industry as well 

as in power tools and the medical industry). Nickel metal hydride (NiMH) systems then came to 

provide higher specific energy and therefore found use in applications like portable tooth 

brushes and hybrid vehicles [3], [4]. Additionally, redox flow batteries, although more 

appropriately categorized as fuel cells (typically used in stationary applications like grid 

storage), and sodium sulfur (molten salt / high temperature ceramic) batteries that operate in 

heated conditions mainly for renewable energy grid support, also find use to this day [3]. Table 

1 reproduced from Battery University shows different characteristics of the four most popular 

types of secondary batteries [4]. 
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Table 1-1. Characteristics of the four most popular rechargeable battery systems [4]. 
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From this table, it is obvious that of the rechargeable battery technologies available 

today, Li-ion remains the best overall system not only due to its superior specific energy 

performance, higher relative voltage capacity, low toxicity, and Coulombic efficiency, but also 

reasonable cycle life, stability on the shelf (low self-discharge rate), and relatively low charge 

time. However, the technology is still plagued by cost relative to energy from fossil fuels for 

example (although this is experiencing a downward trend) and LIBs continue to suffer from 

some safety issues. While the latter is not the focus of this work, progress in this general area 

will be discussed briefly as it pertains to the disposal and recycling. 

1.2. Li-ion Battery Materials 

Former rechargeable technologies aside, it is clear that Li-ion batteries are and will 

remain for the foreseeable future, the technology that will {literally} drive the electrification 

of practically everything. Particularly trending beyond consumer electronics and towards 

applications in EVs and the transportation sector as a whole, LIBs have gone through next-

generation development for high-charge capacities that cannot be satisfied with the batteries 

of yesteryear. The LIB’s history begins somewhere around the 1900s, when the lithium metal 

battery offered the first rechargeable cell after the secondary battery technologies of the time, 

lead-acid and nickel metal hydride batteries. That is in a work published by Lewis and Keyes 

in 1913 [5], but it is decades later when the lithium metal anodes are introduced by NASA 

scientists and later on modified by Argonne National Laboratory, in a new system that allowing 

for higher temperature applications [2]. The range of materials explored by researchers since 

then has exploded, seeking safer ways to store energy in a commercially viable way. 

Consisting of four main parts, the electrodes: a positive cathode and a negative anode, 

the electrolyte, typically a ion-conductive liquid medium that allows lithium ions to shuttle back 
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and forth through finally, a so-called separator which conducts ions (but not electrons, to 

prevent short-circuiting) from one electrode to the other.  

As shown in Figure 1-1, during the discharge step (Figure 1-1a), the anode undergoes 

oxidation (loss of electrons) as positively charged lithium ions travel via the electrolyte through 

the separator to balance the negative charge accumulating at the cathode where reduction 

occurs (gain of electrons) [6]. The Li-ions sit in-between the layered cathode material and are 

said to “intercalate” or be inserted into the structure during the discharge process which allows 

the generation of an electric current through a flow of electrons in an external circuit.  

The opposite redox reaction occurs in the charge step (Figure 1-1b): when an external 

source of electrons is supplied by, say a plug outlet for example, the lithium ions are released 

from the layered cathode material and shuttle back through the separator via the electrolyte to 

the negative anode where the electron charges are again built up, ready to be discharged in the 

next cycle. The speed at which this charge process occurs is what now has demanded 

improvement from consumers, in addition to holding larger amounts of energy (higher 

potential) and consequently has instigated countless research efforts around the globe in 

search of fast-charging, high-voltage innovations in the LIB industry. However, the age of 

instant gratification in today’s information-sharing and electronic-savvy world has its 

compromises in terms of material integrity as well as safety, and a plethora of other problems 

as will be discussed in later sections of this thesis. 
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Figure 1-1. Schematic of a Li-ion battery as applied in an electric vehicle showing the (a) 
discharge mechanism in which Li-ions travel within an electrolyte through the separator from 
the anode to the cathode generating a stream of electrons (represented by the yellow circles) 
that run through an external circuit to power the car; and (b) charge mechanism in which the 
Li-ions travel from the cathode back to the anode where an external source of electrons 
accumulate. Reproduced and modified from the U.S. Department of Energy [6]. 
 

Since the first commercially successful LIB, several different types have since been 

introduced, each featuring different strengths and weaknesses. The conventional lithium 

layered structure, spinel, and olivine represent some of the different flavors of LIBs. Figure 

1-2 shows the typical materials used for the cathode, anode, and electrolyte found in a standard 

Li-ion battery [3]. 
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Figure 1-2. Representative materials used in the cathode, electrolyte, and anode of a standard 
recharegable Li-ion battery; reproduced from Cheng et al. [3]. 
 

 Many of these materials are researched and vetted for performance first and foremost, 

and then are narrowed down depending on safety as well as ease of industrial manufacturing. 

Hence, it comes as no wonder that many exotic materials (and combinations thereof) used in 

LIBs consequently come at a relatively high price-tag. The following sub-sections will take a 

closer look into the variety of materials used for the four main components of a LIB: the 

cathode (of which will be the heart of the discussion), the anode, the electrolyte, and the 

separator. 

1.2.1. Cathodes 

This positive electrode’s main function in a LIB is to allow a connective network for 

the intercalation of Li+ ions which sit in the host material as guest ions during the discharge 

step. As aforementioned in Figure 1-2, early cathodes are modeled after ordered and layered, 

near-metallic metal dichalcogenide crystal structures like TiS2 and TaS2, introduced by Prof. 
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Whittingham who presented the “intercalation mechanisms” which allowed the reversible Li-

ion shuffling to and from the cathode and anode to work [1], [2], [7]. Unfortunately, because 

this chemistry is made in the delithiated (charged) state, a Li metal anode had to be used but 

often the resulting cells had the problem of catching on fire, so an safer alternative was needed. 

Hence, transition metal oxides came into the picture proposed by Prof. Goodenough, who 

developed the now-popular LixCoO2 chemistry that could operate at room temperature when 

using a polymer electrolyte. Further improved by Prof. Yoshino who helped fully 

commercialize the technology with Sony (originally for their instantly popular camcorder), the 

LCO chemistry commonly present in early consumer electronics took the industry by storm 

[1], [2], [8]. Goodenough and Yoshino consequently shared the 2019 Nobel Prize in Chemistry 

with Whittingham’s original conception. 

The spider diagrams in Figure 1-3 depicts the five most popular cathode chemistries 

commercially available on the battery market used in different applications, comparing 

(clockwise): energy density, power density, safety, temperature endurance, lifespan (cycle life), 

and cost [9]. From this figure, it is clear that each cathode chemistry exhibits specific strengths 

and weaknesses depending on the particular application. For example, with consumer 

electronics (smartphones and laptops) and electric cars, energy density is most valued with 

some emphasis on temperature endurance, while applications like electric buses require 

strength in terms of power, safety, and lifespan. Power tool requirements seem to value a 

balance of cost and all the other performance measures. Sub-sections 1.2.1.1-1.2.1.5 will 

briefly detail the physiochemical differences between these five common cathode chemistries 

including pros and cons for each technology. 
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Figure 1-3. Spider diagrams comparing five different Li-ion battery cathode chemistries used 
in different industries from smartphones to electric cars, power tools, electric buses, and 
specifically Tesla cars employing lithium cobalt oxide (LCO), lithium nickel manganese cobalt 
oxide (NMC), lithium manganese oxide (LMO), lithium iron phosphate (LFP), and lithium 
nickel cobalt aluminum oxide (NCA) chemistries, respectively. Reproduced from A. Rathi in 
Quartz magazine using Battery University (Cadex Electronics, Inc.) data [9]. 

 

1.2.1.1. Lithium Cobalt Oxide (LCO) 

As mentioned above, the oldest LIB commercialized cathode chemistry, lithium cobalt 

oxide (LiCoO2, LCO), officially became available in 1991 by Sony, and now continues to be 

used universally in the popular Apple iPhones, tablets, and other mobile applications [10] due 

to its many beneficial properties. Owning to its two-dimensional Li+ migration channels 

layered within three CoO2 layers in a unit cell, LCO exhibits high energy density (~140mAh 

g-1) as well as reasonably good electrical conductivity from its octahedral edge-sharing CoO6 
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arrays [1]. It additionally has the benefits of higher operating voltages and a lower self-

discharge rates and memory effect than its predecessors, particularly the NiCd and NiMH 

batteries. Shown in Figure 1-4, the LCO cathode has a layered structure capable of reversible 

charging and discharging [11]. LCO has a nominal voltage of 3.6V (4.2V at full charge) and a 

theoretical capacity of 274 mAh g-1 assuming complete extraction of Li ions, but its practical 

capacity value is about half due to the fact that completely delithiating (charging) LCO requires 

very high voltage (5V vs. Li0/Li+) and therefore would oxidize the organic electrolyte, 

compromising the cathode’s overall stability and performance with irreversible capacity loss 

at each cycle [2], [3], [11]. It is hence why battery manufacturers recommend charging only at 

or below the C-rate (charge rate) of 1C. 

 

Figure 1-4. LiCoO2 cathode (a) crystal structure and (b) discharge/charge voltage profile vs. 
lithium composition for LixCo1.01O2/Li at 200 µA cm-2 current density. Reproduced and 

modified from Mizushima et al. [2], [11].  
 

LCO compounds are improved via doping with trivalent ions or coatings with metal 

phosphates/oxides, but its high cost, toxicity, and limited mineral abundance (which will be 

discussed in detail later in Section 1.3.1) pushed for cheaper alternatives to either partially or 

fully replace the cobalt in LCO. Hence, the battery market trends are increasingly shifting away 

from LCO chemistries towards other more sustainable options.  

(a) (b) 
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1.2.1.2. Lithium Iron Phosphate (LFP) 

One cathode chemistry designed to combat the expensive price tag of LCO, lithium 

iron phosphate, (LiFePO4, LFP) was invented between 1995 and 1996 to utilize more 

abundant elements for applications where volume and weight were not a huge constraint, such 

as in electric buses—a very large market in China where this chemistry dominates (see Figure 

1-6) [12]. While obviously sporting less energy density than LCO, LFP chemistries are a lot 

cheaper to manufacture. Considered polyanionic materials, phosphates were first discovered 

by University of Texas and other contributors as reasonable cathode materials that exhibited 

good electrochemical performance with the added benefit of having high power and good 

thermal stability and robustness; however they lackied in nominal voltage (3.2V), specific 

capacity, and suffered from higher self-discharge than other LIB types [13]. Advancements in 

the LFP sphere have hence focused on nanocomposites—coating or doping with conductive 

components as well as nano-engineering the particles in terms of size, morphology, and 

crystallinity to promote ionic and electronic transport, allowing for the development of high-

power capabilities comparable to that of capacitors (see Section 2.1) [3]. 

1.2.1.3. Lithium Manganese Oxide (LMO) 

Lithium manganese oxide (LiMn2O4, LMO) chemistries historically became available 

around 1996, where their use in high-power applications such as power tools and medical 

devices was in demand [13]. With the additional benefit of being made of cheaper and less 

toxic elements (compared to cobalt and nickel), LMO allows flexibility in design depending 

on the parameter that needs optimization be it life span or power/energy needs, with a 

nominal voltage up to 3.8V. While considered a safer battery than LCO, unfortunately this 

stoichiometric layered structure changes to a spinel structure during lithium extraction, 

exhibiting Mn3+ leaching during the cycling process which makes it undergo a so-called Jahn-
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Teller distortion—a disproportionate, multi-phase reaction forming Mn2+ (in solution) and 

Mn4+, adding to the oxygen loss in the organic electrolyte which destabilizes the solid 

electrolyte interface (SEI) at the anode [14], [15]. While the spinel lattice itself has good 

structural strength (if only it could be synthesized with more ease), its generally limited specific 

capacity (<120 mAh g-1 at about 4.1V vs. Li0/Li+), thermodynamic instability, and overall loss 

of capacity with cycling accompanied by volume expansion, especially at elevated temperatures 

[3], [15], makes it less than ideal for many applications.  

Comparing LIB Lattice Structures: Layered vs. Spinel vs. Olivine 

Furthermore, Figure 1-5 compares this LMO chemistry to the other early LIB 

iterations which feature different lattice structures and hence different Li transport 

mechanisms [15]. LMO has a 3D dimensionality transport of ions, whereas LCO and LFP 

have 2D and 1D transport, respectively. 

 

Figure 1-5. Lattice structures of three of the early Li-ion battery cathode chemistries: LiCoO2 
(LCO), LiMn2O4 (LMO), and LiFePO4 (LFP) which feature 2D, 3D, and 1D Li+ ion transport, 
respectively. Reproduced from Julien et al. [15]. 



 
40 

 Li+ ion insertion kinetics therefore depends heavily on the dimensionality of the 

structure, affecting the diffusion pathway and activation energy requirements. The 2D layered 

oxide case exhibits close-packed oxygen ions cubically arranged with the transition metal and 

Li ions occupying the octahedral sites in layers of ABCABC ordering, where vacancies in the 

lithium planes drive LCO’s electronic transitions during charge/discharge [15]. For LMO 

specifically in the spinel 3D case, the oxygen ions sit in a cubic close-packed sublattice with 

lithium ions occupying tetrahedral sites and manganese sitting in half the octahedral interstices 

forming the 3D network which leaves the other empty sites for lithium diffusion. Lastly, the 

olivine’s 1D case as exhibited by the LFP chemistry has lithium and iron sitting in half the 

octahedral sites within a distorted hexagonal close-packed lattice, with the phosphorus ions in 

a fraction of the tetrahedral sites and the oxygen ions scattered between three different sites; 

this coordination geometry hence affects the electron transfer and Li ion insertion/extraction 

process in a different way than the 2D and 3D case [15]. 

1.2.1.4. Lithium Nickel Cobalt Aluminum Oxide (NCA) 

Invented in 1999, the lithium nickel cobalt aluminum oxide (LiNi0.8Co0.15Al0.05O2, 

NCA) cathode chemistry is what literally drives the most iconic EV on the market: the 

Panasonic batteries in the Tesla. It offers high specific energy and reasonable specific power 

with a relatively long cycle life. Modeled after lithium nickel oxide (LiNiO2), which theoretically 

has one of the highest energy densities of all cathode chemistries but suffers from poor cycle 

life issues due to nickel’s magnetic frustration behavior and its already existing lattice instability 

[16], NCA hence utilizes aluminum and cobalt to assist in stabilizing the compound. Sporting 

about a 200 mAh g-1 experimental specific capacity with a nominal voltage of 3.6V 

(comparable to LCO’s), NCA currently reigns as the highest energy density LIB with moderate 

power capabilities available on the commercial market [13], [14]. Unfortunately, NCA has its 
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own drawbacks including possible severe capacity fade at higher temperatures because of 

dendritic growth at the SEI and grain boundary microcracks [14]. 

1.2.1.5. Lithium Nickel Manganese Cobalt Oxide (NMC) 

Last but certainly not least, the now fastest-growing cathode chemistry, the lithium 

nickel cobalt aluminum oxide (LiNixMnyCozO2, NMC) composite was invented around 2008 

to reap the benefits of LCO with both better thermal stability and a lower cost by swapping 

out more and more of the cobalt sites with other transition metals, namely nickel and 

manganese. Table 1-2 compares some performance parameters as well as pros and cons of 

these five different cathode chemistries [17]. In addition to boasting a similar specific energy 

capacity as well as nominal voltage as LCO (3.7V), NMC’s structure has a hexagonal α-

NaFeO2-like single-phase that features Ni2+ and inactive Mn4+ on the surface, which is 

proposed as the reason for the delayed thermal evolution as compared to LCO [3], [13]–[15], 

and giving NMC a more well-rounded performance portfolio for a wide host of applications. 

Table 1-2. Performance and advantages/disadvantages comparing the five main cathode 
chemistries commercially available; reproduced from Brückner et al. [17]. 

 

 

NMC furthermore has the flexibility of varying the composition of the transition 

metals, often denoting a three-digit number after the acronym to signify parts x, y, and z in the 

LiNixMnyCozO2 formula for relative stoichiometric ratios of Ni, Mn, and Co; for example, the 

structural formula for NMC 111 would be written LiNi0.33Mn0.33Co0.33O2 while NMC 811 

would be written LiNi0.8Mn0.1Co0.1O2. The NMC 811 chemistry in particular is likely to 
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dominate the battery industry by 2030, owning to its good value (lowest amount of expensive 

cobalt) and highest theoretical performance, as shown in the predictions from consulting 

company, McKinsey & Company in Figure 1-6 [12]. Overall, it can be seen that among these 

four major chemistries, it is expected that some variation of the NMC will share the largest 

piece of the LIB pie for the forthcoming future. 

 

Figure 1-6. Comparison of cathode chemistries used in China as well as the rest of the world, 
with projections into 2030. Note that this chart excludes other chemistries like the original 
LiCoO2 compound; reproduced from McKinsey & Company [12]. 
 

1.2.2. Anodes 

While most of the LIB research has focused on the cathode side due to its greater 

potential for improvement, the anode has garnered some attention from researchers because 
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technically within the anode is where larger energy density increases can be made. 

Theoretically, though lithium metal has the highest capacity and is used in primary battery 

anodes, its tendency to form dendrites and cause internal short-circuits (hence battery fires) 

has prevented its safe use. Currently, the industry standard favors graphite and other 

carbonaceous materials for the anode due to its performance, abundance, stability, and relative 

low cost. Lithium titanate oxide (LTO) also has been proven to be a commercial success for 

low-capacity but high-power applications that need optimum safety and lifetime requirements 

[13], [14]. However, porous carbon anodes pose the overall best solution because of its 

inherent high capacity (372 mAh g-1) and low lithiation potential with a fairly reversible 

intercalation reaction in addition to the benefit (at least in graphite’s case) of having an 

electrode-blocking effect upon lithiation in which a decomposition layer (SEI) promoted 

lithium plating [2], [18].  

Then there is a discussion of “hard” vs. “soft” carbons, or more ordered and 

graphitized carbon vs. less graphitized carbon. The latter is made more popular by the Dahn 

group who proposed that the more defect-heavy lattice structure prevented exfoliation during 

electrolyte intercalation [19]. A third material is also researched early in the ‘90s called 

hydrogen-containing carbon which compared to the other two types of anodes, had greater 

capacity but suffered from severe overpotential during delithiation, as shown in  

Figure 1-7 [2]. The studies suggested that hard carbons with more ordering and increased 

spacing allowed for the capacity to be enhanced while maintaining stability; however, it is not 

without faults. Lithiation and delithiation voltage plateaus of hard carbon and also soft carbons 

sloped (Figure 1-7c) while graphite’s is flat (Figure 1-7a) and did not experience an irreversibly 

large first cycle capacity that consumed a lot of lithium ions as in the case of hard carbon [2]. 
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Figure 1-7. Charge/discharge profile for (a) graphite, (b) hydrogen-containing carbon, and (c) 
hard carbon; reproduced from Li et al. [2]. 
 

With still more work in the area, the discussion has shifted also towards a number of 

other materials including newer reports of using tin, other transition metals and their oxides, 

and even black phosphorous. Lithium alloys with main-group elements are likely among the 

hotter topics, particularly with silicon. Silicon boasts a theoretical capacity of 4200 mAh g-1 

assuming it could react with the theoretical maximum of 4.4 million ions, but in reality, the 

maximum capacity is limited to about 3600 mAh g-1 for pure silicon mass and that number is 

further reduced when referring to lithium silicide, not to mention its poor delithiation potential 

as compared to graphite’s [18]. Despite these hurdles, rumors of its increased use in Tesla EVs 

have gained traction, but for mass implementation of these anodes, the problem with volume 
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expansion is yet to be resolved. Hence, it is expected that until a major breakthrough is 

attained, graphite will continue to dominate the commercial market for at least the near future. 

1.2.3. Electrolytes 

An interesting new area of research looks at the conducting medium in which ions 

flow, and that is the electrolyte. As depicted in Figure 1-2, they can come in many a flavor, 

but the most popular by far remains the organic electrolyte, where most companies employ 

LiPF6 (an over 20-year-old proven solution) in a carbonate solvent like ethylene carbonate 

(EC) and/or dimethyl carbonate (DMC) where the solvent allows higher conductivity as well 

as greater performance in wider temperature range. Due to unstable SEI formation from 

polycarbonate alone, EC is since added to help with stabilize SEI formation but has to be 

mixed with DMC solvents to stay in the liquid phase at room temperature [2].  

Unfortunately, these organic electrolytes suffer from decomposition at high 

temperature, leading to flammability issues particularly when exposed to moisture, forming 

HF which can then cause detrimental chain reactions and thermal runaway as a battery short-

circuits. Hence, room-temperature ionic liquids have been developed to take advantage of 

several safety features like low vapor pressure, electrochemical stability, and non-flammability, 

but they too suffer in terms of performance because their high viscosity from large cations 

and corresponding inorganic anions slows which down lithium ion diffusion [3].  

Lastly, of interest lately are gel or solid electrolytes which have promising properties 

in terms of safety and design flexibility: ceramics like doped lithium lanthanum zirconate (so 

called LLZO) garnet have gained traction, or even polymer electrolytes like poly(ethylene 

oxide) (PEO) can serve also as separators and be blended with lithium salts, although currently 
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this is limited to higher-temperature applications due to its poor conductivity at low 

temperatures [3] but such developments are expected to be the future of batteries.  

1.2.4. Separators 

As for the membrane that separates the cathode from the anode allowing ion transport 

but not electron transport, the separator of choice has commonly been a polyolefine 

membrane, the so-called sulfonated Nafion microporous variety, which possesses chemical 

durability and strong proton conductivity, but at a rather high upfront price tag (10-15% of 

cell component costs), in addition to exhibiting some issues in cross-contamination which can 

lead to lower coulombic efficiency and cycling life [3], [20]. Hybrids of the Nafion from 

ceramic to nanofiber separators and other polymer alternatives are currently being researched, 

with some penetrating the commercial market due to higher demand for safety, such as in the 

implementation for electric and hybrid vehicles. One thing is for certain in this niche area, and 

that is with a wide array of applications for LIBs, the variety of even separators will continue 

to grow to meet different criteria from mechanical robustness to electrolyte wettability, 

thickness, porosity, and weight. 

1.3. Market Trends and Life Cycle Analysis 

Even considering the most basic Li-ion battery made of the original LiCoO2 oxide 

chemistry, one can see how complex the make-up is of just one battery, with not only the 

elements to create the cathode chemistry, but the elements to create the anode, electrolyte, 

separator, and other components that are not discussed in detail, such as the aluminum foil 

current collector on the cathode side, and the copper foil current collector on the anode side. 
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With company proprietary additives on top of the basic structure, sourcing, processing, and 

disposal during each stage of manufacturing, it can become quite a complicated equation. 

Hence, one of the most effective ways to look at a problem holistically is to consider 

its life cycle analysis. Also called life cycle assessment (LCA), these studies peer into the benefits 

and trade-offs of a product or service over its lifetime from cradle-to-grave, as is often said in 

the LCA community, gathering so-called life cycle inventory of the material and energy flows 

[21]. With regards to the LIB community, particular attention to the LCA approach is 

increasingly vital not only to answer questions about the product’s impact energetically and 

environmentally, but also economically, as the global landscape changes and the supply chain 

for batteries becomes increasingly competitive. The next few sections aim to take a look into 

the mineral sourcing, consumption, and disposal of LIBs particularly as it relates to the largest 

estimated market: EVs. 

1.3.1. Mineral Sourcing 

The big dollar-sign question for many if not all companies interfacing with LIBs right 

now is, where in the world—and who in the world—are sourcing the raw materials? In 2010, 

raw materials for EVs accounted for about 3% of the total cost of the battery pack, but is 

thought to be 10% in 2018 [12]. In terms of cathode production cost alone, more than 50% 

of that is for the raw materials bill, compared with less than 5% for utilities [22]. Nitta et al. 

published a comprehensive review of the materials used in LIBs currently as well as anticipated 

materials with future technologies; Figure 1-8 displays both availability (abundance) and 

charge capacity parameters of elements considered for use (or already in use) in LIBs [14].  
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Figure 1-8. Periodic table of elements highlighting the major elemental players in Li-ion 
batteries depicting: (a) the availability of different elements used in Li-ion batteries as well as 
the 5-year price range in USD lb-1, and (b) the charge capacity of elements used in battery 
electrodes measured both in gravimetric (mAh g-1) and volumetric (mAh cm-3) capacity units. 
Reproduced from Nitta et al. [14]. 

 

It can be seen that transition metals by far are the most popular elements of choice for 

intercalation electrodes due to their unique layered properties when combined with oxides, 

and as aforementioned in the cathode section, cobalt, nickel, and manganese dominate the 

discussion. In terms of elemental abundance, the most plentiful elements of course tend to be 

the lowest in cost, although in reality, commercial LIBs tend to employ these pricier transition 

elements due to their technical performance. As for charge capacity, lithium has the clear 
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gravimetric advantage although its use as an anode can produce deadly results and therefore 

is not a safe material to use on its own. Such challenges of balancing availability, cost, and 

performance are parameters that LCA seeks to address. 

In December 2011, the U.S. Department of Energy issued a report entitled, “Critical 

Materials Strategy” outlining the criticality assessments as well as market and technology 

analyses of elements of interest for both civilian and defense sectors, and in particular for 

relevant energy technologies like wind, solar, and energy storage for EVs [23]. While more 

emphasis is placed on rare earth metals than on the battery elements like lithium, cobalt, nickel, 

and manganese in the report, a Presidential Executive Order #13817 on a “Federal Strategy 

to Ensure Secure and Reliable Supplies of Critical Minerals” issued 6 years later upgraded the 

criticality of these key elements as strategic materials (with the exception of nickel, which has 

been requested to be added to the final list later), identifying also the need for “developing 

critical minerals recycling and reprocessing technologies” as well [24]. 

1.3.1.1. Cobalt 

Cobalt in particular has drawn considerable attention due to not only its use in LIBs 

but also in chemical catalysts, high-strength alloys, and cutting tools, essential for the defense 

industry. Despite about 25 million metric tons of actual cobalt resources (1 million metric tons 

identified scattered through the U.S.), the actual “extractable” global reserve is estimated at 7 

million metric tons (Note: resources ≠ reserves; resources refer to total supply theoretically 

available whereas reserves mean feasibly recoverable mineral) [25], Projections estimate the 

demand of the mineral to nearly double from 136 kt in 2017 to 222 kt in 2025, of which 53% 

will be for battery applications alone [12]. With about 70% of the world’s cobalt (over 80% of 

which are used for LIBs) currently mined in the Democratic Republic of the Congo (DRC), a 
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country with low World Governance Indicators rankings, wrought with political instability and 

some reports of unsafe mining conditions as well as employment of child labor in so-called 

“artisanal mines” [23], [25]–[28], the supply of cobalt is nearly monopolistic, furthermore 

complicated by the fact that it oftentimes obtained as a co-product of copper or nickel mining. 

Hence there is a push for more sources of ethical cobalt from other regions such as Russia, 

Cuba, Australia, and Canada to support a growing demand and/or alternatively, research for 

less cobalt-intensive technologies and investments in recycling innovations. 

 Because most of the world’s cobalt is found in sediment-hosted stratiform copper 

while the rest is typically found in nickel-containing laterite or magmatic nickel-copper sulfide 

deposits [25], producing battery-grade material is a fairly complicated process involving 

multiple steps including many standard mining procedures like milling and flotation, to 

leaching, solvent extraction, and sulfatizing roasts; these processes employ various caustic 

material inputs from sulfuric acid to sodium hydroxide (see Figure 1-9) [29]. 

Just under 40% of all cobalt mining activity can be linked to three companies: Glencore 

(22%), the DRC’s Gecamines (9%), and China Molybdenum (7%) [12]. Even looking at the 

DRC alone, the majority can be sourced to three major mines: TFM, Kamoto, and Mutanda 

[29]. Using the TFM mine for example, the material flows to produce just 1 metric ton of 

cobalt-copper ore require 163 kWh and 45.3 gallons of water, producing 1.44 kg of particulate 

matter 10 (PM, 10 µm diameter) and 0.148kg of PM 2.5 [29]. The LCA for cobalt alone poses 

an intricate system of material inputs and outputs, as well as energy demands and human 

power for not only the production of goods, but also its transportation to the next stage of 

the product’s journey be it a refining factory or the battery producer, thereby granting such 

analysis as “cradle-to-gate.” 
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Figure 1-9. Flow diagram of refining cobalt from a copper-cobalt ore; blue boxes represent 
different processing techniques while green text represents material inputs and the final blue 
text represents products. Up until the precipitation step, much of the processing occurs locally, 
but most of the crude Co(OH)2 produced ends up being exported to China where it is refined 
into the cobalt sulfates, oxides, and carbonates. Reproduced from Dai et al. [29]. 

 

1.3.1.2. Lithium 

Lithium demand is primarily driven by the battery industry, although it does have some 

niche uses in applications like lubricants, glass, ceramics, metal casting, and health products—

all with the exception of LIBs, can likely be substituted for other materials [23], [30]. Hence, 

like cobalt, this lithium need is expected to increase significantly, more than three-fold from 

214 kt (kilo metric ton) of lithium carbonate equivalent (LCE, the industry standard to measure 
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lithium volumes) in 2017 to 669 kt in 2025, and it is projected that 76% of which will be for 

battery applications [12].  

But unlike cobalt, lithium supply is considered oligopolistic, meaning there are several 

key players: of 8 major lithium-producing countries, Chile, Australia, and China dominate 85% 

of the production accounting for 216 kt of LCE, which is run by four companies—Talison, 

SQM, Abermarle, and FMC [12]. According to a recent mineral commodities report published 

in 2020 from the United States Geological Survey (USGS), 65% of the global end-use lithium 

market goes towards the manufacturing of batteries, but there is volatility in the market: 

although global consumption of lithium in 2019 saw an increase of 18% from 49.1 to 57.7 kt 

LCE, worldwide production, excluding the U.S., actually decreased by 19% from 95 to 77 kt, 

likely due to lower than anticipated consumption by China who scaled back subsidies and EV 

initiatives [25]. Despite worldwide resources of about 80 million metric tons (see Figure 1-10), 

only about 17 million metric tons are considered “extractable” or “recoverable” reserves [25], 

[30]. At this rate, even conservative estimates considering only electric vehicles with 20 kg of 

lithium per electric vehicle, at a moderate production rate of 60 million vehicles per year, 

suggest that the total global lithium reserve may deplete even before 2025 [31]. However most 

estimates including a quantitative study led by MIT professor, Elsa Olivetti, expect that while 

bottlenecks in the supply chain may occur, the it is likely secure for the next 15 years so long 

as alternative sources are actively researched and the element of more concern, cobalt, is 

actively dealt with [32], [33]. 

Lithium can come in one of two ways: mined through hard ores or evaporated in salt 

brines; the former is refined to produce lithium hydroxide as a final product while the latter is 

sold as lithium carbonate. South America’s “Lithium Triangle” of which consists of Argentina, 

Bolivia, and Chile supplies lithium in brines of lakes and salars, while Australia’s source comes 
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in the form of hard rock; China’s sources are a mixture of both [12]. More recently within the 

United States, lithium has been explored in the form of a brine in Nevada [25]. All have 

different material and energy flows depending on several factors including the concentration 

and purity desired, the raw material inputs needed for refining the mineral, as well as the energy 

prices to power the factory production.  

