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ABSTRACT 

 
 

Lithium-ion batteries (LIBs) have been an instrumental technology since their 

commercialization in the 1990s. Although much progress has been made in terms of cost 

and efficiency of production, several challenges remain. Notably, as LIB technology 

continues to be applied to the transportation sector for electrified mobility in the form of 

electric vehicles, the question of production ethics and environmental sustainability 

becomes paramount. The aim of this dissertation is to address some of these concerns in 

the form of cathode processing techniques.  

 

This dissertation focuses on optimization of aqueous processing applied to cathode 

active materials. First, a study demonstrating the feasibility of aqueous processing for ultra-

thick nickel-rich cathode active material via phosphoric acid addition shows both 

mechanical and electrochemical improvements in aqueous processed full cells. This study 

is then expanded upon by pursuing structured cathode designs for improved high-rate 

discharge capacity in ultra-thick cathodes. An improved cathode structure is identified and 

shown to not only be mechanically robust but also improve the material utilization and 

ionic resistance of the electrode. Next, drying mechanics of aqueous cathodes are 

investigated in a comparative study focused on the first stage of coating drying. A 10X 

increase in drying rate is identified and benefits are discussed. Finally, polymer electrolytes 

and the potential of benign processing applied to solid-state LIBs is explored. Mechanical 

and electrochemical performance to baseline compositions is investigated and discussed.  
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INTRODUCTION 

Background 

 
Lithium-ion batteries (LIBs) have become a crucial  component of everyday tasks and have 

become an integral part of energy storage since their market introduction. [1] 

Improvements in technology and materials have allowed for many formats and targeted 

applications of LIBs in any number of industries. However, technology surrounding LIBs 

still has considerable room to improve. [2] From both production and application 

perspectives, LIBs are far from optimized and can benefit from process optimization as 

well as improved materials chemistry.  

 

One of the most crucial applications of current LIB technology is within the transportation 

sector, specifically electrification of mobility. Transitioning from petroleum-based fuels 

for vehicles to electric cars is currently in progress but still has a considerable gap between 

current state of the art and widespread consumer adoption. With all new (2021 model year) 

electric cars having an average range of less than 250 miles (combined) yet costing an 

average of $54,758, the economic viability of these vehicles must improve in order to 

increase market adoption. [3] Considering the median household income in the United 

State in 2020 was $67,521, the price tag of a luxury electric automobile is far beyond the 

purchase power of the average American. [4] Making strides to reduce both the cost of 

electrified mobility as well as provide longer range to meet the concerns of range anxiety 

in new customers, alternative strategies are required.  
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With increased emphasis on automotive applications and support from the current 

Presidential Administration, the state of the art of lithium-ion secondary batteries is not 

sufficient to reach the ambitious goals laid out by President Biden in his climate agenda. 

However, with appropriate focus LIBs can play a key role in reducing dependance on fossil 

fuels and lead to a much more environmentally friendly transportation sector. [5] In order 

to advance the climate agenda by transitioning to electric vehicles, LIB technology must 

become safer, more cost effective, and closer in range performance to internal combustion 

engines (ICE) they are meant to replace. The manufacturing process also must be improved 

to reduce the global warming potential (GWP) as it has been estimated that production of 

an EV produces roughly double the GWP of a comparable ICE, eliminating the potential 

climate benefit of transitioning away from fossil fuels. [6]  

 

Four main areas of interest are identified as problems to address in current LIB production 

and potential solutions are provided. These four areas of interest are energy density of the 

battery pack, materials and production cost, environmental impact of production, and 

operational safety. These issues are centered around the drive to increase energy density 

while simultaneously decreasing production cost. Elevating the environmental concerns 

associated with LIB production is also a topic of interest and provided additional 

justification for various project goals. These issues are approached via multiple in-depth 

investigations that are presented as chapters in this document. 

Improving Energy Density 
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Over the past 13 years the energy density and associated cost LIB packs has fallen from 

over $1000/kWh with energy density of only 55 Wh/L to $197/kWh with energy density 

of 250 Wh/L. This 5X reduction in cost paired with an almost 5X increase in energy density 

improved the viability of commercially available electric vehicles that have the potential 

to replace ICEs without the need for policy incentives. However, as the DoE has provided 

an ultimate energy density target of >350 Wh/L and cost target of $60/kWh, there is a 

substantial amount of optimization to be done. [7] 

 

One way to increase energy density while simultaneously reducing cost is to remove 

inactive components from the cell assembly. LIB cells are comprised of a container to 

house the internal chemistry, substrates commonly referred to as current collectors that 

support the electrode material, a separator that prevents physical and electrical contact 

between the electrodes, and electrolyte that provides ionic mobility throughout each 

electrode. Furthermore, each electrode is a composite that includes the active material, 

typically graphite for the anode material and a layered transition metal oxide for the 

cathode, a conductive additive to enhance electronic conduction throughout the electrode, 

and a polymetric binder that keeps the electrode both mechanical intact and able to 

withstand some degree of deformation. This mechanical expansion and contraction is 

experienced during lithiation and de-lithiation associated with ion transport between the 

electrodes. Among all of the listed components of a LIB, only one material in each 

electrode is considered active, and the rest of the materials are used to enhance the 
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performance or allow the function of the cell as a whole. Increasing the energy density of 

the cell focuses on increasing this ratio of active to inactive materials.  

 

One way of increasing the ratio of active material to inactive material practically involves 

increasing the thickness of each electrode while maintaining the same percentage of active 

material. This then increases the theoretical capacity per electrode layer and reduces the 

total number of layers needed to achieve the desired cell capacity. As the number or layers 

is reduced, the number of current collectors and separators is also reduced. As the current 

collector and separator do not contribute to the overall capacity of the cell, the energy 

density is increased without having to make chemical or material improvements.  

 

Although this technique is straightforward, there are real limitations as the available 

capacity of an electrode decreases with thickness due to mass transport limitations and 

thick electrode tend to suffer from inhomogeneous binder distribution developed during 

drying. Optimizing this technique is the major focus of Chapters 3 and 4. Introducing first 

a chemical additive to achieve a mechanically stable ultra-thick electrode, followed by 

implementing a structured design in an attempt to increase active material utilization by 

optimizing the lithium-ion diffusion pathway. 
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Materials and Production Cost 

 

Cost of LIB packs has decreased substantially since their market introduction and are now 

the energy storage option of choice for most applications. The cost of the cell however is 

still too high for economically viable electric vehicles that are capable of replacing the 

majority of ICE vehicles on the road today or forecast to be on the road in the near future. 

As nations continue to develop the need for mobility is only increasing and the demand for 

both ICEs and EVs is projected to increase dramatically. [8, 9] Batteries are the main reason 

for EVs added expense when compared to their ICE counterparts, thus the need for cost 

reduction is clear. [9] By investigating lower cost materials and production techniques, the 

overall cost of the cell can be reduced. Namely by moving from the typical solvent 

currently used in industrial settings, NMP, toward benign solvents such as water, the 

estimated cost reduction is substantial as the material cost is lowered, the drying time and 

energy requirements are reduced, and the need for solvent capture is eliminated. [10] This 

technique is highly optimized for anode processing but has encountered challenges when 

applied to nickel-rich cathodes due to excess lithium driving the slurry pH beyond the 

stability window for aluminum. Investigated in Chapter 1 is the benefits and challenges of 

aqueous processing as applied to cathodes. Presented in Chapter 3 is a technique involving 

addition of a mild acid as a pH modifier to abate the corrosion reaction observed during 

cathode aqueous processing. Solvent effect on drying time and resulting binder distribution 

is investigated in Chapter 5.  
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Environmental Impact 

 

Along with operational safety, environmental impact is driving advancements in LIB 

technology toward a more sustainable and equitable outlook. A large focus within the 

battery manufacturing industry is elimination of toxic or harmful constituents. As such, 

development of replacements for a major processing solvent, N-methyl-2-pyrrolidone 

(NMP), have driven the practice of aqueous processing within the battery field. Replacing 

NMP, which is a controlled volatile organic compound (VOC) with water as a processing 

solvent has the potential to improve the environmental efficacy as well as reduce 

processing costs for new battery materials. [11, 12] Although aqueous processing has been 

successful in negative electrode processing, applying this technique to positive electrode 

manufacturing has proven to be a difficult task due to interfacial stability issues between 

the cathode active material and water. [13-16] Elimination of NMP based production 

processes can also help achieve the Department of Energy (DoE) Vehicle Technologies 

Office (VTO) cost target of $60/kWh by reducing material and drying cost. [7, 10, 12] 

 

With a forecast surge in battery production, one major aspect that must be considered is 

efficient and environmentally friendly production practices, epically when considering the 

geographical locations of major battery production operations. [9, 17] Of particular interest 

is procurement of raw materials as there exists a finite amount of critical materials such as 

lithium and cobalt. If the projected increase from 750 million to 2 billion vehicles by 2050 

is accurate, the implications this massive increase in demand for mobility will have on raw 
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materials is drastic. [8] In order to avoid shifting the problem of greenhouse gas (GHG) 

generation in the current mobility sector from use phase to production phase, the materials 

used as well as the current manufacturing processes must see significant improvement.  

 

Various life cycle assessment (LCA) studies have been published with the goal of 

identifying manufacturing and use optimization opportunities. [17-19] As each study 

explores the total impact of an electrochemical cell, one shared conclusion is the lack of 

primary data sources in the materials production process that hinders a full characterization 

and comparison of different cell configurations. [18] Even with lacking primary data, it is 

clear from various LCA reports that improvements must be made with respect to both 

materials cost and processing efficiency if electric vehicles are to replace ICEs and produce 

a positive climate impact.  

 

Environmental and material costs concerns are discussed further in Chapter 1 where 

arguments for aqueous processing are developed and advancements in the field are 

summarized. This first chapter is meant to inform Chapters 3, 4 and 5 which investigate 

the mechanical and electrochemical implications of utilizing NMP free processing 

techniques for electrode production.  
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Improving the State of the Art 

 

The state of the art of LIBs continues to evolve and as such it has become clear the direction 

of future investment will heavily favor solid state electrolytes in order to reduce risks 

associated with liquid electrolytes. As liquid electrolytes have drawn increased scrutiny for 

their potential to cause fire events up failure, solid state technology has seen a resurgence, 

focusing on both solid garnet type electrolytes as well as flexible polymer formulations. 

An in-depth discussion on the future of solid-state electrolytes and their production and 

application to electric vehicles is provided in Chapter 6 and an investigation into aqueous 

processing and composition optimization for polymer type electrolytes is given in Chapter 

7. These chapters are intended to provide a foundation for future work while promoting the 

use of renewable and environmentally benign materials.  
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CHAPTER I 

REVIEW ON AQUEOUS PROCESSING 
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ABSTRACT  

 

Aqueous processing of electrode material has the potential to reduce cost and decrease 

environmental impact of current lithium-ion battery (LIB) manufacturing techniques. 

Replacing expensive and volatile binder solvents, such as N-methyl-2-pyrrolidone (NMP), 

with aqueous processing utilizing deionized (DI) water not only reduces material cost but 

also reduces processing and capital equipment costs by eliminating the need for solvent 

capture and recovery. Processing of anode slurries using DI water as the solvent have been 

widely successful and are now common in industrial settings. Aqueous processing of 

cathode slurries however has posed greater challenges mainly due to lithium leaching from 

active materials and subsequent corrosion of the current collector. Successful benchtop or 

pilot scale aqueous processing with some nickel-based cathode materials has been 

demonstrated, but industrial implementation remains elusive. This work is focused on the 

motivations and advancements of aqueous based processing and the associated benefits for 

both equipment cost and environmental stewardship. 
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Importance of Aqueous Processing 

 
Lithium-ion batteries (LIBs) have experienced a wealth of innovation since their 

commercialization in the 1990’s. From development of novel materials to optimization of 

manufacturing processes, the LIB has improved substantially over the past few decades. 

This massive improvement has allowed the technology to become an integral part of daily 

life and a viable solution to various energy related crisis. [1] As energy demands increase 

and environmental concerns become more critical, LIBs are an excellent alternative to 

fossil fuel consumption, especially when applied in vehicle technology. The Department 

of Energy (DoE) Vehicle Technologies Office has set cost and energy density targets, 

currently $60/kWh and >350 Wh/kg respectively. [7] Meeting these targets will require 

major advances in materials and manufacturing techniques. Meeting the goals set by the 

DoE would result in a vehicle that would be cost competitive with an internal combustion 

engine (ICE) counterpart and provide a range similar to that of an ICE. [20] With materials 

cost comprising 70 – 80% of overall cell cost, realizing this DoE goal will require utilizing 

more cost effective and higher energy materials as well as developing production 

techniques that streamline cell processing. [21, 22] This review seeks to outline major 

challenges and advancements in the field of lithium-ion battery production centered around 

aqueous processing techniques. 

 

Advancements have already been made in numerous areas, including development of 

higher energy, ethically sourced active materials such as LiNixMnyCozO2, x ≥ 0.8,z ≤ 0.1 

(NMC 811) and optimization of the preliminary charging protocol, referred to as formation 
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cycling, to reduce the amount of time and associated energy costs of preparing batteries for 

market. [23] Employing active materials with a higher practical capacity and larger 

electrochemical operation range result in a more energy dense, cost-effective battery. The 

added benefit of reducing the amount of cobalt used results in a more ethical battery by 

reducing the adverse humanitarian effects cobalt is associated with. Cobalt free materials 

are also under consideration but as of yet still experience reduction at high voltage that 

limits their practicality. [24] Steps such as the addition of silicon to graphite anodes have 

also increased the energy density of the resulting cell by optimizing the mixture of high 

theoretical capacity, yet mechanically problematic, silicon to relatively low theoretical 

capacity graphite. Silicon provides a very desirable theoretical capacity in excess of 3579 

mAh/g, but full lithiation of the material leads to a 280% increase in volume, resulting in 

poor capacity retention due to structural damage from cycling. [25, 26]  

 

Of these many techniques and material that have been pursued in the drive to develop more 

environmentally responsible and cost-effective techniques, aqueous processing has 

become an area of increased research interest, in part due to its environmental benefits. [1, 

12, 27] Aqueous processing involves removing the toxic volatile organic compound (VOC) 

typically used in electrode processing, N-methyl-2-pyrrolidone (NMP), using deionized 

water (DI water) as a solvent in its place. NMP is used in order to disperse the common 

electrode binder Polyvinylidene fluoride (PVDF), which is not soluble in water, but 

provides exceptional mechanical and electrochemical performance. PVDF is 

electrochemically stable within the potential window of LIBs and has good mechanical 
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properties, facilitating the expansion and contraction of the electrode during cycling. [28] 

However PVDF is a fluorine containing compound that could potentially generate LiF 

upon reaction with lithiated graphite, an endothermic reaction that could contribute to 

thermal runaway. [29-32] Even with the proven performance of NMP and PVDF, the cost 

and environmental benefits of aqueous processing make the endeavor an attractive 

alternative. 

 

Replacing the solvent is not trivial as solvent and binder have a pronounced impact on the 

entire electrode production process. From changes in the dispersion rheology and stability, 

to chemical reactions driven by active material instability, solvent choice impacts the 

electrode production process deeply. Accordingly, determining a suitable binder 

composition for aqueous electrodes has attracted a large amount of attention in recent 

years. [16, 26, 33-36] In the case of graphite anodes, many of these problems have been 

solved, resulting in successful industrial implementation. 

 

Aqueous processing of electrode materials is also beneficial to the emerging field of battery 

waste recycling. [37] As the market share of LIBs increases, so does the waste potential. 

Effective recycling techniques can reduce overall waste and defray new material cost by 

reusing spent electrode material.  Typical recycling process require an organic solvent, 

NMP or N, N-dimethylformamide (DMF) to dissolve the PVDF and recover active 

material. Both NMP and DMF are now restricted substances due to their toxic nature and 

potential to cause reproductive harm. [11, 38, 39] Both of these solvents can be avoided by 
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utilizing DI water as the solvent and avoiding PVDF as a binding material. This could 

potentially create a more attractive recycling market and result in an increase in the reuse 

of critical battery materials. 

 

Electrode Processing Steps 

 

Electrode processing has become a large focus of LIB production as much of the cost 

associated with the ultimate battery pack is generated during the materials processing step. 

[40] The field of electrode manufacturing has been highly active, seeking to optimize each 

step in the overall process. [41] Studies have addressed topics from temperature of slurry 

mixing, to coating speed and technique, and mixing method and component addition. [2, 

42-46] Introduced here are the typical processing steps involved in the production of LIB 

electrodes and their associated importance from a performance and cost viewpoint. 

 

Material Preparation and Mixing 

 

The typical process for producing commercial LIBs begins with mixing of active material, 

conductive additives, binders, solvent, and sometimes includes additives for specific 

purposes. [14, 47-50] After each component is thoroughly mixed, the homogenous mixture 

is commonly referred to as a slurry. Slurry mixing protocol and composition varies widely 

depending on a variety of factors, but generally involves a lengthy mixing process and a 
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degassing period to remove air bubbles before preceding to coating. Examples of electrode 

mixing typically vary by scale, ranging from benchtop agitators and sonicators to 

industrially sized planetary mixers. As a result, the cost associated with mixing is highly 

dependent on the mixing method and equipment. NMP based slurries are typically 

comprised of less than 45% solids in order to maintain acceptable coatability, aqueous 

dispersion can contain an solid contents in excess of 60%. [51] The mixing method of 

choice therefore must accommodate the added agglomeration potential that accompanies 

this increase in solids material.   

 

Electrode Coating 

 

The most common coating technique adopted by industry is slot-die coating. Slot die 

coating utilizes a moveable coating head and rotor that extrudes a consistent bead of slurry 

onto a moving substrate, creating a continuous uniform sheet. [52] This process is easily 

adopted to operate in a roll-to-roll regime and by varying the pump speed, line speed, and 

coating gap, a wide variety of slurries are compatible with this technique. This technique 

has a multitude of advantages such as easy scalability and ability to be accurately modeled 

by solving the two dimensional Navier-Stokes equation. [53, 54] Although the coating 

system has clear advantages, there do exist limitations. In order to produce a uniform and 

consistent electrode, the slurry used must conform to some basic requirements. The 

dispersion must balance forces from an applied vacuum, drag of the current collector, and 

pressure of the feed in order to reside within the coatability window. [46, 52] Along with 
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these fluid forces, the speed of the current collector, coating velocity, as well as the distance 

from the current collector to the slot die head, coating gap, are critical factors in the quality 

of the coating. As a result, the physics and fluid mechanics of slot die coating are heavily 

studied with the ultimate goal of coating the most solids dense slurry possible while 

avoiding defects such as rivulets, ribbons, or streaks. [46, 52] 

 

Other techniques such as doctor blade coatings are common for research and benchtop 

scale electrode production as the required amount of material is considerably lower. Ink jet 

and additive manufacturing inspired deposition techniques have also been proposed, but 

are not the focus of the current work as they have yet to be demonstrated as industrially 

viable or cost competitive with slot-die coating. [55-57] 

 

Drying and Calendering 

 

After coating, the substrate and newly coated slurry are then dried, typically in an enclosed 

oven operating at elevated temperature. In a roll-to-roll regime, this is often a component 

of the greater slot-die coater itself. At this stage it may be necessary to recapture solvent, 

for example NMP if it has been used as the primary solvent. [58] The drying process is one 

of the more costly and energy intensive processes involved in LIB production and 

subsequently garners a large amount of research interest. [10, 59] An in-depth explanation 

of challenges associated with electrode drying is presented in a future section. After drying 

the coating is then referred to as an electrode. Porosity, or more generally tortuosity, have 
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proven to be important factors in electrochemical performance of many electrode 

architectures, and accordingly electrodes are commonly subjected to an additional 

calendering step to optimize these parameters. [60-64] Electrodes are calendered by 

applying a force normal to the current collector in a controlled manner, thus compacting 

the electrode structure to the defined amount of void space. This void space facilitates the 

electrolyte and subsequent charge transfer and ion diffusion throughout the electrode. 

 

Cell Assembly and Formation Cycling 

 

After calendering, electrodes are punched to the desired geometry and subjected to 

secondary drying before final assembly to remove any excess moisture that may react with 

the organic electrolyte upon cycling. [65] Depending on the geometry, affixing tabs to the 

cell varies, but generally some form of tab attachment occurs in order to provide a sealed 

electrical connection. Commonly tabs of compatible metals are ultrasonically welded in 

order to provide intimate contact without risk of mechanical damage. Conventional 

lithium-ion cells that utilize a liquid electrolyte are assembled with a separator material 

between opposing electrodes, this material is a porous polymer highly engineered for the 

application. This separator material has been the focus of past research and as a result is 

highly optimized for ionic transfer while eliminating electrical conduction between the 

opposing electrodes. [1, 63, 66]  
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Cells are then filled with electrolyte before vacuum sealing the system. Depending on the 

formulation and manufacturer, differing protocols may be employed, but generally some 

form of formation cycling is required to establish a stable solid electrolyte interphase (SEI) 

before the cells are ready for commercial use. Formation cycling alone accounts for 

anywhere from 10 – 100 hours, meaning a large footprint and energy demand are needed 

to manufacture cells commercially. [67] Formation cycling has been shown to add 

substantial cost to the overall battery system through increased lab space and time-

consuming cycling protocols, consequently research focused on reducing this processing 

step is abundant. [23, 68-70] 

 

Cost Savings from Drying Equipment 

 
Transitioning rom the typical solvent NMP to aqueous based methods not only provide an 

economic benefit associated with the material cost, but also can enable economically 

favorable drying parameters and techniques. Materials cost savings is driven primarily by 

the reduction in need for capital equipment and solvent recovery cost but is also directly 

attributed to the lower price of the replacement materials. NMP is more than an order of 

magnitude more expensive than water, $1.25 L-1 for NMP compared to $0.015 L-1 for DI 

water. [12] This cost reduction is also present when considering replacement binder 

materials, many of the replacement materials are cheaper than the industry standard PVDF. 

For example, the cost of PVDF is approximately $20 kg-1 as compared to CMC, a potential 

replacement binder, which costs approximately $2-3 kg-1, an order of magnitude cost 



19 

 

reduction. [33, 71] Savings associated with drying parameters can also be realized due to 

the differences in vapor pressure and boiling point, 1.0 mm Hg at 40 °C and 204.3 °C for 

NMP and 55.3 mm Hg and 100 °C for water respectively, the energy input and associated 

with drying can be reduced by 25.7%. [10] Other studies have shown a 2X reduction in 

drying cost can be expected by implementing aqueous processing, if a production 

capability of 100,000 10 kWh battery packs is achieved. [10] However, since drying only 

accounts for an estimated 8-9% of total pack cost in this scenario, the major source of cost 

reduction resides in capital equipment costs. Without the requirement to recover NMP 

during the drying process, the complex solvent recovery system can be omitted, resulting 

in $3-6 M in equipment cost savings. [10] Cost savings could also be realized in the form 

of siting and permitting cost reduction due to elimination of VOCs. [10, 72] 

 

Need for New Binding Materials 

 

Removal of NMP in favor of aqueous processing requires finding a new binder to use in 

electrode production as PVDF is not water soluble but only soluble in some select organic 

solvents. [73] Binders are an integral part of electrode composition and must be carefully 

considered as they play a key role in battery performance. [74] Potential binders must 

satisfy multiple criteria in order to be an effective and viable alternative. First a binder must 

satisfy the basic requirement of adhering the active and inactive materials to the current 

collector and creating a continuous electrode, adhesion and cohesion respectively. [27, 41, 

71] The binder must also accommodate the electrodes expansion and contraction cycles 
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during the electrochemical transfer or lithium-ions and therefore be mechanical robust 

under various strain conditions. This expansion can be in excess of a 10% volumetric 

change in the electrode (standard graphite anode) and in some cases much greater (280% 

for a graphite/silicon composite anode). [33, 75] Along with being mechanically stable 

throughout repeated charge/discharge cycles, the binder must also be stable throughout the 

entire electrochemical range of the cell (typically 0 V to 5 V Li/Li+) and also stable against 

the other materials in the cell formulation. [71]  

 

Although a binder generally does not need to be charge conducting, the proportion of 

binder should be minimized especially if the material is insulating in nature. Some efforts 

have been made recently to use the binder not only as a means of maintaining the electrode 

structure, but to also improve conductivity throughout the electrode by contributing to ion 

transport. [76] A good candidate for a new binder material should also avoid 

environmentally hazardous components, such as fluorine, in order to eliminate hazard 

control or environmental safety concerns. A number of candidate binders have been 

researched as suitable replacements for industry standard PVDF, including styrene 

butadiene rubber (SBR), carboxymethyl cellulose (CMC), xanthan gum, poly-acrylic acid 

(and its derivatives), as well as others. [26, 33, 71, 75] An overview of recent developments 

concerning electrode binders are given for both anode and cathode formulations. 
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Anode Compositions 

 

Graphite and silicon remain the preferred electrode materials for anodes due to their 

relative abundance and attractive gravimetric capacities, 372 mAh/g and 3579 mAh/g 

respectively. [74, 75] Although lithium metal anodes are of great interest, the numerous 

challenges presented by a full metal anode limit their use and practicality and thus are not 

within the scope of this work. [77-83]  PVDF has long been the ideal binder for use with 

graphite as the interaction between PVDF crystals and the carbon surface in the form of a 

strong C – F bond result in high electrode durability while still being able to accommodate 

small volumetric changes during cycling. [74, 84] With the inclusion of silicon as an anode 

active material, PVDF is no longer an ideal binder candidate as the lithium-silicon alloying 

reaction produces Li15Si4, resulting in upwards of 280% electrode expansion and 

subsequent electrode fracturing. [26, 75] This poses an issue even for small percentages of 

silicon in graphite anodes. In response, binders with high carboxylic acid or hydroxyl 

groups have been investigated as these can lead to surface modification of graphite that 

increases the number of available binding sites. [85, 86]  

 

Such binders include PAA and LiPAA. Hays and coworkers presented a direct comparison 

of PAA and LiPAA processed in NMP and water respectively. They found PAA processed 

with NMP leads to ~3.5X more residual water in the anode as compared to LiPAA 

processed in water. [75] The authors point to the fact that PAA is a superabsorbent of water, 

subjecting electrodes with PAA to elevated drying temperatures above 140 ℃ lead to 
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decreased cell performance. Hays and coworkers associate this poor performance with the 

dehydration of carboxylic acid groups which react with each other to form an anhydride 

and water. [75] Their work continues to show the advantages of LiPAA compared to PAA 

in silicon containing graphite anodes. This is largely due to the thermal and 

electrochemically stability of LiPAA as compared to PAA, resulting in a better 

electrochemical and mechanical performance. [75] Poly(3,4-ethylendioxythiophene) has 

also been investigated as a possible binder material because it is ionically conductive, 

leading to an expanded conduction network, but is considerably more expensive than other 

binder options ($8.64/mL). [33] 

 

Out of many promising candidates, sodium substituted CMC has become a widely used 

binder for aqueous processing techniques due to its ease of production, environmentally 

benign nature, and superior mechanical and electrochemical stability. [87, 88] CMC is not 

new to the battery industry, cellulose based materials have long been used in combination 

with other additives in lead-acid, nickel cadmium, and nickel metal hydride batteries as 

well as LIBs, although not always as a binder. [87, 89] Notably, CMC has been relied upon 

to stabilize the naturally hydrophobic graphite particles in aqueous solutions in 

combination with SBR, a technique that is now common in industry. [89] In a direct 

comparison to NMP based anodes, CMC processed anodes were able to provide similar 

performance with a lower weight percentage, 10% PVDF compared to 5% CMC. These 

anodes did however exhibit a higher first cycle capacity loss, but show diminished capacity 

fade per cycle, attributed to a fast-forming SEI layer that is generated by the reactivity of 
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CMC (mainly the present hydroxyl groups) with electrolyte. [90] This reaction results in a 

uniform and stable SEI layer that slows the continued capacity fade observed in systems 

with unstable SEI layers resulting in electrolyte consumption. [74, 91] Similar cycling 

behavior was displayed for samples with 10% PVDF, 5% CMC and 5%/1% SBR/CMC 

but using SBR alone did not result in a mechanically robust electrode. [26] Other studies 

put the minimum amount of CMC required at 2 wt%, this investigation did not however 

provide long term cycling to demonstrate effects from degradation. [87] It was 

demonstrated that a combination of SBR and CMC not only performed as well as PVDF 

based electrodes, but the amount of binder required was reduced considerably, thus leading 

to an increase in energy density. [26] Although both mechanically and electrochemically 

stable, CMC does present unique challenges that require special consideration during 

implementation. For example, CMC is more hydrophilic than PVDF and absorbs water 

during the slurry processing steps. This results in a large fraction of remaining solvent, 

even after preliminary drying and necessitates a secondary drying step to ensure a 

sufficiently dry electrode and avoid a reduction in cycle life and hydrofluoric acid 

production associated with high water content in the electrode. [10] This added drying time 

could potentially offset any energy reduction realized by transitioning to aqueous 

processing. It has also been reported that the adhesion strength of CMC is one whole order 

of magnitude lower that comparable SBR or PVDF binders, leading to concerns about 

longevity during repeated lithiation and de-lithiation expansion cycles. [92] 
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In order to improve adhesion of CMC based binders, SBR or the acrylate JSR binders can 

be added in conjunction with CMC to form a composite binder, a practice which has seen 

great success for anodes (SBR) and cathodes (JSR). A more detailed discussion on the 

merits and challenges of adding JSR is provided in the next subsection.  

 

Cathode Compositions 

 

Investigations into binder replacements for positive electrodes are not as prominent as 

negative electrode investigations due to existing challenges for positive electrode aqueous 

processing outlined in a future section. As the field of positive electrode processing has 

grown, it has leveraged many the lessons learned from negative electrode processing and 

has had the benefit of being able to utilize materials developed for graphite anodes with 

slight modifications. The most prominent example of such is the utilization of CMC binder 

for positive electrodes with the addition of JSR TRD202A (JSR) to form a composite 

binder capable of withstanding the high voltage applications of new nickel rich materials 

(in excess of 4.6 V). [14, 15, 93] JSR has the added benefit of improving mechanical 

adhesion and cohesion and performs a similar function in the cathode as SBR does in the 

anode. [94] Direct comparison to PVDF based cells show improved electrochemical 

performance in NMC based cathodes while reducing the binder percentage from 8 wt% for 

PVDF to only 3-6 wt% for CMC JSR composite binder. [94] In a similar study, the JSR 

CMC composite binder was shown to lead to improved long-term cycling stability as 

compared to the typical PVDF. [93] Although JSR has proven to improve the mechanical 
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and electrical properties of aqueous processed cathodes, it is a fluorinated acrylic latex and 

has the unfortunate consequence of adding fluorine back into the electrode system leading 

to a complicated recycling process and potential contamination in the event of a cell 

rupture. Compared to similarly fluorinated PVDF, JSR does show improved thermal 

stability suggesting it may be safer in the event of a fire event. [94] 

 

As the practice of aqueous processing of positive electrodes grows, the continued 

investigations into novel binders will become more numerous. Until that time, the use of 

CMC and JSR composite binders will likely continue to be the standard practice as it 

provides numerous benefits with minimal downside.  

 

Electrode Drying and Binder Migration 

 

Along with challenges in binder selection, electrode drying mechanics not only have an 

impact on the formation of the porous electrode network but can also impact the binder 

distribution and subsequently the mechanical properties of the electrode. Electrode drying 

is not only a critical step in LIB production from an economic standpoint but has also been 

shown to directly affect the mechanical and electrochemical properties of the resulting cell. 

[10, 95-101] Drying parameters can have a large impact on the resulting distribution of 

active material, conductive additive, and polymetric binder as the solvent is removed from 

the electrode structure. As typical electrode thickness is on the order of hundreds of 

microns thick but upwards of hundreds of square centimeters or above in area, they can be 
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accurately treated as thin films and are appropriately modeled as such. [102] Drying can 

be modeled via two distinct drying regimes. First, the larger active material particles 

consolidate as the solvent is removed and begin to form the eventual electrode structure. 

As the particles consolidate, they eventually reach a maximum density and thus are no 

longer able to move, this stage is commonly referred to as film shrinkage. Once enough 

solvent has been removed such that the porous electrode network is mostly established, the 

second phase of drying begins, pore emptying. This stage involved excess solvent being 

removed from the pores formed in the previous stage. This includes not only the through 

pores that have been developed, but also the closed pores that have trapped solvent. [101] 

This second stage accounts for the bulk of the drying time and energy input throughout the 

drying process and consequently, is an area of interest for cost optimization. [2, 10]  

 

As the film shrinkage and pore emptying stages of drying proceed, all of the constituent 

particles experience competing forces from sedimentation, diffusion, and thermal 

Brownian motion. As the larger active material particles begin to settle and form the pore 

structure of the resulting electrode, the smaller conductive additive and polymetric binder 

particles experience forces from evaporation at the film surface and Brownian diffusion 

resulting in a competition between diffusion and capillary action within the electrode 

structure. If the drying rate is sufficiently high, the capillary action driven by surface 

evaporation dominates the thermal diffusion forces and results in a concentration gradient 

for the binder and conductive additive. This resulting binder gradient is key to the eventual 

electrode performance from both a mechanical and electrochemical standpoint. A non-
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uniform distribution of binder throughout the electrodes directly leads to adhesion issues 

as well as conduction issues due to the insulating nature of commonly used electrode 

binders. [100]  

 

Not only is binder migration a function of drying conditions but is also dependent on 

solvent. Even with the important role of solvent and drying in electrode production evident, 

there is little research addressing the combination of factors directly. A significant amount 

of research has explored electrode drying in depth and multiple models have been 

developed to aid in the optimization of solvent removal from both anode and cathode 

formulations. [35, 59, 101-105] However, these investigations rarely consider the 

differences and advantages of solvent replacement with regard to electrode drying and 

binder distribution. As aqueous processing for graphite anodes has become more common, 

multiple studies address investigation and optimization of aqueous processed graphite 

anodes, however few studies involve aqueous processed cathode material. [15, 92, 99, 101, 

106, 107] Fewer yet are studies that directly compare NMP and DI water and the optimal 

drying parameters for each solvent. 

 

As previously discussed, the optimization of drying parameters also has concrete economic 

advantages. [10, 12, 72] If these advantages can be realized, the overall cell production 

process can be simplified, and the overall battery pack cost can be reduced. 
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Current Collector Corrosion and Active Material Instability 

 

Although anode chemistries have proven to be commercially viable with aqueous 

processing techniques, cathode chemistries have not shared the promising outlook. Some 

cathode materials, particularly LMNO and NMC based materials, have demonstrated 

corrosion at the current collector interface and subsequently poor adhesion. This reaction 

is driven by excess lithium within the active material leaching into solution via a well 

described proton exchange reaction giving in Equation 1-Equation 4. [13-15] This reaction 

results in lithium hydroxide and lithium carbonate being present in the slurry resulting in 

increased slurry pH above 11. Not only is aluminum, the preferred choice of positive 

electrode current collector, only stable at pH between 4.5 and 8.5, the lack of stability with 

the aluminum oxide layer results in a corrosion reaction at the interface which generates 

hydrogen gas. [28, 34]  This gas accumulates in the form of bubbles and eventually releases 

from the current collector and travels the thickness of the electrode to reach the electrode 

surface. This gaseous transport both disrupts the electrode structure during the drying 

process and impacts the binding between the drying slurry and current collector. [108, 109] 

In addition to the lack of adhesion, surface cracking resulting in un-useable electrodes have 

been widely reported and are a side effect of the hydrogen gas generation. [15] 

 

Equation 1:   𝑳𝒊+ + 𝑯𝟐𝑶 ⇌ 𝑳𝒊𝑶𝑯 + 𝑯+ 
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Equation 2:   𝑳𝒊𝑶𝑯 + 𝑪𝑶𝟐 ⇌ 𝑳𝒊𝑯𝑪𝑶𝟑 

 

Equation 3:   𝑳𝒊𝑶𝑯 + 𝑳𝒊𝑯𝑪𝑶𝟑 + 𝑪𝑶𝟐 ⇌ 𝑯𝟐𝑶 + 𝑳𝒊𝟐𝑪𝑶𝟑 

 

Equation 4:   𝑨𝒍 + 𝑶𝑯− + 𝟑𝑯𝟐𝑶 → 𝑨𝒍(𝑶𝑯)−
𝟒

[𝒔] + 𝟑/𝟐𝑯𝟐[𝒈] 

 

Surface stability is critical to ensure surface adhesion and mechanical stability during 

production and long-term cycling. Various techniques have been developed in order to 

abate or avoid undesired reactions at the current collector interface. These techniques 

include applying a carbon coating before coating, preventing contact between the alkaline 

slurry and aluminum surface, adding mild acids, such as phosphoric acid, to slurry to bias 

the pH back within the stability window of aluminum, and chemically applied coatings that 

suppress the reaction mechanism by providing a stable buffer layer between the solvent 

and active material particle. [14, 28, 34, 47, 108, 110-112] Although all of the above-

mentioned techniques have been shown to effectively mitigate the corrosion reaction, the 

incurred cost and technical difficulty of techniques such as atomic layer deposition of a 

thin carbon coating not only add additional material and processing steps but also introduce 

an additional interface between the electrode and current collector. These side effects 

increase the time and cost of production and introduce an additional non-electrochemically 

active interface between the current collector and electrode, potentially increasing the 

impedance of the electrode as well as reducing the overall cell energy density. [113, 114] 
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There is also evidence to suggest some additives can form protective coatings on the active 

material particle during cycling, acting as a protective barrier from the processing solvent. 