But what is not discussed as much in detail is the human cost, which like cobalt, can 

get dicey. Aggravating the social politics is the fact that lithium extraction can have major 

implications on local regions producing it; in Bolivia, although lithium production generates 

wealth for the country, there is evidence to support depletion in freshwater availability (when 

lithium salts and additives during processing leach into local water supply) which in turn can 

affect not only biodiversity but also human livelihood in terms of drinking water and farming, 

not only taking a toll on the physical well-being of the hard labor itself but also the unwanted 

consequences of pollution and waste disposal [31], [34]. 



 
54 

 

Figure 1-10. Lithium resources worldwide, showing lithium carbonate equivalent (LCE). Note 
that resources ≠ reserves, because the former refers to total estimated supply whereas the 
latter implies actual recoverable mineral. Reproduced from Plateau Energy Metals [30]. 

 

It is no wonder then that lithium has landed itself among one of many critical minerals 

that faces a potential shortage in the future with greater and greater exploitation, and hence 

has pushed further exploration as well as recycling solutions [35]. In 2017, while 12 to 15 kt 

of cobalt is recovered through recycling, few data suggests lithium is recycled (except save for 

one facility in Canada which has recycled lithium since 1992 and recently began recycling LIBs 

in 2015 in a facility opened in Ohio); this is likely due to the fact that the mineral scarcity 

problem has not yet conceptualized (also, current refining capacity of LCE is running only at 

about 50%, meaning there is a potential to add a lot more supply and therefore reduce the 

strain) [12]. 
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1.3.1.3. Nickel 

Unlike lithium and cobalt, nickel supply is still relatively stable, with the USGS 

estimating 89 million metric tons in reserves still available for extraction (out of 130 million 

metric tons of global resources); most go towards stainless steel and alloy production, although 

there is a growing trend for its use in not only LIBs but also in jet turbine engines [25]. Its 

production is considered to be relatively energy-intensive, consisting of four main steps: 

mining, beneficiation, primary extraction, and refining [36]. Most of the supply is found in 

soil-rock laterites, with another large percentage found in sulfide deposits, the latter 

furthermore presenting a pollutant challenge because of its potential to form sulfur dioxide 

which is a precursor to acid rain [36]. Due to decline in finding new sources, there has been 

greater exploration of more difficult terrain in places like Africa and the subarctic, that require 

different and likely more expensive equipment.  

However, nickel (unlike its other LIB counterparts, lithium and cobalt) has a fairly high 

recycling rate due to existing infrastructure, with last year alone (2019) recovering about 47% 

of the apparent U.S. consumption of the material [25]. Because of its steady supply, there has 

not been as much of a push to recycle the mineral as is the case with cobalt and lithium, 

although this may change as increased ratios of nickel are finding their way in the ever-more-

popular NMC cathode chemistries. But when that time comes, it is likely the recycling industry 

has proposed solutions because the extraction, recovery, and separation chemistry has already 

been done before for nickel scrap [37]. 

1.3.1.4. Manganese 

This particular transition element is typically of low concern due to still very high 

reserves of the mineral (810 million metric tons) which come predominantly from South 
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Africa (74%) and then the Ukraine (10%), with the rest scattered widespread across the globe 

[25]. Found mostly in ore, manganese’s global end-use tends to be in construction (43%), 

transportation (13%), and machinery (11%) while the rest is used in steels and irons [25]. In 

the case of battery manufacturers, manganese is useful in the form of manganese sulfate 

(MnSO4) for making both LMO and NMC cathode chemistries.  

Despite its abundance, manganese (particularly the electrolytic manganese dioxide 

variety, EMD) has been added to the National Defense Stockpile list as a critical material last 

year, likely in part due to the fact that China owns about 60% of synthetic MnO2 production 

capacity with the U.S. producing about 15% of the world’s EMD [23]–[25]. Manganese can 

be recovered from steel slag along with the more useful iron component, but recycling is 

currently negligible for this element and is projected to not to pick up any time soon because 

it is relatively inexpensive compared to the other materials found in a LIB. 

1.3.1.5. Graphite 

Lastly, carbon graphite is a popular material because of its wide availability (300 million 

metric tons still in reserve with inferred world resources exceeding 800 million metric tons); 

its versatility in applications ranging from electronics to composites to friction materials, 

particularly lubricants, and more recently fuel-cell devices [25] means that it will remain a 

relevant mineral for a long time to come. Found as amorphous, flake, or crystalline flake, it is 

mined from open pits or underground with the former from deposits and the latter varieties 

from metamorphic rock. Although domestically the U.S. exports 14.3 and 30.1 kt of natural 

and synthetic graphite respectively, it is considered a critical mineral due to the fact that despite 

a world production of 1.15 million metric tons in a variety of geographical locations, China 

produces the bulk of it [38].  
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As no shortage is expected any time soon, graphite will continue to be the preferred 

intercalation material of choice for the anode due to existing infrastructure and proven 

performance; it helps also that the limiting factor for LIBs is not in the anode, but in the 

cathode side anyway. Hence, it comes as no surprise that a jump in consumption (up by 54% 

and 59% in 2017 and 2018 respectively) has resulted in consequent upticks in production, with 

sources of imports from China (33%), Mexico (24%), Canada (16%), and India (9%) and 

rumors of the largest natural graphite mine yet, located in Mozambique [25]. Furthermore, on 

top of growth in the aerospace and clean energy sectors it is estimated that once Tesla’s 

Gigafactory in Nevada is completed, it will require 95 kt per year of flake graphite to produce 

35 kt per year of spherical graphite for its LIB anode material, calling for more need than ever 

of this mineral with some reports estimating almost 7x growth in the next decade (Figure 

1-11) [30], [38]. When all is said and done, LIBs are expected to be the leading end-use for the 

graphite market by 2026 [38]. 

 

Figure 1-11. Anticipated growth of key elements in metric tons (lithium, graphite, cobalt and 
nickel) for Li-ion batteries (excluding manganese); reproduced from Plateau Energy Metals [30]. 
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 Looking at just three cathode chemistries and the relative amounts of each element in 

Table 1-3, it can be seen just how much carbon graphite is used in essentially all the 

commercial batteries—more than 1 kilogram per 1 kWh [33]. Worth mentioning also is how 

the cobalt-intensive LCO has evolved with the nickel-containing alternatives, gradually 

reducing the amount of cobalt by about 3 times in the NMC 111 chemistry, and as low as 10 

times reduction in the NMC 811 cathode—the estimated chemistry of the future due to its 

high theoretical energy density. It can be expected that future batteries will continue to reduce 

certain metals deemed as critical in terms of both lack of abundance and cost. 

Table 1-3. Elemental compositions of metals for three major cathode chemistries by kg kW-1 
h-1; graphitic carbon is included in the last column from other literature sources; reproduced 
from Olivetti et. al. [33], [39], [40]. 

 

 

1.3.1.6. Other Materials 

To produce a standard LIB, say of the NMC cathode chemistry, a lot more than just 

lithium, nickel, manganese, and cobalt is needed: the current collectors, aluminum foil for the 

cathode and graphite for the anode, a liquid or gel electrolyte, a separator, and then even a 

binder to stick the material onto the current collectors are needed! Battery producers 

furthermore separate the process into different stages beyond the elemental production and 

refinement including the battery management system (BMS) as well as the actual cell assembly 

(which can add yet more parts depending on the application), requiring a heat and electricity 
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source. Table 1-4 shows the relative amounts in kilograms of different materials inside a single 

27 kWh NMC 111 battery pack [36]. 

Table 1-4. Material composition of a 27 kWh NMC 111 Li-ion battery as outlined by the 
open-access GREET model created by Argonne National Laboratory [36]. 

 

 

Using inventory data from a top ten automotive LIB producer, Argonne National 

Laboratory’s Dai et al. further studied the process energy used by conducting LCA to observe 

the different material and energy flows within the LIB supply chain (Figure 1-12a).  
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Figure 1-12. (a) Process energy flow of battery components used to produce 1 kWh NMC 
111 battery, and (b) the corresponding cradle-to-gate impact including weight, total energy, 
greenhouse gas (GHG), sulfur oxide pollutants (SOx), nitrogen oxide pollutants (NOx), 
particulate matter less than 10 µm in diameter (PM 10), and water. Values are calculated using 
Argonne National Laboratory’s GREET model, which assumes virgin materials and 
production in the United States; reproduced from Dai et al. [21]. 

(a) 

(b) 
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The study found that most precursors and metals, aside from aluminum, electrolyte 

carbonate solvents, and the cell production process itself consumes massive amounts of fuel 

(natural gas, coal, residual oil, diesel, and gasoline) while the production of electronic parts, 

graphite/carbon, and aluminum, consumes substantial amounts of electricity [21]. Because the 

industrial production of NMC powder alone involves several material reactants which are co-

precipitated, calcined, and purified, it is no wonder that the electric bill can climb in this 

process alone. 

Hence, the type of cathode used during battery production can account for vastly 

different environmental impacts. Peters et al. conducted an interesting LCA consolidating 79 

studies comparing parameters like global warming potential, abiotic depletion, acidification, 

eutrophication, human toxicity, and ozone depletion from different chemistries with respect 

to their technical performance [41]. The cumulative energy demand (CED) of these is shown 

in Figure 1-13 showing the variation in not only chemistry, but LCA methodology, be it top-

down or a bottom-up approach. The former method tends to estimate higher CED values, 

and on average between all the approaches, a trend emerges for the nickel-containing cathode 

chemistries: it seems that generally speaking, the higher the nickel content, the greater the 

energy demand. This may be a result of the mining aspects of battery production, which 

furthermore is supported by the fact that NCA generally produces the largest energy demand, 

perhaps because aluminum is known to be a fairly energy-intensive process, as is studied by 

Dai et al. (Figure 1-12). It makes sense then that cobalt, as a by-product of nickel, has less 

embodied energy impact than the nickel-containing compounds, as shown by the relatively 

lower CED value.  
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Figure 1-13. Cumulative energy demand (CED) measured in MJ (Wh)-1 comparing different 
Li-ion battery chemistries including lithum phosphate (LFP), lithium phosphate-lithium titante 
(LFP-LTO), lithium cobalt oxide (LCO), lithium cobalt nickel composite (LCN), lithium 
manganese oxide (LMO), lithium nickel manganese cobalt oxide (NCM), and lithium nickel 
cobal aluminum oxide (NCA). Models show also differences in top-down (T-D) vs. bottom-
up (B-U) methodology used in life cycle analysis. Reproduced from Peters et al. [41]. 

 

Overall, it is clear that paying attention to the raw materials part of the supply chain is 

vital more than ever to ensure secure access to LIB energy storage. Table 1-5 inspired by the 

chart created by Zubi et al. summarizes the global reserves and production data updated with 

statistics from the U.S. Geological Survey for relevant elements used in commercial LIBs [25], 

[28], including the cathode and anode foils, aluminum and copper as well as titanium used in 

the lithium titanate anode, commonly paired with LFP cathode but not mentioned in detail 

within this work. From this data, it can be seen that the abundance of the element plays a large 

role into the criticality of the mineral; hence, cobalt and lithium at the bottom of the list in 

terms of abundance consequently undergo a lot of price volatility based on the market. They, 

along with other key elements, are increasingly drawing attention from not only battery 

suppliers and manufacturers but also government entities keen on staying abreast of the curve. 
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Table 1-5. Summary of reserves and production in million metric tons (Mt) of the most 
relevant elements in a commercial Li-ion battery in order of natural abundance ranking† as 
described by Zubi et al.* [28]; carbon data refers to natural graphite. Updated data from the 
U.S. Geological Survey [25]. 
 

Element 
Li-ion battery 

component 

Natural 
Abundance 

Rank† 

Global 
Reserves 

(Mt) 

2019 Mine 
Production (Mt 

per year) 

Al Cathode foil, NCA 3 11,000* 64 

Fe (ore) LFP 4 81,000 1,500 

Ti (TiO2) LTO anode 9 820 7.6 

P (rock) LFP 11 69,000 240 

Mn 

C 

Ni 

Cu 

Co 

Li 

NMC, LMO 12 810 19 

Anode, electrolyte 15 300 1.1 

NMC, LMO 24 89 2.7 

Anode foil 26 870 20 

LCO, NMC, NCA 32 7 0.14 

All cathodes, electrolyte 33 17 0.077 

 

1.3.2. Consumption 

It is no mystery that today’s age of information and technology has literally driven the 

Li-ion battery industry. What is first introduced in rechargeable camcorders thanks to the 2019 

Nobel Prize winners who conceived, developed, and commercialized LIBs, has transformed 

into a truly revolutionary innovation that has changed how people live. With people on-the-

go needing practical and portable devices and electronics for both work and leisure, LIBs have 

found their way in the market initially as everyday goods like electric toothbrushes, cellphones, 

and laptops, to industrial needs like in medicine, construction, and defense, to now novel uses 

for stationary electric grid-connected energy storage systems and most notably, electric 

transportation. Stationary storage applications are worth mentioning because the utility, 
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commercial, and residential sectors are thought to grow from 1 GWh capacity to 81 GWh 

capacity by 2024 [42]!  

However by far, electric vehicles, particularly passenger EVs for the transportation 

sector will be the largest consumer of LIBs in the near future, with perhaps a good share of 

the NCA variety used by the Tesla, some with the older LMO chemistry used by the Nissan 

Leaf, or most likely, the NMC chemistry which has a reasonable balance of performance and 

cost. But no matter the exact chemistry, it will be necessary to look at the life cycle from cradle-

to-gate, for this case, source to consumption as an EV. Figure 1-14 models the process energy 

flows to enable electric mobility, assuming an EV with LMO chemistry [40]. 

 

Figure 1-14. Process energy flow diagram for a lithium manganese oxide Li-ion battery from 
cradle-to-gate for the functional unit, electric mobility. Values with arrows indicate thermal 
and electrical energy per kg Li-ion battery while italicized text indicates a specific process; all 
assume an electric vehicle with about 200 km per charge with a battery weight of 300 kg, a 
capacity of 0.114 kWh kg-1, and 150,000 km lifetime. Reproduced from Notter et al. [40]. 
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From this flow diagram, the model quotes the energy consumption for each process 

from the extraction of lithium from the brine to synthesis of the precursors and other material 

components, battery cell assembly, car assembly, and finally the last step at the gate—the 

consumption of the EV, or the electric mobility step which begins a new different life cycle 

process with the consumer. For this example, the most energy-intensive step is the actual 

synthesis of the LMO cathode powder, followed by the fabrication of the anode, the cell, and 

its subsequent assembly into a battery pack and actual car.  

Other studies using different models (such as Kelly et al. for a LIB with 27 kWh-

capacity using the NMC 111 for a US-dominated supply chain) found that alumina reduction, 

nickel refining, and cell assembly are the most energy-intensive steps, and furthermore found 

that swapping different energy sources, for example hydroelectric power for electricity, helped 

reduce GHG emissions but increased water consumption [36]. In any case, in order to create 

a sustainable supply chain from source to consumption in an EV, thoughtful innovation needs 

to come into play. In fact, Bloomberg New Energy Finance reports that the estimated 1,964 

TWh electricity demand from all types of EVs by 2040 will require curbing emissions from 

non-renewable energy sources of electricity (like coal) by enforcing fuel economy regulations 

and other policy measures [43]. 

Few comprehensive models exist of the environmental impact during the actual use 

and consumption of a LIB, at least as it pertains to passenger EVs. One study sponsored by 

the European Commission attempted to collect such “well-to-wheel” impacts on emissions 

for the implementation of battery EVs and plug-in hybrid EVs (PHEVs) powered by LIBs as 

well standard hybrid EVs (HEVs) powered by NiMH batteries [44]. Taking data from Samaras 

and Meisterling (2008), SEI/AEA Dublin (2007), and Helms et al. (2010), Figure 1-15 
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summarized the share of GHG emissions between production vs. in-use as well as the absolute 

emissions for production and use. 

 

Figure 1-15. Greenhouse gas (GHG) emissions for hybrid EVs (HEVs) and battery EVs 
(BEVs) powered by Li-ion batteries compared with combustion vehicles (CVs) and plug-in 
hybrid EVs (PHEVs) powered by nickel metal hydride batteries. The bar graphs show (a) the 
relative proportion of production phase in yellow vs. the in-use (consumption) phase in green 
when assuming a normalized electricity mix based on JRC (2008), and (b) the absolute life 
cycle emissions in g CO2 eq km-1, with the error bar representing the variation when fuel by 
coal is used instead of the normalized electricity mix. These models compare data from three 
sources, Samaras et al. (2008), SEI/AEA (2007), and Helms et al. (2010), and assume a 238,000 
km vehicle lifetime. Reproduced from Duleep et al. [44]. 

(b) 

(a) 
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 From this review, GHG emissions from actual in-use consumption of the vehicle 

represent a little less than 70% in petrol (gasoline) supplemented plug-in hybrid EVs to over 

90% in petrol combustion vehicles, whereas in full battery EVs it accounts for about 80%, the 

difference in all these cases coming from the production phase. However, when comparing 

different vehicle types in terms of how much of their GHG emissions comes from production, 

it is clear that LIB-containing vehicles emit more than combustion vehicles during this phase, 

perhaps because (a) the infrastructure for LIBs is relatively newer so more steps are required, 

(b) the LIB design is inherently more complex requiring sourcing of several different minerals 

and materials which must be mined and transported, and/or (c) the infrastructure for 

combustion vehicles and recycling of lead-acid batteries has been long and well-established, 

so production costs can be reduced. 

This is further confirmed from Figure 1-15b, which shows that the production phase 

emits a significantly smaller chunk of GHG CO2 emissions as compared to the actual 

consumption of fuel and/or electricity during the vehicle’s use. Comparing different vehicle 

types, the full battery EVs theoretically produce the least GHG emissions with the plug-in 

hybrid EVs (powered by LIBs) coming next in line with the least emissions, followed by the 

regular hybrid vehicles (powered by NiMH batteries), and lastly the combustion vehicles. 

However, it should be noted that if coal-fired fuel is the only source of electricity (instead of 

the assumed normalized mix of electricity sources), this vastly changes the GHG emissions 

for the LIB-powered vehicles which would emit even more than combustion vehicles in this 

scenario. But with the coal-powered electricity discussion aside, it is clear that LIBs driven by 

EVs (and vice versa) have a clear advantage in environmental impact if sustainable electricity 

sourcing and policy can keep up, while the prices go down. At the moment, the only reason 

why EVs are more expensive than standard internal combustion vehicle is the battery [42].  
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After all, out of a projected 1.4 billion passenger vehicles on the roads in 2030, only 

8% of the entire global fleet, or 116 million, will actually be EVs; but that number is expected 

to grow by 22% in the following decade [45]. And with the average price of a battery pack 

decreasing lower than ever (down over 89% since 2010), EV deployment is increasingly 

favorable with estimates exceeding 550 GWh per year and projected costs down to less than 

$100 per kWh, 10 times lower than in 2010, as shown in Figure 1-16a [46]. 

 

Figure 1-16. (a) Li-ion battery pack price and demand (historical and projected) between 2010 
through 2025, and (b) price sensitivity for NMC 811 when metal commodity fluctuates. 
Reproduced from Pellow et al. [46] and BloombergNEF, respectively [45]. 

(a) 

(b) 
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This price could go as low as $94 per kWh in 2024 and down to $63 per kWh by 2030, 

and despite possible volatility in the mineral commodity pricing, the sensitivity of the overall 

battery pack is not expected to lead to significant fluctuations (Figure 1-16b) [45]. For example, 

a hypothetical increase in the cobalt commodity price by 50% would affect the final battery 

price pack by less than 1.8%, and the same hypothetical 50% increase in lithium and nickel 

would respectively amount to less than 4.2% and 4.7% sensitivity in the final battery pack 

prices. But because nickel and lithium represent a relative larger ratio than cobalt in the NMC 

811 chemistry, they are more sensitive to commodity pricing in this model. 

1.3.3. Disposal 

The last part of the puzzle for LCA is the disposal, or end-of-life (EOL) of the 

consumed product or service. Where LIBs go (or should go) at their EOL is a mystery, and 

furthermore, what to do with them remains unclear. Pellow et al. found that from journal 

articles covering relevant LCA topics specifically for LIBs for stationary and transportation 

applications from the year 2000 onward, only 61 studies could be included [46], indicating a 

dearth of data in the field if comparing the availability with the vast number of publications in 

Li-ion batteries topics alone. Modelling the use or consumption step of a product is already 

hard enough with the wide variation in how something is used (be it for industrial purposes 

or for average consumers), but disposal data poses a similar, if not more difficult, challenge, 

largely in part because there is simply no data on this yet—some of the early LIB EVs have 

just started to retire so any calculation of disposal at this point would be largely speculative. 

The only data known is the clear amount of waste that has been accumulating over the years, 

as shown in Figure 1-17 [47]. 
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Figure 1-17. Li-ion batteries depicting relative markets that reached their end-of-life globally 
(metric tons) from 2000 to 2018. Reproduced from H. E. Melin who is commissioned by the 
Swedish Energy Agency [47]. 

 

While currently the vast volume of metric tons of LIB at their EOL currently come 

from electronics, then power tools, and electric buses, a relatively steep increase in electric cars 

are continuing to grow as well. Given this urgency despite the lack of data, some modelling 

has been attempted based on projections. For example, Notter et al. took into account the 

EOL of both internal combustion engines and battery EVs and concluded that there are no 

major differences between the two car types for the road infrastructure, maintenance, and 

disposal in terms of environmental impact, but rather the operation (consumption) of the 

vehicle is the greatest factor [40]. While the exact numbers for the battery EV is difficult to 

extract owning to the uncertainty in the relative amount of recycling which will be done with 

LIBs, it is estimated that less than 8 g of CO2 equivalent per kilometer is produced in disposal 

of an internal combustion, which likely assumes the high recycling rates mandated in Europe 

[40], [44]. Furthermore, it should be noted that this work is published in 2010 and therefore 

may not reflect current state-of-the-art industrial practices. More hypothetical and 



 
71 

experimental research into different disposal routes for LIBs needs to be conducted before 

such modeling results can be validated. 

1.4. Current State-of-the-Art in Battery Recycling 

With the ever-increasing demand for energy being fulfilled by rechargeable lithium-

ion batteries, the accelerated production of these devices is already translating into massive 

amounts of waste. As aforementioned, disposal is to become one of the greatest issues for this 

technology. Because LIB lifetimes barely surpass 3 years in smaller electronics, and 8-10 years 

in electric vehicles, large numbers of spent Li-ion batteries have already been generated, 

especially as the first couple rounds of electric vehicles begin their retirement. A Nature review 

article by Harper et al. stated that with over a million electric vehicle sales globally (a statistic 

that has already materialized), conservative estimates assuming an average battery pack of 250 

kg and 0.5 m3 volume could mean that amounts to about 250,000 metric tons and 0.5 million 

m3 of unprocessed waste [48].  

1.4.1. Re-use as a Second-Life Option 

The preferred route for LIBs at their EOL is of course, re-use or “second life” by so-

called “down-cycling” in second-use applications. Several companies have already started 

doing this, typically re-using the LIBs in new stationary energy storage systems as small as on 

the residential scale to as large as grid-storage as shown in Table 1-6 [47]. A good portion of 

second-life applications go towards grid-scale energy and commercial and industrial uses with 

a few companies like Volvo and Renault opting to offer residential energy storage.  
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Table 1-6. Second-life Li-ion battery initiatives among several car makers including residential 
and grid-scale re-use, as well as commercial and industrial (C&I) energy storage systems, 
remanufacturing, and backup power. Reproduced from H.E. Melin, commissioned by the 
Swedish Energy Agency [47]. 

 

 

One area of concern for these re-use applications is how competitive they can be when 

projections of falling LIB prices allow the easy decision of buying something new and cheaper 

as opposed to a product that may not even have full performance anyway due to varying 

degrees of degradation. Hence, it is forecasted that by 2030, second-life battery volume will be 

185 GWh as compared with the total LIB volume of over 300 GWh, meaning that re-using 

LIBs for second-life applications will be driven by supply rather than demand [45], [47]. 

1.4.2. Challenges 

Once second-life options have been exhausted, the waste-management hierarchy then 

falls upon recycling, which is obviously preferable to landfill waste. And since the raw materials 

account for between 50 to 70% of the cost of manufacturing Li-ion batteries and the cathode 

component specifically is the largest cost within the cell, there is great incentive to recycle 
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metals of value once the LIBs reach their EOL (Figure 1-18) [49]. Coupled with the mineral 

sourcing challenge, battery recycling is thought grow and eventually become profitable as 

commodity prices fluctuate or supply chains bottleneck. Problem is, there is no universal 

standard for LIB recycling, nonetheless the well-established infrastructure and facilities to do 

it efficiently (refer to the discussion on LIB outlook, Section 1.6). 

 

Figure 1-18. Cost structure for (a) NMC chemistry 40 Ah Tesla EV pouch cell and (b) Li-ion 
battery as a whole, the latter averaging values from cylindrical, prismatic, and laminate cells in 
2016; reproduced from Avicenne Energy [49]. 
 

Unlike the lead-acid battery with recycling rates at 99% [50], LIB recycling has rates 

significantly lower, although the exact statistic is still under debate; an often cited figure of LIB 

recycling rates of 5% originate from a decade-old Friends of the Earth 2010 report, while others 

like Hans Eric Melin from UK-based consulting firm, Circular Energy Storage, commissioned by 

the Swedish Energy Agency argues the number is closer to over 70%, most of which is 

concentrated in China and South Korea [51]. Cost aside, before the battery can even get to the 

recycling stage, there are several logistical matters that stand in the way of recovering materials 

of value. 

(a) (b) 
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1.4.2.1. Battery Health Diagnostics 

The so-called “state of health” is defined as “the degree to which a battery meets its 

initial design specifications” whereas the “state of charge” is just how far a battery is charged 

or discharged, measured in percent [48]. Knowing both these parameters is vital to firstly 

understand if the LIB is suitable for second-life applications or if it should be recycled. Because 

every battery at its EOL has gone through varying amounts of wear and tear during its 

consumption stage, finding a way to quickly and accurately identify its health is necessary. 

Electrochemical impedance spectroscopy is one such way to understand state of health as well 

as ascertain clues into certain aging mechanisms, but this occurs after the LIB has retired. 

There have been proposals to include smarter in situ techniques to monitor cell health during 

operation to enable preventative health maintenance, for example signaling the need to change 

out a single module before the whole series of packs fails [48]. 

1.4.2.2. Collection 

Collection of batteries in the lead-acid model has been successful due to the strict 

regulations for its safe handling, which in the United States has a perfectly closed-loop 

recycling operation that is managed by “point of sale return systems” ensuring that the toxic 

lead within is contained to protect people and the environment [52], [53]. However, no such 

federal regulations exist for the efficient collection of LIBs, and little data exists as to the 

logistical nightmare of how the world is handling this problem, other than a few small studies 

done on portable electronics. 

 In Europe and the U.S., LIBs have low processing volumes of LIBs at their EOL 

mainly because they are exported within the equipment or sold for re-use in Asia to process, 

that is, if the batteries are collected at all—some are stored and hoarded or improperly thrown 

out in regular household garbage [51]. 
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Since the logistical area of LIB recycling is new, there have been initiatives to figure 

out some of these logistics including the U.S. Department of Energy’s “Battery Recycling 

Prize” which awards prize money to different interdisciplinary teams from academia to 

industry to pilot different scaled solutions [54]. In terms of the collection issue, several possible 

solutions have been proposed, including digital tracking via “battery passports” and 

encompassing “internet-of-things” strategies with radio frequency identification (RFID) 

tagging which pairs to mobile devices utilizing an app that simultaneously recommends 

recycling locations as well as monitors compositional and lifetime data [51], [54], thereby 

helping the health diagnostics challenge as well. 

1.4.2.3. Pre-treatment 

Assuming the batteries arrive to the recycling facility, often either through bulk 

shipments of small electronics or in battery packs from EVs or stationary devices [55], the 

next logistical challenge is sorting the batteries. Given not only the complexity of materials 

found within a LIB (not to mention the proprietary components), the actual engineered design 

of the battery varies in shape and form depending on its end-use (Figure 1-19) [56].  

Sorting 

With the high-tension so-called 18650 cylindrical cells powering the Teslas, coin 

(button) cells typically used for R&D in laboratories, and prismatic and pouch cells commonly 

found in consumer electronics like mobile phones, different approaches are required for 

recycling these different configurations of LIB cells, modules, and systems. Sorting and 

classification of LIBs thus often requires manual screening labor, particularly with smaller 

LIBs assembled into larger modules. That means, more preparation to take them apart prior 
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than single cells, and more importantly, that human hands likely have to do it, the more 

complex the system. 

 

Figure 1-19. Construction of a Li-ion battery in various configurations including (a) a 
cylindrical cell, (b) a coin cell, (c) a prismatic cell, and (d) a thin and flat cell. Reproduced from 
Tarascon and Armand [56]. 

 

Disassembly 

With no standardization of battery design, these different configurations can 

furthermore have different hierarchies of assembly, going from cell level to module level and 

lastly to pack (or system) level, as shown in Figure 1-20 [48]. Interesting to note also is that 

the variation in design also depends on the car manufacturer as well as the cathode chemistry 

employed. Each of these designs poses their own set of challenges with, for example, the 

cylindrical cells being tightly bonded into a module using epoxy, or prismatic cells requiring 

specialized “can-opening” techniques to open and different locations for the fuse [48]. Hence, 
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pre-sorting batteries by hand is all too common before the standard pre-treatment processes 

can begin. 

 

Figure 1-20. Li-ion batteries within cylindrical, prismatic, and pouch configurations shown at 
the cell, module, and pack level for use in electric vehicles of varying cathode chemistries, 
based on models from 2014; reproduced from Harper et al. [48]. 

 

Because many battery manufacturers engineer the LIBs to be built into the equipment 

and not intended for disassembly, proposed solutions include smarter architectural designing 

for recycling as well as employing computer algorithms to recognize different battery types 

and sort them with full automation; this could even be made better if connected to some type 

of RIFD tagging as previously mentioned, in order to connect the health diagnostics to each 

battery unit as well. Some companies such as Apple have taken it upon themselves to develop 
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recycling methods internal to their products, coming up with the Daisy robot for example, to 

sort LIBs for recycling. Rumors of Tesla doing the same for their EVs has circled the past few 

years as well, although it is likely third-parties are involved in this process. With proprietary 

information at different levels of the LIB, it may take some time before standardization of the 

tagging and design can materialize.  

Discharging 

One major problem handling LIBs at their EOL is how to ensure they are safe and 

stabilized for the next stage. With regards to recycling, typically most LIBs are discharged by 

submerging batteries in a saturated salt solution (brine) to minimize explosive reactions 

through corrosion and water leaching that passivates the cell, but because most LIBs contain 

the electrolyte LiPF6 which is known to potentially produce dangerous HF gas when exposed 

to moisture, the discharging step can be very dangerous particularly for high-voltage cells since 

water could directly react with the components and produce a vigorous electrolysis reaction 

[57]. Furthermore, the process depends on the salt solubility and solution conductivity. 

Alternatively, Ohmic discharge using a load-bearing circuit can ensure the safe and complete 

discharge of a battery and even reclaim the electricity from the LIB, but this is costlier (not as 

simple and scalable as simply submerging batteries into a brine) and more time-consuming, 

and furthermore does not work with LIBs that are internally damaged [58].  