[28, 47, 114] What remains unclear is the role of these protective coatings in terms of 

charge transfer resistance between ions in the electrolyte and the active material particles 

themselves. The stability of these layers are also an important consideration as an unstable 

cathode interphase layer (CEI) can lead to increased electrolyte consumption and 

subsequent capacity fade and insufficient discharge capacity at high cycle rates. [115] 

 

The role of the current collector in the corrosion reaction has also been addressed on 

multiple occasions and it has been shown that replacing the aluminum current collector 

with a copper counterpart does not entirely solve the cracking issue. This result 

demonstrates that the current collector is not the only source of cracking, elucidating the 

role of capillary stress, agglomeration, binder distribution as potential causes of surface 

cracks. [15] This will be discussed further in the next section. Mitigating the corrosion 

reaching and subsequent hydrogen gas generation does however eliminate the most sever 

cracks observed in thick cathodes (5-8 mAh/cm2). [14, 15] 

 

Surface Tension and Induced Cracking 

 

Aqueous processing, especially with large areal loadings (exceeding 4 mAh/cm2), can lead 

to crack formations in the electrodes during the drying process. [48] Small surface cracking 

is commonly observed at the electrode interface and can usually be mended through the 
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calendering process. For aqueous processed electrodes, there exist both these smaller 

cracks as well as the potential for large fissure cracks that are not able to be fixed through 

the calendering process. Although possible for both the anode and cathode, this issue has 

been extensively documented in positive electrodes. [15, 48] Cracking is mainly attributed 

to the difference in surface tension of water compared to NMP, resulting in capillary 

pressure buildup as the electrode is dried. [48, 116, 117] As the solvent evaporates from 

the electrode network, particle-particle interactions also generate a network of strains that 

eventually reach a critical strain and result in a crack on the electrode surface. This is driven 

by the drying process in which a pore network is established and as the solvent is removed 

from the pores, a meniscus is formed and generates a pressure within the pore network. It 

is the aggregate pressure comprised of these smaller capillary pressures which result in the 

release of stress via cracking. With the surface tension of NMP considerably lower than 

that of water (40.79 mN/m, 20 °C and 72.80 mN/m, 20 °C respectively) much greater 

capillary pressure can be expected when considering the universal equation developed by 

Singh and Tirumkudulu, Equation 5. [10, 116] Although this area of research has seen great 

interest in relation to concrete and soil sciences, it is a relatively new issue in the frame of 

LIB processing.  

 

Equation 5:    ℎ𝑚𝑎𝑥  =  (
𝐺𝑀𝜙𝑟𝑐𝑝𝑅3

2𝛾
)

1

2
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The addition of isopropyl alcohol (IPA), which has a surface tension of 23 mN/m, 20 °C, 

has been shown to improve electrode integrity when paired with water in aqueous 

processing of NMC 532. [48] Elimination of cracks in electrodes with loadings as high as 

25 mg/cm2 were achieved with a 80/20 wt% ratio of DI/IPA, and subsequent 

electrochemical analysis has shown the performance of such cells is comparable to NMP 

processed electrodes with the same loading. [48] The addition of IPA as a co-solvent does 

not however reduce the lithium leaching exhibited by some nickel rich cathode materials 

that contribute to surface cracking and poor adhesion. [15] Addition of IPA as a co-solvent 

has also been shown to dramatically affect the viscosity of a dispersion, due to the 

development of capillary forces that stem from immiscible nature of the two solvents. [15, 

118] Although IPA is miscible in water, lithium salts leach into solution during the mixing 

process and result in salinized water, which is not miscible with IPA and thus leads to 

changes in viscosity. [15] Although IPA addition is a promising solution, it fails to address 

the cracks generated by potential current collector instability as a result of lithium leaching 

out of the active material particle into solution. Thus, a combination of both acid addition 

as well as IPA inclusion may be a solution to both issues. 

 

Surface Energy Effect of Interfacial Stability and Adhesion 

 

As the solvent is changed from NMP to DI water, wettability of the current collector has 

become a concern. As the surface tension of the water is near double that of NMP and the 

surface energy of the typical aluminum current collector is quite low, resulting in poor 
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wetting of the current collector during coating. [22] Corona treatment helps combat poor 

wetting due to surface tension by increasing the surface energy of the aluminum foil by 

bombarding the current collector surface with free radicals and thus introducing various 

polar groups to the surface. [22] Similar to capillary forces leading to cracking in the bulk 

electrode, surface tension can be problematic at the current collector interface. If the 

surface energy of the substrate and surface tension of the dispersion, which have the same 

units of measurement, are too dissimilar the resulting electrode will have poor adhesion 

and show mechanically poor performance. Corona plasma treatments have typically been 

used to improve adhesion in polyolefin films but have recently been applied to LIBs with 

the aim of increasing the wettability and subsequent adhesion of LiFePO4 aqueous 

electrodes. [22] By treating the aluminum surface through Corona plasma process, the 

removal of adsorbed hydrocarbons and hydroxylation of the thin Al2O3 layer result in an 

increased surface energy. Increasing the surface energy from 47.9 mJ/m2 to the measured 

surface tension of the aqueous dispersions, 62.9 mN/m, allows the dispersion to properly 

wet the substrate and results in improved adhesion. [22] Ideally the surface energy of the 

substrate would be close, if not identical, to the surface energy of the dispersion. If the 

surface energy of the substrate exceeds that of the dispersion, the result may be increased 

initial adhesion but a reduction in long term adhesion. This can be described by the 

adhesion energy (initial adhesion) and interfacial tension (long term adhesion) of the 

system. For ideal performance adhesion energy would exceed 65 mJ/m2 and interfacial 

tension would be less than 2 mN/m. [22] 
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Results have shown that moderate Corona treatment was able to increase electrochemical 

performance of LiFePO4 electrodes processed in water but increasing the surface energy of 

the substrate too far beyond that of the dispersion possibly resulted in a thicker Al2O3 layer 

and subsequent increase in interfacial resistance. [22] The adhesion of the electrode and 

subsequent electrochemical performance was highly dependent on treatment energy 

density, with untreated performing the worst. This technique of course would require 

optimization for each electrode composition, as each solvent and material component can 

alter the surface tension of the resulting slurry. This treatment also introduces an additional 

processing step and attached additional cost. Ideally, corona treatment can be implemented 

as an in line pre-processing step, but since UV rays are involved, proper safety measures 

must be observed. 

 

Improving Recycling Efforts 

 

As LIB technology continues to cement its place in a clean energy future, the need for 

material should not be ignored. As demand for energy storage capability, especially at large 

scale, increases, so too does the demand for the component materials common in LIB 

chemistries. [119, 120] As some of the main constituent materials, lithium, cobalt, and 

nickel are either difficult to source, ethically marred, or scarce (or a combination of the 

three) LIB production runs the risk of becoming an ecological or socioeconomic crisis if 

not approached with caution. [119] The need for raw materials for battery production is 

only compounded by the typical end of life condition of LIBs in that rather than seeing a 
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second use, they end up in landfills. [121] As a result, potentially reusable materials are 

discarded and the demand for material only grows. [122] One highly desired solution for 

resource scarcity as the field continues to increase in market size is battery recycling. 

Recycling efforts for various other types of batteries, such as lead acid, are commonplace 

and have been shown to reduce the overall environmental impact of the technology by 

limiting the need for raw materials. [123] By redirecting spent battery materials away from 

landfills and into a potential second use in storage applications, the overall demand for 

materials and associated cost of materials can be reduced. Applying the same mechanics 

to LIBs can limit the need for new materials and the associated ecological damage caused 

by surface mining. Whether via materials recovery and use in secondary production, or use 

for a secondary application, such as excess energy storage for renewables, battery recycling 

is becoming a critical factor in the use, and disposal, of LIBs. [124] 

 

Battery recycling typically involves either pyrometallurgy or hydrometallurgy or a 

combination of the two techniques. [119] In pyrometallurgy, increased temperatures are 

used to recover materials of interest through a smelting process. In hydrometallurgy, 

chemical solutions are used to drive separation and precipitation reactions that result in 

material recovery after solvent removal. [125] Details of exact processing techniques can 

be found in various reports. [119, 123-129] In hydrometallurgy in particular, separation of 

the electrode from the current collector material allows for direct recycling of the aluminum 

and copper current collectors. [130] In order to separate the electrode from the current 

collector the polymetric binder must be addressed. As this is commonly PVDF in 
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commercially produced electrodes, the same organic solvent used to disperse the binder 

can also be used to remove it, typically this solvent is NMP. [120, 129, 131-133] Finding 

alternative solvents for electrode removal is already an open topic in battery recycling and 

has seen promising results recently. [11] As NMP is also prominent in battery recycling, 

the use of aqueous compatible binders though solvent replacement has potential cost 

savings in recycling as well. If electrodes no longer utilize polymetric binders that require 

organic solvents for separation, not only are there cost savings associated with the 

separation phase, but the solvent recovery is similarly omitted as it is in the drying phase 

of electrode production as previously discussed. 

 

The bulk of recycling processes focus on NMP processed electrodes due to the prominence 

in battery production. The elimination of NMP and consequently the PVDF binder can 

simplify the recycling processes due to the minimization, or elimination, of fluorine 

containing compounds. [121]  Not only does fluorine pose an environmental risk in 

hydrometallurgy, but it can also lead to HF production during thermal treatments in 

pyrometallurgy as well. [121] Both scenarios which contain environmental and health 

risks. As anode chemistries typically utilize graphite as the active material, the recovery of 

anode materials is typically not as economically advantageous when compared to resource 

scarce metals such as lithium, nickel, and cobalt. Consequently, much of the current 

research in battery recycling is focused on cathode reuse. LIB recycling is not as mature as 

LIB production because as utilization has grown, the need for material reuse has also grown 

and is now becoming economically and environmentally important. [124] 
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LIB recycling is a burgeoning field that will continue to demonstrate the need for 

responsible material use and end of life disposal. [134] However, since the practice is still 

relatively new and under development, the cost of recycling LIBs, particular from 

consumer electronics, is not yet economically viable. [135] As the market demand for raw 

materials continues to grow, the economics of recycling will only improve as material 

scarcity becomes a larger factor. [136] The use of aqueous processing techniques not only 

can solve environmental concerns associated with the production of LIBs, but also has the 

potential to reduce the cost and environmental tax associated with reuse of LIBs.  

 

Future Directions 

 

LIBs have solidified their place as one of the most critical technologies currently on the 

market. Although recent safety questions have seen a dramatic rise in the use and 

investigation of solid-state battery technology, many lessons learned during the 

development and use of LIB technology are easily applied to solid-state applications. 

Continual development of not only aqueous processing in conventional LIB applications, 

but also shifting to aqueous processing in solid-state battery technology can assist in the 

development and production in a more cost efficient and more environmentally friendly 

end product. 
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CHAPTER II 

EXPERIMENTAL METHODS AND TECHNIQUES 
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Electrochemical Tests 

 

Rate Capability 

 

As LIBs are optimized for use in automotive applications, one important metric is the rate 

capability of the cell. Rate capability refers to the ability of the cell to deliver capacity at 

different discharge rates. Available capacity as a function of discharge rate is of particular 

interest as the practical acceleration rates of electric vehicles are on the order of 1-3 C. 

Developing cells that perform well at and above these demanding rates is of upmost 

importance to ensure adequate performance in real world scenarios. To test discharge 

capacity as a function of discharge rate cells are first initialized with formation cycling. 

The formation cycles develop a stable solid electrolyte interphase (SEI) layer and ensure 

limited side reactions as the cell is tested. After three C/10 formation cycles, each cell is 

charged at C/3 and then discharged at C/5, C/3, C/2, 1C, 2C, 3C, and 5C for three 

consecutive cycles at each rate. Three additional C/3 charge, C/3 discharge cycles are then 

performed to test capacity retention. Capacity retention can help determine if damaging 

side reactions have occurred as a result of increased polarization present at ultra-high 

discharge rates. This concern is especially prominent for ultra-thick electrodes which have 

dramatically increased lithium-ion diffusion path lengths and subsequently are more prone 

to adverse side reactions at such high discharge rates.  Discharge rates are varied as the 

cathode is of particular interest. Without loss of generality, this same technique can be 

applied by varying the charge rates in order to evaluate the performance of the anode. 
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Unless specified, the anode response to rate changes is beyond the scope of the included 

investigations.   

 

Cycle Life 

 

Cycling a cell until failure is important to understand both how long a cell can be expected 

to deliver optimal performance as well as determining the failure mode of a cell when it 

has reached end of life. The service life of the cell can be estimated by cycling at reasonable 

charge and discharge rates (C/3 unless specified) such that the cell is exposed to real power 

demand conditions without causing unnecessary polarization effects or side reactions 

experienced during high-rate cycling. Monitoring the capacity fade as the cell ages 

provides information on how long the cell can be expected to perform and what potential 

failure modes are involved at the end-of-life stage. This technique can be paired with post-

mortem analysis techniques to further understand particular cell failure modes.  

 

Electrochemical Impedance Spectroscopy 

 

Electrochemical Impedance Spectroscopy (EIS) provides data for modeling the cell 

resistance and response to voltage perturbation. Unless specified, EIS was performed at 

100% state of charge (SOC) and each cell was relaxed for two hours to ensure a stable 

potential throughout testing. Frequency was varied from 300 kHz to 10 mHz and a voltage 
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perturbation of 10 mV was used in each case. Collected data was then analyzed using a 

custom python program developed to implement a Trust Region Reflective algorithm to fit 

the data to a mathematical model. The mathematical model was developed according to 

electrochemical impedance principles and the data analysis program fit the data by 

simultaneously solving the real and imaginary components of the model using the same 

parameters for both components.  

 

Galvanostatic Intermittent Titration Technique 

 

Galvanostatic Intermittent Titration Technique (GITT) was used to determine the solid 

diffusion coefficient for structured electrode configurations. [137] Each cell was charged 

at a rate of C/10 for 15 minutes before being relaxed for 4 hours. During the relaxation 

period the potential was monitored and allowed to reach a stable value. After the 4-hour 

relaxation, the cell was again charged at C/10 for 15 minutes and this process was repeated 

until the cutoff voltage of 4.2 V was reached. A total of 40 steps was required to complete 

one C/10 charge. This process was then repeated for the discharge of the cell. The resulting 

data was used to calculate the diffusion coefficient of each cell as a function of state of 

charge. The method used to calculate the solid diffusion coefficient was presented 

originally by Weppner et. al. which utilizes the relaxation potential and various electrode 

characteristics to arrive at a result. [138]  
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Ionic Conductivity 

 

Ionic conductivities of solid-state electrolytes were calculated via Equation 6 where 𝒍 is the 

electrolyte thickness, 𝑅 is the charge transfer resistance, and 𝐴 is the electro-active area of 

the cell. Electrolytes were assembled into symmetric lithium|electrolyte|lithium coin cells 

and tested at 65 ℃. 

 

Equation 6:    𝝈 =  
𝒍

𝑹∙𝑨
 

 

Dielectric Relaxation Spectroscopy 

 

Dielectric Relaxation Spectroscopy (DRS) was used to further analyze impedance data 

obtained from EIS measurements. The permittivity and conductivity as a function of 

frequency was calculated and the relaxation modes were analyzed. The dc ionic 

conductivity was also calculated the high frequency power-law dependance of the 

conductivity analyzed. All DRS measurements were performed at 65 ℃ using symmetric 

lithium|electrolyte|lithium cell configurations.  
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Stripping and Platting 

 

Stripping and platting measurements were performed to evaluate the polarization across an 

electrolyte film at various current densities. Current densities of 5, 10, 20, 50, 100, 200, 

and 500 μA/cm2 were used with 1-hour intervals alternating between positive and negative 

currents for five positive and five negative phases at each current density. Symmetric 

lithium|electrolyte|lithium cells were constructed and tested at ℃.  

 

Mechanical Tests 

 

Dispersion Rheology 

 

An important characteristic of electrode dispersions (slurries) is their rheological behavior, 

especially when considering industrial scale manufacturing methods. Electrode dispersions 

can be treated as colloidal suspensions as the particles are much larger than the medium 

they are suspended in but are still small enough to be impacted by Brownian motion. [42, 

139] The particles in the dispersion are subject to a number of forces including 

hydrodynamic shear forces, Brownian thermal motion, attractive and repulsive 

electrostatic and electro steric forces due to surface charge or adsorbed species, among 

others. [139] An ideal dispersion will have adequate high shear viscosity such that it is 

mixable and can pass through coating equipment, such as a slot-die coater. An ideal 

dispersion would also have sufficiently high low shear viscosity, such that after it has been 
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coated onto a current collector, the dispersion maintains edge definition and overall 

structure, resulting in a lower scrap rate. [42] These two characteristics are easily measured 

through flow ramp tests using a bob and cup rheometer geometry.  

 

Flow ramp tests ideally begin with a sample conditioning step to initialize each dispersion 

in a uniform manner. This is especially important when dispersions have a shear memory 

or are irreversibly affected by shear stress. A simple flow ramp tests begins at low shear 

rate and gradually increases to a predetermined maximum. During the test, information 

such as viscosity, shear stress, and shear modulus information is gathered at each interval. 

 

In addition to viscosity information, rheology can also provide information on the quality 

of the binding network present in the dispersion by measuring the storage and loss modulus 

of each sample. In order to measure storage and loss modulus, two additional tests must be 

performed, frequency sweep and amplitude sweep oscillations. Before performing either 

test, the dispersion should be conditioned as for a flow ramp test.   

 

All rheological tests were performed using a Discovery HR-3 rheometer (TA Instruments) 

with either a concentric cylinder (bob and cup) geometry or a Peltier plate (parallel plate) 

geometry attached. The bob length was 42.01 mm and bob diameter was 28.05 mm. The 

plate radius was 20 mm. All tests were performed at 25 ℃ unless specified and solvent 

traps were employed where appropriate.  
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Due to the shear thinning nature of measured samples, a Herschel – Bulkley model was 

applied to the data and is given in Equation 7. Here , 0, , ̇, and n represent shear stress, 

yield stress, consistency index, shear rate, and power law index respectively. [42, 139] 

 

Equation 7:   =  0 +   ̇ 𝑛  if  >  0, ̇   =  0 if  ≤  0 

 

 

Adhesion Tests 

 

Electrode adhesion is measured by employing a 180° peel test and averaging the force after 

initial delamination. This force is then normalized to the sample width to obtain overall 

adhesion. Multiple samples of the same electrode are tested to ensure statistically 

significant results. A custom punch die and solenoid press are employed to punch 2 cm 

wide test strips, providing a consistent width for testing. After punching, samples are 

placed in a vacuum oven at 110 ℃ (Fisher Scientific) overnight for secondary drying to 

emulate the electrode production process as much as possible. Once dried, the samples are 

adhered to the test plate using double sided tape (3M VHB Tape) and a force is applied for 

60 seconds to ensure adequate mechanical contact. This force varies between 160 N and 

500 N depending on the sample, these differences are noted where the occur. The sample 

is then peeled at 10 mm/min for 30 mm total. The average force after delamination was 

used to calculate adhesion.  
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Scanning Electron Microscopy 

 

Scanning electron microscope images of electrodes are collected both in ‘pristine’ and 

‘post-mortem’ states. Cross-sectional SEM images of pristine electrodes is used to confirm 

desired coating geometry, such as bi-layer electrode structuring. Post-mortem cross-

sectional SEM images can determine if layer or electrode delamination occurs during 

cycling. All SEM images were collected using a Zeiss-Merlin SEM and collection 

parameters are specified where useful.  

 

X-Ray Photoelectron Spectroscopy 

 

Surface chemistry was determined using an X-ray Photoelectron Spectrometer (XPS). 

Samples were tested ‘as received’ unless otherwise specified. Both wide energy survey 

scans as well as narrow energy multiplex scans were collected. A Thermo Scientific XPS 

was used operating with an aluminum Kα x-ray source with a spot size of 400 μm and 

photon energy of 1486.6 eV. Samples were affixed to double sided carbon tape before 

being introduced ultra-high vacuum (10-10 mbar). Electronically insulating polymers were 

charge neutralized using an electron flood gun to neutralize surface charge buildup induced 

by the photoelectric excitation. Where necessary, sample spectra were corrected to the C 

1s peak at 284.8 eV. All the XPS spectra were fitted using CasaXPS. 
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Fourier Transform Infrared Spectroscopy 

 

Fourier Transform Infrared Spectroscopy (FTIR) was used to determine chemical 

signatures of polymer samples. A Samples were tested from 4000 cm-1 to 400 cm-1 with 24 

sweeps per sample averaged into one spectrum for each sample.  

 

Time of Flight Secondary Ion Mass Spectroscopy 

 

Time of Flight Secondary Ion Mass Spectroscopy (ToF-SIMS, IONTOF) was used to 

identify chemical distribution throughout electrodes. Positively charged cesium ions were 

used to bombard the sample surface and collect chemical composition as well as 

distribution information from the sample.   

 

Zeta Potential 

 

Surface charge was collected via zeta potential measurements performed using a 

Brookhaven NanoBrook 90 Plus PALS instrument. Samples were prepared by making a 

10-3 mass fraction solution of the material of interest suspended in 10-3 wt% KNO3. Sample 

pH was then modulated between 2 and 11 to obtain a set of samples with increasing pH. 

Typically, 8 samples were produced. After pH modulation samples were left to equilibrate 

overnight before testing.  
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Brunauer-Emmett-Teller Surface Area and Pore Size Analysis 

 

In order to properly calculate the diffusion coefficient, the Brunauer-Emmett-Teller (BET) 

surface area was obtained for various active materials and electrode configurations. The 

BET surface area was obtained via nitrogen adsorption and analyzed following the 

guidance of Thommes et al. [140] 

 

Sample pH 

 

Sample pH is an important characteristic as some materials have stability windows that can 

be exceeded by natural processes occurring during electrode preparation. For example, 

when processing nickel-rich NMC materials, excess lithium can leach into solution from 

the active material particles and result in an increased slurry pH if water was used as the 

solvent. [13] Sample pH was measured via a pH probe (Fisher Scientific) and depending 

on the nature of the sample, a filtrate approach was used. If a filtrate was required, samples 

were mixed ultrasonically (VWR) and allowed to settle before being passed through a 0.2 

μm PVDF filter (Whatman) attached to a syringe. This filtrate was then measured with the 

pH probe.  
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CHAPTER III 

OPTIMIZATION OF CURRENT COLLECTOR AND CATHODE 

INTERFACE IN ULTRA-THICK NICKEL RICH SYSTEMS 
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Abstract 

  

Lithium-ion battery (LIB) production can benefit both economically and environmentally 

from aqueous processing. Although these electrodes have the potential to surpass 

electrodes conventionally processed with N-methyl-2-pyrrolidone (NMP) in terms of 

performance, significant issues still exist with respect to ultra-thick cathodes (>>4 

mAh/cm2 areal capacities). A major concern for these types of electrodes with high-nickel 

active material stems from lithium leaching from active material, which drives the pH of 

the dispersion in excess of 12 and subsequently corrodes the current collector interface. As 

this corrosion reaction proceeds, hydrogen generation at the interface creates bubbles 

which cause severe cracking in the dried electrode surface. When areal loadings are 

increased, this effect becomes more pronounced and is detrimental to both mechanical and 

electrochemical properties of these electrodes. Herein, a technique for mitigating corrosion 

at the current collector by adjusting the pH of the dispersion with the addition of phosphoric 

acid is investigated. Phosphoric acid was added in 0.5 wt% increments between 0.0 and 

1.5 wt%, and effects on rheology, adhesion, corrosion, and electrochemical performance 

were investigated. A technique is reported for producing aqueous processed cathodes with 

areal loadings of 6–8 mAh/cm2 with reduced surface cracking and superior high-rate 

discharge capacity (i.e., high-power performance) for this class of cathode loadings. 
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Background and Relevance 

 

Lithium-ion batteries (LIBs) have transformed the way energy is stored and led to 

numerous technological developments in the past few decades. LIBs have been widely 

used for decades in portable electronic devices but still face cost and performance issues 

when implemented in vehicle and grid storage applications. [40, 141, 142] Although LIBs 

have been tremendously impactful in recent decades, there is substantial room for 

improvement. [2] Cost associated with material, labor, overhead, and processing comprise 

over 80% of total production cost leaving substantial room for cost reduction through new 

materials and processing techniques. [1, 40, 141] Cathode processing and material costs 

comprise over 70% of the total cell cost, making the cathode a good candidate for 

improvement through new materials and processing methods. [1, 40] 

 

Ni-rich layered transition metal oxides are promising candidates for high energy density, 

low-cobalt active materials that reduce the need for ethically questionable and relatively 

scarce cobalt. [40] Examples of such candidates are LiNixMnyCozO2, x ≥ 0.8, z ≤ 0.1 (i.e. 

NMC 811), which has a practically achievable capacity of 190 mAh/g (theoretical specific 

capacity of 270–275 mAh/g). [13, 143] As an additional cost reduction measure, cathodes 

can in some cases be processed using water as a solvent, referred to as ‘‘aqueous 

processing”. Using water as a solvent eliminates the need for other solvent options, most 

notably, N-methyl-2- pyrrolidone (NMP). NMP processing is considerably more expensive 

compared to aqueous processing due to NMP being classified as a volatile organic 
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compound (VOC), requiring elaborate capture schemes during drying protocols [10]. 

Aqueous processed electrodes can forego this costly consideration all together, reducing 

the solvent cost from >$2.25/L for bulk NMP to $0.015/L for deionized water. [141] In 

addition, utilizing water soluble binders in aqueous processing can ease the binder removal 

during battery recycle and reduces the environmental impact of the whole battery 

manufacturing and recycling process. [37] 

 

Aqueous processing has seen great success for anodes but has faced substantial challenges 

for high-energy cathodes such as LiNi0.6Mn0.2Co0.2O2 (NMC 622), LiNi0.8Mn0.1Co0.1O2 

(NMC 811), and LiNi0.8Co0.15Al0.05O2 (NCA) in part due to Li leaching from active 

materials. However, the low-energy, more water stable (olivine) LiFePO4 (LFP) active 

material has been successfully commercialized as an aqueous cathode technology, 

especially in China. [141] Development on this technology started in about 2010 and aimed 

to reduce processing and material cost through elimination of expensive and 

environmentally unfriendly binders and solvents. Eliminating costs associated with the 

materials and mandatory recovery of solvent have been shown to reduce overall battery 

pack cost by 1–3%. [10] Although aqueous processing maintains potential for substantial 

cost savings, the replacement of solvent introduced interfacial and surface chemistry issues, 

notably in LiFePO4 systems. [22, 141, 144, 145] Differences in surface tension of NMP 

(41.0 mN/m at 25 ℃) and DI water (72.8 mN/m at 25 ℃) result in undesirable wetting 

and, subsequently, inadequate cycling performance. [22] Agglomeration can occur as a 

result of interactions between colloidal particles and attractive van der Waals forces. [141] 
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Minimization of agglomeration due to a dominant van der Waals force is possible by 

increasing the repulsive Coulomb force, typically by addition of a dispersant to alter the 

surface chemistry of a particle. [141, 146-149] 

 

When applying aqueous processing to higher energy active materials such as NMC 622, 

NMC 811, and NCA, another issue arose where transition metal leaching from the layered 

oxide structures caused via a cation exchange mechanism (Li+/H+) altered the dispersion 

pH, leading to a basic dispersion. [150] As high-nickel materials are pursued for higher 

specific capacities, this Li leaching effect is exacerbated, leading to a highly basic 

dispersion that corrodes the aluminum current collector during coating. [13, 15, 110] This 

corrosion subsequently leads to hydrogen gas evolution and formation of bubbles within 

the cathode dispersion. [15] When dried, these bubbles are responsible for large cracks 

observed throughout the electrode surface. Such large cracks reduce the cohesion between 

electrode constituents such that the calendering and punching steps of cell assembly 

become destructive to the electrode. Reducing the pH of the cathode dispersion during 

preparation can suppress the corrosive interaction and eliminate hydrogen gas generation, 

and subsequently eliminate crack formation. If an additive is included in preparation of the 

dispersion, it is imperative that its benefits largely outweigh any side effects. Past 

approaches have included coatings applied to the current collector or active material. 

Although successful, these coatings are costly, introduce a new processing step, and have 

the potential to reduce the overall electronic conductivity of the electrode. [47, 110, 151] 
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Another strategy to combat the corrosion phenomenon at the current collector due to 

transition metal leaching and basic dispersion properties is controlling pH. Previously, 

hydrochloric acid and polyacrylic acid have been applied in controlling pH of cathode 

dispersion to improve dispersion homogeneity and mitigate corrosion on Al foil. [150, 152] 

Herein, phosphoric acid (PA) was added to cathode slurries during preparation in 0.5 wt%, 

1.0 wt%, and 1.5 wt% amounts. The purpose of this addition was to increase dissociated 

protons in the cathode dispersion and drive the pH back to a more neutral value, within the 

passivation range of the aluminum current collector. Phosphoric acid was chosen because 

it is inexpensive and readily available. Previous work has shown PA to be compatible with 

LIB systems but have not investigated the use in thick electrodes, where corrosion takes 

on a much large role. [15, 47] Properties of the cathode dispersion and mechanical 

properties of the electrode were quantified as a function of acid content. Additionally, full 

pouch cells were constructed and electrochemically tested to determine the effects of added 

acid on cycling performance. 

 

Materials and Methods 

 

Electrode and Pouch Cell Preparation 

 

All cathode dispersions were prepared using deionized water (purified to 18 MΩ cm using 

a Milli-Q Direct 8 purifier) and combining 90 wt% NMC 811 (Targray) 5 wt% carbon 

black (Denka Li-100) and 5 wt% composite binder. The composite binder was comprised 
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of 1:4 ratio of carboxymethylcellulose (CMC, Acros Organics) and acrylic emulsion binder 

(JSR TRD202A). Phosphoric acid (Sigma Aldrich) was added in amounts of 0.5 wt%, 1 

wt%, and 1.5 wt% after all binding materials were properly dispersed, ensuring an 

established binder network. Cathode dispersions were mixed using a high-shear rotor stator 

mixer (NETZSCH Premier Technologies Model 50) such that each component was 

thoroughly mixed in separate steps, each dispersion had a solids loading of 55%. Resulting 

dispersions were either used in rheological tests or coated into electrode material. The 

dispersions were coated into electrodes were coated using a doctor blade with a fixed gap 

of 500 μm and 750 μm for 6 mAh/cm2 (31.6 mg/cm2) and 8 mAh/ cm2 (42.1 mg/cm2) 

loadings, respectively. Each cathode dispersion was coated onto an aluminum current 

collector (MTI Corporation) and allowed to dry. 

 

Anode dispersions were prepared with a final composition of 93 wt% graphite (Superior 

Graphite 1520-T), 2 wt% carbon black conductive additive (Super C65) and 5 wt% 

polyvinylidene fluoride (PVDF) binder (9300, Kureha) dispersed in NMP. The anode 

dispersions were coated with a pilot slot-die coater (Frontier Industrial Technology) using 

a double-pass method where either 3.3 mAh/ cm2 per pass or 4.4. mAh/cm2 per pass was 

deposited for total areal capacities of 6.6 mAh/cm2 (18.9 mg/cm2) or 8.8 mAh/cm2 (25.1 

mg/cm2), respectively, yielding an electrode capacity balance of N/P = 1.1. The anode 

dispersion for the first coating pass contained 10 wt% oxalic acid with respect to the binder 

composition to aid in electrode adhesion. The first pass was fully dried in the oven prior to 

depositing the second pass to achieve the desired total areal loadings. After calendaring to 
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30% porosity, all electrodes were placed in a vacuum oven (Fisher Scientific) overnight 

for secondary drying at 120 ℃. 

 

Single-layer pouch cells with a cathode area of 47.2 cm2 were constructed in a dry room 

with 0.1–0.2% relative humidity. All cells used a single layer of Celgard 2325 separator 

material and 1.2 M LiPF6 dissolved in ethylene carbonate (EC) and ethyl methyl carbonate 

(EMC) in a 3:7 wt ratio as the electrolyte. A fill factor of 1.5 (the ratio of the volume of 

electrolyte to the total cell pore volume including anode, cathode, and separator porosity 

[109]) was used when adding electrolyte to each cell. After assembly, cells were cycled at 

C/10 (1C = 190 mA/g of NMC811) for three formation cycles before undergoing rate 

capability testing, which consisted of charging at C/3 before discharging at C/5, C/3, C/2, 

1C, 2C, 3C, and 5C. Each discharge rate was repeated twice for a total of three cycles at 

each rate. Upon completion of rate capability testing, each cell was cycled at C/3 charge 

and C/3 discharge to determine the extent of recovery from high-rate cycling. These rates 

were then averaged across three cells for each acid concentration for statistical purposes. 

 

Dispersion Rheology 

 

After dispersion preparation, 20 mL of each cathode suspension was immediately 

transferred to a rheometer (Discovery HR-3, TA Instruments) for shear-controlled testing. 

In addition to 0.0, 0.5, 1.0, and 1.5 wt% solutions, 0.75 and 1.25 wt% solutions were also 

prepared and tested to confirm an inflection point observed in the data. All samples were 



58 

 

subjected to a pre-shear conditioning step at 5 s-1 for 1 min to ensure consistent initial 

conditions. For all tests, a concentric cylinder geometry (bob and cup) was used with bob 

length of 42.01 mm and bob diameter of 28.05 mm. Flow ramp testing from shear rates 0.1 

s-1 to 3000 s-1 was used to determine both low-shear viscosity as well as high-shear 

viscosity. 

 

Corrosion and pH 

 

Dilute dispersions of NMC 811 and DI water were added in the same ratios as for a cathode 

dispersion and mixed ultrasonically (VWR) for 15 min. Appropriate amounts of PA were 

then added to the solution and mixing continued for an additional 15 min. Conductive 

additive and binder materials were omitted from these solutions because the pH change is 

driven primarily by the Li+/H+ exchange and is not greatly affected by these materials. [13, 

150] After mixing was completed, the solutions were rested in order to allow the NMC 

powder to separate out of solution. After 45 min of rest- ing, the solutions were filtered 

using a 0.2 μm PVDF syringe filter (Whatman). After filtering, each sample pH was 

acquired using a pH probe (Fisher Scientific). 

 

Corrosion sample solutions were prepared using the same method as pH measurement 

samples. Once each solution was prepared, strips of aluminum current collector were added 

to each solution and agitated for 15 min in an ultrasonic mixer. The sample strips were then 

rinsed thoroughly with DI water and allowed to dry. Care was taken to not contact the 
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sample surface as even small amounts of contact can damage the sample surface. [108] 

Samples were then analyzed via an optical microscope (Keyence) and a binary threshold 

was used to determine the extent of corrosion in each image. 

 

Adhesion Tests 

 

Adhesion testing was performed via 180° peel tests (Mecmesin Friction Peel Tear). Peel 

samples were produced from each dispersion via doctor blade coating using a 200 μm wet 

gap and allowed to dry prior to calendaring each electrode to a fixed 50 μm gap. These 

samples were then placed in a vacuum oven (Fisher Scientific) overnight for secondary 

drying prior to being punched into 2 cm strips for peel testing. These samples were then 

fixed to the peel testing platen using double sided tape (3M VHB Tape) and 160 N of force 

was applied to the sample for 60 s to ensure intimate contact. Finally, the samples were 

peeled at 10 mm/min for a total length of 30 mm. Average force after delamination was 

then normalized to the width of the sample and used to calculate adhesion of the material. 

 

Results and Discussion 

Cell Formation 

 

After assembly each cell was charged and discharged at a rate of C/10 to establish a stable 

solid electrolyte interphase (SEI) layer. Formation of a stable SEI layer is critical to long 
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term battery performance and capacity retention. [153] Formation cycles were within the 

expected specific capacity range of 190 mAh/g for NMC 811 as shown in Figure 1. First 

cycle coulombic efficiency was calculated for each phosphoric acid concentration. All cell 

groups had average first cycle efficiencies above 93% as shown in Table 1, ascribed to 

electrolyte consumption during the first charge/discharge cycle. With thick anodes, 

considerable electrolyte consumption was anticipated and a fill factor of 1.5 was used to 

ensure an adequate amount of electrolyte remained after SEI formation. Cycle efficiency 

recovery after the second formation cycle implies lower electrolyte consumption and 

indicates adequate SEI formation. As cycling continued, changes in electrode volume have 

the potential to disrupt SEI formation and lead to increased electrolyte consumption. Over 

the course of the rate capability cycling, minimal additional electrolyte consumption due 

to SEI formation was anticipated. 

 

Cycling Performance 

 

Initial discharge capacity from C/5 cycles is in agreement with the practical specific 

capacity of NMC 811 (190 mAh/g) as seen in Figure 2. Cells with 6 mAh/cm2 areal loading 

display stable discharge capacity exceeding 160 mAh/g until a C/3 discharge rate, at which 

point maximum discharge capacity degrades sharply. This decrease in discharge capacity 

is likely due to mass transport limitations encountered in thick electrode systems. For cells 

with 6 mAh/cm2 areal loadings, the maximum discharge capacity actually decreased from 

acid-free samples to samples with 0.5 wt% phosphoric acid before increasing at both 1.0  
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Figure 1. Formation cycling discharge capacity for cells with varying amounts of 

phosphoric acid, a) average of three cells per concentration, b) average discharge capacity 

of 6 mAh/cm2 cells used, c) average discharge capacity of 8 mAh/cm2 cells used. 