Some proposed solutions to these issues have been to employ inert atmospheres such 

as carbon dioxide (which would allow the formation of a passivating layer of lithium carbonate 

to form on exposed lithium metal) or argon, or even to use cryogenic treatments to absorb 

the exothermic reactions and slow down the ion mobility, while others suggest the opposite—

heat treatments like pyrolysis and calcination to simply burn off the flammable electrolytes 

that cause so much trouble in the first place [48], [58], [59]. 
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These parts can further be processed and separated by mechanical means, first, 

through pulverization, crushing, and sieving, then using flotation to separate based on density 

or magnetic and air separation, sometimes combined with heat-treatments and solvent 

extraction [59]. There is some debate, however, of whether or not to discharge prior to this 

mechanical next-step, or even what level of discharge is needed: copper for instance during 

over-discharge can dissolve into the electrolyte and contaminate the processing down the line 

thereby reducing the recoverable material at the end of the recycling stream [48]. For this 

reason, many industries still prefer the traditional method of pyrometallurgical incineration to 

by-pass a lot of these sorting, disassembly, and discharging steps. 

1.4.3. Pyrometallurgy 

Borrowed from the metal extraction industry due to its relevance in mining operations, 

common approaches to recycle relevant metals often fall into two broad categories: 

pyrometallurgy [60] and hydrometallurgy [60], [61]; although with the expansive discussion for 

recycling electronic waste, other approaches like biometallurgy (see Sub-section 1.4.4.1) [60], 

mechanical methods (direct recycling) [62], [63], or some combination of the four have also 

been increasingly reported in the literature [60], [64]–[66].  

Pyrometallurgy, as the name suggests, involves heating metals at high temperatures in 

smelting, pyrolysis, and/or roasting processes. In the mining context, it is a physical and 

chemical transformation of ore and concentrates that enables metal recovery, widely used for 

particularly for iron and steels and henceforth for Zn, Ni, Cd, and other heavy metals [67]. 

The material solid feed is melted into a slag or alloy phase using an arc or shaft furnace while 

organic matter is pyrolyzed off into a gas [58]. The retrievable metals are then treated via 

reduction, flotation, and magnetic methods to separate the different types.  
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In the context of LIB recycling, pyrometallurgy is the most commonly scaled method 

to smelt Co-, Fe-, Ni- and Mn-based chemistries into an alloy at temperatures exceeding 

1000˚C (in some cases beyond 1400˚C) [67], and is practiced by several major companies 

including Umicore (Belgium and Sweden), Batrec (Switzerland), Accurec GmbH (Germany), 

Mickelhütte Aue GmbH (Germany), Snam (France), and Sony/Dowa and Sumitomo (Japan) 

[55], [59]. However, lithium is typically left in the slag so recovering it requires further 

extraction, which is why Umicore, Sumitomo, and others employ somewhat hybrid techniques 

that also use hydrometallurgy, commonly used to efficiently separate valuable metals from the 

matte which pyrometallurgy cannot achieve alone. 

1.4.4. Hydrometallurgy 

While the long-standing extraction method of pyrometallurgy is the most commonly 

used industrial method to recycle metals, hydrometallurgy in contrast is the most researched 

particularly for electronic waste due to its more selective nature. Based on an aqueous 

chemistry involving three basic steps of leaching, purification, and recovery [17], 

hydrometallurgy provides certain advantages which pyrometallurgy lacks such as overall higher 

recovery of more materials at lower energy consumption, gas emissions, and capital cost. 

1.4.4.1. Leaching 

The first step of leaching typically involves an inorganic acid or base which dissolves 

the metals into solution often under heat and aided by a reducing agent. With respect to LIB 

recycling, sulfuric, nitric, and hydrochloric acid are commonly used as leaching reagents with 

the efficacy following the order of HCl > HNO3 ≈ H2SO4 [67]. For example, when using 

hydrochloric acid with a layered oxide cathode, the following reaction occurs: 
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2𝐿𝑖𝑀𝑂2 +  8𝐻𝐶𝑙 →  2𝑀𝐶𝑙2 +  𝐶𝑙2 ↑  + 2𝐿𝑖𝐶𝑙 +  4𝐻2𝑂  

Equation 1-1. Hydrochloric acid-leaching reaction with a layered metal oxide, where M is the 
transition metal Co, Mn, or Ni. 

However, it should be noted that chlorine gas evolution follows from this reaction, 

making the process more complicated if considering scaling, because scrubbing infrastructure 

would be required to operate this system in order to protect human and environmental health. 

Hence, industry typically prefers sulfuric acid as the reagent of choice for hydrometallurgical 

processing of these materials which follows a similar reaction but off-gasses oxygen: 

2𝐿𝑖𝑀𝑂2  + 3𝐻2𝑆𝑂4  →  2𝑀𝑆𝑂4  +  𝐿𝑖2𝑆𝑂4  +  3𝐻2𝑂 +
1

2
𝑂2 ↑ 

Equation 1-2. Sulfuric acid-leaching reaction with a layered metal oxide, where M is the 
transition metal Co, Mn, or Ni. 

Multiple studies also take advantage of a reducing agent including glucose and sulfites, 

but hydrogen peroxide (H2O2) has been demonstrated most effective, assisting in the kinetics 

of the reaction [55]: 

2𝐿𝑖𝑀𝑂2  + 3𝐻2𝑆𝑂4  +  𝐻2𝑂2  →  2𝑀𝑆𝑂4  +  𝐿𝑖2𝑆𝑂4  +  4𝐻2𝑂 + 𝑂2 ↑ 

Equation 1-3. Sulfuric acid-leaching reaction with a metal oxide with an addition of a reducing 
agent (H2O2), where M is the transition metal Co, Mn, or Ni. 

H2O2 has also presented itself useful as an oxidizing agent when reacting with LFP 

material in the same sulfuric acid system, which consequently has been part of the process in 

Recupyl (France) company’s patent [55]: 
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2𝐿𝑖𝐹𝑒𝑃𝑂4  +  𝐻2𝑆𝑂4  +  𝐻2𝑂2  →  2𝐹𝑒𝑃𝑂4  +  𝐿𝑖2𝑆𝑂4  +  2𝐻2𝑂 

Equation 1-4. Sulfuric acid-leaching reaction with LFP cathode aided by H2O2 as an oxidizing 
agent; iron and phospate ions in solution are waste products while only lithium is recovered. 

As for alkaline systems, some research has various chemicals like ammonia, ammonia 

sulfite, and ammonium hydroxide among others. NaOH, in another case, is proposed to pre-

dissolve parts like the aluminum current collector of LFP material prior to acid leaching which 

can solubilize lithium and iron while leaving behind the binder and carbon [55]. Like acids, 

bases’ effectiveness in leaching metals of values depends on the reagent concentration, solid 

to liquid ratio (S/L), temperature, leaching time, as well as mechanical enhancements before 

or during the leaching such as ultrasound agitation or ball-milling. 

More still offer other alternatives to traditionally caustic acids and bases, including 

biodegradable organic acids which through acidolysis and complexolysis mechanisms, can 

similarly extract metals of value from LIBs as strong chelating agents, as is reviewed by 

Golmohammadzadeh et al. who compared the effectiveness of monocarboxylic (acetic, lactic, 

gluconic, formic), dicarboxylic (ascorbic, aspartic, iminodiacetic, maleic, malic, oxalic, 

oxaloacetic, succinic, tartaric), and tricarboxylic (citric, isocitric) acids [68]. Despite organic 

acids being weaker than inorganic acids, their thermal stability coupled with a lower 

environmental footprint mean that are noteworthy contenders to traditional methods if 

combined with other effective techniques such as adding a reducing agent or mechanical (e.g. 

ultrasonic, ball-milling, etc.) agitation [68]–[77], [62]. One notable organic acid, ascorbic acid, 

exhibits properties as both a leaching and reducing agent, able to achieve leaching efficiencies 

as high as 99% for lithium and 95% for cobalt when reacting with LCO active material; shown 

in Figure 1-21, ascorbic acid forms a conjugate system comprised of electrons in the double 
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bond, a hydroxyl group lone pair, and double bond carbonyl group which allows it to act as 

an enol which is stabilized to an enolate when deprotonated [78]. 

However, despite seemingly high technical performance, many of these techniques 

either take a considerable amount of time or use a low S/L ratio making them impractical to 

scale. According to relative data gathered from Argonne National Laboratory’s greenhouse 

gases, regulated emissions, and energy use in transportation (GREET) model, organic acids 

are generally much costlier than their inorganic counterparts which explains why their 

widespread implementation is still lacking. 

 

Figure 1-21. Ascorbic acid acting as both an (a) organic acid and a (b) reducing agent where 
it is doubly oxidized to dehydroascorbic acid; reproduced from Li et al. [78]. 

Biometallurgy 

 Biometallurgy, or bio-leaching, is another burgeoning area of interest within the 

recycling community due to the attractive idea of allowing microorganisms digest and reduce 

metal oxides with low energy consumption and mild conditions. Further sub-categorized into 

two types, autotrophic (or chemolithotrophic) and heterotrophic, the former method uses 

energy sources like that fix CO2 and the oxidation of iron to produce metabolites like sulfuric 

(a) 

(b) 
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acid and Fe3+ while the latter (typically derived from filamentous fungi and bacteria) consume 

organic carbon sources to produce mild, complexing agents that can be used to react with 

metal ores parallel to alkaline leaching [59]. The first type is more popular, such as 

chemolithotrophic and acidophilic bateria, Acidithiobacillus ferrooxidans, which has been 

demonstrated as a leaching bacteria that can obtain leaching efficiencies as high as 99.9% 

cobalt in 6 days when a catalyst like copper is added [59], [67].  

 However, research work in this field is still developing and have many hurdles to 

overcome such as the blatant fact that it takes a very long time—days on end—relative to the 

other methods available, that extract in the matter of hours to achieve similar leaching 

performance. Additionally, because bioleaching involves a live system, cultivating the bacteria 

means paying particular attention to the sensitivity of the culture media including the physical, 

chemical, and biological parameters which tend to significantly impact the efficiency and 

hence; this has meant the technique’s application has been so far limited to low-grade ores and 

leftovers from mining or contaminated waste [59]. Nonetheless, with further study and 

improvement, it is thought that biometallurgy can be used complementary with current 

hydrometallurgical techniques for greater extraction of value from LIB waste. 

1.4.4.2. Purification 

The purification step is synonymous with separation into pure metal or metal 

compounds. Unfortunately, with the common transition metals used in LIBs, separation can 

be extremely challenging because of how close in properties manganese, iron, cobalt, nickel, 

and copper are to one another (and on the periodic table). Solvent extraction and ion-exchange 

are common separation methods to purify mixed-metal ion solutions which becomes 

necessary when the suitable pH range of these different metals overlap. Solvent extraction in 

particular is a liquid-liquid technique that takes advantage of the relative solubilities of 
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immiscible liquids to separate them from each other and is particularly sensitive to pH. So in 

the case of a cobalt and nickel leachate needing to be removed from solution with other metals 

for example, an extractant like 2-ethylhexyl phosphonic acid-mono-2-ethylhexyl ester (PC-

88A) can separate them at a pH of 4.5 but is not effective below 3 (Figure 1-22) [67].  

 

Figure 1-22. Solvent extractants and the effect of pH on extracting nickel, cobalt, and copper 
in solution at 25˚C; reproduced from Lv et al. [67]. 

 

Particularly for the selective purification of individual metals, 5-nonylsalicylaldoxime 

(Mextral 5640H or also known as Acorga M5640) has been identified for copper, while di-

2,4,4-trimethylpentyl phosphonic acid (Cyanex 272) has been identified as an effective 

extraction reagent for cobalt and nickel, although it comes at a high cost at $71 per ton [79], 

[80]. Now, even for lithium, new developments are underway: Solvay SA in Belgium released 

Cyanex 936P which has an affinity for lithium over other alkaline metals [17]. So once recycling 

costs break even with mining costs of virgin material, these prices for extractants may not be 
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a hindrance in the future. Furthermore, this could open the way for other separation 

techniques and reagents to be employed. For example, ionic liquids (ILs) are commonly known 

to be expensive due to their complex nature, but they too have been demonstrated as 

potentially effective extraction reagents, as proven in the case of Wellens et al. who used two 

mutually immiscible imidazolium and phosphonium-based ILs to separate cobalt from nickel 

[81]. Separation science has existed and plagued other industries for ages, so it is only a matter 

of time before more eyes are on this field with respect to recycling LIBs. 

1.4.4.3. Recovery 

The last and final step of the hydrometallurgical process is to recover the metal or 

compound into a useable form, and most commonly this involves precipitation which can be 

aided also by electrolysis. With respect to the LIB recycling community, this typically means 

converting and crystallizing cobalt or nickel ions into a sulfate, oxalate, hydroxide, or 

carbonate, and for lithium—a carbonate or phosphate [48], [67]. Recycling waste with waste 

is even up for discussion, as researchers Gu et al. demonstrated that using waste electrolyte 

from lead-acid batteries could be used to leach LIBs followed by the recovery of cobalt using 

sulfides [82]. Another major issue since cobalt and nickel tend to be co-precipitated in a 

neutralization reaction, other researchers like Joulié et al. who experimented with a leachate 

from an NCA cathode, proved that oxidizing Co2+ back to Co3+ with NaClO as the oxidant 

allowed the recovery of both cobalt at a pH of 3 and nickel at a pH of 11 at rates of 100% and 

99% respectively with the addition of a base [83]. 

Electrodeposition or electrowinning is another way to separate and recover different 

metals from solution. Often used alongside solvent extraction and precipitation in industrial 

settings, electrowinning can recover cobalt, nickel, and manganese (or rather EMD) from strip 

solutions as pure metals [17], [55]. For example, cobalt electroplating can achieve efficiencies 
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up to 96% when a solution of pH 2-6, temperatures of 50-90˚C, and a current density of 200-

250 A m-2 are maintained; but it should be noted that since cobalt (II)’s reduction potential is 

-0.28V vs. Normal Hydrogen Electrode and thus lower than the hydrogen evolution potential, 

too low of a pH promotes the formation of hydrogen gas, so to avoid this, a high overpotential 

needs to be maintained in the cathode in order to electrodeposit cobalt [55]. Electrowinning 

like some of the techniques discussed, is a tried and true method that requires only knowledge 

of the metals’ electrochemical potential for recovery of material of value. 

1.4.5. Direct Recycling 

Last but not least, the newest method of recycling LIBs is dubbed, “direct recycling,” 

which regenerates or “relithiates” the part of the LIB that has gone bad; so instead of breaking 

down an entire battery and re-building it from scratch, this method relies on understanding 

the state of health of a cell to selectively fix the damaged parts. While potentially the most 

environmentally-friendly method, it is obviously the most sensitive to defects and variations 

in structure due to operation, posing a lot of complications to achieve feasible results [55]. In 

the U.S., OnTo Technology headed by Prof. Sloop as well as Argonne National Laboratory’s 

ReCell initiative have invested substantial efforts in this area. The latter in particular studies 

the LCA of various methods and partners with other labs and institutions to further develop 

this technique, particularly the aspect of proving performance of a recycled battery to the initial 

cathode capacity [39].  

In a study conducted by Shi et al., LCO is regenerated using a “combined hydrothermal 

treatment and short annealing” in which the powders from cycled cells are transferred into an 

autoclave with precursor LiOH or a solution of LiOH and Li2SO4 and heated at a wide range 

of temperatures and durations; a solid-state synthesis method is attempted in which the 
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harvested cathode powders from the spent cells are mixed with an agate mortar and pestle 

with Li2CO3 and consequently sintered at different temperatures and durations [84]. The 

researchers filed a provisional patent for the work and concluded that the hydrothermal 

treatment coupled with short annealing allowed the full recovery of specific capacity of LCO 

with improved rate capability over the solid-synthesis approach [84]. 

A similar work conducted by Wang and Whitacre, featured an LMO battery (aged to 

different states of charge by electrochemical titration) regenerated through both a solid-state 

reaction—in which the aged cathode along with added precursor LiOH is mixed in a ball-mill 

and then heated, washed, and dried, and calcined at 750˚C—as well as a hydrothermal reaction 

in which the aged cathode and LiOH are mixed and transferred to an autoclave and heated at 

different temperatures (145˚C to 185˚C) for different periods of time (12 to 48 hours) [85]. 

The researchers likewise found that of the two direct recycling methods, the hydrothermal-

processed material is easier to control and furthermore not as affected by the aged cathode’s 

state of charge, producing better phase purity and electrochemical capacity [85]. 

Both studies demonstrate the potential of direct recycling to impact the growing LIB 

waste problem but acknowledge severe challenges that need to be overcome including the 

complexity of the feedstock material affecting the final output, the difficulty in applying this 

method for multiple cathode chemistries, and the need to know the state-of-health and state-

of-charge of the battery prior to reconditioning it via direct recycling.  

Comparing Pyrometallurgy, Hydrometallurgy, and Direct Recycling 

Figure 1-23a describes these three main methods of recycling applicable to LIBs 

today, with Figure 1-23b showing the related processing tree additionally listing (bulleted) 

variables associated with each step. In common, all likely require some type of battery 
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dismantling and separation prior to processing and can depend on a number of similar 

factors such as temperature, duration of a treatment, chemical additives, and addition of in-

between processing steps such as cleaning, screening, etc. Furthermore, Table 1-7 describes 

the respective advantages and disadvantages of each of the recycling methods, modified with 

added insight from Dr. Linda Gaines et al [86]. 

 

Figure 1-23. (a) Three main methods of Li-ion battery recycling and their respective 
descriptions, (b) the generalized recycling processing steps for the three methods including the 
pretreatments with (bulleted) variables associated with each step or method. 
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1. Pyrometallurgy – “dry process” that involves calcination/pyrolysis, roasting, reduction/smelting, 
and/or chlorine metallurgy

• Commercialized process that generaly incinerates all the battery material into a high-temperature oven which forms 
an alloy and a slag with the smaller leftover metals that cannot be separated

• The metals that can be recovered are usually kept as an alloy or combined with a hydrometallurgical process 
(below) for further extraction of  single, pure metals

2. Hydrometallurgy – “wet process” that involves leaching with aqueous solvents followed by purification 
and recovery (solvent extraction followed by precipitation or electrolysis)
• Cathode is usually separated from the rest of  the battery and dissolved (leached) in some solvent (usually acids, 

bases, or salts)

• To recover the dissolved metal ions, precipitation and electrodeposition are often used

3. Direct recycling – typically either a hydrothermal or solid-state process

• Cathode-to-cathode processing in which one type of  battery is dismantled and sometimes discharged to some 
level, then “regenerated” (re-lithiated) by incineration or annealed with added precursor lithium compounds

• Cathode structure is mostly maintained with little impact on virgin material processing
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Table 1-7. Pros and cons of the three main recycling methods as it pertains to the feasibility 
of recycling Li-ion batteries; modified with additions from Gaines et al. [86]. 
 

Recycling Method Pros Cons 

Pyrometallurgy 

 Easy; no sorting required 

 Flexible inputs 

 Commercially viable  

 Multiple chemistries 

possible 

 Most commonly found in 

industry 

 Profit from recovery of Co, 

Ni, Cu 

 SOx emissions from metal 

production are avoided 

 

 High energy consumption 

 Organics burn off 

 Dangerous to workers and 

environment (off-gasses are 

toxic/can cause pollution); 

consequently, costly gas 

treatment 

 Economic profitability 

relies on high volume, 

particularly on Co market, 

and Co content in slag 

 No Li or Al recovery 

 Not useful for LFP 

Hydrometallurgy 

 Multiple chemistries (mixed 

cathodes) possible 

 Most efficient recovery and 

selectivity of metals 

 Electrode foil recovery 

possible 

 Most researched 

 Li is recoverable 

 Output can be converted 

into precursors 

 Potentially eco-friendlier 

(e.g. bioleaching with 

bacteria) 

 Requires size reduction 

 More complicated steps 

 Acid breaks down structure 

 Dangerous to workers (e.g. 

acid leaching using 

corrosive reagents) 

 Takes longer (precipitation 

and electrodeposition can 

be slow) 

 Separation and recovery 

can be expensive (e.g. 

solvent extractants) 

 

Direct Recycling 

 Simpler process 

 Can recover usable product 

(including foils and 

electrolyte) faster 

 Retains cathode structure 

 Low energy consumption 

 Avoids many impacts from 

virgin material production 

 Only one battery chemistry 

can be used at a time 

 Sensitive to battery state of 

health and state of charge; 

degradation limits repeats 

 Buyer must be assured of 

quality (vs. virgin battery) 

 Not demonstrated at scale 
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In another study, Ciez and Whitacre examined these same three recycling methods and 

compared them in terms of greenhouse gas impacts and economic prospects using 

attributional LCA in a Monte Carlo simulation, ultimately concluding that the last (direct 

recycling) has the most potential to be economically competitive and reduce emissions 

followed by hydrometallurgy [87]. Shown in Figure 1-24, their work highlighted three 

different battery chemistries, NMC, NCA, and LFP which are thought to be the leading 

chemistries in the next generation and the respective avoided emissions (including GHG 

emissions from manufacturing of the cell, recycling, and transportation during LIB collection) 

using the different recycling methods. 

 

Figure 1-24. Li-ion battery recycling techniques compared, showing avoided greenhouse gas 
emissions for (a) cylindrical and (b) pouch cells of NMC, NCA, and LFP chemistries. 
Reproduced from Ciez and Whitacre [87]. 

 

Interestingly, LFP chemistries in both cases produce so much emissions during 

production that is unlikely to benefit from the recycling process at all, furthermore validating 

the industry’s reluctance to put recycling effort in a cathode material that is so much cheaper 

to produce than recycle. The variation in GHG emissions avoided from the cell configuration 

(cylindrical vs. pouch) is worth mentioning as well, because it is here that the difference 

(a) (b) 



 
92 

between the benefits of hydrometallurgy versus direct recycling are shown: direct recycling 

appears to prefer (as in, save more energy) in a pouch cell construction which makes sense 

given that the cylindrical cell’s housing makes it difficult to dismantle and regenerate material; 

the cylindrical configuration is preferred by hydrometallurgical methods. 

From all this information, it is difficult to determine which technique will be best for 

the future of LIB recycling given the variation in not just chemistry type but also cell 

configuration type, but perhaps the question is not which is best, but when will the world start 

to see all of these methods in use to combat the growing electronic waste problem.  

1.5. Green Solvents for Battery Recycling 

A fairly new area of research complementary to the hydrometallurgical studies 

conducted with organic acids, is the field solvometallurgy. Unlike hydrometallurgy, 

solvometallurgy does not involve the use of any water and instead employs (usually) organic 

solvents which not only produce less aqueous waste but also tends to be more selective than 

traditional hydrometallurgical approaches [88]. Often used are so-called “green solvents,” a 

loose term to describe solvents that encompass aspects of environmental impact, health, 

safety, and waste. GlaxoSmithKline (GSK) developed a green solvent guide to aid researchers 

with the search of an appropriate green solvent for their application, as shown in Figure 1-25, 

where the color gradient of green, yellow, and red respectively indicate solvents with relatively 

few known issues, some known issues, and major known issues [89]. Alder et al. assessed waste 

by quantifying values for incineration, recycling, biotreatment, and volatile organic compound 

emissions; environmental impact by quantifying air and aqueous toxicity; and health by 

quantifying health hazards and exposure potential; and finally assessing safety by quantifying 

flammability, explosion potential, reactivity, and stability [89].  
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Figure 1-25. GlaxoSmithKline Solvent Sustainability Guide assessing commonly used, small 
molecule organic solvents based on waste potential, environmental impact, health, and safety, 
as sorted by chemical class. Reproduced from Alder et al. [89]. 
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Note that while many commonly used, small-molecule organic solvents are included, 

it is not an exhaustive list. Relative to the LIB industry, the organic solvents used in the 

electrolyte consist of ethyl carbonate (EC) and dimethyl carbonate (DMC), of which the latter 

appears in the green area of the Sustainability Guide. Conversely, another organic solvent 

commonly used in applying the poly(vinylidene) (PVDF) binder within a LIB to adhere the 

cathode and anode to the current collector is dipolar aprotic N-methyl pyrrolidone (NMP), 

which is found in the red area of the Sustainability Guide. This just goes to show the wide 

variation of materials just in a single Li-ion battery, which further implies the complicated 

nature of recycling an entire cell. Complex chemical components and hardware aside, this 

guide can inform future researchers not only in the LIB industry, but of all chemical industries 

as a whole, of better ways to select and design materials that perform but also are safer for 

people and environment. 

1.5.1. Deep Eutectic Solvents 

As traditional techniques used in battery recycling have a long way to improve, 

researchers have been increasingly investing in newer technologies that can simultaneously 

address effectiveness in method as well as safety. Green solvents such as organic acids reported 

in literature show promise in addressing the environmental safety concern by utilizing non-

hazardous materials but face their own set of challenges. For example, malic acid has been 

shown to leach out divalent metal ions, but require an additional reducing agent to accelerate 

the process for dissolving higher valent ions typically found in LIBs [73]. Oxalic acid, on the 

other hand, has been shown to have some ability as both a leaching and a reducing agent, but 

faces the problem of requiring a high-temperature pyrolysis step because of its inability to fully 

dissolve all the cathode active materials in their original form [69], [90].  



 
95 

In this current work, an alternative and highly efficient concept to extract value from 

Li-ion battery waste is studied, appropriately categorized in the solvometallurgical field using 

a green solvent called a deep eutectic solvent (DES), which can act both as an effective leaching 

and reducing agent. DESs are capable of tackling multiple Li-ion battery chemistries, including 

both the common LCO battery as well as the LiN1/3Mn1/3Co1/3O2 (NMC 111) battery, a 

cathode material increasingly used in commercial Li-ion battery electrodes [91], [92]. It should 

be noted that the rest of this chapter is largely adapted from the author’s final published work 

in Nature Energy [93]. 

Deep eutectic solvents are a class of compounds that generally present an unusually 

high capability of dissolving metal oxides [94]–[97]. These solvents are eutectic mixtures of 

hydrogen bond donors and acceptors, that are often cheaply obtained, easily prepared, and 

made of relatively nontoxic and biodegradable compounds [98]–[101]. Multiple reports have 

demonstrated the DES ability of digesting common metal oxides [94], [96], [102]–[104], with 

certain compositions even rivalling the performance of acids [97]. A major advantage of using 

DESs is that there is no additional need for an extra step involving a reducing agent, which is 

commonly added to many conventional hydrometallurgical procedures [90]. Here, these 

virtues are extended to the universe of LIBs, and a proof of concept is provided for the use 

of these sustainable solvents as vehicles to enable the recycling of spent LIBs. 

1.5.2. Solvometallurgical Methods 

The proposed recycling scheme used in these experiments is depicted in Figure 1-26. 

The general recycling process begins with the dismantling of the Li-ion battery and inserting 

the cathode into a deep eutectic solvent. After heating and stirring, the leachate can be filtered, 

and the foil, binder, and residual conductive carbon can be recovered separately. With 
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precipitation or electrodeposition, the dissolved metal ions such as lithium or cobalt can be 

recovered for use in other energy applications. 

Lithium cobalt (III) oxide is employed here as an initial model compound, given the 

importance of repurposing the cobalt used in LIBs [91]. A DES composed of halide salt, 

choline chloride, and hydrogen bond donor, ethylene glycol, together in a 1:2 molar ratio 

hereby known as ChCl:EG, is used to extract metal ions from LCO, which are then 

precipitated and converted into Co3O4, a common precursor for the synthesis of LiCoO2 [105], 

[106]. Both precursors used to prepare the deep eutectic solvent are biodegradable, making 

the proposed process more environmentally-friendly than existing alternatives.  

 

Figure 1-26. Battery recycling schematic: starting with the disassembling of the Li-ion battery, 
cathode waste is inserted into a deep eutectic solvent and then heated and stirred. Extraction 
of cobalt and lithium ions occurs through dissolution, and at this step, aluminum foil, binder, 
and conductive carbon can be recovered when the leachate is filtered. Cobalt compounds can 
then be recovered either through precipitation or electrodeposition, allowing reutilization of 
these valuable materials. The pie chart shows the relative amounts by weight of the parts of a 
LIB. 
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All chemicals used in the experiments are purchased from Sigma-Aldrich and used as 

received unless otherwise stated. 

 The deep eutectic solvent (DES) is formed at room temperature by combining choline 

chloride (HOC2H4N[CH3]3Cl, ≥98%) and ethylene glycol (HOCH2CH2OH, anhydrous, 

99.8%) in a 1:2 molar ratio. The molecular structures are shown in Figure 1-27. The chemical 

components are constantly stirred at room temperature until a clear, homogenous mixture is 

obtained. Additional details regarding the preparation and characterization of this DES, also 

known as ethaline, can be found elsewhere [98], [103], [104], [107], [108]. 

 

Figure 1-27. Molecular structure of the deep eutectic solvent, choline chloride halide salt to 
hydrogen bond donor ethylene glycol (ChCl:EG), also known as ethaline. 

 

In a typical experiment, 0.1 g of lithium cobalt (III) oxide powder (LiCoO2, LCO, 

99.8%) is added to 5 g of the ChCl:EG DES and mixed in a closed glass vial for a S/L of 

0.022 (g mL-1). The vial is then submerged into an oil bath for 24 hours; average bath 

temperatures ranged from 25˚C to 220˚C (10˚C, limited by the heating element in the hot 

plate). In separate experiments, the effect of time on metal extraction is assessed by 

maintaining the mixtures for 48 and 72 hours at different average temperatures (25˚C, 50˚C, 

and 105˚C). After each thermal treatment, the LCO + DES leachate is poured into a funnel 

lined with a hydrophilic polyvinylidene Durapore membrane filter (90 mm diameter, 0.45 µm 

ethylene glycolcholine chloride
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pore size, purchased from MilliporeSigma), and the resulting filtrate is used for 

characterization and subsequent recovery.  

1.5.2.1. Characterization 

The metal content in filtrates obtained at different conditions is quantified using a 

Perkin Elmer Optima 8300 inductively-coupled plasma optical emission spectrometer (ICP-

OES). The samples are diluted with a 2% aqueous solution of nitric acid, and calibration curves 

are generated using at least five ICP standards at different concentrations, with correlation 

coefficients greater than 0.999. The gas nebulizer flow is set to 0.55 L min-1, and cobalt 

wavelengths at 228 nm and 232 nm are used. Concentrations reported here are the average of 

at least three replicates, while the error bars illustrate the observed standard deviation between 

the replicates. Leaching efficiency is calculated using the following equation: 

η =  
𝐶𝑉

𝑚𝑥
 ×  100% 

Equation 1-5. Leaching efficiency (η) equation where C = final concentration of the metal 
measured in mg L-1, V = volume of initial leaching solution in L, and mx = mass of the initial 
amount of x (Li+ or Co3+, for example) in the active material, measured in mg [109]–[112]. 

Structural characterization is performed using various instruments. For UV-Vis 

spectrometry (Agilent Cary 60), ChCl:EG deep eutectic solvent liquid samples are directly 

inserted into a 1 mm pathlength, 0.35 mL capacity plastic cuvette using a syringe. Baseline 

measurements in air are taken and compared to measurements with samples in the range of 

1600 to 250 nm.  

X-ray diffraction (XRD, Rigaku D/Max Ultima II Powder) using 40 kV and 40 mA 

Cu K radiation is employed to characterize the structure of the precipitated powder before 
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and after calcining. The powder is ground finely in a mortar and pestle, then placed on a zero-

background sample holder. The instrument scan speed is set to 0.5˚min-1 with an automatic 

slit control (Rec. Slit) of 0.6 mm for high intensity and scanned from 10 to 90 degrees (two 

theta).  