 

b c 
  

a 
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Figure 2. Percent of rated discharge capacity for various phosphoric acid (PA) 

concentrations for a) 6 mAh/cm2 cathodes and b) 8 mAh/cm2 cathodes; discharge rates 

of 2C, 3C, and 5C are show in green, red, and blue traces respectively. Rate capability for 

c) 6 mAh/cm2 cathodes and d) 8 mAh/cm2 cathodes. 

 

 

 

 

 

 

b 

c 
  

a 

d 
  



63 

 

Table 1. First cycle efficiency for each phosphoric acid concentration. 

 

PA Concentration (wt%) 
First Cycle Efficiency 

6 mAh/cm2 (%) 

First Cycle Efficiency 

8 mAh/cm2 (%) 

0.0 99.94 98.46 

0.5 97.89 97.95 

1.0 96.94 96.94 

1.5 100.24 93.84 
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wt% and 1.5 wt% concentrations. The largest increase compared to control cells occurs at 

a phosphoric acid concentration of 1.5 wt% where the increases in specific discharge 

capacity were 5.1 mAh/g, 2.9 mAh/g, and 2.2 mAh/g for discharge rates of 2C, 3C, and 5C 

respectively. 

 

Similar increases in specific discharge capacity were observed for cells with an areal 

loading of 8 mAh/cm2 with all samples displaying increased discharge capacity when any 

amount of phosphoric acid is present. From control samples to cells containing 0.5 wt% 

phosphoric acid, specific discharge capacity increased by 2.1 mAh/g, 3.3 mAh/g, and 1.2 

mAh/g for discharge rates of 2C, 3C and 5C respectively. At an acid concentration of 1.0 

wt%, the specific discharge capacity at a discharge rate of 2C increases an additional 1.1 

mAh/g to a total of 7.8 mAh/g whereas specific discharge capacities remain steady at 

discharge rates of 3C and 5C for higher phosphoric acid concentrations. Interestingly, 

discharge capacity initially decreases with acid concentration for 6 mAh/cm2 cells. The 

exact mechanism for this decrease requires more investigation, but as the acid 

concentration increases past 0.5 wt % capacity not only recovers but exceeds initial values. 

After rate capability testing was completed, each cell performed three recovery cycles at a 

charge rate of C/3 and discharge rate of C/3 to determine the extent of recovered capacity. 

Recovered capacity exceeded 91% for all cell subsets. This substantial recovery suggests 

that the reduction in discharge capacity at high rates was not due to structural degradation, 

but rather mass transport limitations. Increases in specific discharge capacity are likely due 
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to a Li3PO4 coating on the NMC particles and subsequent reduction in charge transfer 

resistance. [47] 

 

Dispersion Rheology 

 

Phosphoric acid addition effects both low-shear viscosity (LSV) as well as high-shear 

viscosity (HSV) as show in Figure 3. A higher LSV can indicate a strong bridging network 

in the dispersion that is capable of carrying stresses and resisting particle sedimentation. 

This has a practical effect of sharpening edge contours and reducing thickness variation 

throughout the coating, which can reduce the scrap rate for new material. [42, 154, 155] 

HSV describes how a dispersion would flow under practical coating conditions, where it 

is important to obtain consistent and even coatings. Shear rates of 0.1 s-1 and 340 s-1 were 

used to calculate LSV and HSV respectively. [42] 

 

As phosphoric acid concentration increases from 0 wt% to 1.0 wt % the LSV increases 

monotonically from 28.3 Pa s to 44.7 Pa s before decreasing monotonically to 25.8 Pa s as 

the phosphoric acid concentration is increased to 1.5 wt%. A similar trend is observed for 

HSV; the viscosity increases from 0.75 Pa s to a maximum of 0.89 Pa s at 0.75 wt% 

phosphoric acid before falling to 0.74 Pa s at 1.5 wt% phosphoric acid concentration. This 

difference in viscosity is due the combination of Brownian, gravitational, and 

hydrodynamic forces that affect the particles in the slurries. For micron sized particles,   
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Figure 3. Dispersion viscosity for varying concentrations of phosphoric acid under a) low 

shear conditions and b) high shear conditions. Low shear viscosity describes how the 

dispersion will behave while drying whereas high shear viscosity describes how the 

dispersion will behave during the coating process. 

 

 

  

b a 
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such as NMC 811 (D50 of 12 μm), the gravitational forces dominate at low shear rates. As 

shear rates increase, the involved hydrodynamic forces also increase and a protective 

surface layer that forms on the active material surface provides an additional surface force 

that has a larger impact at higher shear rates. [156] 

 

All samples exhibited shear thinning behavior as shown in Figure 4 and can therefore be 

described as generalized Newtonian fluids [139]. At higher shear rates, the ratio of stress 

to shear rate decreases and the shear limit follows a power law, thus analysis using the 

Herschel-Bulkley (H-B) equation is appropriate. This equation is a power law relation 

described in Equation 7 where τ, τ0, κ, 𝛾̇, and n represent shear stress, yield stress (stress 

required to initiate flow), consistency index, shear rate, and power law index respectively 

[42, 139, 145]. When n = 1, this function reduces to the classical Bingham plastic equation; 

additionally, if n = 1 and s 0 = 0, Newtonian behavior is observed [42, 139, 145]. The high 

shear behavior of a dispersion can partly be described by the power law index. For 

dispersions with n < 1, shear thinning behavior is observed, and if n > 1, shear thickening 

is observed [139]. Data with a shear rate above 5 s-1 were considered in the model and 

parameters obtained from the H-B modeling are listed in Table 2.  
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Figure 4. Rheological properties of tested dispersions were fit using the Herschel-Bulkley 

(H-B) model. Parameters derived from this model are able to describe specific changes that 

occur within the dispersions. 
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Table 2. Parameters from Herschel-Bulkley modeling from cathode dispersions. 

 

PA Concentration 

(wt%) 
Power-Law Index Consistency Index 

Yield Stress 

(Pa) 

0.0 0.44 18.03 18.65 

0.5 0.42 23.56 20.46 

0.75 0.41 25.47 22.89 

1.0 0.50 14.18 55.45 

1.25 0.45 18.67 28.95 

1.5 0.43 20.63 7.95 
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Changes in yield stress are in agreement with changes in high shear and low shear viscosity 

as shown in Figure 3 a and b respectively. An increase in yield stress can be explained by 

an increase in attractive van der Waals forces or reduction of repulsive Coulomb forces, 

both of which result in increased agglomeration or flocculation. [42, 139, 145] Although 

yield stress was highest at a phosphoric acid concentration of 1.0 wt%, this is also the 

concentration that displayed the best electrochemical and mechanical properties, 

suggesting the additional possibility of agglomerates is worth the increased performance. 

The power law indices were between 0.41 and 0.50, showing minimal change to the shear 

thinning behavior of these dispersions. Additionally, with power law index fit parameters 

of n < 1, the characterization of these dispersions as shear thinning is confirmed. 

 

Corrosion and pH 

 

The pH of each filtrate is plotted over a time interval of 60 min in Figure 5. The basic 

nature of the NMC 811 filtrate leads to corrosion of the current collector through a lithium 

leaching reaction in which excess lithium and surface impurities from the active mate- rial 

leaches into solution and drives the equilibrium value outside of the stability window for 

aluminum. [13, 15, 28, 34] As previously reported the reaction follows from reactions  
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Figure 5. Resulting pH measurements over a period of 60 min for NMC and phosphoric 

acid dilute dispersions. Initial pH of solutions containing 1.0 wt% phosphoric acid is within 

the stability window of aluminum but as the Li leaching process continues, the pH rises 

beyond the stability threshold. Solutions with 1.5 wt% phosphoric acid remained within 

stability window for the entire test period. 
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Equation 1-Equation 3, in which the lithium reacts with the deionized water solvent and 

produces lithium hydroxide which reacts completely with the available carbon dioxide in 

the atmosphere to produce lithium carbonate. [13] This lithium carbonate is stable in 

aqueous solution but the excess of OH– from the reactions leads to increased pH. [13] The 

introduction of phosphoric acid does not interfere with the lithium leaching and following 

reactions, but rather returns pH of the cathode dispersion to the stability window of 

aluminum of 4.5 to 8.5. [28, 34] Corrosion of the aluminum surface occurs in alkaline 

conditions, in this case resulting from lithium leaching from NMC 811. If the pH increases 

beyond 8.5, the aluminum is reduced via reaction Equation 4. [15, 50, 157] Formation of 

the hydroxide product on the current collector surface can result in reduced interfacial 

stability and increased interfacial resistance. [109] Images of the corroded current 

collectors were collected with a light microscope (Keyence) and image analysis was 

performed via Python image thresholding script seen in Figure 6. Each image was 

subjected to a 42% intensity threshold, differentiating the light areas of non-corroded 

current collector and the darker corroded areas. This simple differentiation allows for an 

estimate of the percentage of the corroded area as show in Figure 6. After thresholding, the 

effect of acid addition on the corrosion of the current collector becomes clear. The total 

corroded area was reduced 64% from no acid addition to 0.5 wt% acid content. Adding 1 

wt% of phosphoric acid eliminates the corrosion entirely and is comparable to pristine 

samples. Further increasing the acid content seems to reintroduce surface contamination 

that may or may not be due to corrosion. Although the spotting is not as indicative as  
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Figure 6. Images obtained from a light microscope in grayscale before processing and after 

a 42% binary thresholding program was applied to the original image. Corrosion is shown 

in black regions and uncorroded portions are in white. Histograms depicting the total 

corroded area for each phosphoric acid concentration are shown for each acid 

concentration. Acid concentrations of 0 wt%, 0.5 wt%, 1 wt%, and 1.5 wt% are shown in 

subsets a, b, c, and d respectively.  

a 

b 

c 

d 
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corrosion as the 0 wt% or 0.5 wt% samples, it still may impact the adhesion and possibly 

electrochemical performance regardless of composition. 

 

Adhesion Tests 

 

Electrode adhesion is essential when assembling a lithium-ion battery because various 

manufacturing steps, such as calendering and winding impart stresses on the material. [16] 

Inadequate adhesion can result in complete delamination of the electrode either during 

handling or as a result of expansion and contraction experienced during cycling. Reducing 

the surface corrosion would ideally increase the adhesion by mitigating the hydroxide 

groups and gas generation that occur at the interface. As shown in Figure 7, the average 

adhesion is actually superior with no acid content. When acid is introduced, the average 

adhesion is reduced by approximately 42% at 0.5 wt% acid content. This reduction is 

attributed to the reduction of available surface area due to the lack of corrosion. Although 

the corrosion process produces hydrogen gas which results in cracking at the electrode 

surface, the current collector also increases the available surface area for infiltration of the 

dispersion, resulting in increased adhesion. [15] The increase in adhesion from 0.5 wt% 

phosphoric acid to 1 wt% phosphoric acid suggests the hydroxide species that are formed 

in the corrosion reaction also play a role in overall adhesion but are not as impactful as the 

available surface area. 



75 

 

 

Figure 7. Electrode adhesion normalized to width of test strip. Electrode material was 

calendared in a fixed gap and punched into 2 cm wide strips for peel testing. A 160 N force 

was applied to each sample for 60 s before testing to ensure adequate adhesion. 
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Conclusion 

 

The addition of phosphoric acid during the dispersion preparation process was investigated 

in aqueous thick cathodes with the nickel-rich active material NMC 811. With the addition 

of acid, the corrosion that is typically seen in such systems was reduced at all 

concentrations and in some cases, completely mitigated. As a result of reduced corrosion 

and surface pitting, the adhesion of the electrode to the current collector was reduced 

considerably, but the appearance of surface cracking was eliminated. This suggests the high 

adhesion in the control samples is due to infiltration of the dispersion into pits caused by 

the corrosion reaction and the addition of acid eliminated these sites. As corrosion was 

mitigated, cycling performance improved in cells with thick cathodes suggesting the 

reduction surface corrosion led to improved mass transport and reduced charge transfer 

resistance within the electrode. Interestingly, the addition of phosphoric acid altered the 

rheological properties of electrode slurries, likely due to the domination of gravitational 

forces and changes to the surface chemistry of the active material particles. Through 

addition of phosphoric acid, the overall discharge capacity of thick electrode cells was 

increased, and high-rate discharge capacity was improved with optimal results observed at 

1.0 wt%.  
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CHAPTER IV 

STRUCTURED CATHODE ARCHITECTURES IN ULTRA-THICK 

LITHIUM-ION BATTERIES 
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Abstract 

Ultra-thick (8 mAh/cm2) aqueous processed cathodes can play an important role in 

achieving environmentally responsible, high energy density lithium-ion batteries (LIBs). 

Thicker electrodes allow for a higher energy density and reduce the number of inactive 

components per cell, such as current collector and separator material. However, as 

electrode thickness increases, lithium-ion diffusion limitations effect usable capacity and 

hinder high-rate performance in full cells. One method of increasing electrode utilization 

through thick electrodes is to use a structured cathode approach to shorten the lithium-ion 

diffusion pathway or increase interaction surface area. Here, different particle sizes are 

investigated in bilayer systems to improve the lithium-ion diffusion pathways in the 

cathode and result in a cell with overall improved performance. Two particle sizes of 

LiNixMnyCozO2, x ≥ 0.8, z ≤ 0.1 (NMC 811) with average particle sizes (d50) of 12 m and 

4 m respectively are evaluated and used to produce cells with areal capacities of 8 

mAh/cm2 utilizing aqueous processing techniques.  Cells are then subjected to rate 

capability, long term cycling, galvanostatic intermittent titration technique, and 

electrochemical impedance spectroscopy (EIS) protocols to evaluate the effects of particle 

size on electrochemical performance. Mechanical tests are also performed on each 

electrode to determine the impact of multilayer coatings on the final electrode structure. 

Identified is an optimal combination of particle size distribution that promotes high-rate 

discharge capacity without increasing the ionic resistance of the cathode. The ionic 

resistance is also identified as the main contributor to reduced high-rate discharge capacity, 

highlighting the importance of the pore network and tortuosity within the electrode 
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structure. Electrodes are also shown to be mechanically robust with little evidence of the 

bi-layer structure leading to any mechanical or electrochemical penalty. The viscoelastic 

qualities of each particle size are also investigated and show a strong dependance on surface 

area. 
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Introduction 

 

High energy density LIBs with fast charge and discharge capabilities are key to realizing 

affordable electric vehicles that exhibit a similar range compared to their internal 

combustion engine (ICE) counterparts. In order to meet the Department of Energy, Vehicle 

Technologies Office and United States Advanced Battery Consortium targets of $60/kWh 

and >350 Wh/kg at the cell level, considerable barriers must be overcome, especially if the 

batteries are processed via aqueous means. [7] An effective way to increase energy density 

at the cell level is to increase electrode thickness. [158] By doubling the electrode areal 

capacity from the current standard of 4 mAh/cm2 to 8 mAh/cm2, the number of separators 

and current collectors are reduced by half thereby eliminating weight and cost of inactive 

components. [12, 41, 159] This in effect increases the energy density of the cell while 

simultaneously reducing cost associated with components that do not contribute to useable 

capacity. [160] However, such thick electrodes are not trivial to process with aqueous 

methods and increasing the energy density via thicker electrodes risks decreasing power 

density. [161] Power density can easily be decreased with increasing electrode thickness 

as the lithium-ion diffusion is a non-linear process which becomes more important as 

length is increased. [162] As such, increasing the areal capacity beyond 8 mAh/cm2 has 

been shown to lead to diminishing returns in electrochemical and mechanical performance 

due to both lithium-ion diffusion limitations and reduced electrode integrity. [160] In 

addition, between corrosion at the current collector and subsequent hydrogen gas 

generation and surface tension related cracking, aqueous processed ultra-thick electrodes 
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have their own associated mechanical challenges. [14, 15, 48] Regardless of the challenges, 

ultra-thick electrodes are seen as an effective method for increasing the energy density of 

a cell and multi-layer coatings allow for tailored electrode compositions for specific 

applications. [12, 163] 

 

Along with increasing electrode thickness and subsequently energy density, utilizing 

aqueous processing techniques is an effective technique for both reducing processing costs 

and reducing environmental impact during electrode processing. [10, 12, 14] Aqueous 

processing of nickel rich materials such as NMC 811 has been shown to be effective and 

ultra-thick electrodes (8 mAh/cm2). This was previously demonstrated through the addition 

of a small amount (0.5 wt%) of phosphoric acid combating the pH rise from lithium 

leaching, which drives a lithium proton exchange reaction to form LiOH and increases 

slurry pH. [13] The addition of phosphoric acid keeps the slurry pH within the stability 

window of aluminum and avoids corrosion and subsequent hydrogen gas generation which 

is detrimental to the resulting mechanical stability of the electrode. [13-15, 28, 34] The 

addition of phosphoric acid to nickel-rich active material has also been shown to form a 

protective coating on active material particles that improve cycle stability by limiting 

leaching of lithium from the active material during slurry processing. [156] 

 

Increased electrode thickness poses an electrochemical limitation, as the thickness 

increases, so does the importance of lithium-ion transport limitations within the structured 

pore network. [63] Unlike in thin electrodes where lithium-ion diffusion in the electrolyte 
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can be largely neglected, the large increase in lithium-ion diffusion path length of ultra-

thick electrodes means the diffusion limitations become significant. [163-165] Reducing 

the particle size can shorten the lithium-ion diffusion length in the solid phase and also 

increase the surface area, which is the active site for lithium-ion exchange between the 

solid and liquid phases. [48, 166] However, smaller particle size may result in increased 

tortuosity and longer liquid diffusion length in porous electrodes, evidence of this increased 

resistance is provided in this work. 

 

Altering the electrode architecture has long been a topic of interest in battery manufacturing 

and optimization and has been shown to lead to significant changes in battery performance. 

[167] Understanding the physical mechanisms behind the altered parameters is also 

important as the true mechanisms can be quite complex. [168] Although some studies have 

addressed the porosity and thickness of electrodes and their subsequent performance, there 

is little empirical information concerning how altering the electrode structure via particle 

size variation effects the performance of ultra-thick cathodes. [163, 169-171] Several other 

electrode structuring techniques have been suggested and various attempts have been 

reported. Such techniques include variation of porosity, magnetic structuring, freeze tape 

casting, 3D printing, and laser ablation in order to obtain a desired electrode design. [60, 

111, 172-174] However, those techniques have yet been demonstrated at scale. [41] 
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An empirical investigation involving discrete layers of the same TiO2 with differing 

morphologies showed beneficial electrochemical properties when compared to a 

heterogenous composition. [175] Further reports of varying particle size have also been 

promising, but they have been limited to coin cell configurations rather than pouch cell 

format, or low electrode areal loadings. [175, 176] Wood et al conducted a rigorous 

investigation into particle size effects in 3.6 mAh/cm2 N-methyl-2-pyrrolidone (NMP) 

processed NMC 532 cathodes in full pouch cell format and found that a smaller particle 

size, in this case 6 m (d50) near the separator and 12 m (d50) near the current collector 

was able to increase the high rate discharge performance by 2X. [177] Not only does this 

result confirm the findings from multiple previous studies, it provides a scalable and cost 

effective way to increase the energy density and high rate performance of a cell with 

minimal disruption to a roll-to-roll process. In their work the authors conject the lithium-

ion diffusion is less constricted near the separator. Therefore, the higher packing density is 

not restrictive, and the increased surface area is able to increase the active material usage 

in that region. Meanwhile, the lithium-ion diffusion near the current collector is limited 

due to the increased lithium-diffusion length, thus a larger particle size leads to a less 

restrictive packing density and allows the lithium-ions to travel more freely, even though 

there is less surface area for the ions to interact with. [177]  

 

In this work a similar approach to Wood et al is used as two particle sizes of 

LiNixMnyCozO2, x ≥ 0.8, z ≤ 0.1 (NMC 811) 12 m (d50) and 4 m (d50), sourced from the 

same supplier (Targray) were used to produce slot die coated ultra-thick (8 mAh/cm2) bi-
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layer cathodes with distinct particle size distribution. The ultra-thick electrode 

configurations and aqueous processing approach increase the energy density of the cell 

while simultaneously implement a more environmentally benign processing technique. The 

subsequent batteries were tested for improvement in high-rate discharge capacity and cycle 

life. EIS tests were also performed every cycle for 50 cycles to monitor impedance as the 

cell ages. The electrode composition with mixed 12 m and 4 m NMC near the current 

collector had the best high-rate discharge capacity likely due to the combination of 

increased active material surface area for intra-particle lithium-ion diffusion and a less 

restrictive pore network. Anode compositions were limited to two variations, a baseline all 

large particle graphite configuration (Superior 1520-T) and a combination small particle 

graphite (Superior 1506-T) followed by large particle graphite (Superior 1520-T). These 

two anode configurations were previously identified as being the worst and best performing 

anode geometries. [177, 178] These configurations were used to further investigate the 

mechanism proposed by Wood et al and shed light on the mechanism responsible for the 

observed performance differences. [177] Although the results provided in this work are 

promising, the challenge of 8 mAh/cm2 aqueous processed LIBs that can deliver adequate 

power density as well as increased energy density is still ongoing. The inclusion of 

additional cell configurations can optimize the thickness of each bilayer and should be the 

focus of future work. A promising result is the identification of ionic resistance within the 

electrolyte as the main contributor to the performance differences. Also identified is an 

unstable CEI layer that affects performance as the electro-active area is increased.  
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Experimental Methods 

 

Pouch Cell Preparation and Assembly 

 

Single-layer pouch cells with a cathode aerial capacity of 8 mAh/cm2 (50.2 mg/cm2) were 

produced by coating two 4 mAh/cm2 (25.1 mg/cm2) passes using a pilot scale slot die coater 

(Frontier Industries), a technique that is readily scalable to industrial applications.  An N/P 

ratio of 1.1 was maintained for all anode-cathode pairs. Bi-layer coatings were used due to 

drying considerations as binder migration and crack formation becomes a significant 

problem as coating thickness increases, creating technical challenges for single pass 

coatings. [48] A baseline composition of 89.83% active material, 4.83% conductive 

additive, and 4.83% composite binder, 0.5% phosphoric acid was used for each cathode. 

Nickel-rich NMC 811 (Targray) was used as the active material, in two different particle 

sizes, 12 m and 4 m. In some cases, an alternate composition of 89.5% active material, 

4.5% conductive additive, 4.5% composite binder, and 1.5 wt% phosphoric acid was used 

due to excess corrosion of the current collector and resulting poor adhesion. These 

electrodes are noted in Table 3. In all cases the processing solvent was DI water purified 

to 18 M cm using a Milli-Q Direct 8 purifier. Carboxymethylcellulose (CMC, Arcos 

Organics, MW = 700,000, D.S. = 0.9) and an acrylic emulsion binder (JSR TRD202A, 

JSRMicro) in a 1:4 weight ratio comprised the composite binder. Carbon black (Denka Li-

100) was used as the conductive additive and phosphoric acid (Sigma Aldrich) was used 

to suppress corrosive effects. [14] For baseline anodes a formulation of 92 wt% graphite  
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Table 3: Electrode composition for each configuration of interest. 

Coating 

Name 

First Pass 

Cathode 

Active 

Material 

Size 

First Pass 

Cathode 

Acid 

Content 

Second 

Pass 

Cathode 

Active 

Material 

Size 

Second 

Pass 

Cathode 

Acid 

Content 

First 

Pass 

Anode 

Active 

Material 

Size 

Second 

Pass 

Anode 

Active 

Material 

Size 

4 m 4 m 0.5 wt% 4 m 0.5 wt% 18 m 18 m 

12 m 12 m 1.5 wt% 4 m 0.5 wt% 8 m 18 m 

Mixed 12 m 4 

m Mixed 

1.5 wt% 4 m 0.5 wt% 8 m 18 m 
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(Superior), 2 wt% carbon black (C-65, Imerys Graphite & Carbon), 4.8 wt% SBR 

(Targray), and 1.2 wt% CMC (Arcos Organics, MW = 250,000, D.S. = 0.9) was used.  Both 

anode and cathode slurries were mixed in a planetary mixer (Ross PDM – 1/2). Schematics 

of the resulting electrodes can be seen in Figure 8. 

 

As coated electrodes were calendered to 30% porosity and subsequently dried in a 110 C 

vacuum oven (Fisher Scientific) overnight to eliminate residual water before being 

assembled into single layer pouch cells. Secondary drying was used to removed residual 

water reported to be present in aqueous electrodes and which can lead to HF generation. 

[10, 65] Pouch cells were assembled using Celgard 2325 separator and 1.2 M LiPF6 

dissolved in ethylene carbonate (EC) and ethyl methyl carbonate (EMC) in a 3:7 weight 

ratio electrolyte in a dry room with relative humidity 0.1 – 0.2%. A fill ratio of the volume 

of electrolyte to total cell pore volume including anode, cathode, and separator porosity of 

1.5 was used for each cell. [179] Cells were vacuum sealed and tested under a stack 

pressure of 38 kPa (5.5 PSI). Three cells were produced for each configuration for 

statistical purposes. 

 

Long Term Cycling Performance and High-Rate Discharge Capacity 

 

Each cell was subjected to three formation cycles at C/10 (1C = 190 mA/g NMC 811) and 

constant voltage charge at 4.2 V until current dropped to C/20 to develop a stable solid  
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Figure 8. Electrode configurations tested in this study. Each electrode was constructed by 

coating two 4 mAh/cm2 passes with a pilot scale slot-die coated. The first layer was coated 

and dried before the second layer was coated on top. The bi-layer technique was used to 

minimize extreme binder segregation and surface tension induced cracking that has been 

known to occur in thick electrode systems processed with DI water.   

 

  

a b c
c 
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electrolyte interphase (SEI) layer. [69] After formation, cells were cycled at C/3 charge 

and C/3 discharge until failure. All cells were cycled using a Maccor potentiostat at 30 C 

in a controlled environmental chamber (ESPEC). 

 

Another set of triplicates per configuration were evaluated for rate performance Each cell 

was charged at C/3 and again held at 4.2 V until the current dropped to C/20.  Cells were 

then discharged at C/5, C/3, C/2, 1C, 2C, 3C, 5C for three cycles at each discharge rate. 

After the rate test was completed, three C/3 recovery cycles were performed to evaluate 

capacity fade educed during high-rate discharge. 

 

Electrochemical Impedance Spectroscopy 

 

Another additional pouch cell per configuration was produced and used for EIS testing. 

After three C/10 formation cycles, each cell was charged to 4.2 V (100% state of charge) 

and then allowed to rest for 2 hours before performing an EIS sweep from 300 kHz to 5 

mHz with a perturbation of 10 mV using a Biologic VSP battery tester (Biologic USA). 

After EIS, each cell was then discharged to 3.0 V. This process was repeated every cycle 

for 50 cycles at C/3 to gain an understanding of how overall impedance increases as the 

cell continues to age.  
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Symmetric Cells 

 

Symmetric cathode|cathode cells were constructed to determine the cathode contribution 

to impedance at both 0% and 50% SOC. Full coin cells were first constructed before 

undergoing three formation cycles at C/10. Cells were then discharged to either 50% SOC 

(3.6 V) or 0% SOC (3 V) with a two-hour voltage hold before disassembly. The harvested 

cathodes were then reconstructed into electronically blocking symmetric cells containing 

new electrolyte. EIS spectra from 300 kHz to 5 mHz was then collected at 30 C.   

 

Diffusion Coefficient Determination 

 

Chemical diffusion coefficients for each electrode configuration were calculated via the 

galvanostatic intermittent titration technique (GITT) developed by Weppner and 

coworkers [180]. This method is widely used and requires accurate measures of surface 

area and molar volume, both difficult to obtain. [138] Other models have also been 

employed but are not the focus of this work and can be found in literature. [181, 182] As 

the materials used in each configuration were similar, the implicit assumptions in the model 

may have an impact on the resulting magnitude of the measured value, however these 

effects are consistent across all samples. As the goal is to compare the samples among each 

other, these assumptions were deemed to be acceptable. A critical review of the implicit 

assumptions involved in GITT data collection can be found in literature. [183] 
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Cells were first charged at a constant rate of C/10 for 15 minutes using a Biologic 

potentiostat (Biologic USA) before entering a relaxation period of 4 hours with no applied 

potential. After the relaxation period, the charge processes were repeated again followed 

by the relaxation step. These steps were repeated until the charge cutoff voltage of 4.2 V 

was reached, a total of 40 charge events. This technique was then repeated with a negative 

current to achieve one full charge discharge cycle for each cell configuration. 

 

Microstructure Determination 

 

Scanning electron microscopy (SEM, Zeiss-Merlin) imaging was used to confirm the 

structured electrode microstructure after slot-die coating. Samples were cut using ceramic 

scissors and mounted edgewise with conductive carbon tape to observe the electrode cross-

section.  

 

Dispersion Rheology 

 

Small scale dispersions were mixed in 10-minute steps via a high-shear rotor-stator mixer 

(NETZSCH Premier Technologies Model 50) for a minimum of 40 total minutes to ensure 

homogenous distribution of each component as the order of addition and mixing technique 

was previously found to affect binder distribution. [14] First CMC and NMC 811 were 

mixed, followed by carbon black, JSR emulsion binder, DI water, and finally phosphoric 
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acid, mixing thoroughly after each addition. After mixing, 20 mL of each dispersion was 

used for rheological measurements. Rheological properties of each dispersion were 

evaluated by a rheometer (TA Instruments Discovery HR-3) at 25 C using a concentric 

cylinder geometry (bob and cup). Samples were pre-sheared at 5 s-1 for 1 minute and 

relaxed for 30 s before measurement. Separate identically prepared samples were used to 

further investigate the low shear viscosity behavior of each configuration in more detail.  

 

To further investigate the low shear behavior of each dispersion, oscillatory shear 

measurements were performed using the same rheometer and geometry used for previous 

flow ramps tests. Both oscillatory strain and angular frequency were varied in separate tests 

with a rebuilding procedure between tests to recover the initial dispersion conditions before 

each test. After an identical slurry preparation procedure and sample conditioning observed 

for flow ramp testing, angular frequency was held at  = 100 rad s-1 while varying 

oscillatory strain from  = 0.01 – 10%. After oscillatory strain sweep, a 10 minute rebuild 

procedure where angular frequency and oscillatory strain were held at  = 100 rad s-1 and 

 = 0.01% respectively in order to recover the storage and loss modulus from initial 

conditions. Data collected from the rebuild procedure was monitored to ensure the 

dispersion had adequately recovered from the initial test. After rebuilding, a second test 

was applied where oscillatory strain was held constant at  = 0.1% and angular frequency 

was varied from  = 100 – 0.1 rad s-1. The oscillatory strain chosen for testing was based 

on critical strain, the point where the measured storage modulus falls below 95% of the 

measured maximum as discussed in literature. [42] 



94 

 

Adhesion Tests 

 

Adhesion strength between electrodes and current collector was evaluated using a 180-

degree peel test (Mecmesin Friction Peel Tear) at 10 mm/min. Adhesion was calculated 

by normalizing the average force after delamination to the width of the sample strip. A 

minimum of 3 samples per configuration were included. 

 

Results and Discussion 

Dispersion Rheology 

 
Rheological behavior of the dispersions identifies trends in low and high shear viscosity 

that affect the coating quality and by analogue the final electrode. Low shear viscosity 

behavior is directly attributable to the edge formation, while high shear viscosity is critical 

in determining coating window. [42, 154, 155] As shown in Figure 9 (a) and (b), all 

dispersions showed shear thinning behavior. Shear stress and viscosity increased with the 

reduction of particle size and is ascribed to increased surface area which generates 

increased drag within the dispersion. Because the samples are shear thinning in nature a 

Herschel-Bulkley (H-B) model was used to fit the data and is presented in Equation 7. 

[139]  Here , 0, , ̇, and n represent shear stress, yield stress, consistency index, shear 

rate, and power law index respectively. [42, 139] Fit parameters for the applied model are 

listed in Table 4. When reducing the particle size from 12 m to 4 m, the power law  
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Figure 9. Rheological properties for each particle mixture, a) stress as a function of shear 

rate and b) viscosity as a function of shear rate. 
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Table 4: Herschel-Bulkley model fit parameters for each particle size. Similar power-law 

index values suggest a similar degree of shear thinning in each sample whereas differing 

consistency index values point toward more particle-particle interactions during the test 

resulting in increased drag.   

NMC 811 Particle 

Size 

Power-Law Index 

[n] 

Yield Stress (Pa) 

[0] 

Consistency Index 

[] 

4 m 0.375 11.398 47.306 

12 m 0.421 4.174 21.837 

Mixed 0.422 5.621 28.337 
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index also decreased, suggesting a greater extent of shear thinning. The yield stress for the 

4 m particle size dispersion (red) is almost 3X that of the 12 m dispersion (blue), likely 

due to an increase in viscoelastic drag resulting from increased surface area. The large 

increase in yield stress suggests an increased binding network present in the small particle 

size sample. [42] Similar power-law index values suggest a similar degree of shear thinning 

in each sample whereas differing consistency index values point toward more particle-

particle interactions during the test resulting in increased drag. Results from the dispersion 

with mixed particles (black) are between that of the purely 12 m and purely 4 m 

dispersions in agreement with the trend of surface area. Additionally, the viscosity at low 

shear rate of the mixed dispersion was closer to that of the 12 m dispersion, suggesting 

the binder network the mixed dispersion more resembles that of the 12 m sample. 

 

In order to further investigate the low shear viscosity behavior exhibited by each 

dispersion, oscillatory shear measurements were taken to identify differences in storage 

modulus (G’) and loss modulus (G’’). Low shear viscosity storage and loss modulus tests 

can show where breakdown of the polymer binder begins to occur and effect the resulting 

binding network of the resulting electrode. [42] Low shear viscosity is responsible for the 

edge formation in the resulting electrode and storage modulus is related to the binder 

network within the electrode. As shown in Figure 10, the dispersion with 4 m particle size 

(red) has a storage modulus more than double that of the 12 m sample (blue). This drastic 

increase in storage modulus is likely due to increased surface area of the smaller particle 

size. The storage modulus of the mixed sample (black) was between the two values. Along  
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Figure 10. Storage modulus data as a function of oscillation strain. The near 2X increase 

in storage modulus for the small particle size (red) suggests the binding network is highly 

distributed within the sample, likely due to the increased surface area for binding site as 

well as the increased number of particles that act as nodes in the binding network. 
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with the increased area for interacting with binder particles, this results also suggests the 

smaller active material particles have similar, if not better, dispersion than the larger 

particles. This reduced agglomeration potential is further supported when the surface 

charge is considered. As shown in Figure 11, the smaller active material particle (red) 

displays a zeta potential of greater magnitude (more negative) than that of the large particle 

(blue), even when normalized to surface area. This means the smaller particle is more stable 

in suspension and less likely to agglomerate during mixing. This increased dispersions on 

surface charge provide evidence of electro-steric stabilization being the dominant force and 

potentially reduces the sedimentation potential of the 4 μm active material.  

 

Increased storage modulus can lead to a more well-defined electrode edge formation, 

resulting in a reduced scrap rate as less of the electrode would need to be trimmed after 

coating. This benefit is partially negated by the increased viscosity of the same 4 μm active 

material particle as the coating speed may need to be reduced. Previous investigations using 

NMP based dispersions suggest raising the slurry temperature could counteract this 

increase in viscosity. [42] This would however introduce extra processing steps and use 

more energy during manufacturing.  

 

Adhesion Tests 

 

The adhesion increased ~50% when small particle active material was present as shown 

in Figure 12. As previously discussed, the dispersion of the active material particles with  
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Figure 11. Surface charge for 4 μm (red) and 12 μm (blue) active material particles both 

a) as measured and b) normalized to the particle surface area.  

 

a 

b 
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Figure 12. Adhesion strength of the three NMC 811 cathodes. 
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smaller 4 μm particle size (red) is better than that of the larger 12 μm particles (blue) and 

thus offers more available surface area for binder attachment. This increased binder 

distribution on the surface of the particles results in a more rigorous binder network. The 

contact area between the electrode material and the current collector is also larger due to 

the surface area increase easily explaining the adhesion increase. As the mixed sample 

(black) also exhibits a larger adhesion than that of the 12 μm particles the dependance on 

surface area is reinforced. As 5 wt% composite binder was used for these electrodes, the 

sufficient adhesion even with increased surface area is in agreement with previous reports 

of minimum binder amounts as low as 2 wt% and suggests adequate binder exists in all 

electrode configurations for proper adhesion and cohesion. [87, 94] Furthermore, the bi-

layer nature of the electrode cohesion is shown to be greater than that of the adhesion as 

the electrode material was peel cleanly from the current collector. This implies the interface 

between the two electrode layers is stable and does not affect the mechanical integrity of 

the electrode. 

 

Microstructure Determination 

 

SEM confirms the desired electrode structure with minimal separation between electrode 

layers suggesting suitable cohesion between the two electrode layers before cycling. These 

electrode microstructures can be seen in Figure 13. In all cases, no indication of a 

discontinuous electrode exists, again suggesting the cathodes are in good mechanical 

contact and provide sufficient electronic conductivity.  
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Figure 13. SEM microstructure of each cathode configuration, a) all small configuration, 

b) large particle size followed by small particle size configuration, and c) mixed particle 

size followed by small particle size configuration. 