Infrared spectrometry (Thermo Scientific Nicolet iS10 FTIR) is also used to obtain 

high resolution IR information about the vibrational modes of the precipitated powder. The 

finely ground powder sample is loaded directly onto the cleaned collection surface and scanned 

from the spectral range of 4000 to 650 cm-1. All absorbance data collected is then processed 

using an automatic baseline correct, normalized scale, and automatic smoothing, then 

converted into transmittance readings.  

X-ray photoelectron spectroscopy (XPS, PHI Quantera) is next used to analyze the 

bonding state of the precipitated powder. An initial surface scan sweep is set at a pass energy 

of 140 eV and a time step of 20 ms and then multiple elemental sweeps for carbon, cobalt, 

and oxygen are set at a pass energy of 26 eV and run. Resulting peaks are calibrated to carbon’s 

shift at 284.8 eV and fitted in the Multipak software.  

Lastly, morphological studies are carried out on a FEI Quanta 400 scanning electron 

microscope (SEM). The precipitated powder samples are mounted on carbon tape and 

analyzed using 25 kV with a working distance of 10.2 mm. Dwell time is set at 2 µs and the 

images used in this work are magnified at 20,000x. No further image processing is done other 

than cropping for viewing convenience. 

1.5.3. Metal Extraction Results 

During the metal extraction step, a series of LCO/DES mixtures is subjected to a 

range of temperatures from 25˚C to 220˚C for constant time (24 hours). The dissolution of 

cobalt is found to be highly dependent on the temperature, corresponding also to the 
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transformation of the clear eutectic into darker hues of blue with increasing temperatures 

(Figure 1-28a). ICP-OES subsequently revealed increasing concentrations that paralleled the 

deepening of blue, associated with the growing presence of a cobalt complex formed in the 

eutectic (Figure 1-28b). This color variation is indicative of different cobalt extraction 

efficiencies at different temperatures. Green-blue coloration is seen at temperatures as low as 

80˚C, coinciding with the first detectable amount of cobalt registered by the inductively 

coupled plasma optical emission spectrometer (Table 1-8). Until 120˚C, only nominal 

increases in concentration could be perceived, as seen in the inset of Figure 1-28b. At 135˚C, 

however, there is an observable discontinuity in the shading of color, going from a pale blue-

green to a vibrant emerald green that coincides with a jump in total Co concentration by nearly 

an order of magnitude. As can be seen from the nonlinear right axis of Figure 1-28b, cobalt 

leaching efficiencies of up to 94.1% are reached at the highest temperature tested. Leaching 

efficiencies as high as 99.3% could be obtained by reducing the initial amount of LCO powder 

used in the experiments (from 100 mg to 13 mg), which rivals the leaching efficiencies of 

typical hydrometallurgical reagents such as phosphoric and concentrated hydrochloric acid 

that report efficiencies of  97.8% [113] and 100% [83] respectively. 

Time is also investigated as a variable. The cobalt extraction using the ChCl:EG DES 

is tested at three different temperatures (25˚C, 50˚C, and 105˚C) for 24, 48, and 72 hours. 

Results shown in Figure 1-28c indicated the significant effect that duration of heat exposure 

had on dissolution of cobalt. Dissolved-metal concentrations more than double from 24 

hours to 48 hours; at higher treatment temperatures, extending the thermal treatment from 

24 hours to 72 hours increases extraction levels by more than an order of magnitude. Hence, 

higher cobalt leaching efficiencies are also obtainable at greater exposure times, as shown in 

Table 1-9. Lithium values are also shown in this table alongside the values for cobalt. 
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Figure 1-28. Extraction of cobalt using choline chloride and ethylene glycol deep eutectic 
solvent (DES); (a) photograph of the color change when LiCoO2 (LCO) is dissolved into the 
DES (which is clear in its pure form) at different temperatures. Deeper blues with increasing 
temperature corresponds to the increasing concentration of cobalt. (b) Cobalt concentration 
vs. temperature shows the dependency of heat upon dissolution of LCO in the deep eutectic 
solvent for 24 hours, with leaching efficiency shown on the (non-linear) right axis. The inset 
zooms into the temperature range between 25˚C and 150˚C. (c) Cobalt concentration vs. 
temperature at three different durations of dissolution show the time dependency of the cobalt 
leaching. 
  

 

 

 

 

(c) (b) 

(a) 
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Table 1-8. Effect of temperature on cobalt and lithium metal concentration and leaching 
efficiency; note that the resulting concentrations and respective leaching efficiencies are based 
on the combination of 0.1 g LCO with 5 g ChCl:EG, heated for 24 hours. Averages and 
standard deviations based on at least three replicates at each average temperature. Error bars 
in Figure 1-28 reflect these +/- standard deviations. 
 

Temperature 
(˚C) 

Avg. Co 
Concentration 

(ppm) 
Standard Deviation 

Leaching Efficiency 
(%) 

25 0 0.24 0 

50 0 0.93 0 

60 0 2.89 0 

80 0.40 2.48 0 

105 1.42 8.96 0.01 

120 14.67 4.41 0.11 

135 123.72 93.51 0.92 

160 3211.86 491.71 23.80 

180 6788.85 1150.28 50.30 

195 9332.02 1346.96 69.14 

220 12706.39 1800.69 94.14 

Temperature 
(˚C) 

Avg. Li 
Concentration 

(ppm) 
Standard Deviation 

Leaching Efficiency 
(%) 

25 3.28 2.91 0.21 

50 3.14 2.67 0.20 

60 4.35 1.58 0.27 

80 2.65 1.03 0.17 

105 11.31 0.14 0.71 

120 5.91 3.46 0.37 

135 44.63 16.22 2.81 

160 451.72 144.55 28.44 

180 1426.42 912.55 89.81 
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Table 1-9. Effect of time on cobalt extraction by the ChCl:EG deep eutectic solvent. The 
resulting concentrations and respective leaching efficiencies are based on the combination of 
0.1 g LCO with 5 g ChCl:EG, heated at the indicated temperatures for the indicated time. 
Averages and standard deviations based on at least three replicates at each average 
temperature. 

Time 
Temperature 

(˚C) 

Avg. Co 
Concentration 

(ppm) 

Standard 
Deviation 

Leaching 
Efficiency (%) 

24 h 

25 0 0.24 0 

50 0 0.93 0 

105 6.15 1.33 0.05 

48 h 

25 0 0.33 0 

50 2.47 0.19 0.02 

105 42.32 0.39 0.31 

72 h 

25 0.46 0.07 0 

50 3.62 0.08 0.03 

105 86.84 1.36 0.64 

 

To analyze the chemical structure of the leachate (or filtrate, more appropriately, since 

the solution is first run through a hydrophilic polyvinylidene membrane filter prior to analysis), 

UV-vis spectroscopy is conducted on the liquids after removing unreacted LCO particles. The 

spectra showed the signature bands of the tetrachlorocobaltate (II) anion ([CoCl4]
2-), with three 

distinct bands between 600 and 700 nm (Figure 1-29) [114]–[117]. For extraction 

temperatures between 160˚C and 195˚C, the triplet falls into the same approximate 

wavenumbers; a systematic blueshift observed after thermal treatment at 220˚C can be 

indicative of solvation effects due to the formation of additional complexes [114]. As observed 

in the experiments, the tetrachlorocobaltate (II) anion exhibited a characteristic blue color and 

is responsible for the tonality of the samples exposed to different temperatures.  
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Figure 1-29. UV-vis spectra of the deep eutectic solvent filtrates from different temperature 
treatments. The presence of cobalt (II) chloride complex [CoCl4]

2- is indicated by the three 
signature bands shifting slightly right from 630, 667, and 696 nm. At 220˚C, the filtrate’s 
spectra exhibits shifts in the band positions by 5 nm, suggesting the existence of different 
cobalt halide complexes. 

 

The formation of this complex anion is not surprising: chlorometalates have been 

previously proposed as the dissolved species of certain metal oxides in the ChCl:EG eutectic 

[97]. What is curious is the reduction associated with the dissolution process. In fact, Co(II) 

exists in [CoCl4]
2-, while Co(III) occurs in the as-received metal oxide, the same that would be 

found within a battery LCO cathode. Ethylene glycol, which is present in the eutectic, is a 

common reducing agent used in the synthesis of metallic nanoparticles [118], [119], so it may 

be possible that the dissolution of LiCoO2 in ChCl:EG involves the simultaneous oxidation 

of ethylene glycol and reduction of cobalt.  

Although the exact mechanisms for dissolution of oxides by DES have yet to be 

unraveled, it is thought that the reaction is based on coordination chemistry; Abbott et al. 

observed that the presence of an oxygen acceptor in the eutectic appears to be essential to 
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digest oxides [97], as it facilitates the cleavage of metal oxide bonds. Ethylene glycol can be 

chemically acting as such an acceptor, being oxidized (and reducing cobalt) in the process.  

This would make sense as the oxidized form of ethylene glycol is glycolic acid whose 

carboxylate and hydroxyl groups are known to coordinate to metal ions to form complexes, 

notably of 2+ metal ions [120], [121]. ChCl:EG is after all considered a primary metabolite due 

to its high polarity and hydrophilicity since it is after all composed of choline salt and an 

organic alcohol. The bulk system has several main interactions: the choline and chloride charge 

centers (N+-Cl-), the choline and ethylene glycol hydroxyl groups (HOH-OEG), and the ethylene 

glycol hydroxyl group with the chloride anion (HEGOH-Cl-), and ethylene glycol hydroxyl groups 

in self-interactions (HEGOH-OEG) [122]. 

Thus, it is thought that the extraction of the metal ions and the coordination of 

[CoCl4]
2 is driven by the high chloride concentration from the choline species within the 

eutectic, although it should be noted that extraction could slow or even be suppressed if there 

is an excessive concentration of charged ligands [96]. Note also that typical routes for the 

dissolution of oxides by eutectics implies partial alterations on the chemical makeup of the 

solvent. Even when such transformations are not fully reversible during recovery (by 

precipitation or electrodeposition, for example), the eutectic may still be functional: partially 

oxidized compounds may still accept additional oxygen, while fully-oxidized alcohols would 

provide protons, believed to be effective oxygen receptors [97].  

1.5.4. Material Recovery 

1.5.4.1. Precipitation 

 
The main recovery method used in these experiments is precipitation due to its 

simplicity in directly converting the charged metal species in a useful product. The dissolved 
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cobalt contained in the filtrate is recovered by precipitation in a carbonate-rich solution; 4 mL 

of the filtrate are diluted in 10 mL of a 20 wt% aqueous solution of Na2CO3. Upon mixing, 

the blue filtrate immediately turned brown, and is centrifuged at 12000 rpm (revolutions per 

minute) for 30 minutes. The precipitate is transferred to a Durapore membrane filter and 

rinsed with deionized water until the collected liquid would not cloud upon addition of an 

AgNO3 solution (indicating the removal of ChCl’s chloride from the solid). The cleaned 

precipitate powder is dried in an oven at 90˚C and then calcined at 500˚C for 6 hours. 

The precipitation experiments resulted in a light-brown powder, containing essentially 

amorphous materials as indicated by the XRD scan (Figure 1-30a), possibly a mixture of  

CoCO3, Co(OH)2 and Co3O4; observation of  faint diffraction peaks of  the third species 

suggests the existence of  Co(III) in the leachate.  

The XPS spectrum in Figure 1-30b suggests that Co(OH)2 is present due to peaks at 

781.0, 782.7, and 786.4 eV, as well as possible trace amounts of  cobalt metal which may be the 

cause of  the smallest peak at 778.8 eV [123]–[125]. The inset in Figure 1-30b is consistent with 

the 15 eV difference in binding energy (spin-orbit coupling) between the 2p1/2 and the 2p3/2 

peaks of  pure cobalt metal [124], [125]. In the O 1s band (Figure 1-30c), a peak at 531.7 eV is 

observed and is likely due to the presence of  carbonates [126].  
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Figure 1-30. (a) XRD of precipitated compounds from the LiCoO2 + deep eutectic solvent 
leachate shows the presence of carbonate and oxide, (b) Co 2p3/2 XPS indicates fitted peaks 
correlating to divalent cobalt, most likely from Co(OH)2 with the shoulder at 778.8eV possibly 
resulting from trace metal cobalt; the inset shows the spin-orbit coupling between the 2p1/2 
and 2p3/2 bands that suggest the presence of trace metal cobalt. (c) O 1s XPS shows a peak at 
531.7 eV which from studies conducted by Dupin et al. and Stoch et al., indicates CO3

2-, 
suggesting that basic cobaltous carbonate is precipitated [126], [127]. 

 

As for the FTIR spectrum of  the recovered powder (blue curve) shown in Figure 

1-31a, intense bands at 660, 1380, and around 3400 cm-1 appeared, respectively indicative of  

stretching modes from octahedrally and tetrahedrally coordinated Co3+ and Co2+ metal oxide 

(MO) ions corresponding with spinel Co3O4, carbonate formation (which has a small band at 

832 cm-1), and OH stretching which arise from hydroxides and residual water [128], [129].  

(a) 

(b) (c) 
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Figure 1-31. Characterization of precipitate from leaching cobalt ions from the deep eutectic 
solvent; (a) FTIR indicates the presence of carbonate groups before calcining (blue curve). 
The corresponding band vanishes upon calcination (red curve) which prompts the conversion 
of the powder into Co3O4. (b) SEM image of the calcined powder, showing a uniformly 
spherical microstructure. (c) XRD spectra of the calcined powder, exhibiting crystalline peaks 
matching that of the cubic cobalt oxide spinel, JCPDS 42-1467. (d) XPS spectra of the calcined 
powder, showing fitted peaks indicative of the binding energies of Co3O4. 

 

(d) (c) 

(a) (b) 

3 µm 
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But because of the mixed nature of the recovered powder after precipitation (red curve 

in Figure 1-31a), it is deemed that creating a more useful compound for synthetic purposes is 

necessary, thus calcination of the recovered powder is employed at 500oC for 6 hours, which 

seemed to convert most (if not all) components into uniformly spherical particles (Figure 1-

31b). The XRD pattern of the calcined powder (Figure 1-31c) aligns well with that of Co3O4 

(JCPDS 42-1467, cubic). Figure 1-31d shows the XPS curve fitting of Co 2p3/2 band with 

peaks at 779.5, 781.1, and 782.5, which also correspond to the binding energies of Co3O4 [123]. 

This change from “hydrated cobaltous carbonate” to Co3O4 powder is also clear from 

the disappearance of the CO3
2- FTIR band (Figure 1-31a) and can qualitatively be seen as the 

precipitate darkens from light brown to black after oxidizing (Figure 1-32). Conservative mass 

calculations of the predicted species before and after calcining indicated that about 74% of the 

cobalt from the DES leachate could be recovered in the form of Co3O4. 

 

Figure 1-32. (a) Photograph of precipitate from LiCoO2 + deep eutectic solvent leachate 
containing hydrated basic cobaltous carbonate (after rinsing with deionized water and drying 
overnight at 90˚C), (b) photograph of the same powder after calcination at 500˚C for 6 hours 
in an air atmosphere showing a qualitative change from the light brown precipitate into the 
resulting black Co3O4 powder. 

(a
) 

(b) 
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Lastly, in order to test the reusability of the recycled powder for new battery 

applications, samples of recycled cobalt-concentrated DES leachate are tested for their 

capacity and cycling capability in collaboration with Aaron Liu from the Dahn Group at 

Dalhousie University. The leachate is recovered via precipitation as mentioned above with the 

exception of using ammonium hydroxide to precipitate the cobalt chlorometalate. The 

resulting Co(OH)2 is calcined to Co3O4, similar to the CoCO3 sample, and is washed two-times 

with 150 – 200 mL of water using vacuum filtration until clear.  

Figure 1-33 shows the SEM images of recycled, washed, and dried Co3O4 versus its 

Alfa commercial counterpart, as is characterized by the collaborator. Morphology-wise, the 

particles appear to have similar shapes although the recycled particles are slightly larger. 

 

Figure 1-33. SEM images of (a) washed Co3O4 from recycled LCO, and (b) Alfa Co3O4 
pristine powder at both 2000x (scale bar = 60 µm) and 5000x (scale bar = 20 µm) 
magnification. Courtesy of Aaron Liu, Dalhousie University. 

(a) Washed Co3O4 (recycled) 

60 µm 

60 µm 

20 µm 

20 µm 

(b) Alfa Co3O4 (pristine) 
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The accompanying XRD spectra displayed in Figure 1-34 similarly detect no 

observable impurities, and lattice constants between the two are nearly indistinguishable: in 

both the recycled cobalt oxide and the pristine Alfa cobalt oxide, the a lattice constant is 

equivalent to 2.81 Å while the c lattice constant is equivalent to 14.05 Å. The only off-value is 

the R Bragg number, a factor that generally gives an indication of the fit of the Rietveld 

refinement, is off by 0.17 which still seems in good agreement with each other.  

 

Figure 1-34. (a) XRD spectra with Rietveld refinement of washed Co3O4 from recycled LCO 
and Alfa Co3O4 pristine powder and the (b) corresponding lattice parameters. (c) shows the 
washing of the calcined Co3O4 powder initially with some cobalt loss but then clear in the 
second rinse. Experiments, data, and photographs courtesy of Aaron Liu, Dalhousie 
University. 
 

LCO a (Å) c (Å) R Bragg

Washed Co3O4 2.8159 14.053 3.86

Alfa Co3O4 2.8158 14.047 4.03

(a) 

(b) (c) 
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Finally, LCO is fabricated into coin cells with the respective recycled and pristine Alfa 

Co3O4 powders. The cycling protocol followed two cycles of C/20 rate before and after 50 

cycles at C/5 assuming 155 mAh g-1 theoretical capacity to a 4.3 V cell. Shown in Figure 1-35, 

the voltage vs. capacity, charge/discharge, and capacity vs. cycle profiles, the recycled powder 

performed comparably in terms of capacity and cycling but not quite at the same quality: the 

charge/discharge curves from Alfa’s LCO test displayed more ordering which is indicative of 

minimal impurities and structural defects.  

 

Figure 1-35. Recycled and washed Co3O4 (black) and Alfa Co3O4 pristine (red) powders 
synthesized into LiCoO2 for electrochemical performance as a Li-ion battery coin cell; (a) 
voltage vs. capacity in mAh g-1, (b) charge/discharge profile, and (c) capacity vs. cycle number. 

(a) 

(b) 

(c) 
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Interestingly, the recycled powder fabricated into LCO exhibited slightly better 

capacity than the Alfa pristine powder fabricated into LCO, but it is unclear what the 

underlying reason is for this difference; perhaps the slight variation in size as shown previously 

in the SEM images (Figure 1-33). However, before major conclusions can be drawn about 

the validity of these experiments, more work needs to be conducted on dissolution of LCO 

and other cathode powders in a DES from actual spent Li-ion batteries in order to better 

understand the dynamics of how the recycling process works when less-than-ideal conditions 

are present.  

1.5.4.2. Electrodeposition 

It is noted that alternative methods, as electrodeposition, can also be used to recover 

metal ions from the leachate. Albeit energy intensive, such procedures could allow the DES 

itself to be recycled, being available for additional cycles of metal extraction. A proof of 

concept of this approach is demonstrated in Figure 1-36. Experiments using the LCO-DES 

mixture treated at 135oC resulted in the electrodeposition of Co(OH)2 onto a stainless steel 

mesh working electrode. A 3-electrode setup is used in this experiment, containing Ag/AgCl 

as the reference electrode, and stainless-steel mesh as both working and counter electrodes. 

Samples are exposed to a constant current set at -4.5 mA, and XRD, XPS, and SEM are used 

to characterize the deposited material. 

The liquid phase after this treatment presented a very pale color, almost as clear as in 

the pristine DES. After a new addition of LCO and exposure of the mixture to 135oC, vibrant 

green hues are visible (rightmost photograph in Figure 1-36), which is a visual indication of 

cobalt leaching. The resulting leaching efficiency approached that of the pristine DES, 

indicating that the eutectic can maintain its performance over multiple cycles. 
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Figure 1-36. Recyclability of the deep eutectic solvent; (a) LiCoO2 is added to the pure DES. 
(b) After stirring under 135˚C heat, cobalt is leached into the solution causing the color change 
from clear to green. (c) The Co2+ ions are electrodeposited onto a substrate, allowing the 
remaining DES to be recovered. (d) LCO is added to the recovered DES for another cycle of 
electrodeposition and results in a similar leaching efficiency as the first cycle. 
 

Additionally, electrodeposition is conducted for samples with the most concentrated 

cobalt content, a leachate heat-treated at 220˚C. The experiment is conducted at various 

constant voltage and constant current setups in order to electroplate cobalt. Figure 1-37 

shows a constant current experiment alonside photographs of the 3-electrode setup. 

 

Figure 1-37. Electrodeposition of cobalt-concentrated DES leachate (heat treated at 220˚C) 
run at a constant current of -6.5 mA. Photographs show the stainless steel electrode at 
different time increments, with the final photo showing electroplated cobalt. 
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 The resulting electrodeposition of an experiment run with the 220˚C heat-treated 

leachate at a constant current of -4 mA is characterized using SEM and Raman spectroscopy, 

shown in Figure 1-38. It is found that diluting the concentrated leachate with additional 

ethylene glycol before beginning the deposition increases the amount of metal plated onto the 

substrate per unit time, allowing for the mesoporous, flaky texture of the cobalt material as 

seen on the surface of the stainless steel, which indicates a conformal deposition. Energy 

dispersive X-ray spectroscopy (not shown) additionally confirmeed the presence of cobalt 

along with iron (from the stainless steel). The Raman further indicates the presence of Co3O4 

after annealing which has five strong bands at around 191, 470, 510, 608 and 675 cm-1 

indicative of the Co3O4 spinel structure [130], [131]. 

 

Figure 1-38. (a) SEM image and (b) Raman spectra of electrodeposited cobalt before (blue) 
and after annealing at 600˚C (red) which takes the form of Co3O4 on a stainless steel mesh 
conducted at a constant current of -4 mA. 

  

Finally, in one last experiment to test the use of the electrodeposited cobalt as a new 

energy storage device such as a supercapacitor, the electrode is subjected to cyclic voltammetry 

using a Ag/AgCl working electrode and carried out in 2M KOH at room temperature from -

1 µm 

(a) (b) 
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0.6 V to 0.05 V, and the results are displayed in Figure 1-39. Supercapacitors store energy 

both by charge accumulation in what is known as an electric double layer capacitor (EDLC) 

as well as in reversible Faradaic reactions as often provided by a metal oxide on the surface; 

cobalt oxide/hydroxide is one such supercapacitor with theoretical pseudocapacitance of 

around 3500 F g-1 [132]. An EDLC would have ideally rectangular curves in which the area 

within gives the capacitance. 

 

Figure 1-39. Cyclic voltammogram of cobalt electrodeposited onto a stainless steel mesh at a 
constant current of -4 mA and subjected to various scan rates.  
 

While the curves of this experiment display shapes indicative of pseuodocapacitive 

behavior (given by the hump, or more technically, a redox peak, occuring between -0.1 V and 

-0.15 V), the actual capacitance is quite low, relative to what can theoretically be achieved. The 

redox peak depicted in Figure 1-39 corresponds with the changing oxidation state of cobalt 

when induced by a voltage. While not necessarily a successful application of recycled cathode 

material, this proof-of-concept does at minimum provide some evidence of the merit and 

potential for the future of waste. 
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1.5.4.3. Other Components and Cathode Chemistries 

To verify the feasibility of using deep eutectic solvent extraction in an actual battery 

electrode, the study is extended to observe the behavior towards other parts of a Li-ion battery. 

Different battery components (carbon black, aluminum foil, PVDF binder, and copper foil) 

are exposed to the DES at various temperatures (Figure 1-40).  

 

Figure 1-40. Photographs of the effect of the deep eutectic solvent on various Li-ion battery 
components when 5 g of ChCl:EG eutectic is heated at 25˚C, 55˚C, and 105˚C and mixed with 
(a) 100 mg of carbon black, (b) aluminum foil, (c) 100 mg PVDF, and  (d) copper foil, which 
is the only battery component that is reactive with the eutectic at these temperatures. 
 

Although PVDF exhibited some extent of solubility in excess eutectic above 150oC, 

the other materials appeared to be unreactive within the temperature range investigated here 

with the exception of copper. Copper, used as a current collector in the anode, reacted with 

ChCl:EG even at room temperature, as indicated by the liquid assuming a green coloration. 

(a) (b) 

(c) (d) 
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These results imply that the ChCl:EG eutectic can be effectively used to extract metals of 

interest from the cathode material alone. 

LCO/Li half-cells are also assembled and tested for 300 charge/discharge cycles. The 

batteries are then dismantled, and the harvested cathodes are immersed into ChCl:EG at 

180˚C without any further processing. The electrode coating is observed to easily detach from 

the current collector (Figure 1-41). 

 

Figure 1-41. (a) Photograph of dismantled spent LCO/Li half-cell containing (i) cathode 
powder/conductive carbon coated onto aluminum foil bound by PVDF binder, (ii) stainless 
steel (SS) cell bottom, (iii) quartz separator, (iv) SS spacer, (v) SS cell lid, and (vi) SS spring. (b) 
Photograph of the immediate color change upon Li-ion battery cathode and the deep eutectic 
solvent’s immersion into an oil bath at 180˚C. 

 

DESs have been investigated for their plasticizing abilities for polymers [104] and it is 

thought that the adhesion between the cathode material and aluminum foil is weakened as the 

inter-chain interactions diminish, aided by heat and mechanical agitation during the stirring 

[133]. Hence, the cathode powder is separated from the aluminum foil easily and bluish hues 

are immediately observed in the liquid phase, indicating prompt cobalt extraction (Figure 1-

41b). The foil can be pulled out, and the PVDF binder and conductive carbon (along with 

eventual unreacted LCO particles) are able to be filtered out of the solution. The cobalt 

(a) (b) 

(i) 

(ii) 
(iii) 

(iv) 

(v) 
(vi) 
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leaching efficiency for this process is found to be 29.6% (the LCO:DES weight ratio is the 

same as in the experiments above). 

This initial study can be further generalized by inspecting the behavior of ChCl:EG in 

contact with the increasingly popular NMC battery chemistry. Similar to observations with 

LCO, immersion of NMC powder to the fixed amount of eutectic at 180oC caused immediate 

color change to dark green. Dissolution of all metal ions in the DES are observed and 

quantified using ICP-OES but as lithium and cobalt are of primary interest, these will be the 

ones reported here due to the growing demand for these resources [31], [91], [133]. Leaching 

efficiencies as high as 71% for lithium and 32% for cobalt are obtained by varying the initial 

cathode powder added to 5 g of DES (Figure 1-42).  

 

Figure 1-42. Leaching efficiency of LiNi1/3Mn1/3Co1/3O2 (NMC) powder dissolved in the 
choline chloride and ethylene glycol deep eutectic solvent at 180˚C; Li and Co can be extracted 
with different efficiencies depending on the initial added NMC powder to the DES. 

 

Interestingly, the leachate underwent additional color change upon cooling down to 

room temperature, indicating the existence of multiple dissolved complexes. The existence of 

such complexes may explain the non-monotonic dependence between leaching and initial 
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NMC content, as different species may be favored at varying conditions. It may also justify 

the lower efficiencies for Co extraction in NMC (vs.in LCO), as at a given NMC/DES ratio 

the different metal ions compete for a limited number of binding sites. Dissolution of both 

lithium and cobalt favored a ratio of 20 mg of NMC powder to 5 g of DES, while the other 

metals behaved differently (Table 1-10).  

 

Table 1-10. Metal extraction from LiN1/3Mn1/3Co1/3O2 (NMC) using ChCl:EG, based on the 
combination of varying amounts of NMC powder initially added to a fixed 5 g ChCl:EG 
heated for 24 hours at 180˚C. Concentration from Li, Co, Ni, and Mn are shown. Note that 
averages and standard deviations based on at least three replicates at each average temperature 
with the exception of manganese due to oversaturation of the measurement during ICP. 
 

Initial added 

powder (mg) 

Avg. Li  

Concentration (ppm) 

Standard 

Deviation 

Leaching  

Efficiency (%) 

10 (0.02M) 86.54 1.29 53.69 

20 (0.04M) 228.22 17.94 70.80 

45 (0.1M) 376.27 27.52 51.88 

Initial added 

powder (mg) 

Avg. Co 

Concentration (ppm) 

Standard 

Deviation 

Leaching 

Efficiency (%) 

10 (0.02M) 320.39 1.46 23.41 

20 (0.04M) 867.94 3.76 31.71 

45 (0.1M) 1667.24 3.67 27.07 

Initial added 

powder (mg) 

Avg. Ni 

Concentration (ppm) 

Standard 

Deviation 

Leaching 

Efficiency (%) 

10 (0.02M) 257.03 48.57 18.86 

20 (0.04M) 181.42 29.05 6.65 

45 (0.1M) 601.77 102.04 9.81 

Initial added 

powder (mg) 

Avg. Mn 

Concentration (ppm) 

Standard 

Deviation 

Leaching 

Efficiency (%) 

10 (0.02M) 522.92 263.37 40.99 

20 (0.04M) 1535.12 N/A 60.16 

45 (0.1M) N/A N/A N/A 
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As the metal oxides become more complex (by having multiple transition metal ions), 

the separation processes required to recover individual species also become more intricate. 

For similar problems, industry relies on a combination of commercial solvent extractants 

(liquid-liquid extraction) that can bond specifically to certain metals of interest, as well as 

chemical precipitation for other steps [133], [134]. Other recovery possibilities include using 

electrowinning techniques that can selectively deposit the metals, one at a time [90]. It is then 

reasonable to expect that all these concepts can be similarly applied to DESs, enabling the 

reutilization of the many elements composing the cathode materials. As for the anode side, 

new studies on recycling these other components of the LIB, albeit not as critical or as 

profitable as the cathode side now, can prove to be valuable soon, particularly graphite, which 

alongside the anode components has enjoyed increased discussion over the recent years [135]–

[138]. This area could potentially be the next avenue of work that these DESs can tackle, 

assuming the issue with leaching copper from the anode foil is resolved.  

1.5.5. Conclusions 

In summary, although deep eutectic solvents are known to be capable of dissolving 

metal oxides, this activity has never been reported with materials of interest to the Li-ion 

battery industry. Here, it is demonstrated that a DES made of choline chloride and ethylene 

glycol can extract metals from LIB cathode materials, attaining leaching efficiencies as high as 

99.3%. Time and temperature played an important role in dictating the effectivity of the metal 

recovery, with oxide dissolution being favored by longer and warmer experiments. In addition 

to reporting the dissolution of LiCoO2 and LiN1/3Mn1/3Co1/3O2 in a DES, it is demonstrated 

that the metals can be recovered as synthetically-useful products, by precipitating dissolved 

ions and calcining the obtained compounds. Further, it is shown that when dilution of the 

DES is avoided (by recovering Co by electrodeposition), the residual eutectic can be once 



 
122 

more employed to leach metals from LCO, with no apparent loss in efficiency. 

Environmentally-friendly deep eutectic solvents not only present a possibility to change the 

way new life is brought back into waste products, as is proposed in this work, but also inspire 

the search of new paradigms for sustainably recycling Li-ion batteries. 

1.6. Outlook 

With clear trends towards the electrification of everything, one thing is for certain, and 

that is that Li-ion battery technology will be around for decades to come. Whether the 

chemistries of today will be the same of tomorrow, the hunch is that NMC is expected to be 

the cathode chemistry of choice for the future of EV, with major companies like Panasonic, 

LG, and Samsung in agreement, and Avicenne Energy estimates a compound annual growth rate 

of 15%, greater than any of the other popular chemistries that all expect to see some growth 

(LCO: 5%, LFP: 8%, LMO: 10%, and NCA: 11%) [49]. With the world furthermore constantly 

demanding faster, lighter, cheaper and cleaner energy and energy storage innovations, 

businesses will be looking to produce responsibly and sustainably not only to please the end 

consumer but because it will be necessary.  

To recap, take a look at Figure 1-43 where mining for NMC minerals occurs and its 

expected demand in the future, as determined by the Global Battery Alliance in partnership with 

McKinsey and Company as well as the World Economic Forum who envision a battery value 

chain that will reduce emissions in the transport and power sector by 30% in order to meet 

the Paris Agreement target to remain below the 2˚C turning point [52]: 
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Figure 1-43. Raw material supply for lithium, cobalt, nickel, and manganese shown in (a) 
mining locations worldwide and (b) demand in 2018 and expected demand by 2030 [52]. 

(b) 

(a) 
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New questions into creating a more circular value chain from raw material sourcing to 

end-of-life of the multitude of LIB technologies already are posing new challenges and 

proposed solutions, one of which recycling will inevitably have to answer. 

1.6.1. Green Design in Mind 

A burgeoning new area of research is not only cobalt-free cathodes to prevent a supply 

chain bottleneck in the future for critical minerals, but actual architectural re-design of a Li-ion 

battery. LIBs have long been fabricated with no intention of easy dismantling (further, many 

are designed to purposely prevent consumers from easily opening the devices’ contents), 

nonetheless recycling. With respect to EVs, LIBs already contain many more parts than the 

standard internal combustion engine’s lead-acid battery and this fact alone contributes to a 

higher price tag. 

When looking at the general components of say, the LCO Li-ion battery versus the 

contents of a lead-acid cell, the sheer number of different parts look like negative dollar signs 

to recyclers (Figure 1-44) [86].  

 

Figure 1-44. Comparison of (a) lead-acid battery cell composition vs. (b) Li-ion battery cell 
composition using LiCoO2 model compound [86]. 

 

(b) (a) 
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From that figure, it is clear that recycling nearly 70% of lead from a battery is much 

simpler than 36% of a cathode here and a 16% there from copper, maybe a 19% chunk from 

graphite which is not particularly valuable in terms of cost-effectiveness versus virgin material 

anyway. While it may not be possible to reduce the number of parts in a LIB given the specific 

function each of these parts play—from electrode to the binder for which the electrode is 

enabled to adhere to the current collector, to the short-circuit preventer (separator), battery 

housing, and ion conductor (electrolyte)—it may be possible to play with the physical 

orientation as well as chemical makeup of these parts.  

For example in the case of physical engineering: as opposed to the planar electrodes 

found in the prismatic and pouch cells, the coiled-up cylindrical cells add challenge to the 

separation process from the other battery parts which means to recycle them, hand-

dismantlement is basically necessary furthermore with specialized tools and equipment and a 

shortage of qualified technicians able to do the specific job (some report about less than 2% 

of all auto techs in the UK can even properly service an electric vehicle at that) [48]. In order 

to make automation a reality to sort different battery types, a standardized design for battery 

packs and modules could greatly reduce the cost of this particular step in recycling, and this 

includes the process of not only the shapes and amounts of different parts, but how they are 

joined; for instance, a European automaker announced that instead of using nuts and bolts to 

fasten parts, it would weld parts which obviously would greatly complicated disassembly for 

recycling later down the road [86].  

In terms of chemical changes, this area is still widely researched across the globe for 

alternative cathode species, anodes, and electrolytes, but few studies actually work cohesively 

with each other in the field to reach a common goal particularly for recycling. One particularly 

important area that hinders recycling is, naturally, the binder which is typically composed of 
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PVDF and purposefully designed for strong bonding. Furthermore, PVDF is a water-insoluble 

solid powder at room temperature, so its use in LIBs necessitates the organic solvent NMP 

which notoriously is known for its toxicity at a lofty price tag at that; its environmental health 

and safety impact is mentioned in Figure 1-25 where it is labeled as a “red” chemical. Hence, 

some researchers suggest employing water-soluble binders like styrene butadiene rubber with 

sodium carboxyl methylcellulose as a thickening additive to bypass the use of the expensive, 

fluorine-containing compound [86]. Likewise, the other big area to study and monitor is the 

replacement of the flammable organic electrolyte (LiPF6) that is responsible for the explosive 

exothermic reactions and “thermal runaway” in some major LIB accidents. This would aid 

recycling not only in the actual recycling facility but during transport of mass volumes of 

batteries from wherever they are dropped off to when they arrive at the proper venue for the 

next stage of recycling. 

Furthermore, with the advancements in artificial intelligence and machine learning, 

this could potentially be used in a broader spectrum to handle more complex problems within 

the disassembly and sorting of millions of batteries of different sizes, shapes, and materials 

upon arrival at a facility, automating steps whenever possible. So designing with “green” in 

mind can mean not only making a device easier to recycle and thus inherently more 

environmentally-friendly, but it can save “green” as well—recyclers and battery manufacturers 

otherwise at the moment would pay for lofty disposal costs.  

1.6.2. Policy 

The discussion about policies as it relates to the electrification of the world is vastly 

different than the one for its by-product waste—many countries including Brazil, China, 

Europe, India, Mexico, Canada and the U.S. have been targeting low carbon fuel standards 

and encouraging the growth of renewables and the EV market, each in its own way to lower 
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GHG emissions by incentivizing certain sectors with subsidies and imposing financial 

penalties if standards are not met [52]. As is mentioned in the section above, one of the major 

hindrances towards the sustainable end-of-life of Li-ion batteries is not actually a technical or 

even economic problem—it is a policy and regulation problem. With no official rules to guide 

the manufacturing and design of LIBs, nonetheless, keep up with the changes in the field, 

there are even fewer that regulate their EOL. As the age-old adage goes, reduce-reuse-recycle 

is an easy alliteration to remember, but without any bite behind the teeth, a lot of the current 

research efforts and inspired innovations will go to the landfill (literally) unnoticed.  

That has raised the brows of many experts across the globe in an effort to approach 

the growing waste problem. Table 1-11 describes new strategies from the U.S., Canada, the 

European Union (EU), China, Japan, and Australia to begin the difficult discussion of “how.” 

The EU in particular has been a long-standing regulatory body that has effectively managed 

hazardous wastes of all types as dictated by their Battery Directive passed in 2006, which 

likewise prohibit improper disposal and incineration of all batteries including LIBs while 

further creating target collection rates, meanwhile mandating such systems be free and 

accessible to the public [139]. Hence, it comes as no surprise that they have set aside funding 

for projects such as CoLaBATS, a study that has been a particularly strong model for the deep 

eutectic solvent recycling work posed in this thesis chapter; CoLaBATS gathered the expertise 

of 10 collaborative industry and academic partners to figure out technical strategies to retrieve 

cobalt, lanthanides, nickel, and lithium from spent rechargeable batteries [140]. The U.S. 

equivalent can be thought of as the Department of Energy’s ReCell Center for Advanced 

Battery Recycling, which likewise involves 3 national labs, 3 universities, and currently 17 

industrial partners. 
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Table 1-11. Summary of various Li-ion battery policies worldwide including possible strategies 
to improve recycling and collection of LIBs; reproduced from Winslow et al. [139]. 

 

 

In the United States, while solid and hazardous wastes are regulated under the 

Resource Conservation and Recovery Act [139], no federal policy dictates if, when, or how 

LIBs specifically are dealt with once they are out of service. Then there is a question of who 

officially owns the battery at its EOL, who is officially responsible for it, where should it go if 

it is to be recycled? Will people return their Tesla EV back to Tesla? Will the LIB within instead 

go to a third-party recycler? With so many questions left unanswered and unregulated, the 

multitude of outcomes is infinite and mostly non-converging. Again when looking at the lead-

acid battery recycling model as an example, these are considered hazardous waste under 

Regulation 40 CFR 273, “Standards for Universal Waste Management” and the Battery 

Management Act enacted in 1996 which stipulates rules for collection, storage, and 
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transportation from chemistry labeling to disposal or recycling mandates [141], yet LIBs are 

not even considered hazardous despite being classified as Class 9 substances for being a fire 

hazard by the Department of Transportation [86]. Only 8 states have some kind of waste 

management regulation for rechargeable batteries, but only 3 of those 8 (California, New York, 

and Minnesota) took it upon themselves to include LIBs explicitly. The large majority of the 

states make LIB recycling voluntary, such as the Call2Recycle program which while well-

meaning, only covers essentially consumer electronics and is not equipped for EV-sized waste. 

However there are some initiatives intended to increase the collection of LIBs, and of course 

the state working on this is California: the “AB-2832 Recycling and Reuse: Lithium-Ion 

Batteries” bill and the “AB-2407 Recycling: Lithium-Ion Vehicle Batteries: Advisory Group” 

bill introduced at the assembly in February 2018 proposed first steps for an advisory board 

followed by policy recommendations by April 2020 for the recycling of 90% of LIBs from 

EVs in the state [86], [142].  

Despite the slow-moving legislation that seems to always fall behind the technology 

curve, there are at least concerted efforts across many sectors from the manufacturer to the 

recycler, of which all parties can benefit. Globally, it is estimated that about 97,000 metric tons 

of LIBs reached recyclers in 2018 (Figure 1-45); and that number is projected to reach nearly 

400,000 metric tons by 2025, which amounts to an estimated market of about $2.6 billion 

(based on commodity prices in December 2018) with cobalt and lithium representing 58% 

and 17% of the value [47]. From this figure it can be seen most of the cathode chemistries 

that will be available for recycling will be LFP, likely from the electric buses which generally 

undergo much more cycling and consequently battery replacement than passenger EVs, 

followed by LCO, of which mostly comes from consumer electronics at their EOL. NCA 

depicted in red and NMC depicted in purple does however begin to grow in the projections.  
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Figure 1-45. Li-ion batteries available for recycling by (a) geographical region and (b) cathode 
chemistry, projected from 2018 to 2025 [47]. 

 

With LIBs trending and exploding with growth beyond even the transportation sector, 

it is time now to take the ideas proposed for reduce-reuse-recycle and start implementing them. 

This chapter discussed the origins of the Li-ion battery, its life-cycle implications on a global 

scale, current methodologies on end-of-life scenarios, and finally a potential greener (or cobalt-

bluer) solvometallurgical technique to recycling them. Li-ion battery recycling is not simply an 

interesting topic to study on a researcher’s whim, but a necessary global issue that needs active 

and concerted input from academics, industries, and governments alike. It is hoped that the 

legacy of this work will at least put in the limelight, the need for more circular practices in 

manufacturing, research, and design, and better yet inspire the next generation to innovate 

with cleaner, greener solutions. 

(b) (a) 
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Chapter 2 

Waste-to-Supercapacitors 

Supercapacitors (SCs) are devices of another sort that fall under the energy storage umbrella; 

although their mechanisms are quite similar to their Li-ion battery (LIB) cousins, LIBs are 

heralded for their high energy density whereas SCs in contrast are heralded for their high power 

density which is why they are also granted the name, “ultracapacitor.” SCs are characterized 

by fast charging and discharging rates on the order of seconds, and have much longer cycle 

life than LIBs (>100,000), typically sub-categorized into three categories: the standard electric 

double-layer capacitors (EDLCs), pseudocapacitors, and hybrid-capacitors [143], [144]. The 

former uses ion adsorption to store energy while the second uses redox reactions on the 

surface, and the last, a combination of the first two. Like LIBs, their popularity is growing, 

spurred on by the search for renewable, clean energy sources which highly depend on local 

environmental conditions; hence, SCs are designed particularly for sustainable stationary 

applications to support the electric grid, especially in situations where spurts of power are 

needed to meet a certain intermittent energy demand. This chapter seeks to fulfill a two-in-

one goal: give new life to an otherwise waste material (asphaltene) by repurposing it in an 

energy storage device which supports the clean energy movement.  
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2.1. Current State-of-the-Art in Supercapacitors 

Supercapacitors provide energy in ways that LIBs cannot: quickly and powerfully. 

When looking at their performance with respect to other energy storage devices, a Ragone 

plot, as shown in Figure 2-1, often comes into mind because it easily compares how these 

technologies supply energy storage in terms of specific power and specific energy [144], [145]. 

Also compared directly with batteries in Table 2-1 [146], [147], it is clear that both these types 

of energy storage devices serve totally different functions. While certainly not meeting the 

power of 100,000 W kg-1 and beyond of the conventional capacitors, SCs find their place with 

typical power densities of 10,000 W kg-1, but relatively low energy densities less than 10 Wh 

kg-1 as compared to lead acid (PbO2/Pb), NiMH, Li-ion, and Li-primary batteries.  

 

Figure 2-1. Ragone plot showing different representative energy storage devices; reproduced 
from Simon and Gogotsi [145]. 
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Table 2-1. Comparison between batteries and supercapacitors; reproduced from Miller and 
Simon [146]. 

 

 

Because SCs rely on a physical type of storage mechanism as compared to a chemical 

mechanism in batteries, they are not limited by the same electrochemical kinetic rate 

limitations, only the physical structure and the operating voltage which needs to be maintained 

at optimum conditions to ensure full conductivity of the electrolyte [147].  

SCs come in one of three flavors: EDLCs, pseudocapacitors, and hybrid capacitors, 

all of which generally seek to increase specific energy. The two latter developments, 

pseudocapacitors and hybrid capacitors, are fulfilling new needs by constantly getting better 

in the energy density side but generally still remain below 50 Wh kg-1 which limits their mass 

adoption [144]. Hence, EDLCs still represent the most commercialized type of SC due to their 

maturity (and will be the focus application of this thesis chapter). Since this energy density 

parameter is proportional to capacitance times the square of voltage, the easiest way to increase 

it is simply by increasing one or both the capacitance and voltage. Obviously easier said than 

done, but this is why research into a variety of electrode and electrolyte materials have paved 

the way for improved SCs with wider voltage windows and better structures.  
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2.1.1. Materials 

Because the value of capacitance depends largely on the surface area, it is no surprise 

that porous carbon-based materials are the predominant choice for commercial EDLCs which 

are often used alongside organic electrolytes, as shown in Figure 2-2; currently, these SCs 

operate at voltages of 2.7 V and specific capacitances up to 120 F g-1 [147].  

 

Figure 2-2. Supercapacitor (a) structure for a symmetric cell, and (b) classification of the three 
SC types made of various electrode materials; reproduced from González et al. [147]. 

 
 Compared to metal oxides/sulfides/phosphides, it is well-known that carbon materials 

reign supreme in terms of highest surface area. They represent a relatively cheap and easily 

(b) 

(a) 
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accessible product, as they are well-established in the industry and have a standardized 

production process. Most commonly for EDLCs is the use of activated carbon which is simply 

a carbon-rich precursor heat-treated (“activated”) to produce a more porous structure under 

an inert atmosphere giving it the name “carbonization.” Allowing for specific capacitance of 

up to 300 F g-1 with an aqueous electrolyte, activated carbon electrodes have the added benefit 

of being optionally made from renewable sources, or as this next section will discuss—waste 

carbon material from the fossil fuel sector. Table 2-2 lists a number of these different carbon 

precursors alongside their activation method and surface area measured from Brunauer–

Emmett–Teller (BET) surface area analysis [147]. 

Table 2-2. Activated carbon from various sources, their activation method, and 
corresponding surface area measured from BET (Sbet); reproduced from González et al. [147]. 
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This is not a new concept; a recent study conducted by Ghosh et al. even demonstrated 

that also hard carbons can be synthesized from biomass such as from corn cobs and banana 

stems and starches, and exhibit promising technical performance for supercapacitors, reaching 

high specific when activated with KOH [148].  

Other materials employed for this purpose include carbon aerogels, carbon foams, 

carbide-derived carbons, carbon nanotubes, as well as graphene; manufactured through 

methods like sol-gel and freeze-drying, these carbonaceous materials generally exhibit high 

surface area coupled with other notable physical properties including mechanical strength and 

the fact that they are lightweight [149]. Furthermore, merely looking at the sheer number of 

types of “nano” materials—from nanoparticles to nanosheets, nanotubes, nanoflowers, 

nanoclusters, nanoflakes, and nanowires—denotes a world of open possibilities to utilize 

readily available materials to create useful devices that can furthermore promote sustainable 

energy. 

2.2. Asphaltene and the Deposition Problem 

2.2.1. Asphaltene 

According to ASTM D 6560-00, asphaltene is defined as the solid fraction of 

petroleum crude oil after dilution of 1 g oil with 30 mL n-heptane and subsequent separation 

and washing; but more simply put, it is the part of crude oil nobody wants. By U.S. standards, 

it is the n-heptane insoluble fraction of crude oil which is 1 part oil to 40 parts n-heptane, and 

by Canadian standards is the n-pentane insoluble part [150]. With respect to the oil industry, 

it is a pain to deal with because it has a tendency to deposit in wellbores, pipelines, and 

downstream facilities [151]. The sheer diversity of different components in crude oil mean that 
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predicting the amount of asphaltene from a certain region nonetheless a certain oil well 

reservoir is nearly impossible, making this a truly undesirable material with which to work. 

Hence, with the variability within the structure of asphaltene itself being so fluid, a lot of effort 

has simply gone into investigating what asphaltene is, how it is made during petroleum 

processing, and how it can be managed. Figure 2-3 displays a proposed mechanism for how 

asphaltene gets precipitated into the pipeline [152]. 

 

Figure 2-3. Proposed mechanism for asphaltene transport in an oil reservoir’s wellbore; 
reproduced from Vargas et al. [152]. 
 

Vargas and colleagues believe that the transport of asphaltene involves a multi-step 

process: supposedly in reservoir conditions, asphaltene is soluble in oil but as the oil is 

removed from the ground and the pressure reduces while the oil expands, certain solubility 

parameters change and it is at this “onset” moment that supersaturation drives asphaltene to 

begin precipitating into little particles that gradually aggregate and stick to one another, and by 

advection (the process of particles going upward by moving fluid), eventually deposit onto the 

walls of a pipeline [152], creating a disastrous result in terms of oil production efficiency. As 
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for the mystery of what asphaltene’s actual structure is, there is no consensus other than that 

there is no single structure that can describe these mostly organic molecules, although there 

have been many proposed structures (Figure 2-4) [150].  

 

Figure 2-4. (a) Proposed island and archipelago structure, and (b) traditional stuctural 
representations of asphaltene; reproduced from the dissertation by Hoepfner [150]. 

 

Among these structures, it is thought the island is most representative of most 

asphaltenes found in the field, which shown in Figure 2-4 depicts a condensed polyaromatic 

hydrocarbon core with alkyl side chains.  

In any case, regardless of the structure, asphaltene’s unwanted deposition plagues the 

oil industry, hindering the flow of product and thus cutting into the efficiency of oil extraction. 

This has disastrous effects on the cost of oil production: the plugging of oil wells is estimated 

to result in losses of around $600,000 per day based on a 10,000 barrels of oil per day 

production and assuming a price of $60 per barrel [153].  

 

(b) 

(a) 
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2.3. Undesirable Waste to Indispensable Energy 

Since supercapacitors require the use of electrode materials exhibiting high surface 

area, thermal and environmental stability, low cost, and good conductivity, while asphaltene is 

thought of as an undesired and problematic fraction of crude oil production, a potentially new 

material and application is born. Asphaltene, once activated, can provide these desirable 

properties which allow the transformation of waste into energy in the form of supercapacitors. 

In this work, a new and simple method to chemically activate asphaltene is devised using 

commercially available melamine sponges as a template to form an interconnected porous 

carbon network. This section seeks to prove that what is considered an undesirable from the 

not-so-eco-friendly oil sector, can be repurposed into a valuable eco-friendly application with 

remarkable properties for energy storage like supercapacitors. 

2.3.1. Methods 

The following experimental work largely comes directly from the published work in 

Fuel in collaboration with (now) Dr. Shayan Enayat from Prof. Vargas’ group at Rice 

University [151]. 

2.3.1.1. Extraction of Asphaltene from Crude Oil 

Crude oil samples provided by collaborators from different companies is obtained 

from the Gulf of Mexico with properties shown in Table 2-3. 150 mL of crude oil is 

centrifuged (Thermo Scientific Fiberlite F15-6x100y) at 10,000 rpm for 30 minutes, equal to 

10,947 relative centrifuge force (rcf) in order to remove water, sediments, and inorganic 

impurities. After centrifugation, the supernatant fluid and n-pentane with a ratio of 5:1 are 

mixed with effective stirring. The mixture is sealed and allowed to age for 1 day in a cool and 
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dark area. After aging, the mixture is centrifuged (10,000 rpm for 30 minutes) to separate the 

precipitated asphaltenes. The solid cake at the bottom of centrifuge tubes is removed and 

wrapped in a 0.2 µm nylon membrane filter paper. The filter paper, placed in a thimble, is then 

washed with n-pentane in a Soxhlet extraction setup to eliminate impurities and non-

asphaltenic materials from the cake. Lastly, the solid asphaltene left on the filter paper is dried 

in a vacuum oven at 110˚C overnight. The details of the extraction procedure is also available 

elsewhere [154]. 

 

Table 2-3. Properties of crude oil 1 and crude oil 2 at 1 atm and 20˚C used in the experiments. 

Property Crude Oil 1 Crude Oil 2 

Density (g/cm3) 0.885 0.884 

Water Content (wt%) 0.03 0.07 

Viscosity (cP) 22 56 

Molecular Weight (g/mol) 245 273 

Saturates (wt%) 57.4 57.2 

Aromatics (wt%) 23.6 19.2 

Resins (wt%) 14.1 9.5 

n-C5 Asphaltenes (wt%) 4.9 14.1 

 

2.3.1.2. Activation Process of Asphaltene 

1 g of KOH pellets are dissolved in 1.5 mL of deionized (DI) water while 0.2 g of 

asphaltene powder is dissolved in 12.5 mL toluene. The two immiscible solutions mixed and 

sonicated in an ultrasound bath for 10 minutes. To minimize the size of the water droplets, 

the water-in-oil dispersion is rigorously stirred with a SCILOGEX D-160 homogenizer at 
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20,000 rpm for 10 minutes. Melamine sponges obtained online are cut into 1-inch cubes and 

rinsed several times with deionized (DI) water and acetone before being dried in an oven at 

110˚C. Next, each sponge is immersed in the prepared emulsion until it is fully soaked. The 

KOH-asphaltene coated sponge is transferred into a porcelain crucible and left inside a fume 

hood to air-dry overnight. The dried sample is then inserted into a tube furnace and heated up 

to 900˚C and kept for 30 minutes while nitrogen gas permeated into the system at a rate of 

500 standard cubic centimeters per minute (sccm). After being allowed to cool to room 

temperature, the product is washed with 10 mL of 1M HCl and an excess amount of DI water, 

followed by ethanol and acetone until the contents neutralized to a pH of 7. The final powder 

of this sponge-templated, asphaltene-derived, activated porous carbon, denoted as S-AC1 derived from 

so-called crude oil 1, is dried in an oven at 110 oC overnight.  

The schematic of this activation process is shown in Figure 2-5. To show the 

versatility of this process, this activation is performed on asphaltene derived from a second 

crude oil source, denoted S-AC2.  

 

Figure 2-5. Schematic of the activation process for the creation of sponge-templated, 
asphaltene derived, activated porous carbon. Dispersed pristine asphaltene powder in toluene 
is mixed with a KOH and DI water solution, then sonicated. An emulsion is prepared and 
homogenized, then a melamine sponge is saturated with the emulsion. The sponge is heated 
to burn off the melamine, resulting in a porous activated asphaltene which can be used for 
fabrication of supercapacitors. 
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To understand the effectiveness of the sponge-templated activation process, this 

conventional activation process is applied on ASP1 and ASP2 (which represent untreated 

asphaltene before any activation from crude oil 1 and 2 respectibely). In this physical mixing 

technique, 1 g of KOH pellets and 0.2 g of asphaltene powder are mixed and ground in an 

agate mortar. The solid mixture is transferred into a porcelain crucible and heated in a tube 

furnace using the same conditions described before. The final activated carbon sample 

prepared by this technique is denoted as AC1 and AC2 and represent the “control” groups. 

2.3.1.3. Characterization 

XRD analysis is carried out using a Rigaku D/Max Ultima II Powder X-ray 

diffractometer with a radiation source of Cu Kα (λ=1.5418 Å). Powder samples are mounted 

on a grooved zero background holder. Raman spectra of the samples are studied at room 

temperature using a Renishaw inVia Raman microscope. The excitation radiation is 514.5 nm 

is used with the Lexel SHG 95 Argon ion laser. The laser power 28 µW is used at an excitation 

wavelength of 514 nm. The SEM images are taken at 5 keV using a FEI Quanta 400 high-

resolution field emission scanning electron microscope. Brunauer–Emmett–Teller (BET) is 

used to analyze the porosity and specific surface area of the formed carbons. The device 

Quantachrome Autosorb-3b BET Surface Analyzer is used for the measurement. Before 

analysis, all the samples are evacuated and degassed for 12 h at 300˚C under vacuum to remove 

moisture. Lastly, XPS analysis is performed by a PHI Quantera SXM scanning X-ray 

microprobe system using a 100 μm X-ray beam at the take of angle of 45˚ and pass energy of 

140 eV for the survey and 26 eV for the high-resolution analysis.  

S-AC2, its pristine asphaltene counterpart, denoted ASP2, and related results from 

XRD as well as Raman spectroscopy are depicted in Figure 2-6. Descriptions of the defect 
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and graphitic peaks are further explained in the Results section. Lastly as a reference, XPS and 

the corresponding deconvoluted peaks of ASP2 and S-AC2 are shown in Figure 2-7 and 

Table 2-4 respectively.  

 

Figure 2-6. (a) X-ray diffraction spectra and (b) Raman spectra of the second batch of 
asphaltene (ASP2, blue curves) and the second batch of sponge-templated asphaltene-derived 
activated porous carbon (S-AC2, red curves). 
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Figure 2-7. XPS description of ASP2 vs. S-AC2; (a) survey scan and (b) high-resolution C1s 
peak and its deconvolution. 

 
Table 2-4. XPS elemental composition of pristine asphaltene from a different source of crude 
oil (ASP2) and its sponge-templated activated porous carbon counterpart (S-AC2). 

Samples 
C1s 
(%) 

O1s 
(%) 

N1s 
(%) 

S2p 
(%) 

C1s 

C-C/C=C 
(%) 

C-O 
(%) 

C=O 
(%) 

O=C-O 
(%) 

π-π* 
(%) 

ASP2 93.0 3.0 1.1 2.9 81.5 17.4 1.1 - - 

S-AC2 94.3 5.7 -  67.7 15.0 8.9 5.1 3.3 
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2.3.1.4. Supercapacitor Device Fabrication and Testing 

Supercapacitor devices are fabricated into coin cells using a ratio of 80% sponge-

templated asphaltene-derived activated porous carbon powder, 10% conductive carbon, and 

10% polyvinylidene fluoride binder (purchased from Sigma-Aldrich). To make the electrode 

slurry, these powders are mixed with N-methyl-2-pyrrolidone (NMP) and sonicated until the 

slurry consistency is thick yet still able to be drop-casted onto a current collector substrate. 

One drop of the slurry is pipetted onto the substrate, then heated in a vacuum oven overnight 

at 90˚C to evaporate the NMP solvent. The electrodes are matched according to weight, then 

paired for cell assembly and sandwiched in a CR2032 coin cell with Whatman filter paper as a 

separator. Cells are made using stainless steel foil current collectors either in an aqueous 

sulfuric acid (1M H2SO4) or a “water in salt” lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI) electrolyte. 

Cyclic voltammetry of the cells is done on a Metrohm Autolab Nova, in which cells 

are subjected to voltage rates of 5, 10, 25, 50, and 100 mV s-1 for at least 3 cycles each in a 2-

electrode setup to test device capacitance; the H2SO4 aqueous electrolyte cells are also tested 

using a 3-electrode setup to understand the material capacitance. The full devices are then 

subjected to 10,000 cycles of galvanostatic charge/discharge on an Arbin instrument. 

2.3.2. Activation and Supercapacitor Performance Results 

2.3.2.1. Sponge-Templated, Asphaltene-Derived, Activated Porous Carbon 

In Figure 2-8a, the XRD spectra of pristine asphaltene (ASP1) shows three broad 

peaks at 20˚, 26˚, and 43˚, corresponding to the diffraction of γ, (002), and (100) planes, 

respectively [155], [156]. The γ peak is attributed to the presence of side aliphatic chains, 
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indicating a disordered amorphous structure [155], [156]. The characteristic graphite peak 

(002) shows the stacking of aromatic core layers and their interlayer spacing [155], [156]. Unlike 

pristine asphaltene, the sponge-templated, asphaltene derived, activated porous carbon sample 

(S-AC1), showed no sign of the γ peak, which indicates the removal of aliphatic side chains 

during the activation process. Although the (002) and (100) peaks look narrower, in the case 

of S-AC1, their relative intensities are still weak, indicating an amorphous and disordered 

structure.  

This is more apparent when looking at the corresponding Raman spectra for the S-

AC1 sample in Figure 2-8b. The ratio of the defect-band (D-band) and graphitic-band (G-

band) intensities, denoted as ID/IG, is often used to estimate the amount of disorder or 

graphitization of carbon materials. S-AC1 and ASP1 showed an ID/IG value of 1.27 and 0.83, 

respectively, suggesting a relatively high degree of defects in the lattice structure of the S-AC1, 

which is a result of the harsh conditions during the KOH activation process. In ASP1, the D-

band at ~1340 cm-1 is caused by the in-plane defects in the aromatic core and presence of 

heteroatoms at the edges of the microcrystalline structure of asphaltene molecules [157]. On 

the other hand, in S-AC1, this band corresponds with lattice defects originated during KOH 

activation which may lead to the formation of a porous network. The G-band at ~1590 cm-1 

corresponds to the E2g phonon scattering of the sp2 crystalline graphitic plane [158]–[163]. 

Furthermore, S-AC1 showed a prominent wide band centered at ~2800 cm-1, denoted as 2D, 

which corresponds to the sp2 carbon and showed the existence of some degree of 

graphitization in its structure [161], [163]. 
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Figure 2-8. Structural characterization using (a) XRD and (b) Raman spectroscopy of sponge-
templated, asphaltene derived activated porous carbon (S-AC1, red) versus pristine asphaltene 
(ASP1, blue). 

 

In addition, XPS is used to identify the surface chemical composition of ASP1 and S-

AC1, and the results are shown in Figure 2-9. In the survey spectra, ASP1 revealed C1s, O1s, 

N1s, and S2p signals, while S-AC1 only displayed C1s and O1s signals. The relative elemental 

composition of both samples is tabulated in Table 2-5 along with the relative contribution of 

each deconvoluted carbon peak in the form of integrated area. Similar to the XRD results, the 

XPS data indicates that all the unreacted and excess KOH is removed during the washing 

(a) (b) 

1000 2000 3000

 ASP1

Wavenumber (cm-1) 

In
te

n
s

it
y

 (
a

.u
.)