  

a 

b 

c 
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Long Term Cycling Performance 

 

Long term cycling of all electrode configurations was poor, and the longest lasting cell 

only reached ~160 cycles at C/3 charge and C/3 discharge. After 150 cycles the capacity 

retention for the mixed electrode configuration (black) falls to ~20%, demonstrating severe 

capacity fade as seen in Figure 14. Rate capability results suggest each electrode 

configuration should maintain >65% of rated capacity when cycled at C/3, but this 

performance does not last. This is thought to be caused by electrolyte consumption via 

adverse side reactions. These side reactions lead to a passivation layer on the active 

material particle which increase the charge transfer resistance. [47, 115] As the polarization 

of the cell increases, the capacity of the cell decreases accordingly. The cathode with large 

active material particles near the current collector (blue) exhibited the best cycle life 

performance among the group and the cathode with mixed particle sizes near the current 

collector (black) exhibited the worst performance. The small particle sample (red) 

exhibited the fastest initial decrease in performance followed by milder long term fade. 

This is likely due to the increased surface area of the active material present in the mixed 

sample meaning more surface area for the react with the electrolyte. This provides 

additional support for the formation of a passivation layer that is the main source of the 

quick capacity fade and poor cycle life. This capacity fade is also visualized in Figure 15, 

as the cells age, the capacity vs. voltage plots shows a decrease in available capacity as cell 

polarization increases as a function of cycle life. This mechanism is further discussed in 

following sections. 
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Figure 14: First 150 cycles of long-term cycling at C/3 charge and -C/3 discharge for each 

cell configuration. Each trend is comprised of three cells and averaged at each cycle. Error 

bars are provided for every 5th cycle.  
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Figure 15. Capacity vs Voltage plots for each configuration during the first 150 cycles of 

long-term cycling at C/3 charge and -C/3 discharge. Subfigures a), b), and c) represent 4 

m: 4 m, 12 m: 4 m, and Mixed: 4 m configurations respectively. Cycles progress 

from light green to blue as the cell ages. 

 

c
c 

b
b 

a 
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Electrochemical Impedance Spectroscopy 

 

Nyquist plots for each full cell configuration are shown in Figure 16 (a-c). In each 

configuration the mid to low frequency impedance contribution increases and can be 

attributed to the charge transfer resistance of the cathode. [184-186] At lower frequencies 

a 45 degree line, attributable to Warburg impedance in the electrode pair, accounts for slow 

diffusion between electrodes. [185] This diffusion is comparable for all electrode 

configurations. In each electrode, bulk resistance attributed to the connections, electrolyte, 

and inactive components such as current collectors, is observed to increase slowly as the 

cell ages, likely due to electrolyte consumption. The notable difference in each cell 

configuration is the increase in the mid to low frequency, second semi-circle. This 

impedance contribution can generally be attributed to cathode charge transfer resistance 

and increases as the cell ages for all three configurations. This increase provides evidence 

of a passivation layer that leads to a reduction in kinetics at the active material surface-

electrolyte boundary. [115] These increases in charge transfer resistance appear to be 

related to surface area as the impedance increase is most prominent in Figure 16 (a) for the 

4μm:4μm configuration, followed by Figure 16 (c) for the mixed:4μm configuration, and 

finally Figure 16 (b) for the 12μm:4μm configuration. This is the same order for electrode 

surface area, lending more evidence to a passivation layer forming on the active material 

surface, a phenomenon previously reported in literature NMC materials processed with 

phosphoric acid. [47] Symmetric cathode cells were constructed to further investigate this 

behavior and are covered in the next section. Although poor cycle life of ultra-thick  
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Figure 16. Nyquist plots of each full cell configuration as a function of cycle life a), b) and 

c) correspond to 4 μm:4 μm, 12 μm:4 μm, and mixed:4 μm respectively. 
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electrodes is generally attributed to the mass-transport limitations that are inherent to thick 

electrodes, this result shows that the interaction can be more complex. Although mass-

transport limitations are likely a dominant factor, the formation of a passivation layer on 

the active material surface expedites the capacity fade and should be investigated further. 

 

High-Rate Discharge Capacity 

 

After initial acceptable performance for ultra-thick electrodes at lower discharge rates, the 

useable capacity decreases considerably between discharge rates of C/2 and 1C as seen in 

Figure 17 and Figure 18. Low discharge capacity at high rates is expected for ultra-thick 

electrodes and has been previously reported. [158] The general trend of capacity reduction 

as the discharge rate is increased matches results previously reported from this group for 8 

mAh/cm2 aqueous processed batteries. [14] A 50 % (22 mAh/g) increase in discharge 

capacity at 1C discharge rate is seen by moving from an all small particle configuration 

(red) to a configuration with a mixed particle size distribution in the first coating layer 

(black). As the main difference between these cells is the cathode material nearest the 

current collector, it can be inferred that the differences in ionic resistance and mass-

transport ability throughout the electrode is the driving factor. As the discharge rate is 

increased, the diffusion time and length become increasingly important. The decrease in 

available capacity from the red to black bars, indicates that there is not enough time for the 

lithium-ions to travel throughout the electrode at these rates. Interestingly, cathode 

configuration with only large particles near the current collector (blue), displays a  
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Figure 17. Average maximum discharge capacity of each cell configuration during rate 

capability testing. Each bar represents three batteries with each battery performing three 

cycles at each discharge rate for a total of nine individual data points.  
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Figure 18. Normalized capacity for each cell configuration from 1C – 5C.  
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discharge capacity between that of the all small particle (red) and mixed (black) electrodes 

at most discharge rates. The two configurations are very comparable across the entire range 

investigated, with the black trend showing more significant improvements at higher 

discharge rates. This suggests that the less constrictive pore network near the current 

collector within the large particle sample facilitates quicker ion transport throughout the 

bottom half of the electrode but as some smaller particles are added, the increased 

electroactive area can still increase the cell performance without consequence. This also 

suggests there exists a critical surface area where the added electro-active area is no longer 

beneficial and the increase in ionic resistance is more significant than the increase in 

interaction sites.  

 

The decreased high-rate performance exhibited by the cathode with all small (red) is likely 

due to decreased active material utilization as a result of more constrictive pore networks 

and the resulting limitation of ion diffusion through the electrode. The lithium-ions are not 

able to efficiently navigate the pore network and in effect cannot reach the intercalation 

sites near the current collector. As the particle size decreases, the lithium-ion diffusion 

length increases and effectively decreases porosity and constricting ionic movement. This 

effective porosity decrease results in underutilization due to higher polarization and 

subsequently lower capacity. [162] This again points to the existence of an optimal 

combination of large and small active material particles in the first coating layer of 

somewhere between 0 and 50 wt% small particle active material. The best performing 

sample was the mixed electrode near the current collector and is due to the combination of 
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moderate lithium-ion diffusion path length and increased active material surface area. The 

increased intra-particle interaction combined with moderate inter-particle interaction 

provides a net improvement in discharge performance at high rate. This suggests the 

performance of the electrode should consider not only the porosity as previously reported, 

but also the electroactive area which impacts both the porosity/tortuosity as well as the 

utilization throughout the electrode.   

 

Symmetric Cells 

 

Symmetric cells were constructed to determine differences in ionic diffusion primarily 

associated with the liquid electrolyte in the porous electrode. Two variations of symmetric 

cells were tested, one with cathodes discharged to 50% SOC (3.6 V) and the other with 

cathodes fully discharged to 0% SOC (3 V). These two states of charge were used as 

electrode-based charge transfer contributions can be observed in the 50% SOC cell in 

electronic blocking configuration (constructed with separator). By constructing an identical 

cell at 0% SOC, the charge transfer contribution is suppressed, and the ionic resistance can 

be isolated from the greater signal. Nyquist plots from cells assembled at 50% SOC and 

0% SOC are shown in Figure 19 and Figure 20 respectively.  

 

A clear increase in charge transfer resistance associated with the cathode can be seen in 

Figure 19 as the particle size is decreased. These differences are associated with surface 

area differences as the cathode with the largest surface area exhibits the largest charge  
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Figure 19: 50% SOC symmetric cathode Nyquist plots for each cathode configuration. The 

differences in charge transfer resistance as the surface area of each electrode increases 

provide further evidence of a charge blocking CEI layer on the cathode active material.  
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Figure 20: 0% SOC symmetric cathode Nyquist plots for each cathode configuration. The 

ionic resistance as described in literature is shown in the horizontal bars. [187] The increase 

in ionic resistance as the particle size decreases suggests the increased packing density 

results in a more constrictive pore network that result in decreased diffusion throughout 

the electrode  
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transfer resistance and the cathode with the smallest surface area exhibits the lowest charge 

transfer resistance. This result further supports the previous assertation of an unstable CEI 

developing on the active material particles. Another likely explanation for this increase in 

resistance is the overall mass-transport limitations that exist in high areal loading 

electrodes. As the lithium-ions are shuttled, it is more difficult to move throughout the 

smaller (red) active material pore network. A model cell developed by Chen and coworkers 

was used to determine the charge transfer resistance of each symmetric cell and the 

resulting calculated values are shown in Table 5. [185] Notably the charge transfer 

resistance increases near two-fold (28.35 Ω to 57.37 Ω) from the 12 m: 4 m trend (blue) 

to the 4 m: 4 m trend (red), suggesting the coating near the current collector plays a large 

role in available capacity especially at high cycling rates. This is further evidenced by the 

mixed:4μm trend (black) exhibiting a charge transfer resistance similar to that of the 12 

μm:12 μm trend (33.64 Ω and 28.35 Ω respectively) suggesting a non-linear dependance 

on surface area, which is a known characteristic of diffusion-based resistance. [162] It is 

therefore thought the increase in charge transfer resistance observed in Figure 19 is 

primarily due to liquid phase ionic transport limitations but is also impacted by increased 

side reactions at the active material surface. 

 

Further, as shown in Figure 20, the ionic resistance associated with each cathode 

configuration provide similar results. As the cells were discharged to 0% SOC, it can be 

inferred that little to no charge transfer occurs between the electrolyte and active material 

in these cells. Therefore, the impedance shown in Figure 20 is that of ionic resistance of  
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Table 5: Fit parameters for symmetric cathode cells based on a model cell proposed by 

Chen and coworkers. [185] 

Coating 4 m : 4 m 12 m : 4 m Mixed : 4 m 

R Solution 1.03 Ω E-23 1.43 Ω E-16 1.78 Ω E-25 

R Surface Film 1 0.68 Ω 2.61 Ω 2.82 Ω 

C Surface Film1 1.44 F 12.29 F 3.34 F 

R Surface Film 2 5.80 Ω 3.24 Ω 3.19 Ω 

C Surface Film 2 7.26 F 1.46 F 6.24 E-3 F 

R Charge Transfer 57.37 Ω 28.35 Ω 33.64 Ω 

Q Charge Transfer 0.02 F 4.40 E-3 F 2.20 E-3 F 

α Charge Transfer 0.45 0.47 0.57 

Q Diffusion 1.61 F 2.03 F 1.97 F 

α Diffusion 0.70 0.71 0.72 
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the electrolyte. The ionic resistance of the all small active material configuration (red) is 

considerably larger (2X and 4X) than that of the large and mixed variations (blue and black, 

respectively). As the charge transfer component is suppressed, these differences are 

attributable to ionic resistance in the electrolyte and demonstrate the effective diffusion 

length increase produced by a more constrictive pore network. [187] This is in good 

agreement with the inference from 50% SOC cells and provides direct evidence of the 

importance of the liquid diffusion throughout the electrode. Ideally the high frequency limit 

of a 0% SOC test would be the ionic resistance, however as these cells were discharge and 

held at 0% SOC, relaxation can occur after the polarization is removed resulting in partial 

lithiation and a high frequency signal that is not entirely asymptotic. This does not alter the 

ionic resistance determination as the inflection point is used to differentiate contributions. 

This provides increased support for the capacity fade at high discharge rates. As the ionic 

resistance of the electrolyte is a consequence of the pore structure.  

 

Diffusion Coefficient Determination 

 

Calculated diffusion coefficients as a function of lithiation (bottom x-axis) as well as state 

of charge (SOC) (top x-axis) are shown for charging and discharging in Figure 21 (a) and 

(b) respectively. As the diffusion coefficient varies by approximately an order of magnitude 

over the lithiation range, Figure 21 (a) and (b) both contain inserts depicting the differences 

in further detail. After initial changes at low lithiation values, the diffusion coefficients 

generally decrease as the state of charge increase, implying as the cathode material accepts  
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Figure 21. Solid diffusion coefficient for a) charge and b) discharge cycles of each 

electrode configuration. 
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more lithium-ions, it becomes increasingly difficult to add more. The values reported here 

are in agreement with order of magnitude estimations from other studies. [70] As this 

measurement relies on potential relaxation after charge or discharge, it is indicative of the 

solid diffusion in and out of the active material particle. Thus, the differences in active 

material particle size used, either 4 μm:4 μm (red), 12 μm:4 μm (red), or mixed:4 μm 

(black), does not appear to have a pronounced impact on the solid diffusion of the cathode. 

This is to be expected as all active material sizes used were branded as the same chemical 

composition, only with a difference in average particle size. The BET surface area and tap 

density of each particle size was used as well as calculated molar volume in order to 

calculate the diffusion coefficient, these values are listed in Table 6. As the solid diffusion 

behavior seems to be consistent across active material particle sizes, the main contribution 

to rate performance differences appear to be the increased ionic resistance due to the more 

constrictive pore network developed with smaller particle sizes. This technique was only 

measured only the course of one charge discharge cycle and therefore is not minimally 

affected by the unstable CEI layer identified previously. 

 

Conclusions 

 

Both the mechanical and electrochemical performance of three electrode configurations 

produced with two cathode active material particle sizes were investigated. Reported are 

electrodes that are generally mechanically robust, but with increased adhesion as the 

contact area between the current collector and the bottom of the cathode material is  
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Table 6: BET surface area, tap density, and molar volume values used to calculate the 

diffusion coefficient for each configuration. BET surface area and tap density values were 

provided by the manufacturer whereas the molar volume was calculated from available 

molar mass values reported in literature. [188] 

 

Parameter 4 m Particle Size 12 m Particle Size 

BET Surface Area 7600 cm2/g 4900 cm2/g 

Tap Density 1.94 g/cm3 2.31 g/cm3 

Molar Volume 50.15 cm3/mol 42.12 cm3/mol 
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increased. It is thought the increased area lends to more binder/current collector contact. 

The fact that the adhesion does not drop, suggests a sufficient amount of binder exists such 

that it is not distributed too thinly across the increased area. By analogue, it implies the 

binder content for other electrodes could be decreased without sacrificing mechanical 

performance. Rheological measurements support this notion as the storage modulus of the 

smaller active material particle dispersion far exceeded that of the larger active material 

particle. Likely driven by a combination of electro-steric force stabilization and superior 

dispersion, this could be beneficial for high-speed coating applications so long as the 

viscosity of the dispersion is not too great. 

 

Electrochemically, the electrodes offered comparable, but poor cycle life in all cases. After 

further investigation via EIS, it was identified that the aqueous processed cathode material 

likely develops an unstable CEI layer that results in increased electrolyte consumption. 

This is only exacerbated as the surface are of the electrode is increased. This in combination 

with the increased mass-transport limitations shown to exist in these ultra-thick 

configurations leads to a cycle life that underperforms its NMP based counterpart. High-

rate discharge capacities were improved by 50% at 1C with proper tuning of the active 

material distribution in the cathode. This provides strong evidence that not only does the 

pore network play a key role, but the available surface area of the electrode is also highly 

important. Our results suggest the optimal cathode structure should contain both small and 

large active material particles near the current collector and only small active material 

particles near the separator. Future investigations should investigate not only additional 
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ratios of small and large particles but should also investigate the ratio of the layer 

thicknesses as only one ratio (50%/50%) was investigated here. 

 

Ionic resistance in the electrolyte, and by analogue lithium-ion diffusion throughout the 

pore network, was identified as the primary sources of capacity loss as the discharge rate 

was increased. By investigating the impedance with symmetric cells discharge to 0% SOC 

and suppressing the charge transferer between the electrolyte and active material particle, 

the increased impedance can be attributed primarily to the liquid phase diffusion. This is 

supported by independent solid diffusion measurements over a wide range of lithiation. 

The solid diffusion as a function of particle size does not appear to be a large factor in 

overall performance of the cells and therefore is incapable of explaining the large 

performance differences observed in various other measurements.  

 

This investigation identified a promising path forward for aqueous processed ultra-thick 

cathodes and illustrated the importance of considering not only the lithium-ion diffusion 

throughout the pore network, but also the electroactive within the cell. Results provided 

here will inform future investigations into additional cathode configurations seeking to 

further optimize the mechanical and electrochemical performance of environmentally 

benign electrodes.  
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CHAPTER V 

DRYING PARAMETER OPTIMIZATION AND BINDER 

MIGRATION DETERMINATION IN CATHODES 

  



125 

 

A version of this chapter will be submitted for publication by Alexander J. Kukay, Emily 

Bott, Anton Ievlev, Georgios Polizos, and Jianlin Li: 

 

 

My contributions to this paper as lead author were 1) performing a literature search to 

support the topic of investigation and provided background for the project, 2) development 

of test matrix and protocols 3) sample testing and preparation, 4) data analysis and 

subsequent conclusions. Research support was provided by Emily Bott and Georgios 

Polyzos. Anton Ievlev provided ToF-SIMS data and analytical support. Jianlin Li provided 

analytical support as well as assistance in project development and revision.  

 

  



126 

 

Abstract 

 

Lithium-ion battery (LIB) electrodes are typically produced with N-methyl-2-pyrrolidone, 

a toxic solvent that is a known carcinogen and reproductive hazard. In response, aqueous 

processing has been an expanding area of research interest in the field of LIB production. 

Although aqueous processing has been widely successful in anode processing, serious 

challenges remain in processing the cathode. In this work the drying mechanics of cathode 

processed with both solvents is investigated though implementation of a chemical 

engineering based model to better understand the utilization of heat provided by 

experimentally determining the heat and mass transfer coefficients as well as 

electrochemically to determine the impact of drying temperature on cycling performance. 