D

G

GD

2D

 S-AC1

In
te

n
s

it
y

 (
a

.u
.)

10 20 30 40 50 60

(002)

(100)

γ

 S-AC1
In

te
n

s
it

y
 (

a
.u

.)

(002)

(100)

 ASP1

In
te

n
s
it

y
 (

a
.u

.)

2θ (degree)



 
148 

process, shown by the absence of potassium signals. Moreover, unlike the pristine asphaltene 

sample, there are no signs of sulfur and nitrogen in S-AC1, indicating the high activity of these 

functional groups during the reaction with KOH, which resulted in their elimination from the 

final sample structure and the implication that this activation process is able to successfully 

remove unwanted elements.  

 

Figure 2-9. XPS spectra comparing sponge-templated, asphaltene derived activated porous 
carbon (S-AC1, red) versus pristine asphaltene (ASP1, blue), (a) survey spectra and (b) high-
resolution C1s peak and its deconvolution. 
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Figure 2-9b shows the deconvoluted peaks of the C1s spectrum of the S-AC1. Similar 

to the observation by Jalilov et al., the oxygen functional groups are in the form of C-O (285.8 

eV), C=O (287 eV), O=C-O (288.5 eV) [164]. Furthermore, the graphitic carbon (C-C, C=C) 

is centered at 284.8 eV. 

Table 2-5. XPS elemental composition of pristine asphaltene (ASP1) and sponge-templated 
activated porous carbon (S-AC1). 

 

Lastly, just to gauge just how much porosity the sponge-templated activation process 

provided, the specific surface area, pore volume, and average pore size properties are measured 

in the samples which are tabulated in Table 2-6. S-AC1 showed a significant specific surface 

area of 3868 m2 g-1, which exceeded the surface area of the control sample (AC1) by nearly a 

factor of 2. 

Table 2-6. Physical properties of untreated asphaltene (ASP1) in comparison with the control 
group of conventional activated carbon (AC1 and AC2), and lastly the sponge-templated 
activated porous carbon (S-AC1 and S-AC2). Data includes the Brunauer-Emmett-Teller 
(BET) specific surface area, total pore volume, and average pore size. 

Samples 
C1s 
(%) 

O1s 
(%) 

N1s 
(%) 

S2p 
(%) 

C1s 

C-C/C=C 
(%) 

C-O 
(%) 

C=O 
(%) 

O=C-O 
(%) 

π-π* 
(%) 

ASP1 94.4 3.7 1.3 0.6 89.5 9.8 0.7 - - 

S-AC1 94.8 5.2 - - 68.6 15.3 8.1 5 3 

Samples SBET (m
2 g-1) Vtotal (cm3 g-1) Dpore (nm) 

ASP1 2 0.005 - 

AC1 2133 1.31 2.45 

AC2 2466 1.65 2.67 

S-AC1 3868 2.87 2.97 

S-AC2 3940 2.38 2.41 



 
150 

 
With regards to surface area as measured by BET, the nitrogen adsorption-desorption 

isotherms of S-AC1 is compared to conventionally active carbon AC1 along with the 

comparative pore size distribution (PSD) based on quenched solid-state density functional 

theory (QSDFT) model and SEM images of S-AC1 (Figure 2-10).  

 

Figure 2-10. (a) N2 adsorption and desorption isotherms and (b) pore size distribution of 
sponge-templated asphaltene derived activated porous carbon (S-AC1) and the activated 
carbon control sample (AC1) (c) and (d) SEM images of S-AC1 at different magnifications 
showing the honeycomb-like structure. 

 

According to the IUPAC classification, AC1 exhibited a type I isotherm, indicating the 

presence of mostly micropores in the sample. On the other hand, S-AC1 showed a steep 
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nitrogen uptake at low pressures (0-0.3 P/Po) and followed a type IV adsorption isotherm with 

a dominant hysteresis loop of type H4 [159], [165], [166]. The presence of this wide hysteresis 

loop can be explained by the capillary condensation of adsorbate, occurring at a relative 

pressure (P/Po) above 0.4. This behavior suggests the existence of a large number of narrow 

slit-like mesopores, along with micropores in the S-AC1 sample.  

Unlike previous models, the QSDFT method takes into account the geometrical 

inhomogeneity and surface roughness of the sample [167]. S-AC1 had narrower PSDs mainly 

centered at ~1 nm (micropores) and ~3.5 nm (mesopores) pore size. Between the two 

samples, S-AC1 had a significantly greater number of mesopores, which explains the larger 

average pore size (~3 nm) and the presence of the wider hysteresis loop in the isotherm. The 

formation of mesopores can be ascribed to the collapse of micropores, due to the greater 

activation energy likely assisted by the sponge template. This process is facilitated by the 

greater surface interaction between KOH and asphaltene when a porous melamine sponge is 

used as a template during the sample preparation process (refer to the experimental section).  

What is learned from the PSD is that when the sponge is used, the final product 

(calculated based on the initial asphaltene mass) can obtain much higher yield (43%), compared 

to the conventional method (10%). It is important to note that during this sponge-templated 

activation process, any produced activated porous carbon comes from the asphaltene alone 

because the sponge itself gets vaporized in the process, and thus does not add to the carbon 

content and the mass of the final product. 

Finally, what the SEM micrographs revealed from the S-AC1 sample (Figure 2-10c&d) 

is a highly porous material with a honeycomb-like structure consisting of well distributed and 

uniform macropores, in addition to the abundant micropores and mesopores which are 

previously unveiled by the nitrogen absorption analysis. These interconnected networks of 
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pores allow efficient electronic conductivity and further facilitate the percolation of electrolyte 

contributing to interfacing between the ions and electrode material. As a result, high rate 

performance should theoretically be achieved in supercapacitors [158], [159], [168]. 

Furthermore, many studies have shown that ion transport in supercapacitors prefers a mixture 

of mesoporous and microporous networks over strictly single-sized porous materials [169]–

[171]. This observation is consistent with the evidence that micro- and mesoporous S-AC1 

performs better than the mainly microporous AC1 due to the multi-sized channels allowing a 

better balance of both ionic movement and electrolyte permeability.  

2.3.2.2. Electrochemical Properties  

To examine potential applications in electrochemical supercapacitors, S-AC1 is first 

tested in a three-electrode setup involving the electrode slurry coated onto a stainless-steel 

mesh as a working electrode alongside a Ag/AgCl reference electrode, and a large, stainless 

steel counter electrode. The electrodes are immersed in 1M H2SO4 electrolyte and cyclic 

voltammetry (CV) is performed at various scan rates from 5 to 50 mV s=1 (Figure 2-11). A 

high specific capacitance of 197.3 F g-1 at 5mV s-1 rate is achieved, and it retained 66% of its 

capacitance at a scan rate an order of magnitude higher (130.7 F g-1 at 50 mV s-1). 

 



 
153 

 

 

Figure 2-11. CV curve of the 3-electrode system using 1M H2SO4 electrolyte and subjected 
to the different voltage rates, with an Ag/AgCl reference electrode and large-area stainless 
steel mesh counter electrode. 

 

Figure 2-12 shows the CV curve and cycle life for the symmetrical two-electrode 

device using 1M H2SO4 aqueous electrolyte as well as the high voltage “water in salt” LiTFSI 

electrolyte. From the ideal rectangular area of the curves (Figure 2-12a), it can be seen that the 

capacitive characteristics are able to achieve consistent results, with a specific capacitance of 

about 120 F g-1 attainable at both 25 mV s-1 and 50 mV s-1. This rectangular shape indicates 

overall lower resistance in the system which can be attributed to the mixture of the micro- and 

mesoporous structure of the material. Finally, the cycle life retention of 89.9% after 10,000 

cycles (Figure 2-12b), suggests a suitable application of this activated asphaltene for 

supercapacitors.  

As a slight expansion in the voltage range can facilitate substantially higher energy 

densities for supercapacitors [172], an aqueous-based high voltage (“water in salt”) electrolyte 

is attempted in this asphaltene-derived material [173]. A calculated specific capacitance of 
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60.68 F g-1 at 5 mV s-1 is achieved with a stable voltage window from 10 mV to of 2.5 V (Figure 

2-12c). Its corresponding cycling stability (Figure 2-12d) with this electrolyte is able to retain 

76% of the capacitance after 10,000 cycles with the initial capacitance of 36 F g-1 at 0.4 A g-1.  

 

Figure 2-12. Electrochemical Performance of the sponge-templated activated porous carbon 
(S-AC1). (a) Cyclic voltammogram (CV) of the device in the 1M H2SO4 electrolyte, (b) cycle 
life of that device in the 1M H2SO4 electrolyte; (c) CV curve of the device in a “water in salt” 
LiTFSI electrolyte, and (d) the respective cycle life of the device in the LiTFSI electrolyte. 
 

Finally, the galvanostatic charge-discharge of the capacitor is shown in Figure 2-13 at 

0.4 A g-1 current density and an IR (voltage = current x resistance) drop of about 0.75 V. The 

triangular shape of the curve suggests that the structure of the sponge produces low 

impedance, allowing relatively fast charge transfer.   

(a) (b) 

(c) (d) 
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Figure 2-13. Galvanostatic charge-discharge of the “water in salt” electrolyte with sponge-
templated, asphaltene-derived activated porous carbon (S-AC1) at 0.4 A g-1 current density. 

 

The energy density of the cell is calculated using the equation: 

𝐸 =
1

2
𝐶𝑉2 

Equation 2-1. Energy density (E) measured in Ws kg-1 where C is the capacitance in F kg-1, 
and V is the working voltage window in measured in volts. The obtained energy density is 
converted to Wh kg-1 by multiplying a factor of 1/3600. 

The S-AC1 tested with “water-in-salt” shows an energy density of 31.25 Wh kg-1. 

Compared to the symmetrical cell in aqueous 1M H2SO4, with a calculated energy density of 

9.34 Wh kg-1, the “water-in-salt” electrolyte enables nearly 3.5 times greater energy density 

despite having a lower specific capacitance. The advantage of this system is compounded by 

the fact that it is operable in a much wider voltage range than traditional aqueous electrolytes 

like H2SO4 giving it much greater appeal for a range of applications. 



 
156 

 

2.4. Outlook 

In this work, asphaltenes extracted from crude oil are implemented into a new use for 

highly porous activated carbon in supercapacitors through a novel method. In this improved 

process, the emulsion of KOH in water and asphaltene in toluene is enhanced by the added 

framework of commercial melamine sponges, allowing greater surface interaction during the 

activation process. A surface area as high as 3868 m2 g-1 is achieved, with electrochemical 

performance in a standard aqueous electrolyte reaching specific capacitances as high as 197.3 

F g-1 which rivals the performance of some commercially available EDLCs on the market 

today. After testing the device for 10,000 cycles, 89.9% of its capacitance is retained, indicating 

good stability for a supercapacitor. Additionally, the applications in a “water-in-salt” electrolyte 

showed functionality as higher voltage supercapacitors up to 2.5 V, with an energy density up 

to 31 Wh kg-1 which implies that this material shows versatility and potential for use in high 

voltage devices as well. In terms of a future outlook, this new study indicates that a standard 

technique tweaked with a modifier as simple as a commercially-available sponge template not 

only allows a greater yield of asphaltene-derived activated porous carbon output as compared 

to the conventional activation method but also creates a mixture of a microporous and 

mesoporous network which further demonstrate favorable properties for supercapacitor 

applications. Such a process can be scaled up for industrial application where two sides are 

served: an alleviation of asphaltene deposition in the crude oil pipelines as well as a new useful 

device for what would otherwise be a waste. 
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Chapter 3 

Dynamic Smart Windows 

While sustainability in the life cycle of materials and manufacturing continue to be major 

opportunities for further research and development, sustainability in the built environment 

too has garnered attention for potential large energy savings. The U.S. Energy Information 

Administration estimated that in 2018, residential and commercial buildings consumed about 

40% of the nation’s primary energy with lighting, heating, ventilation, and air conditioning 

(HVAC) as dominant factors [174]–[176]. Since windows play a pivotal role in building energy 

efficiency contributing up to 50% of thermal transmission loss and between 25-30% of the 

HVAC energy use, emerging technologies to supplement the building envelope have been of 

great interest to those looking to green their homes as well as to the Department of Energy 

[177], [178]. Among these technologies comes a discussion of an all-encompassing term 

known as “smart window,” “smart glass,” or “switchable glass.” Simply put, smart windows 

dynamically change their optical properties to block certain wavelengths of light when a certain 

stimulus, natural or artificial, is applied. Such switchable devices can be further subdivided into 

either active or passive systems, the former requiring some kind of external input or manual 

control, while the latter being an automatic trigger. Examples of an active system include 
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electrochromic and gasochromic devices which require electricity or hydrogen gas respectively, 

to activate whereas passive systems, including photochromic and thermochromic devices, 

require no additional extra stimuli other than natural light or temperature from the 

environment [179]–[181]. However, in both active and passive systems, the purpose is to 

reduce the HVAC footprint by taking advantage of the light and/or heat coming through a 

building’s window. Long regarded as one of the least efficient components of a building, the 

desire to balance a view of the outdoors without the negative side effects has been a goal 

sought for decades if not longer. 

3.1. Windows: Current State-of-the-Art 

French-Swiss modern architect Le Corbusier once said, “The history of architecture 

in temperate regions is, we can say, the story of the conquest for light […] [G]lass will be a 

characteristic feature of building in the new machine age because it is the most direct means 

by which we can find one of the essential conditions for life: sun and light,” [182]. In his 

translated article, Glass, the Fundamental Material of Modern Architecture, Le Corbusier goes on to 

discuss the problems that arise with windows including the: 

1. Problem of cold behind the glass wall, 

2. Problem of heat behind the glass wall, 

3. Glare behind the glass wall, 

4. Cleaning of the glass surface, 

5. Requirements of comfort at certain times of day,  

6. Problem of aesthetics in general [182]. 
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Several solutions have been proposed for all of these challenges over the centuries 

since the evolution of the window, from early iterations of paper used in ancient China, Korea, 

and Japan to the later glass model used by the Romans in 100AD [183]. In history, countless 

other innovations have emerged from various types of exterior awnings, screens and shutters 

to interior insulating drapes and shades [184]. Major shifts in glass technology credit engineer 

Henry Bessemer with the early advances in glass manufacturing with his patent, influencing 

the industry as the world knows it by introducing “float glass” in 1843 which used liquid tin 

in addition to liquefied glass [183]. In addition to thoughtfully designing spaces to maximize 

natural heating and cooling by placing windows in strategic locations and directions relative to 

the sun, many engineered approaches within the technical window itself have been used in 

buildings to this day. This chapter will focus on solving the first two and the last two problems, 

cooling, heating, comfort, and aesthetics, respectively. 

3.1.1. Insulated Windows 

The insulated window design has been well-researched, among the earliest innovation 

used to combat both hot and cold climates by employing two or more panes (or glazings) of 

glass that are spaced apart and hermetically sealed, allowing air or a nonreactive gas such as 

argon or krypton to reduce heat transfer [185]. The first patent for a sealed double-glazed 

window unit came from the United States in the 1930s, allowing a new level of energy 

efficiency to be introduced to the relatively poorly insulated homes of the time [183]. The 

operating principle behind thermally insulating glazings is in the solar transmittance, and can 

be modeled by simulating direct and diffuse solar radiation when certain fixed building 

conditions are known such as glass thickness and density as well as number of panes [186]. As 

depicted in Figure 3-1, these windows employ not only insulating features from the pane itself 
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but also from the window frame materials in addition to innovative parts like spacers which 

ensure precise distances between multiple panes to help with condensation as well as reducing 

heat transfer [187]. 

 

Figure 3-1. Schematic of a thermally insulating, double-pane integrated glass unit showing the 
standard parts of the window installation [187]. 

 
Heat flow resistance for an integrated glass unit (IGU) such as the one depicted in 

Figure 3-1, is measured using what is called an R-value which ranges from 0.9 to 3.0 with 3.0 

being the most insulating; conversely, the U-value measures the conductance of heat and is 

equal to the inverse of the R-value so its range is between 1.1 to 0.3 with 0.3 being the most 

insulating [184]. A single pane of glass would have an approximate value of R-1 because of its 

low insulating capabilities. Double- and triple-pane windows with an appropriate amount of 

spacing (not too wide and not too narrow) therefore offer higher insulation and energy savings 

because of their heat flow resistance, particularly if gas like argon or krypton is used as opposed 

to air. 
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In addition to the lower energy consumption benefits, these multi-pane IGUs offer 

added thermal comfort since the interior pane has a temperature close to that of the indoor 

air, helping reduce air convection drafts and build-up of moisture condensation that often 

occurs with drastic temperature changes [188]. This is even more pronounced in a relatively 

newer technology with “thin glass triple windows,” an upgrade from the standard triple-pane 

IGUs which employs a non-structural, ultra-thin glass layer, about 1 mm thick, mounted in 

the center between the two glazings of a standard double-pane window [176], [189]. Despite 

its introduction in 1989, technical issues with manufacturing as well as business and market 

adoption setbacks plagued its implementation, but recent research reports center-of-glass U-

factors less than 0.4 and energy savings up to 16% in heating dominated climates like 

Minneapolis, MN, and 7% in cooling dominated climates like Houston, TX [176].  

It should be noted that although the U-value is a popular measure of energy efficiency 

in a window, there are other parameters that should be taken into consideration including 

thermal emittance, solar energy transmittance, and visible (luminous) transmittance [190]. 

Hence, a simulation study conducted in Milan discussed performance differences between 

double-glazing and triple-glazing IGUs considering summer heat and cold winter conditions; 

as expected, in the cold winter months where internal HVAC heating is needed, the triple 

IGUs reduce HVAC needs more than the double IGUs simply due to the better insulation, 

but this also depends on the window orientation (energy savings is negated in the case of 

double vs. triple when windows face east and west) [186]. Hot summer months with HVAC 

cooling energy needs revealed that triple glazings preformed similar to double glazings, but 

there is a particular triple IGU setup that provided superior lowering of solar transmittance 

due to the materials’ insulating environment which provided low thermal transmittance [186]. 

Despite the clear advantage to using multi-pane insulated windows, what many of the studies 
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suggest is the counterbalance between allowing solar energy to transmit during cold months 

but not during hot months, but the reverse phenomenon during cold months. 

3.1.2. Low-Emissivity Windows 

Unlike the thin glass triple window technology available in the 1980s, low-emissivity 

(low-e) windows, which ideally have a thermal emittance between 0.05 and 0.15 [190], [191], 

were introduced in the 1970s into the early 1980s and rapidly rose to conquer the window 

market, making up about 90% of all IGUs sold around the year 2015 [176]. At 10-15% higher 

cost than a standard IGU, low-e coatings made of microscopically thin metal or metallic oxide 

deposited on glass (or polymer) can control heat transfer and reduce energy costs by 30-50% 

and additionally filter out up to 70% of heat if a spectrally selective coating is applied [185], 

[188]. They make up about 40% of the insulated glass market, featured not just in commercial 

buildings and residential homes but also in the car and aircraft industries [192], [193]. 

Further subdivided into hard and soft coatings, the former is a pyrolytic, fluorinated 

tin oxide-based layer used to give some emissivity and added durability to the coating while 

the latter is typically composed of a thin, silver layer which actually provides the most 

functionality in terms of higher infrared reflectance and lower transmittance [194], [179], [195]. 

The more studied of the two tends to be the doped tin oxide hard coating, which can reduce 

the thermal transmittance of an uncoated glass from about 84% down to 15% or even below 

5% [190]. The relationship of the center-of-glass U-value depends on the thermal emittance 

from the outside of the IGU, but also depends on climate conditions and the material 

construction; for example, it has been well studied that using krypton gas fill for multi-pane 

IGUs produces lower U-values (and consequently lower heat transfer) than argon and air, as 



 
163 

 
well as the fact that low-e window coatings are particularly poignant in energy savings for 

cooler climates which require HVAC heating (Figure 3-2) [190]. 

 

Figure 3-2. (a) U-value vs. thermal emittance for the low-e third surface (measured from the 
outside) of a double-glazed IGU using different fill gases; (b) energy savings (compared with 
an uncoated window) vs. thermal emittance when the double-glazed low-e window is used in 
a residential (Res.) or commercial (Comm.) building in different climates: Stockholm (Sthlm), 
San Francisco (SF), and Miami [190]. 

 
Emphasized again is how the U-value which is used by consumers to evaluate the 

potential savings of a window technology is helpful, but the solar energy transmittance values 

can also play a role that may even downplay some of the positive effects of a low U-value, 

which explains the anomaly in Figure 3-2b with the San Francisco commercial building 

showing negative savings; this is attributed to the fact that a lower temperature outside the 

building than inside and perhaps unwanted higher solar energy transmittance contributing to 

the higher temperature inside may be a cause to kick in the air conditioning despite cooler 

temperatures outdoors [190].  

Striking a balance between allowing solar energy transmittance and heat inside only 

when the comfort temperature is disturbed has become a major aspiration for many window 

technologies of today. Countless studies since then have attempted to capitalize on other 

(a) (b) 
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works like antireflective dielectric coatings to complement the low-e technology, employing 

materials like silicon dioxide to allow high transmission of light while reducing its reflection 

through a destructive interference mechanism. A notable advance in the past few decades has 

been around chromogenic window technology: windows that dynamically change their 

structure or tinting based on temperature and brightness. 

3.1.3. Electrochromic Windows 

The most talked-about smart window technology on the market today is the 

electrochromic window. Because their tinting is flexibly controllable and able to be connected 

to the grid, electrochromic window technology has drawn considerable interest in an 

integrated, connected community standpoint [188]. A subset of chromogenic windows, 

electrochromic materials are an active smart technology, meaning they require an external 

stimulus—in this case, a voltage difference—to activate the change. But for their application 

in a smart window, the industry has used a transparent conductor, typically tin-doped indium 

oxide (ITO, In2O3(Sn)), that is as clear as possible and simultaneously provides a low voltage 

drop on the conductor surface to create an ideal film [180]. That being said, they are therefore 

a significant capital investment cost due to the necessary electrical wiring, control hardware, 

sensor placement, and communications hardware that need to be properly installed for a truly 

“smart” setting [188].  

An electrochromic window operates on the premise of either (1) insertion and 

extraction of ions and electrons into a storing material (typically a transition metal oxide) 

coated by a transparent conducting film like ITO, with the option of having multiple 

complimentary electroactive (electrochromic) layers [180], or (2) a redox reaction much like a 

battery. Both mechanisms which corresponds to an optical absorption change [191]. These 
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two mechanisms consequently result in two typical material selections for electrochromic 

windows: inorganic suspended particle devices and organic polymer dispersed liquid crystals 

which will be discussed in the next subsections. The former mechanism proceeds as follows: 

 

(transparent) 𝑊𝑂3  +  𝑥𝑀+  +  𝑥𝑒−  ↔  𝑀𝑥𝑊𝑂3 (deep blue) 

Equation 3-1. Ion insertion/extraction with tungsten oxide (WO3) where M+ is a positively 
charged ion such as H+, Li+, Na+, or K+, 0 < x < 1, and e- is an electron [180]. 

This is what gives electrochromic windows their notorious blue color as shown in 

Figure 3-3. The electrical polarity therefore allows the reversing of optical properties and 

consequently, solar heat gain by allowing for the regulation of transmission, absorption, 

reflection, and emissivity of the IGU. 

 

Figure 3-3. Electrochromic window switching from transparent to deep blue on a laminated 
IGU, adapted from Baetens et al. [180]. 

 
Other electrochromic materials have been studied over a wide variety of metal oxides, 

but most notable are nickel oxide, iridium oxide, and niobium oxide; the first for its value in 

cost and performance, the latter two for their strong electrochromic properties that 

additionally offer new colors besides the typical blue seen in tungsten oxide-based films [180]. 
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3.1.3.1. Suspended Particle Device 

In a suspended particle device (SPD) as shown in Figure 3-4, electrophoretic 

microscopic particles (typically spherical polyhalides) float randomly in an organic fluid 

suspension or gel film between two panes of either glass or plastic coated with a conductive 

material and all light is blocked until a certain amount of voltage causes the particles to orient 

in a uniform pattern, allowing a controlled amount of light to filter through [179], [180], [196]. 

This process is controllable and reversible relying on only an 1-2 volts of electricity which can 

be applied manually through a rheostat or can be connected to other sensors that adjust the 

voltage automatically. 

 

Figure 3-4. Working principle behind electrochromic suspended particle devices which 
operate on the reversible random-to-aligned particles that react to a change in voltage [196]. 

 

3.1.3.2. Polymer Dispersed Liquid Crystal 

Like suspended particle devices, polymer dispersed liquid crystals (PDLCs) operate 

using liquid crystals that orient parallel to let light through when induced by an electrical 
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charge, and otherwise are randomly oriented with no voltage application. But unlike SPDs, 

there is only two modes of glass: clear or translucent [196]. In this setup, liquid crystals are 

sandwiched between two glass panes coated with an interlayer film that also has a conductive 

layer that would respond to a voltage stimulus (Figure 3-5). 

 

Figure 3-5. Working principle behind polymer dispersed liquid crystals which react to voltage 
similarly to SPDs but within an organic matrix [196]. 
 

The liquid crystals within PDLCs can additionally have six different types from 

nematic, twisted nematic, to smectic, cholesteric, guesthost, and ferroelectric [180]. This 

versatility in materials selection has allowed their widespread scalability but a few problems are 

posed during the transitioning from display technology to widespread adoption in window 

technology. While useful in situations requiring privacy modes such as conference rooms, 

bathrooms, and fitting rooms, PDLCs require high power demand on the order between 5 

and 20 W m-2 and are plagued by problems with UV stability over time [179], [180].  

3.1.4. Thermochromic Windows 

Derived from Greek roots, thermos meaning warm or hot and chroma meaning color, 

thermochromics imply a material that changes color with heat. Falling again under the 
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umbrella of chromogenics, thermochromic technology follows optical property changes which 

occurs via a natural external stimulus provided by a temperature fluctuation, notably above 

and below some critical temperature, TC. Unlike other window technologies like the popular 

electrochromics, thermochromics are considered passive technologies because they inherently 

do not require any connection to an electrical power supply or control unit, but merely react 

to the environment around them, making them a simple solution for switchable windows that 

can control light and heat intensity without any additional energy consumption.  

Typically, thermochromic films use a transition metal oxide which undergoes a 

structural phase change above and below its TC which alters its optical properties. The most 

well-researched material is the vanadium oxide (VO2) polymorph, which exhibits an infrared 

transparent semiconductor state in its monoclinic (M) phase, but in its tetragonal rutile (R) phase 

exhibits an infrared reflective metallic state designating the name “metal-to-semiconductor 

transition,” as shown in the schematic in  

Figure 3-6. Also called the Mott Hubbard transition, this unique semiconductor-to-metal 

reversible transformational aspect of VO2 has made this material the center of decades of 

research. The crystal structure of the low-temperature monoclinic phase (space group P21/c) 

is called M1 in its pure form (notated VO2 (M) throughout this work for simplicity), with M2, 

and M3 monoclinic phases inferring the addition of dopants into this structure, causing the 

vanadium-vanadium bond lengths to vary in size [197], [198].  
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Figure 3-6. Schematic of thermochromic window exhibiting the metal-to-semiconductor 
trantion: (a) an infrared (IR)-transparent semiconducting state below the critical temperature 
TC, and (b) an infrared-reflective metallic state above the TC while always allowing visible light 
through. This simplified scenario would ideally be used for passively, automatically, and 
reversibly allowing IR heat from the solar radiation to enter through the window on cold, 
wintry days and reflect IR heat on hot, summer days in the northerm hemisphere climates. 

 

M1 is shown to have the oxygen octahedra distorted due to the vanadium-vanadium 

pairing and is the desired phase for the application of VO2 in windows (Figure 3-7a). This 

M1 phase transforms to the high-temperature tetragonal, rutile phase (space group P42/mnm) 

at the Mott-Hubbard transition at TC = 68˚C and is also known as R (notated VO2 (R) for the 

remainder of this work); this phase is the most stable of the polymorphs, exhibiting a simple 

tetragonal lattice that is symmetric in nature with vanadium atoms sitting at the center of edge-

sharing oxygen octahedra [197].  

 

Figure 3-7. Crystal structure of (a) monoclinic semiconducting VO2 corresponding to the 
environmental T < TC and (b) rutile metallic VO2 corresponding to the environmental T > TC. 
The blue balls represent vanadium and the red balls represent oxygen; adapted from Yuxia Ji’s 
dissertation at Uppsala University [197]. 
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Interestingly, VO2 has more than 10 crystalline polymorphs reported in the literature, 

which make the preparation of a pure, single-phase polymorph incredibly difficult to obtain 

without getting a metastable or a mixture of phases [199]. Some of these phases even have 

their own reversible phase transitions: VO2 (B), often used in cathode materials for batteries, 

exhibits a crystalline and amorphous phase switch with high pressure and VO2 (A), an 

intermediate phase between (B) and (R) phase, has a reversible transition at ~162˚C [200]–

[202]. While many attempts at one-pot synthesis of VO2 (M) have been made over the years, 

the necessary high temperatures, pressures, and long reaction times have hindered its 

penetration in the commercial window market due to the formation of large, lower-quality 

particles that lack the proper thermochromic performance.  

From an optical properties perspective, this Mott Hubbard transition manifests itself 

in interesting ways, theoretically allowing visible light through in both VO2 (M) and (R) phases 

but reflecting near-IR wavelengths when the (M) phase switches to the (R) phase above TC as 

shown in Figure 3-8 for a generic example [203] and in an actual experimental case in Figure 

3-9 [204]. Parameters used to quantify optical properties of thermochromic films include 

luminous transmittance (𝑇𝑙𝑢𝑚) which describes the clarity of the film and solar transmittance 

(𝑇𝑠𝑜𝑙) which describes the ratio of radiant flux of solar energy vertically incident on a surface 

to the transmitted radiant flux [204], [205]: 
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𝑇𝑙𝑢𝑚 =
∫ 𝜙𝑙𝑢𝑚(𝜆) 𝑇(𝜆) 𝑑𝜆

∫ 𝜙𝑙𝑢𝑚(𝜆) 𝑑𝜆
 

Equation 3-2. Luminous transmittance (𝑻𝒍𝒖𝒎) where 𝑻(𝝀) is the spectral transmittance at 𝝀 

wavelength, 𝝓𝒍𝒖𝒎(𝝀) is the standard luminous efficiency function which describes the human 
visual perception of brightness at that same wavelength. 

𝑇𝑠𝑜𝑙 =  
∫ 𝜙𝑠𝑜𝑙(𝜆) 𝑇(𝜆) 𝑑𝜆

∫ 𝜙𝑠𝑜𝑙(𝜆) 𝑑𝜆
 

Equation 3-3. Solar energy transmittance (𝑻𝒔𝒐𝒍) where 𝑻(𝝀) is the spectral transmittance at 

𝝀 wavelength and 𝝓𝒔𝒐𝒍(𝝀) is the global total spectral solar irradiance at air mass of 1.5 on the 
37˚C sun-facing tilted surface according to ASTM G-173.  

∆𝑇𝑠𝑜𝑙 =  𝑇𝑠𝑜𝑙 (𝑇<𝑇𝐶) −  𝑇𝑠𝑜𝑙 (𝑇>𝑇𝐶) 

Equation 3-4. Solar energy modulation (∆𝑻𝒔𝒐𝒍) defined as the difference in solar energy 

transmittance (𝑻𝒔𝒐𝒍) between the transparent and the opaque state (below and above the TC) 
[203]. 
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Figure 3-8. Representative graph showing (a) spectral reflectance and (b) transmittane with 
the blue curve representing the semiconducting phase and the red dotted curve representing 
the metallic phase, and (c) irradiance for the standard luminous efficiency of the average 

human eye (blue dotted curve, denoted 𝜙𝑙𝑢𝑚) as well as the standard irradiance spectrum for 

air mass 1.5 corresponding to the sun standing 37˚ above the horizon (red curve, 𝜙𝑠𝑜𝑙). 
Reproduced by Li et al. [203]. 
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Figure 3-9. Optical transmittance spectra of a single-layer thermochromic VO2 100nm-thick 
film deposited on fused quartz substrate measured at temperatures of 20˚C and 90˚C 
represented by the blue and red curve respectively. The black-shaded and gray-shaded areas 

respectively represent normalized value of the standard luminous efficiency function (𝜙𝑙𝑢𝑚) 

and spectral solar irradiance (𝜙𝑠𝑜𝑙) which solar energy modulation (∆𝑇𝑠𝑜𝑙) is calculated. 
Reproduced from Kakiuchida et al. [204]. 

 

The green and red shapes within the inset of the graph in Figure 3-9 show the 

temperature dependence of the kuminous and solar tranmittances respectively, with the open 

shapes indicating the measurement during a temperature rise while the solid shapes indicating 

the measurement during a temperature drop. ∆𝑇𝑠𝑜𝑙 in this graph is the percent difference 

between the red shapes at 20˚C and ~68˚C (above the TC) equating to about ~10% in this case 

[204]. 

Currently, there are three main technical challenges these thermochromic VO2 films 

face in the smart window film market [203]:  
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1. TC  ~ 68˚C for VO2 (bulk) critical transition temperature, which is not in a comfort 

temperature range of ~25˚C, 

2. ∆𝑻𝒔𝒐𝒍 solar energy modulation values generally do not exceed ~10% in most reports, 

and 

3. 𝑻𝒍𝒖𝒎 luminous transmittance values generally do not exceed ~40% for thermochromic 

films with noticeable ∆𝑇𝑠𝑜𝑙. 

While the first challenge to thermochromic fenestration has been generally solved via 

doping with elements such as tungsten or magnesium, the former two challenges have yet to 

be overcome. 𝑇𝑙𝑢𝑚 and ∆𝑇𝑠𝑜𝑙 inherently are opposing properties, as the latter can be generally 

solved by increasing the concentration of thermochromic VO2 particles in the film, but at the 

cost of diminishing the 𝑇𝑙𝑢𝑚 transparency of the film, and vice versa. Literature has 

approached these problems by enhancing optical design with high-refractive-index (RI) 

dielectric coatings in an array of composites, but current solutions are not practical to 

implement, raising a fourth challenge: optimizing a manufacturing method for thermochromic 

VO2 smart window film that can reasonably scale-up. 

3.2. Nano-VO2 as a Solution 

One such solution to combat these challenges is to take advantage of the nano-effect. 

Embedding < 20 nm sized VO2 nanoparticles into a dielectric matrix enhances surface 

plasmon resonance in the metallic phase and reduces light scattering, therefore producing an 

apparently clearer film without the loss of the thermochromic effect [203], [206], [207]. 

Another method is to introduce antireflection (AR) coatings such as silicon dioxide (SiO2), 

titanium dioxide (TiO2), zirconium dioxide (ZrO2) among other well-studied systems [208]–
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[210]. Together, the best solution appears to be creating a composite hybridized structure 

(possibly containing both inorganic and organic elements) that applies the advantage of the 

nano-effect as well as the performance of commercially-proven anti-reflective coatings either 

in a core-shell structure or a multi-layer nanocomposite thin film as represented in Figure 

3-10 [204], [208], [210]–[212].  

 

Figure 3-10. Ashby chart comparing solar energy modulation (∆𝑇𝑠𝑜𝑙) trade-offs with luminous 

transmittance (𝑇𝑙𝑢𝑚) based on different VO2 structures from single-layers to multi-layers and 
composites [212]. 

 

While the application of AR coatings in window films and other applications have long 

been commercialized, the challenge to incorporate ultra-small nanoparticles less than 200 nm 

in size (which tends to be roughly the size of the industry standard VO2 (M) available on the 

market) has been another entirely different hurdle, particularly in terms of scalability. This is 

consequently the focus of this chapter, of which the research for rapid synthesis of VO2 

nanoparticles < 50nm is conducted at Argonne National Laboratory under the Principal 
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Investigator, Dr. Jie Li in the Applied Materials Division with the Department of Energy, 

Building Technology Office funding. 

3.2.1. Continuous Flow Hydrothermal Synthesis 

Directly synthesizing VO2 (M) nanoparticles is a challenge in of itself because of 

vanadium’s multivalent nature and the relative ease of V4+ oxidizing or reducing to V5+ or V3+ 

respectively, consequently requiring many steps that often end in a stabilizing post-synthesis 

annealing heat treatment [213]. Thermochromic thin films as a general technology have often 

been fabricated using physical means like physical vapor deposition, sputtering, pulsed laser 

techniques, atomic layer deposition, spray pyrolysis, or chemical routes like chemical vapor 

deposition, polymer-assisted deposition, electrochemical methods, and most notably using sol-

gel methods [179], [203], [208], [214]–[216]. Hydrothermal methods are probably the most 

common approach due to its cost-effective, large-scale, and precise phase control advantages 

that typically employ reducing agents like oxalic acid, ethylene glycol, etc.) to convert a 

pentavalent vanadium compound (V2O5 or NH4VO3) into V4+ VO2, but are often produced 

using a batch method (e.g. using an autoclave) that takes 24 to 48 hours to complete, with an 

added annealing step to fully convert VO2 from B- or A- phase to M-phase, making it an ill-

advised method to scale [211], [213]. Kamalisarvestani et al. provides a thorough review of 

several different methodologies and results of VO2’s progression in research and status in the 

overall energy and lighting world [179]. 

However, nanoparticle synthesis that employs continuous flow hydrothermal (CFHT) 

systems in particular have been useful for scaling multiple processes across various industries 

from catalysis, optics, and electronics, to energy storage and even healthcare [214], [217]. But 

despite the (literally) clear advantage to using such a directly scalable and reproducible method, 
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there is limited research and product on its application to specifically thermochromic smart 

window materials, other than from reports out of a handful of modeling studies and notably 

the Darr group in the UK [213], [214], [218] as well as the Adschiri group in Japan [219]. What 

is promising is that CFHT synthesis is fitting for transition metal oxides due to their unique 

metal-to-insulator transition [220], making them particularly interesting materials for both 

fundamental research as well as test subjects for a number of applications. 

The premise of how CFHT systems work is based on uniquely using a fluid’s 

properties at its supercritical point in which the nucleation rate is maximized, the density of 

the fluid is minimized along with the dielectric constant, and in the case for supercritical 

water—the conditions for inorganic materials is strongly hydrolyzing [213], [217]. With the 

typical goal of producing monodisperse nanoparticles with controlled sizes in a narrow size 

distribution, many turn to the LaMer model reproduced from Dunne et al. in Figure 3-11 as a 

reference to the stages of how colloids form and interact [217]. At the start of the reaction 

when the mixing starts (stage I), precursors build up to a certain level of supersaturation past 

the critical solubility point (Csolubility) and reach the critical nucleation concentration (Cnucleation) 

at which nucleation begins (stage II). At this point, if the supersaturation level continues to 

increase with more precursor concentration and hits the concentration limit (Climit), the 

conditions continue to push the particles to nucleate until the precursor concentration dips 

below the nucleation threshold, at which stage (III) the particles begin to grow via diffusion-

controlled growth above the critical solubility concentration by monomer addition, or below 

the Csolubility, via Ostwald ripening, and/or coalescence depending on the concentration as well 

as thermodynamics and kinetics of the fluid at that point [217]. 
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Figure 3-11. LaMer model of the concentration particle nucleation and growth, measured as 
function of time [217]. 

 

Supercritical water provides a unique avenue to creating uniform, monodisperse 

nanoparticles in a particular high-temperature, high-pressure regime. Water’s critical point at 

374˚C and 22.4 MPa (224 bar) exhibits a range of unusual properties in which its density, 

polarity, and dynamic viscosity are significantly lower (Figure 3-12) while specific enthalpy 

and kinematic viscosity sharply increase, allowing the increased dissociation of the H+ and 

OH- ions to facilitate formation of metal oxides through a hydrolysis and dehydration 

reaction generally designated by [217], [219]:  
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𝑀𝐿𝑥 +  𝑥𝐻2𝑂 →  𝑀(𝑂𝐻)𝑥 +  𝑥𝐻𝐿 

Equation 3-5. Hydrolysis reaction of metal where MLx is the inorganic metal salt and M(OH)x 
is the resulting metal hydroxide. 

𝑀(𝑂𝐻)𝑥 →  𝑀𝑂𝑥
2

 +  
𝑥

2
𝐻2𝑂 

Equation 3-6. Dehydration of the hydroxide M(OH)x into the resulting metal oxide product, 
MOx/2 and water. 

 

Figure 3-12. Properties of H2O including its (a) pressure-temperature phase diagram at the 
the critical point and (b) thermophysical properties near the pseudocritical point. Specific heat 
reaches its maximum value at the supercritical point, making this region appropriate for rapid 
heating for conversion of products; reproduced from Pioro and Mokry [221]. 

 

3.2.1.1. Phase One: Synthesizing Ultra-Small VO2 (M) Nanoparticles 

Referring back to the three main challenges to commercialization of these 

thermochromic smart window films, postulated by Li, Niklasson, and Granqvist [203], the 

main objective of this Argonne work is to create vanadium oxide nanoparticles small enough 

(a) (b) 
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that scattering effects are minimized (and thus film transparency is maximized), while potent 

enough that the thermochromic effect is maintained (a relatively large solar modulation value), 

moreover with the whole process synthesized in a cost-efficient, scalable manner.  

In our experiments, vanadium (V) oxide salt (V2O5) and the reducing agent oxalic acid 

dihydrate (C2H2O4·2H2O) are used as reactants in the precursor and the reaction occurs 

through a decomposition pathway which produces in addition to the desired M-phase 

vanadium dioxide, carbon dioxide, carbon monoxide, and water. The following series of 

equations show the products produced from 1 mol V2O5 to 4 mol C2H2O4·2H2O precursor 

with the final products in boldface: 

 

V2O5(s) + 4(C2H2O4·2H2O) → [(VO)2(C2O4)3)]
2- + 2H3O

+ + 2CO2 + 9H2O 

[(VO)2(C2O4)3)]
2- + 2H3O

+ → 2VOC2O4 + CO + CO2 + 3H2O 

2VOC2O4 → 2VO2 + 2CO + 2CO2 

Equation 3-7. Proposed reaction of 1 mol V2O5 to 4 mol C2H2O4·2H2O precursor with heat 
provided from supercritical water in the CFHT reaction. 

One key advantage of using a CFHT reactor as opposed to the traditional batch 

method is that a product will form in minutes rather than day(s), and the size and morphology 

of the product can be controlled by not only adjusting the chemistry of the reactants, but also 

by monitoring the system’s pressure, temperature, flow rate of the solvent (in this case water), 

and the engineering design of the reactor itself—particularly the placement, size, and width of 

certain tubing and joints. Knowing all of this information and combing the thermodynamics 

and kinetics of such a dynamic system can help determine the reaction rate (also called the 

residence time) and physical properties of the nanoparticles outputted. 
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Because of the success of other CFHT systems in creating ultra-small VO2 (M) phase 

nanoparticles, our team decided to pursue a design similar to that of the Darr group. Taking 

advantage of the CFHT environment which promotes high nucleation rate of nanoparticles 

while simultaneously maintaining sufficient heat to convert the VO2 material phase from B- 

to A- to finally pure M-phase in a controllable method, a complex high-temperature, high-

pressure system is incorporated for supercritical water. Featuring seven temperature-

monitoring thermocouples, four different pumps, a large bronze cast-in heater, and a dual 

pressure gauge that serves as a back-pressure regulator, the system also has mandatory built-

in check valves and safety features such as an American Society of Mechanical Engineers 

(ASME)-stamped rupture disk certified to burst in an overpressure situation, two proportional 

relief valves, and an industrial-sized chiller that works with a heat exchanger to cool the hot 

product immediately after the reaction (Figure 3-13). 
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Figure 3-13. Continuous flow hydrothermal reactor schematic in which a [V4+] precursor 
(from Pump 1) at room temperature and DI water (from Pump 4) heated to supercritical 
conditions flow and meet at a Phoenix micro-reactor that rapidly heats the reactants into the 
product VO2 nanoparticles converted to the desired M-phase at high pressure and high 
temperature. The resulting colloidal solution can optionally be met with a capping agent 
(pumped via Pump 2) such as an organic ligand to instantly create core-shell nanostructures 
but otherwise is met with additional DI water at room temperature from both this pump and 
a small stream from Pump 3 before being cooled with the heat exchanger and filtering through 
the final stage passing through the back-pressure regulator and into the final collection bottle 
at the end of the setup. 
 

In testing the usage of the CFHT apparatus (Figure 3-14), a series of runs are 

conducted to get familiarized with the system and its real-time monitoring, controlled by a 

Labview program written by Student Research Program undergraduate, Janaki Thangaraj. This 

program monitored the temperature profiles during the experiments for seven different 

thermocouples as well as controlling the temperature for the cast-in heater which served to 
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bring DI water to supercritical temperatures. The thermocouples are placed at different points 

of the system including:  

1. After the precursor Pump 1 (which is expected to maintain room temperature 

conditions), 

2. Within the fluid of the cast-in circulation heater as a control measurement, 

3. Outside the cast-in heater but touching the heater’s bronze body as a limit 

measurement for safety, 

4. Inside the fluid line right after the cast-in heater to measure the supercritical hot water 

temperature upon exiting the heater, 

5. Right after the micro-reactor (denoted as the “reactor outlet” temperature in the 

LabView program) to measure the reaction temperature at which the nanoparticles 

formed, 

6. After the heat exchanger to ensure that the temperature of the colloidal solution is 

cooled sufficiently before running through the back-pressure regulator, and 

7. Lastly, inside the fume hood above and external to the CFHT apparatus to monitor 

the ambient air. 
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Figure 3-14. Photograph of the continuous flow hydrothermal (CFHT) system; the 
experimental operation begins in the lower right where four pumps flow in deionized (DI) 
water, vanadium oxide precursor, and optionally a capping agent (typically an organic ligand). 
The largest pump flows the DI water through the bronze cast-in heater which heats the fluid 
to supercritical conditions at 220 MPa (220 bar) and 274˚C, then meets the room-temperature 
precursor solution at the micro-reactor in which the conversion to VO2 (M) occurs. The 
resulting colloidal solution cools down by a small flow of DI water at room temperature right 
before entering the heat exchanger, passing the back-pressure regulator, a 45 um mesh filter, 
and finally into the product collection bottle at the bottom left of this image. 
 

 To meet the first milestone of creating VO2 (M) of less than 50 nm, the next step 

involved optimizing the various parameters for nanoparticle synthesis using the CFHT system. 

In a typical experiment, reactants V2O5 and C2H2O4·2H2O are combined with deionized (DI) 

water in a molar ratio of 1:3 for a concentration of 0.0356 M [V4+] in early experiments, and 

in a 1:4 ratio for a concentration of 0.0119 M [V4+] in the last optimized experiment. These 

precursors are mixed in a sealed bottle placed in an ultrasonication bath heated at 60˚C for at 

pumps 

cast-in 
heater 

micro-
reactor 

heat 
exchanger 

pressure 
regulator 

resulting 
colloidal 
solution 

water 

precursor 
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least 3 hours until the solid particles fully dissolved into the solution and changed from a 

murky yellow-brown color to a clear aqua or royal blue (the aqua blue is a result of the 1:3 

molar ratio whereas the royal blue is a result of the 1:4 molar ratio), as shown in Figure 3-15. 

This color change corresponds with the reduction of V2O5 from a V5+ to a V4+ state. The 

precursor solution is then either used as-is or diluted further with DI water for different 

experiments. 

 

Figure 3-15. [V4+] precursor (a) before mixing and (b, c) after mixing at 60˚C in an 
ultrasonication bath for at least 3 hours. The aqua blue color (b) corresponded to a molar ratio 
of 1 V2O5 : 3 (C2H2O4·2H2O) while the royal blue (c) coresponded to a 1:4 molar ratio. 

 

A parametric study is designed to observe the effect of (i) flow rate and (ii) precursor 

[V4+] concentration. Final studies optimized these properties in addition to the precursor 

composition by increasing the oxalic acid dihydrate molar ratio from 1:3 to 1:4 as 

aforementioned. The early studies maintained reactor outlet temperatures between 380-384˚C 

while the final optimized study maintained temperatures between 386-390˚C.  

(b) (c) (a) 
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The resulting colloidal solutions from these experiments tended to yield a slightly 

acidic medium (pH around 4), that varied from murkier dark blueish-gray hues to clearer 

greenish-gray or yellowish hues shown in Figure 3-16. The samples are arranged in order from 

the early experiments varying the flow rate, then the precursor concentration, to the final 

optimized experiment (shown in the last two samples of this figure).  

 

Figure 3-16. Resulting VO2 colloidal solutions from the parametric study varying CFHT 
system flow rate, precursor concentration, precursor molar composition, and the final 
optimized studies exhibiting variation in color and clarity. 

 

To characterize the nanoparticle size, a MicroTrac NanoFlex dynamic light scattering 

(DLS) particle analyzer is used to probe the hydrodynamic diameter of samples (cooled to 

room temperature). Calculated over three runs for statistical significance using an intensity 

distribution, the particles’ intensity average (also known as the Z-average or intensity-based 

harmonic mean) and number average are compared among all samples. The intensity average 

is weighted by the scattered intensity from the particles meaning the presence of larger particles 

may artificially cause an overestimation of the size; whereas the number average may give a 

better indication of the size based on the total quantity of particles (i.e. larger particles’ higher 

scattering intensity will not overshadow the measurement of the smaller particles) but with the 

caveat that this estimation is best used in fairly monodisperse distributions and not particularly 

accurate for wide spreads of sizes. 

With a couple added drops of ethanol added to each sample, the resulting solutions 

are centrifuged at 40,000 rcf three times, each repetition for ten minutes. After the first run, 
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the supernatant is poured off and then water and ethanol are added to rinse the second and 

third run respectively to get rid of residual oxalic acid dihydrate before again pouring off the 

supernatant after each run. The dark bluish black solid precipitate (presumably the VO2 

nanoparticles) remaining in the centrifuge tubes are allowed to dry overnight before 

conducting materials characterization to look at both particle morphology using scanning 

electron microscopy (SEM) and identify the crystal structure and phase using X-ray diffraction 

(XRD). It should be noted that during the parametric study, the early samples produced a 

yellow-tinted supernatant, indicating either unreacted precursor or a possibility of some 

oxidation of the formed V4+ back into solution as V5+. Whereas in the final optimized 

experiments, the supernatant is mostly clear, indicating full conversion. 

With respect to the samples shown in Figure 3-16, the darker solutions tend to 

correspond with larger particle sizes, on the order of roughly 150 nm to over 300 nm in 

diameter based on an intensity average. Figure 3-17 depicts the particle sizes of all these 

experiments and a representative SEM image showing the smallest particle size case for each 

graph. 
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Figure 3-17. DLS particle size measurements from parametric studies show the effect of (a) 
varying flow rate, (b) varying precursor [V4+] concentration, (c) varying flow rate with a three-
times diluted precursor concentration, and (d) the final optimized CFHT conditions using the 
same parameters from (c) but with a 1:4 vanadium pentoxide to oxalic acid dihydrate molar 
ratio. The effect of increasing system flow rate resulted in a gradual decreasing trend in particle 
size. The effect of the precursor concentration resulted also in a decrease in particle size from 
no dilution (0.0356 M) to a 3x dilution (0.0119 M) before increasing in size again at greater 

dilutions ( 0.0071 M). The optimized study in (d) shows particle size intensity averages 
reduced to 88.8 nm and number averages reduced to 51.4 nm when a flow rate of 173 mL 
min-1 is used. Plots (e)-(h) show the corresponding SEM images for each of the studies, 
representative of the smallest particle sizes achieved at each stage; for the (e) 201 mL min-1 
flow rate run, in (f) 0.0119 M concentration (3x diluted precursor) controlled at 144 mL min-

1 flow rate,  (g) 201 mL min-1 run using the 0.0119 M concentration, and (h) 173 mL min-1 
using the 0.0119 M concentration with a 1:4 vanadium pentoxide to oxalic acid dihydrate molar 
ratio in the precursor. 

 

For the first part of the parametric study (Figure 3-17a), the concentration of the 

precursor is kept constant at 0.0356 M [V4+] in a 1:3 vanadium pentoxide to oxalic acid 

dihydrate molar ratio while the total system flow rate is varied from 87 mL min-1 to 201 mL 

min-1. DLS measurements revealed that intensity averages generally decreased from 370.0 nm 

to 136.5 nm at increasing flow rates, while the number average steadily decreased from 145.1 

nm to 70.7 nm. This downward pattern supports the hypothesis that the particles are moving 

more quickly through the hot reaction zone area at higher flow rates and therefore reducing 

particle aggregation and/or growth via Ostwald ripening. The corresponding SEM image 

(Figure 3-17e) exhibited mostly round particle morphology of sizes a little larger than 50 nm, 

but with some significant numbers of smaller nanoparticles less than 50 nm. This wide particle 

size distribution is also accompanied by a few particles forming more rod-like structures which 

is thought to be due to the shear forces from the mixing of the precursor and supercritical 

water at the reaction zone that potentially affected the growth kinetics [222].  

In Figure 3-17b, the second parametric study in which the flow rate is kept constant 

at 173 mL min-1 and the precursor concentration is varied from 0.0356 M (no dilution) to 
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0.178 M (2x diluted), 0.0119 M (3x diluted), 0.0071 M (5x diluted), and 0.0036M (10x diluted), 

the particle size again showed a generally decreasing particle size with decreasing concentration 

(or increasing dilution). The intensity average decreased from a diameter of 162.5 nm with no 

dilution to a diameter of 88.6 nm with a 5x dilution factor, but interestingly increased in size 

again with greater dilution. The number average likewise exhibited a general decreasing trend 

from 88.5 nm with no dilution down to 21.9 nm with a 3x dilution before increasing in size 

with further dilution. It is speculated that this increasing particle size trend may be more of a 

plateau rather than a true increase in particle size, as lower concentrations of nanoparticles 

tend to hit the limits of the DLS instrumentation and produce noisier data due to the weak 

signal produced in the sample. The SEM image in Figure 3-17f corresponding to the 0.0119 

M [V4+] (3x diluted) sample shows a relatively spherical morphology throughout, indicating 

that the dilution of the precursor likely aided in reducing the aggregation after nanoparticles 

nucleated, but due to the high solubility and surface energy of the particles at the water’s 

supercritical conditions, smaller particles may be re-dissolving and some degree of Ostwald 

ripening may still be occurring, therefore contributing to some of the variation in the particle 

size distribution [223]. 

In the third part of the parametric study (Figure 3-17c) taking the dilution effect into 

account and holding constant the precursor concentration at 0.0119 M (3x diluted) while 

varying the system flow rate once again between 87 mL min-1 and 201 mL min-1, the particle 

size trend again decreased. It should be noted that this concentration is selected to balance 

maintaining small nanoparticle size with the overall nanoparticle yield, which would be greatly 

affected by diluting the precursor too much. The DLS particle sizes decreased from an 

intensity average of 199.0 nm at 87 mL min-1 flow rates down to 103.7 nm at 200 mL min-1, 

the highest flow rate. The number average particle size likewise decreased from 92.7 nm at the 
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lowest flow rate down to 30.5 and 45.8 nm when the higher flow rates are used. From the 

SEM image corresponding with the sample at 201 mL min-1 (Figure 3-17g), the particle sizes 

appeared to be much smaller than the smallest particles from the earlier parametric studies. 

However, while most of the morphology is spherical, there is some evidence of coalescence 

and occasional nano-rods that formed, perhaps due to the high surface energy of the particles 

coupled with an inducing effect from the high pressure and shearing forces, as is seen in the 

earlier study [224], [225]. 

Lastly, the final experimental study is optimized to create M-phase VO2 nanoparticles 

by not only using a 0.0119 M (3x diluted) precursor concentration at higher flow rates, but 

also changing the molar ratio of the precursor from 1:3 to 1:4 vanadium pentoxide to oxalic 

acid dihydrate at elevated reaction temperatures. Because it is observed that the former three 

studies had some presence of yellow supernatant after centrifuging (an indication of V5+ 

present in the solution), it is hypothesized that by using a greater amount of reducing agent, 

the product yield would increase [226]. Figure 3-17d shows the particle size distribution of the 

two experiments run at system flow rates of 144 mL min-1 and 173 mL min-1. The particle size 

intensity averages are 94.6 nm and 88.8 nm at those respective flow rates, with number 

averages at 57.3 nm and 51.4 nm, respectively. The corresponding SEM image (Figure 3-17h) 

shows the nanoparticle sizes are less than 50 nm in diameter with uniform, spherical 

morphology. The addition of extra oxalic acid dihydrate appeared to indeed assist in creating 

a more suitable environment to nucleate more VO2 nanoparticles [222], [226]. As for the phase 

identification, XRD spectra obtained from these samples is shown in Figure 3-18. 
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Figure 3-18. XRD spectra from the parametric study show the effect of (a) varying flow rate, 
(b) varying precursor concentration where no dilution = 0.0356M [V4+], 2x diluted = 0.0178M 
[V4+], and 3x diluted = 0.0119M [V4+], and (c) final, optimized CFHT conditions in which the 
3x diluted precursor is used in a composition of 1:4 molar ratio of vanadium pentoxide to 
oxalic acid dihydrate (as opposed to the standard 1:3 ratio in earlier experiments). It should be 
noted that in (b), the larger dilutions of precursors did not produce adequate sample for XRD 
measurements. Overall, the general pattern exhibited a conversion from more VO2 (B)-phase 
peaks to stronger VO2 (M)-phase peaks when the system flow rate is increased, higher reaction 
temperatures are observed, and greater reductant agent amounts are used.   
  

In the parametric study monitoring flow rate effects (Figure 3-18a), strong B-phase 

peaks with the exception of the sample at 201 mL min-1 are seen. VO2 (B) peaks at 2 = 14.4˚, 

25.4˚, 29.1˚, and 44.3˚ correspond with the (011), (110), (002), and (003) planes respectively 

[198], [224]. This result is in agreement with various literature sources, as additive-free 

hydrothermal setups using vanadium pentoxide-oxalic acid dihydrate systems tend to form 

VO2 (B) as a major product [224]. The presence of VO2 (M) peaks seen in the sample run at 

87 mL min-1, the lowest flow rate tested, likely had some limited conversion because of its 

longer residence time; the nanoparticles are in the reaction zone longer. It is unclear as to why 

there appeared to be a re-emergence of a strong M-phase (011) peak at 2 = 29.0˚ in the 

highest flow rate at 201 mL min-1, but it is hypothesized that this is likely due to the sufficient 

(a) (b) (c) 
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amount of heat carried into the micro-reactor coupled with more turbulent mixing [227], an 

effect that will be discussed next in this work. 

As for the precursor concentration’s effect on the VO2 conversion to M-phase (Figure 

3-18b), only in the 0.0119 M [V4+] 3x diluted sample is a strong (011) VO2 (M) phase peak 

detected, but it cannot be concluded with certainty that lower concentrated precursors (higher 

dilution factors) would necessarily result in greater M-phase conversion because samples 

diluted beyond three times are unable to generate enough particles for further XRD analysis. 

Like in the case of the higher flow rate sample from Figure 3-18a at 201 mL min-1, it may be 

possible that the more diluted precursor samples are able to mix their components more 

efficiently at high temperature and therefore convert more nanoparticles into VO2 (M) [222]. 

In Figure 3-18c, the final optimized study, it appeared that the B-phase peaks 

disappeared in both scenarios, and M-phase is achieved fully at the 173 mL min-1 system flow 

rate, while at 144mL min-1, there remained some residual oxalic acid dihydrate. These peaks at 

2 = 28.0˚, 37.0˚, 42.4˚, 55.5˚, and 56.4˚ corresponded to the (011), (200), (-212), (220), and 

(022) planes in monoclinic VO2. This suggests that a higher amount of a reductant agent (along 

with a higher reactor outlet temperature) is a key parameter in helping convert the 

nanoparticles completely, a concept that is also seen in a study conducted by Bruyère et al. 

[226]. The presence of residual oxalic acid dihydrate is observed to also disappear at higher 

flow rates, perhaps due to the increased availability of water and more turbulent mixing to 

fully form product with all the reactants.  

The results of all experimental runs for the synthesis of VO2 using the custom CFHT 

system is shown in Table 3-1 where the parametric studies are colored. 
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Table 3-1. Summary of all CFHT experimental results for the synthesis of VO2. Note that 
sample letters followed by a number means that the experiment is conducted in the same run 
(same day) and the parametric studies varying flow rate, precursor concentration, and twice 
optimized conditions are shown in blue, orange, and red/purple respectively. 
 

 

precursor 

pump (1)

SC water 

pump (4)

capping agent 

pump (2)

water quench 

pump (3)

total 

system
upper lower

 Intensity Average, 

MI (nm)

Number Average, 

MN (nm)

Loading 

Index

Polydispersity 

Index

A 11/7/19 0.037 5 5 - - 10 470 100 30 control 205.1 91.1 4.208 1.264 A, B, M

not quite 

spherical 4

B 11/12/19 0.036 5 10 - - 15 550 300 250

*increased temps of heater 

and Phoenix reactor, *doubled 

SC water pump flow rate to 10 239.6 179 0.007 1.367 A, B, M

Flaky with very 

tiny particles 4

C 11/15/19 0.036 5 10 - - 15 550 300 250

*swapped chiller recirculator 

from counter-current flow to 

co-current flow, *changed 

2um filter to 15um 154.5 94.9 N/A 1.53 A, B, M

Mostly spherical 

chunks 3

D 11/22/19 0.012 5 10 - - 15 560 300 250 diluted precursor 3x with DI 195.6 86 1.259 1.069 A, B, M

Dispersed 

spherical 4

E 11/27/19 0.036 5 10 - - 15 550 300 250 + PVP capping agent 222.4 117.3 0.061 1.21 N/A

Large walnut-like 

spherical 5

F 11/27/19 0.036 5 10 - - 15 550 300 250 + CTAB capping agent 260.7 95.9 0.005 1.088 N/A

Spherical 

particles 4

G 12/18/19 0.036 10 20 - - 30 550 300 250

*higher flow rate, *changed 

15um filter to 45um mesh 361 151.4 0.635 3.33 A, B, M

Flaky plates and 

spheres 3

G2 12/18/19 0.036 5 25 - - 30 550 300 250

*same total flow rate as G, but 

*lower precursor flow rate 249 136.4 0.331 1.87 A, B, M

Flaky plates, 

rods, spheres 3

H 1/7/20 0.036 10 34 - - 44 550 - -

+ CTAB, Phoenix reactor turned 

off for this experiment 281.1 122 3.819 1.554 A, B, M

Flaky plates, 

rods, spheres 3

I 1/15/20 0.036 10 34 10 - 54 550 300 230

+ 0.3M decanoic acid (~75mL; 

got pump stuck), *Phoenix Al 

plates with better contact, 

*0.5um filter added to end of 

CFHT system itself 204.3 101.7 1.163 1.392 M Spheres 3

J 1/17/20 0.004 10 34 10 - 54 550 340 270

+ 0.3M decanoic acid (full 

~150mL), + 10x diluted 

precursor, *Phoenix Al plates 

cut to only cover the reaction 

tip 209.3 101 0.219 2.047 M Spheres and rods 4

K 1/20/20 0.007 10 34 10 - 54 550 330 260

 + 0.3M decanoic acid (almost 

full amt ~125mL), + 5x diluted 

precursor 135.4 66.7 0.239 1.881 N/A Spheres 4

L 2/12/20 0.036 10 56 10 - 76 400 330 260

*Pulsar pump installed for 

higher flow rate (60% Pulsar) 247 103 0.526 2.613

Mostly 

M

Flaky plates and 

spheres 3

L2 2/12/20 0.036 10 56 10 - 76 400 330 260 +0.3M oleic acid 270 115.8 2.859 2.637 N/A Spheres and rods 3

M 2/19/20 0.004 10 86 10 9 115 400 330 270

*higher flow rate (60% Pulsar), 

*removed 0.5um filter at the 

system's end 75.9 38.8 0.005 2.725 N/A

Flaky plates and 

spheres 4

M2 2/19/20 0.004 10 86 10 9 115 400 330 270

*higher flow rate (60% Pulsar), 

+CTAB (0.3M) 217.8 162.4 0.37 0.65 N/A Spheres 4

N 2/25/20 0.036 10 144 10 9 173 410 330 270

*standard precursor, *80% 

Pulsar 162.5 88.5 0.957 1.388 B TBD 3

N2 2/25/20 0.036 10 58 10 9 87 500 330 270

*standard precursor, *50% 

Pulsar 370 145.1 1.08 5.27 M, B

Flaky plates and 

spheres 3

O 2/26/20 0.036 10 86 10 9 115 400 330 270

*standard precursor, *60% 

Pulsar 383 108.9 0.675 6.6 B

Flaky plates, 

rods, spheres 3

O2 2/27/20 0.036 10 115 10 9 144 400 330 270

*standard precursor, *70% 

Pulsar 276.7 101.5 0.979 3.48 B

Flaky plates, 

rods, spheres 3

O3 2/28/20 0.036 10 172 10 9 201 410 330 270

*standard precursor, *90% 

Pulsar 136.5 70.7 0.437 1.387 M, B

Spheres and 

occasional rods 4

P 3/2/20 0.004 10 144 10 9 173 410 330 270

*10x diluted precursor, *80% 

Pulsar 97.7 43.2 0.009 3.42 N/A Spheres 4

P2 3/2/20 0.007 10 144 10 9 173 410 330 270

*5x diluted precursor, *80% 

Pulsar 88.6 34 0.015 1.936 N/A Spheres 4

P3 3/2/20 0.012 10 144 10 9 173 410 330 270

*3x diluted precursor, *80% 

Pulsar 127.2 21.93 0.126 2.358 M, B Spheres 4

P4 3/2/20 0.018 10 144 10 9 173 410 330 270

*2x diluted precursor, *80% 

Pulsar 132.8 42.1 0.334 1.897 B

Flaky plates and 

spheres 4

Q 3/4/20 0.012 10 58 10 9 87 400 330 270

*3x diluted precursor, *50% 

Pulsar 179.6 83.6 0.289 1.868 TBD

Flaky plates and 

spheres 4

Q2 3/4/20 0.012 10 86 10 9 115 400 330 270

*3x diluted precursor, *60% 

Pulsar 150.6 87.7 0.241 1.734 TBD

Flaky plates, 

rods, spheres 4

Q3 3/4/20 0.012 10 115 10 9 144 400 330 270

*3x diluted precursor, *70% 

Pulsar 143.8 56.7 0.105 2.114 TBD

Flaky plates and 

spheres 4

Q4 3/4/20 0.012 10 172 10 9 201 410 330 270

*3x diluted precursor, *90% 

Pulsar 93.1 52 0.044 2.234 TBD Spheres 4

R 3/9/20 0.012 10 58 10 9 87 450 360 290

*3x diluted precursor, *50% 

Pulsar 199 92.7 0.531 2.265 B

Flaky plates and 

occasional 

spheres 4

R2 3/9/20 0.012 10 86 10 9 115 450 360 290

*3x diluted precursor, *60% 

Pulsar 152.2 53.1 0.146 2.366 M, B

Flaky plates, 

rods, spheres 4

R3 3/9/20 0.012 10 115 10 9 144 450 360 290

*3x diluted precursor, *70% 

Pulsar 145.4 64.3 0.155 2.373 B

Flaky plates and 

spheres 4

R4 3/9/20 0.012 10 144 10 9 173 450 360 290

*3x diluted precursor, *80% 

Pulsar 140.6 30.5 0.124 2.49 TBD Spheres 4

R5 3/9/20 0.012 10 172 10 9 201 450 360 290

*3x diluted precursor, *90% 

Pulsar 103.7 45.8 0.043 3.15 B Mostly spheres 4

S 3/19/20 0.012 10 144 10 9 173 450 400 330

*1:4 precursor, 3x diluted, 

*80% Pulsar 88.8 51.4 0.145 1.336

mostly 

M Spheres 4

S2 3/19/20 0.012 10 115 10 9 144 450 400 330

*1:4 precursor, 3x diluted, 

*70% Pulsar 94.6 57.3 0.34 1.079 M Spheres 4

Sample 

ID

[V4+] 

(M)

Heater 

setting 

(˚C)

Other experimental 

conditions

XRD 

phases

Flow rate (mL/min)
Final 

pH
SEMDate

DLS (Intensity Distribution)Phoenix reactor (˚C)
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Given this importance of the mixing, Reynolds Number is additionally calculated to 

better understand the role that the degree of mixing plays into the VO2 particle size and 

conversion into M-phase. Its equation is calculated as follows: 

𝑅𝑒 =  
𝜌𝑢𝐷

𝜇
 

Equation 3-8. Reynolds number (Re) calculation where ρ is the density of the fluid in kg m-3, 
u is the flow rate in m s-1, D is the diameter of the tube measured in m, and μ is the dynamic 
viscosity of the fluid measured in Pa-s. 

Hence, the Reynolds Number is considered for five different flow rates used in the 

parametric studies (87, 115, 144, 173, and 201 mL min-1) and the four following scenarios: 

1. Minimal supercritical temperature and pressure (374˚C, 22 MPa), 

2. Minimal supercritical temperature and maximum pressure capable in this CFHT 

system (374˚C, 24 MPa),  

3. Maximum temperature capable in this CFHT system and minimum supercritical 

pressure (400˚C, 22 MPa), and  

4. Maximum temperature and pressure capable in this CFHT system (400˚C, 24 MPa). 

 

Flow rate and diameter values are physical dimensions obtained from the experimental 

setup in the reaction zone of the CFHT apparatus, while the density and viscosity values are 

obtained through data from the National Institute of Standards and Technology (NIST) 

references [228]. A dimensionless value greater than 4000 indicated turbulent flow, a value less 

than 2100 is classified as laminar flow, and any flow falling in-between this range is considered 

transitional. 
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These results are shown in Figure 3-19 where it is clear that at best, this CFHT system 

experiences transitional flow-type mixing with a Reynolds Number around 2500. The ideal 

mixing would occur at the highest pressure possible with the lowest temperature possible 

within the supercritical range for the capabilities of this system. It is thought that the higher 

flow rates which generally exhibited the smallest-sized nanoparticles had better mixing than 

the system at lower flow rates, and therefore allowed the highest supersaturation rates allowing 

for the maximum number of nucleation sites. When coupled with a precursor concentration 

that is diluted (optimally to a factor of 3), these reactants are able to fully form product and 

the resulting nanoparticles are less likely to aggregate or form larger nanoparticles via Ostwald 

ripening. 

 

 

Figure 3-19. Reynolds Number calculated for maximum and minimum supercritical 
temperature, and maximum and minimum supercritical pressure (for this CFHT system's 
capability) at the five flow rates tested in the parametric study. It is calculated theoretically that 
higher pressure and minimal supercritical temperature is the most optimal condition for 
mixing in this CFHT system. 
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Due to this major trade-off in synthesis conditions between minimizing particle size 

for optimal LT while maximizing the thermochromic effect and the SM, scientists have been 

boggled for decades trying to overcome the energy barrier needed to fully convert VO2 to the 

proper M-phase and simultaneously keep the heat low enough to obtain controlled, 

monodisperse, ultra-small particles, all while producing scalable quantities. The achievement 

of obtaining roughly 50 nm sized VO2 nanoparticles fully converted to M-phase using a CFHT 

reactor represents a suitable ending to phase one of this project. Unfortunately, because of 

setbacks from COVID-19, phase two of embedding these synthesized particles into composite 

films and testing their optical performance and robustness did not yet commence. The 

following sections discuss an introduction into this next step of creating the window film, as 

well as briefly touching upon simulation works conducted by other interns who give insight 

into these predicted optical outcomes as well as further optimization of the CFHT system that 

could enhance the current setup. 

ANSYS Nanoparticle Synthesis Simulations 

One final note about the optimization of flow characteristics for the CFHT system is 

summarized in preliminary simulation work conducted by graduate student Research Aide 

Elizabeth Rasmussen and undergraduate student, Jackson Spurling. First, a CAD model of the 

reaction zone is created in SolidWorks, after carefully drawing out the reaction cross’s 

dimensions (Figure 3-20). The current dimensions reflect the latest CFHT reactor design 

which may still yet undergo modifications based on the results of future simulation studies. 

The basis of the computational work begins first by creating the model mesh at the reaction 

zone, defining boundary conditions (both to validate completed experiments as well as 

predicting ideal conditions), and then running the computation. 
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Figure 3-20. The CFHT system reaction zone is shown as (a) a diagram with cross-sectional 
dimensions of the cross and the whereabouts the different fluids flowing in and out of the 
cross, (b) a CAD model cutaway view of this zone, and (c) the full mixing section. Figure 
reproduced from Jackson Spurling. 

 

The thermodynamic changes of supercritical fluid near the critical point of water is 

analyzed using high fidelity 3D numerical simulations with Helmholtz energy-based Span-

Wagner equation of state. For a CFHT system operating between 650-700K and 23 and 24 

MPa, the solid mesh of 5.6 million elements is modeled and run for the time scale 0-3 seconds 

at the conditions exhibited in the last laboratory experiment to validate its result in Figure 

3-21. This last experiment can be found in Table 3-1; it exhibited a total system flow rate of 

144 mL min-1 (10 mL min-1 for Pump 1 DI water, 10 mL min-1 for Pump 2 capping agent 

pump which is also DI water in this case, 9 mL min-1 for Pump 3 water quenching, and lastly 

115 mL min-1 for Pump 4 supercritical water).  

(a) (b) (c) 
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Figure 3-21. Fluid flow characteristics of the CFHT reaction zone simulating (a) specific heat, 
(b) static temperature, (c) density, (d) molecular viscosity, (e) velocity magnitude, and (f) 
turbulent kinetic energy at time scale 3 seconds, 23.5 MPa for 5.6 million elements. Figure 
adapted from Elizabeth Rasmussen and Jackson Spurling. 
 

(a) (b) 

(d) (c) 

(e) (f) 
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From these simulations, it can be seen that the specific heat of the reaction at 3 seconds 

into the experiment is uniformly low (4.12 x 103 J kg-1 K-1) with the exception of the flow of 

the hot supercritical water from the top of the cross (Figure 3-21a). It should also be noted 

that the porous sparge which resides at the tip of the supercritical water tube is not modeled 

in this particular simulation due to added complexity that would require an additional module 

to the solver. The temperature profile in Figure 3-21b likewise indicates the flow of hear from 

this top part of the cross at 661 K gradually decreasing in heat towards where the supercritical 

water meets the room temperature precursor, mixing at about 336 and 372 K. Interestingly, 

the low density of the supercritical water in Figure 3-21c does not necessarily translate to the 

precursor when they mix, as that area shows at best a density of 860 kg m-3. Likewise, with the 

low viscosity of high-temperature fluids, the viscosity at the mixing zone shows a steady 

decrease from 3.56 x 10-5 at the hottest point of the supercritical water to 8.46 x 10-4 of the 

room temperature precursor solution (Figure 3-21d). Lastly, Figure 3-21e and Figure 3-21f 

respectively show the velocity and turbulence of the fluid at this reaction zone: there is a drastic 

reduction in the magnitude of the velocity where the mixing occurs, showing on average 2.45 

x 10-1 m s-1, corresponding with 8.06 ~ 9.67 x 10-4 m2 s-2 turbulent kinetic energy, with other 

tiny localized regions showing an order of magnitude greater in kinetic energy. This is in 

agreement with the estimation that this mixing exhibits transitional flow as postulated by the 

calculated Reynolds Number of about 2500 (Figure 3-19).  

Lastly, when looking at the effect of the small water quench pump installed right after 

the reaction zone, the model measures the velocity and temperature at that section in Figure 

3-22. 
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Figure 3-22. Velocity and temperature countours of the mixing section showing the effect of 
the small water quenching pump which flows a maximum of 9 mL min-1 right after the reaction 
zone where the supercritical water and precursor solution meet. The inset displays a zoomed-
in view of the section where the water quench Pump 3 is introduced. Figure reproduced from 
Jackson Spurling’s research poster. 

 

All these simulations therefore conclude that the quenching pump, despite doubling 

the inlet velocity at the point it is introduced, has a negligible effect on cooling the incoming 

colloids, and consequently little effect on “freezing” the particle size as it exits the reactor. In 

fact, this non-homogenous cooling could even contribute to non-uniform formation of the 

nanoparticles and may be the reason why a mixture of shapes is found in some experiments. 

This computational work furthermore suggests that there is yet more optimization that can be 

done to the current CFHT design to improve particle size, distribution, and yield. 
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3.2.1.2. Phase Two: Window Film Casting  

To reach the project’s first milestone beyond creating nanoparticles of < 50nm, a film 

is required to demonstrate 𝑇𝑙𝑢𝑚 of > 50% and a ∆𝑇𝑠𝑜𝑙,𝑁𝐼𝑅 > 30%. Note that this latter solar 

energy modulation value is specified within the NIR range only, but still exhibits the same 

challenges. While this phase is still ongoing, some preliminary work is done on the practice of 

casting films using commercial VO2 (M) powder.  

The premise of composite film casting follows the model schematic in Figure 3-23 

which utilizes a water-soluble polymer treatment to create core-shell VO2@SiO2 with surface 

modifications before dispersing it into a matrix polymer (in this case polyurethane, PU) which 

is cast onto a substrate like poly(ethylene terephthalate) (PET) before drying [229].  

 

Figure 3-23. Composite thin film schematic: In step 1, a polyvinylpyrrolidone (PVP) 
pretreatment is conducted to adsorb it onto the VO2 surface. For step 2, a shell of SiO2 is 
formed by surrounding the structure in an aqueous ethanol solution with tetraethoxysilane 
(TEOS) and ammonium (NH4OH) to control thickness. In step 3, the VO2@SiO2 is surface-
modified and dispersed in polyurethane (PU) in step 4, followed by casting onto poly(ethylene 
terephthalate) (PET) and dried to prepare the final film (step 5) [229]. 
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But unlike the methodology used by Gao et al., our group chose to test a number of 

other organic ligands and capping agents for surface modification and opted to do this 

procedure within our CFHT setup via an optional Pump 2 right at the reaction zone. Different 

polymer species are selected for these studies due to cost and scalability: for example, 

poly(vinyl butyral) (PVB) is used for the matrix of the film due to its existing widespread use 

in the automotive and aerospace industry. The substrate material is under investigation, but 

PET and polycarbonate (PC) remain top contenders. As for the core-shell studies with an RI-

matching coating, this component of this film casting procedure is to be conducted by our 

collaborators at the University of Chicago. 

The effect of several different capping agents (all originally in 0.3M solutions with DI 

water) on the VO2 particle size and morphology is shown in Figure 3-24. Oleic acid is another 

organic ligand that is attempted but due to its immiscibility in water, the waxy consistency at 

room temperature produced clogging problems in the fluid line of the pump and so is 

disregarded as a viable method. It can be seen that PVP (Figure 3-24a) produces a walnut-like 

morphology and no reduction in size while cetrimonium bromide (CTAB) (Figure 3-24b) 

produces more spherical and more uniform morphology but not a significant reduction in size. 

However, decanoic acid shown in Figure 3-24c-d showed a significant reduction in the particle 

size when relatively lower concentrations of the organic ligand are introduced to the reaction, 

giving more spherical morphology; the relatively higher concentration (still 0.3M solution but 

using 0.00356M [V4+] diluted precursor as opposed to the normal 0.0356M [V4+] precursor in 

the other three scenarios) yielded even smaller nanoparticle sizes for the spheres in the solution 

but also some rod formation. The effectiveness of decanoic acid as a growth capping agent is 

attributed to its long polymer chain that reduces the interactions between neighboring VO2 

nanoparticles during the reaction, with greater concentrations logically granting even smaller 
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sizes. The rod-like and some ellipse-like formations in the higher concentration of decanoic 

acid are thought to be due to regions of anisotropic phase in the reaction zone leading to these 

elongated shapes which seem to lengthen with the polymer shape [230]. 

From these results, it is determined that using a capping (if any) can lead to some 

control of the particle size and morphology by varying not only the type of organic ligand used 

but also its concentration. However, solubility of the capping agent in aqueous media should 

be considered so as to not damage the pump lines in the CFHT system. 

 

Figure 3-24. SEM images of different capping agents' effect on the particle size and 
morphology including (a) polyvinylpyrrolidone (PVP), (b) cetrimonium bromide  
   (CTAB), and decanoic acid in a (c) low concentration and a (d) high concentration. 

 

The capping agents study aside, the last focus of this composite film casting section is 

to actually create the film. A doctor blade is employed as the primary coating method due to 

100 nm 

(a) 

100 nm 

(b) 

100 nm 

(c) 

100 nm 

(d) 
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its commercial application in various industries like Li-ion battery electrodes (spin-coating is 

also attempted, but the method later abandoned due to its lack of scalability). With the smallest 

width possible from the blade to the substrate, 10um wet thickness of a VO2 colloidal slurry 

is applied onto a substrate (PET or PC) using a standard MTI doctor blade coater. The film is 

then set to dry overnight in a vacuum oven at about 70˚C. 

The slurries tested followed a sequential pattern to compare both VO2 concentration 

as well as PVB matrix concentration. “Low” to “moderate” and lastly “high” VO2 

concentration corresponds with level 1, 2, and 3 in Table 3-2 below, whereas a relatively low 

PVB matrix concentration is designated an “a” value and a relatively high PVB concentration 

is designated a “b” value. The coated films are coated in a single layer as well as a double layer 

to analyze 𝑇𝑙𝑢𝑚 and ∆𝑇𝑠𝑜𝑙,𝑁𝐼𝑅 (Figure 3-25). 

 

Table 3-2. Commercial VO2 film parameters varying VO2 particle concentration and PVB 
matrix concentration. Each slurry is mixed in 5 mL of ethanol. 
 

 1 = 0.05 g VO2 2 = 0.1 g VO2 3 = 0.2 g VO2 

a = 0.25 g PVB 1a 2a 3a 

b = 0.5 g PVB 1b 2b 3b 
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Figure 3-25. Doctor blade-coated films with commercial VO2 (M) in varying concentrations 
of particles and matrix where 1, 2, and 3 correspond with increasing VO2 particle 
concentrations and “a” and “b” correspond with lower and higher PVB matrix concentrations, 
respectively. Each combination is mixed in 5 mL of ethanol before being cast and dried in a 
vacuum oven at 70˚C overnight. 
  

From the visual qualitative results alone, it can be seen that greater VO2 concentrations 

display lower 𝑇𝑙𝑢𝑚 as the film naturally is darker. This follows that double layer films likewise 

exhibit less visible transmittance than single layer-coated films. As for the optical properties, 

the films are measured under UV-Vis-NIR at 25˚C and at 90˚C (well above the 68˚C TC) to 

see their thermochromic behavior in the semiconducting and metallic phases respectively 

(Figure 3-26a). The single vs. double layer case is also compared in Figure 3-26b. From these 

spectra, it can be seen that the difference in transmittance for both the semiconducting case 

(represented by the blueish lines) and the metallic case (represented by reddish lines) is pretty 

small, implying that the ∆𝑇𝑠𝑜𝑙,𝑁𝐼𝑅 will likewise be relatively small for this bulk commercial VO2 

case. When comparing the concentration of the VO2 nanoparticles (1b vs. 2b vs. 3b) to the 

PET blank film, the visible transmittance almost drops in half for the low concentration (1b) 

scenario. 

increasing VO
2
 concentration  

single layer 
 
double layer 

1a   1b      2a         2b   3a      3b 

PET 
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Figure 3-26. UV-Vis-NIR spectra for doctor blade coated films using commercial VO2 
varying (a) particle concentration and (b) single layer vs. double layer-coated. The blueish lines 
are the semiconducting case (25˚C) and the reddish lines are the metallic case (90˚C). 

 

It is thought that the ∆𝑇𝑠𝑜𝑙 is intensified at greater particle concentrations but at the 

cost of lower transmittance; this is because the particle films exhibit particle sizes that are 

(a) 

(b) 
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scattering light and therefore are not transparent. Particle size of the commercial VO2 is hence 

determined using DLS in Figure 3-27. 

 

Figure 3-27. DLS particle size distribution for commercial VO2 using an intensity distribution 
alongside a numerical summary of results. 
 

 From the DLS particle size distribution, the average size based on intensity is about 

250 nm, which supports the idea that very large particle sizes as these scatter more light and 

therefore reduce the transmittance of the overall film. Even though smaller sizes exist in this 

distribution (down to 60.8 nm), the benefit of having small nanoparticles is (literally) 

overshadowed by the majority of particles in the larger size range.  

Matlab Modeling of Composite Films 

To better understand the role of light scattering in the films due to particle size, one 

last modeling project examines this effect using Maxwell-Garnett, effective medium, Mie 

scattering, and four-flux theories. Coded with Matlab by undergraduate student, Claire Frank, 

the thermochromic effect and optical properties are calculated and the final model is even 

made into a user-friendly app to assist with future predictions in designing optimal films.  
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Laaksonen et al. suggested that visible light transmittance generate substantial losses 

when nanoparticles have radii greater than 20 nm [206], which is the primary reason for the 

project’s objective to aim for ultra-small nanoparticle sizes. However, few models accurately 

portray this effect in the context of VO2 (M) nanoparticles for smart window films—most 

assuming effective medium theory (EMT) which can only accurately model thermochromic 

behavior for particles that do not scatter light (meaning < 20 nm in radius). 

The methodology for modeling films with low filling factors is calculated using Mie 

scattering theory which uses scattering coefficients (Bohren and Huffman [231]) and the four-

flux method. The code calculates spherical Bessel functions taking various inputs including 

nanoparticle radius and filling factor, wavelength of light, refractive index (RI) of the film 

matrix material, and film thickness to account for the different light fluxes exhibited in a film, 

as shown in Figure 3-28. The scattering coefficients are then used to calculate scattering, 

extinction, and absorbance efficiency factors as described by Wiscombe [232]. 

 

Figure 3-28. Light fluxes traveling in the positive (I) and negative (J) directions which consider 
collimated (subscript c) and diffuse (subscript d) components, as defined in the four-flux 
method. Figure reproduced from Claire Frank.  
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From these scattering parameters, transmittance can be calculated for nanoparticles 

that exhibit scattering, which is indeed for any particles larger than 20 nm in radius (40 nm in 

“size” as the term loosely describes diameter of a particle). The transmittance and reflectance 

from these results is compared with that of particles that ignore scattering effects, which 

employ Maxwell-Garnet and EMT. These latter theories output an effective optical constant 

of the material by first determining an effective dielectric constant and RI of the composite 

(must be a low filling factor nanoparticle-matrix film) that only accounts for the reflection and 

absorbance of incident light. 

Furthermore, this information is used to create what Claire Frank calls the Optical 

Property Analysis MATLAB app which computes transmittance, reflectance, solar energy 

modulation and the effective optical constants (in the entire spectrum or exclusively in the 

near-IR range). Figure 3-29 shows the decision tree that the app follows to perform 

aforementioned calculations. 

 

Figure 3-29. Decision tree for the Optical Property Analysis app, designed by Claire Frank. 
From left to right, the user first inputs prompted parameters and the software outputs either 
the effective optical outputs (N, ε) if particle size is not considered, or transmittance (T) and 
reflectance (R) in the visible luminous (subscript lum) or solar spectrum (subscript sol), and 

solar energy modulation (∆𝑇𝑠𝑜𝑙) in the full or near-IR (subscript (NIR) range. Figure 
reproduced from Claire Frank. 
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An example of the outputs from the app is shown in Figure 3-30 where parameters 

like 𝑇𝑙𝑢𝑚 and a ∆𝑇𝑠𝑜𝑙,𝑁𝐼𝑅 can be modeled for various particle sizes to see the optical 

dependence on this particular physical property. 

 

Figure 3-30. Optical property outputs with respect to nanoparticle size (diameter) from the 
MATLAB app including (a) luminous transmittance for both the metallic and semiconducting 
case, (b) solar modulation in the full solar spectrum as well as in the NIR range, and (c) the 
transmittance of VO2 (M), the semiconducting phase, with respect to wavelength. This 
simulation assumed a 10 µm thick film with VO2 spherical nanoparticles embedded in a PVB 
film (dieletric constant ≈ 2.7) with a filling factor of 0.01 for nanoparticle sizes 20 to 200 nm.  
Figure reproduced from Claire Frank. 

 

(a) (b) 

(c) 
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From these plots, it can be seen that smaller nanoparticles clearly reap the benefits of 

both transparency and solar energy modulation due to the elimination of light scattering effects 

which occur in larger nanoparticles. The modeled film thus follows the expected hypothesis 

that these larger nanoparticle sizes gradually decrease the thermochromic effect thereby 

decreasing the film’s overall efficacy. Figure 3-30c displays, in VO2 (M)’s semiconducting 

phase, the transmittance over the NIR spectrum which likewise predict that smaller 

nanoparticles show greater overall clarity in the film in the visible light range (380 – 780 nm). 

The exception to this finding interestingly occurs in particle sizes greater than 160 nm which 

show slight increase in transmittance in the visible light range, likely due to peak broadening 

by light scattering effects, although with no subsequent increase in the energy modulation.  

Hence, it can be concluded that any beneficial effect from these larger nanoparticle 

sizes is canceled out by the fact that smaller nanoparticle sizes outweigh the performance of 

larger ones in terms of exhibiting a stronger thermochromic effect. Furthermore, from this 

work, it can be determined that by simply using nanoparticle sizes up to 50 nm in size (10 nm 

larger than the recommended 40 nm minimum diameter), the optical properties are relatively 

consistent with that of the EMT case that neglects light scattering. This is good news when 

considering the industrial manufacturing of these particles because creating just slightly larger 

nanoparticles means that not too much of the thermochromic effect is sacrificed; in fact, the 

solar energy modulation of 50 nm VO2 nanoparticles (as opposed to 40 nm nanoparticles that 

follow the EMT method) is only 2% lower in the NIR spectrum, and the luminous 

transmittance likewise is 16% and 13% lower for the semiconducting and metallic states 

respectively. 
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3.3. Outlook 

Long regarded as the major barrier to commercialization, smart window technologies 

are plagued by cost and scalability. The transparent conductors are not a new concept, as it 

has been a tossed-around technology for decades. Yet still, market research suggests 

substantial energy savings await its application in buildings, such as is reported in the case 

study with the Empire State Building in New York City which could reap $2.4 million in energy 

savings with 4,000 metric tons less of carbon emissions after 1 year of installing smart windows 

[233]. 

Figure 3-31 models and compares different window technologies in terms of savings, 

including the popular and well-commercialized low-e window, the thermochromic window, 

the relatively recent electrochromic window, as well as the former two’s combo. 

 

Figure 3-31. Modeled energy savings comparing thermochromic, low-emissive (low-e) 
coatings, a thermochromic and low-e combination, electrochromics, and uncoated windows 
across multiple systems where energy transfer is a concern [174]. 
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From this chart, it is clear that thermochromics have the potential to impact the 

window market when combined with low-e technology (orange bars) across multiple areas 

where energy drainage is a potential problem. While much emphasis has been placed on 

electrochromics due to their connectedness to the grid, there is still yet space for a passive 

technology to dominate a certain part of the market, particularly for those consumers who 

prefer a “set it and leave it” energy savings that keeps on giving, even with no added input. 

As far as is known, SuntuitiveTM is the only known U.S. maker of sunlight-responsive 

thermochromic window technology, with several other smart window competitors which as 

of 2010, Baetens et al. outlines as SAGE Electrochromics, Inc., EControl-Glas GmBH, and Co. KG, 

and Gesimat HmbH for electrochromics; SmartGlass, DreamGlass, and SGG, Nippon Sheet Glass 

Co., Ltd., and Innovative Glass Corporation for PDLCs or related technologies; and SmartGlass, 

American Glass Products, Pleotint, Innovative Glass Corporation, and Research Frontiers, Inc. for SPDs 

[180]. Furthermore, internal studies have found that a thermochromics could potentially cost 

between 1/3 to 1/5 the price of an electrochromic film, as compared in Table 3-3 [234], 

suggesting that VO2 synthesized using a CFHT reactor can cost as low as $1.20 per gram as 

compared to $5 per gram (AmericaElements Corp.) and produce better quality, smaller-sized 

nanoparticles. This can amount to 250 TBtu per year in savings for new and existing 

commercial and residential markets combined, with an adoption savings of 5.3 Quad in the 

next decade (2030) [235]. 

Table 3-3. Cost in $ per square foot of different window tech, modeled by LBNL [234]. 

 

Parameter Low-e Electrochromic 
Conventional 

thermochromic 
CFHT 

thermochromic 

Material 15 49 31 12 

Labor 9 12 9 9 

Window Unit 24 61 40 21 
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As is emphasized in this work, the key technical barriers standing in the way of 

thermochromic smart windows commercialization, in addition to the scalability of the 

processing of the nanoparticles, is the high transition temperature (which has been “solved” 

by multiple research groups via elemental doping), too low a luminous transmittance with an 

unpleasant color, and too narrow a solar energy modulation between its operating modes 

[203]. The latter two issues are theoretically solvable if only ultra-small nanoparticles can be 

synthesized that do not scatter light. This work sought to solve these remaining barriers using 

CFHT systems capable of controllably synthesizing nanoparticles of a particular size and 

morphology in greater volumes, showing tremendous promise for future investment. Coupled 

with the fact no existence of commercially available VO2 (M) nanoparticles with less than 100 

nm in size are on the market today, this presents a gap that has yet to be filled. With further 

optimization of the CFHT nanoparticle synthesis step, addition of nanoparticle functionality 

such as with RI-matching and/or anti-reflective core-shell coatings, and lastly combined with 

the implementation of a continuous roll-to-roll film making process (likely slot-die coating), 

thermochromics have yet a role to play in energy efficiency for buildings and other potential 

markets such as automobiles, planes, and ships. Hence, through our methodology and results 

with future study, it is hoped that VO2 thermochromic smart window technology will be more 

visible (or rather invisible!) to public’s eye in the near future. 
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