Binder distribution is also determined via ToF-SIMS to confirm differences in binder 

homogeneity as a function of both solvent and drying temperature. Identified is the large 

difference in the efficiency in which the heat is used as well as an ideal drying temperature 

for both aqueous and non-aqueous processed cathodes. Also identified is the increased 

sensitivity to processing temperature for aqueous processed electrodes compared to non-

aqueous processed counterparts.   
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Introduction 

 

Lithium-ion batteries (LIBs) have become important in various aspects of everyday life 

and are key to reducing greenhouse gas emissions due to fossil fuel burning vehicles. [37] 

Although many processing and materials improvements have been implemented since the 

market adoption of conventional LIBs, electrode drying and the associated physics of 

particles, are still far from optimized. [189] With the overall environmental impact of LIBs 

replacing internal combustion engines (ICEs) having become obvious over the past few 

decades, less discussed is the environmental impact of producing LIBs. The environmental 

and ethical considerations around production, especially on a large scale, of LIBs targeted 

for transportation should be paramount. Judicious choice of both material and methods to 

minimize environmental impact should be prioritized so long as electrochemical 

performance and mechanical integrity are not compromised. Research has shown global 

warming potential associated with production of LIBs, and has identified solvent 

replacement in both the cathode and anode as a an avenue for improving the total 

environmental impact of LIBs during both production and recycling phases. [18] The 

common organic solvent of choice for LIBs, N-methyl-2-pyrrolidone (NMP), is toxic, 

expensive, and in some countries restricted and thus a good candidate for replacement both 

environmentally and economically. [12, 95] As positive electrode manufacturing has been 

identified as a disproportionately large contributor to overall environmental impact, this 

work focuses on optimization of cathode manufacturing, specifically energy input during 

the energy intensive drying period. [8] 
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Investigating electrode drying poses a technically difficult endeavor due to the difficulty 

of measuring dynamic particle motion as well as the existence of a wide range of length 

scale participating in the diffusive and convective motion. [98, 189] Regardless of the 

difficulty associated with measuring particle motion, the drying phase of electrode 

processing has a large impact on final performance. [95, 97-102] During the particulate 

coating drying process, three main forces must be considered. First evaporation of the 

solvent from the sample surface drives a consolidation front and results in a continually 

changing film thickness and consequently, is a dynamic area of interest. [100] Secondly, 

thermal Brownian diffusion of the particles results in randomly distributed particles and 

counteracts potential concentration gradients. Third, sedimentation effects are observed 

when the density of the particulate surpasses that of the solvent. The combination of all 

three of these forces heavily influence the resulting pore network in particulate coatings, 

such as porous electrodes used in LIBs and can be visualized in Figure 22. [99, 103] 

 

Throughout the electrode production process, great care is taken to ensure homogenous 

distribution of material within the dispersion. [102] There is a wealth of research 

concerning optimization of the mixing processes available in literature and the impact of 

mixing conditions, times, and techniques on final dispersion behavior. [2, 28, 42, 43, 154, 

190] As the importance of a well distributed combination of active material, conductive 

additive, and polymetric binder is clear, a strong understanding of how the distribution of 

these materials varies as the solvent is removed is paramount. During this process the  
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Figure 22: Film shrinkage stage of electrode drying. Diffusion driven by Brownian motion, 

sedimentation, and evaporation driven capillary action all contribute to final pore geometry 

and film consolidation. AM represents the large active material particles that eventually 

create the porous electrode structure. 
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most important factor is the solvent, as the viscosity and evaporation behavior dominate 

the redistribution of materials within the electrode during drying. [102] 

 

Typical electrode dispersions are either coated via doctor blade for laboratory scale or slot 

die coater for pilot and industrial scale. These coatings are typically a thickness on the order 

of hundreds of microns. In combination with the fact that electrodes are typically on the 

order of many square centimeters to many square meters in area, they can be accurately 

treated as thin films from a coating and drying perspective. [102] Accordingly, two main 

drying phases exist. First the solvent evaporation results in larger particles compacting and 

forming the basis of the electrode structure, this is commonly referred to as film shrinkage. 

[101] Consolidation continues until the larger active material particles can no longer be 

compacted by evaporation of solvent. The drying behavior is then more accurately 

described by a pore emptying stage where excess solvent is removed from the previously 

formed porous electrode, this second stage comprises the bulk of time and energy input 

during drying. [101, 102] Smaller conductive additive and polymetric binder particles still 

experience significant mobility at this stage and there is still sufficient solvent in the 

electrode system. These smaller particles experience transport through the beginnings of 

the electrode structure via Brownian motion due to the thermal energy of the electrode 

system as well as capillary action driven by the evaporation at the electrode surface. The 

transport of binder polymer chains dissolved in solution via diffusion is greater during the 

initial stage of drying that it is during the final, longer stage of pore emptying. [98, 99, 101] 
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Along with the mechanical implications of drying parameters, there also exist economic 

drivers to optimize the drying time and energy input. As the production phase of LIBs 

accounts for the majority of the overall cost, almost half of that cost results from drying 

and solvent capture related processes. [72] By optimizing the time and energy required for 

drying, both capital and energy costs may be decreased, resulting in a more cost-effective 

processing technique and ultimately a more affordable battery. [10] As the typical solvent 

NMP and prospective replacement solvent, deionized water (DI) have considerably 

different vapor pressures, 1.0 mm Hg at 40 ℃ compared to 55.3 mm Hg at 40 ℃, and 

boiling points 204.3 ℃ and 100 ℃ respectively, the energy required as well as the rate of 

evaporation during electrode drying vary widely. [10] NMP does however have a lower 

heat of vaporization than water, 510 kJ/kg, as opposed to 2260 kJ/kg for water, posing an 

economic advantage in the form of energy input for NMP use. These values are listed in 

Table 7. This advantage is quickly negated when the toxic nature and legal limitations of 

NMP are factored in. [11] Solvent replacement for anode chemistries, typically composed 

of graphite, has seen commercial success and is widely used in current manufacturing 

methods. Cathode chemistries have not enjoyed the same level of success, largely due to a 

proton exchange reaction driven by lithium leaching from the active material particles into 

solution which leads to a highly basic environment. [13, 14] There is an abundance of 

research activity surrounding aqueous processing of cathode materials, but there are still 

concrete barriers to be overcome. [13-15, 28, 34, 47, 150, 191] 
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Table 7: Properties of interest for both DI water and NMP solvents.  

Solvent Vapor Pressure 

(mm Hg, 40 ℃) 

Boiling Point (℃) Heat of 

Vaporization 

(kJ/kg) 

DI 55.3 100.0 2260 

NMP 1.0 204.3 510 
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There have been numerous studies addressing drying parameters, mainly in conventionally 

processed (NMP processed) anodes. [97-100] However, there is little information 

concerning cathode drying, especially as a function of solvent used, that is available in the 

literature. Previous investigations have detailed techniques for determining binder 

distribution as a function of drying condition and provided some insight on the 

electrochemical performance differences that are associated with high and low drying rates. 

[99, 107] Stein and coworkers investigated the impact of multiple drying rates on positive 

electrodes processed with NMP and found the drying rate, primarily in the beginning 

stages, has a large impact on final electrode structure. [102] Baunach et al investigated 

adhesion differences associated with drying temperatures in anodes, concluding adhesion 

decreased with increasing drying temperature. [96] The authors conclude the reduction in 

adhesion is due to the increase in binder concentration near the surface of the electrode 

thus resulting in an inferior binding surface near the current collector. Although general 

trends concerning binder distribution can be inferred from experiments such as adhesion 

testing, more difficult to obtain is a clear picture of exact binder distribution from the 

current collector to the surface of the electrode. To combat this, multiple groups have 

proposed and demonstrated mathematical models to predict binder distribution. [59, 101, 

104]   

 

In order to provide an accurate account of binder distribution throughout the electrode as a 

function of not only temperature, but in some cases as a function of drying time, several 

investigations have developed clever experimental procedures aimed at spatially resolved 
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binder distributions. Hagiwara and coworkers developed a method for freeze drying 

aqueous based graphite anodes before performing Raman spectroscopy on the samples. 

Using the ratio of Raman peaks associated with SBR binder and graphite, the demonstrate 

significant binder migration within the first 120 seconds of drying at 150 ℃. They also 

confirmed the temperature dependance of the binder migration phenomenon by performing 

the same experiment at room temperature and observing a much smaller degree of binder 

migration. [106] Müller and coworkers present a EDX based technique for qualitatively 

mapping binder distribution in NMP based anodes on both the electrode surface as well as 

the current collector side of the electrode. [107] Although this technique is limited to the 

so called “top” and “bottom” views of the electrode, it can also be applied to the cross-

section of the electrode with minor modifications to the procedure. This is further explored 

in a future section. TGA has also been employed by Li and coworkers to analyze thinly 

sectioned layers of a 1500 m thick electrode. [95] This technique is limited to ultra-thick 

electrodes as the removal of thin layers of the electrode poses a steep technical challenge.  

These are informative investigations, however the comparison between the effects of 

solvent and drying conditions is still an open area of interest. A primary aim of this work 

is to quantify the differences in both binder distribution and electrochemical performance 

as a function of not only drying temperature but also as a function of solvent.  

 

This work aims to expand on the current understanding of drying mechanics in positive 

LIB electrodes as well as investigate the effects of solvent replacement on drying rate as 

well as binder distribution. Results from this work will inform the future production 
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methods of positive LIBs and provide further understanding on the advantages and 

limitations of aqueous processing of cathode materials.  

 

Methods and Materials 

 

Sample Preparation 

 

Small scale dispersions were prepared by adding components in steps and mixing 

thoroughly using a high shear mixer (NETZSCH Premier Technologies Model 50). Before 

adding additional material, the slurry was checked to ensure homogenous distribution of 

materials in order to reduce the possibility of agglomerates. Sample compositions were 

limited to two formulations, one utilizing DI water (purified to 18 M cm using a Milli-Q 

Direct 8 purifier) as the solvent and the other using the conventional NMP (Sigma Aldrich) 

as the solvent. Each dispersion had a solids composition of 90 wt% active material (NMC 

811, Targray 12 m), 5 wt% conductive additive (carbon black, Denka Li-100) and 5 wt% 

binder. Binder selection was dependent on solvent, aqueous processed dispersions utilized 

a composite binder made from a 1:4 weight ratio of sodium substituted carboxymethyl-

cellulose salt (Arcos Organics) and an emulsion binder (JSR TRD-202A) whereas NMP 

processed samples used PVDF (Solvay) as the binding agent. NMP based samples were 

prepared with 48 wt% solids content and DI based samples were prepared with 52 wt% 

solids content in order to adhere to practical solids content conditions observed in 

production. Samples were placed on a rolling mill between tests to avoid sedimentation. 



136 

 

DI samples also utilized 0.5 wt% phosphoric acid to combat corrosion issues at the current 

collector interface as previously described in other work from this group. [14] A complete 

sample test matrix is given in Table 8. 

 

Drying Curve Acquisition 

 

Prepared slurries were coated on aluminum foil cut to 7.62 cm x 12.70 cm (3 in x 5 in) 

areas and coated entirely using a doctor blade set to either 400 μm or 750 μm wet gaps to 

obtain electrodes with an areal loading of 2.5 mAh/cm2 and 6 mAh/cm2 respectively. The 

resulting coatings were then placed on a weighing platform suspended from a precision 

balance (Mettler Toledo) for real time mass collection. As the balance has a maximum 

operating temperature of 40 ℃, significantly below that of the temperatures of interest in 

this set of experiments, a suspended weighing platform was required. This was 

accomplished by using a 6.3 mm accesses hole drilled through the glass support to suspend 

the weighing platform into a tape caster. This setup was designed to effectively emulate a 

typical forced-air drying condition that would be present in a slot-die coater. A schematic 

of this experimental setup is provided in Figure 23. A forced air heater as well as a heated 

bed were used in tandem to control the temperature of the sample space throughout the test. 

Three test temperatures were used, 60 ℃, 90 ℃, and 125 ℃. Although higher test 

temperatures would have been desired, the equipment was limited to 125 ℃, which is 

representative of commercial drying temperatures. Air flow was limited to 10 cubic feet 

per minute in order to reduce the variance in the reading due to turbulent air. A python  
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Table 8: Sample matrix of interest. Samples were prepared as one slurry and were dried 

at the temperatures and wet gaps shown. Samples were prepared as one slurry to ensure 

consistent conditions for all drying events. 

Solvent Drying Temperature (℃) Coating Wet Gap (μm) 

DI 60 400 

DI 60 750 

DI 90 400 

DI 90 750 

DI 125 400 

DI 125 750 

NMP 60 400 

NMP 60 750 

NMP 90 400 

NMP 90 750 

NMP 125 400 

NMP 125 750 
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Figure 23: A schematic of the real time mass acquisition during both phases of electrode 

drying. A forced air heater and bed heater are used to control the ambient temperature in 

the tape caster and provide a uniform distribution of heat throughout the sample space. The 

air flow was fixed at 10 cubic feet per minute in order to reduce variance from turbulent 

air. Both changes in mass and temperature were recorded as a function of time via a 

laboratory balance and thermocouple.  
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script was developed to communicate with the balance on one second intervals, recording 

the mass with each interval. A thermocouple was used to measure the film temperature of 

each sample during testing. A second sample was coated and placed in close proximity to 

the weighing platform and the temperature of the second film was measured as to not 

influence the mass measurements of the initial film. Temperature measurements were 

collected every second for the duration of the drying period. 

 

Heat and Mass Transfer Coefficient Model 

 

Heat and mass transfer coefficients were calculated using a model developed based on 

chemical engineering principles. [192] First the mass transfer coefficient is calculated 

using Equation 8. 

 

Equation 8:   𝑴(𝒕) = 𝑴𝟎 − 𝑲𝒈 ∙ 𝑨 ∙  𝒕 ∙  (𝑷𝑽(𝑻) − 𝑷𝟎) 

 

Where 𝑀(𝑡) is the measured mass as a function of time, 𝑀0 is the initial mass value, 𝐾𝑔 

represents the mass transfer coefficient, 𝐴 is the effective area of the sample (assumed to 

be the volume fraction multiplied by the geometric sample area, 𝑡 is time, 𝑃𝑉(𝑇) is the 

solvent vapor pressure calculated using Antoine equation, and 𝑃0 is the partial pressure of 

the solvent in air.  
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Along with a mass-based mass transfer coefficient, a concentration-based calculation was 

also used, implementing the Chilton-Colburn J-Factor analogy. This is given by Equation 

9.  

 

Equation 9:   𝑲𝒈  ∙  𝑷𝑽(𝑻) =  
𝑲𝒄 ∙ 𝑷𝑽(𝑻)

𝑹𝑵𝑴𝑷 ∙𝐓
 

 

Where 𝑅𝑁𝑀𝑃 is the mass specific gas constant for NMP and the concentration of NMP 

vapor follows the model of an ideal gas mixture presented in Equation 10. 

 

Equation 10:    
𝒎

𝑽
=

𝑷𝑽(𝑻)

𝑹𝑵𝑴𝑷 ∙ 𝐓
 

 

The concentration-based heat transfer coefficient can then be calculated by utilizing the 

Chilton-Colburn J-Factor analogy shown in Equation 11. 

 

Equation 11:   𝑯𝒄 =  𝑲𝒄  ∙  𝝆𝒂𝒊𝒓  ∙  𝑪𝒑,𝒂𝒊𝒓 ∙  (
𝑺𝒄

𝑷𝒓
)

𝟐

𝟑
 

 
Where 𝐻𝑐 is the heat capacity, 𝐶𝑝,𝑎𝑖𝑟 is the constant pressure of heat capacity for air, 𝑆𝑐 is 

the Schmidt number, and 𝑃𝑟 is the Prandtl number and are calculated via Equation 12. 
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Equation 12:    
𝑺𝒄

𝑷𝒓
=

𝒌

𝝆𝒂𝒊𝒓𝑪𝒑,𝒂𝒊𝒓𝑫𝑨𝑩
 

 
Where 𝑘 is the thermal conductivity of air and 𝐷𝐴𝐵 is the diffusivity of a volatile species 

in air. This value is an order of magnitude estimation and assumes low concentration of 

NMP in air. In other words, sufficient air flow must be present to satisfy the bounds of the 

model. This condition is satisfied by the air flow present in the tape caster. 

 

Cell Assembly and Electrochemical Testing 

 

Coin cells were constructed for various electrochemical tests. Coin cell format was used 

over pouch cells due to the space limitation of drying oven. After electrodes were dried 

according to the test procedure of interest, 14 mm punches were obtained, calendered to 

~30% porosity, and placed in a vacuum oven at 110 ℃ overnight for secondary drying to 

remove excess water and avoid subsequent HF generation during cycling. [10, 65] Half 

coin cells were then assembled in an argon filled glovebox using 16 mm lithium chips 

(MTI) as the counter electrode. Cells were assembled with Celgard 2325 punched at 18 

mm as the separator material and 1.2 M LiPF6 dissolved in ethylene carbonate (EC) and 

ethyl methyl carbonate (EMC) in a 3:7 weight ratio as the electrolyte.  

 

To determine the electrochemical effects of drying on the resulting electrodes, rate 

capability, electrochemical impedance spectroscopy, and cycle life tests were all preformed 

on half cells constructed for each electrode. Rate capability tests involved cycling half coin 
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cells first at various discharge rates to observe the impact on available capacity. Cells were 

first charged at C/3 (1C = 190 mAh/g) for all cycles followed by discharge at C/10, C/5, 

C/3, C/2, 1C, 2C, 3C, and 5C. Each discharge rate had a minimum of 3 cycles per rate for 

statistical purposes. A minimum of three cells per configuration were used in each test for 

a total of nine independent data points per rate. Cycle life testing was performed at C/3 

charge and -C/3 discharge for 100 cycles. Again, three cells per configuration were used 

in order to gain statistically significant results. All rate capability and cycle life testing was 

performed on a Maccor potentiostat at 30 C in a controlled environmental chamber 

(ESPEC). All cells were subjected to three C/10 formation cycles prior to testing to ensure 

a stable solid electrolyte interphase (SEI) layer was present during testing. [69] 

 

Binder Distribution via EDX Spectra and ToF-SIMS 

 

Epoxy mounted cross-sectional samples were also used for ToF-SIMMS (IONTOF) 

analysis. Samples were first mounted in a two-part epoxy before grinding and polishing 

the surface to a 3000-grit finish. Samples were then analyzed with a 500 μm window and 

various dwell times to ensure sufficient signal. Binder content was ascribed to two signals, 

one being the positive sodium ion as the CMC polymetric binder contains sodium. The 

second signal used was positive cesium fluorine as both PVDF as well as the JSR acrylate 

binder contain fluorine. Cesium was the sputtering ion and readily reacts with the present 

fluorine to form Cs2F
+, which was used as opposed to the F- ion signal to reduce the overall 

test time by utilizing only positive ion detection.  
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Results and Discussion 

 

Heat and Mass Transfer Coefficient Model 

 

The mass of each coating normalized to the first data point is shown as a function of time 

in Figure 24 for each configuration and temperature. Listed temperatures are the measured 

film temperature (𝑇𝑠) and were used as the input of the model described previously. The 

data is shown as relative mass for presentation purposes and to compare the drying rates 

among samples, however the rate of change of the mass before normalization was used to 

calculate the heat and mass transfer coefficients. This was accomplished by taking the 

numerical first derivative of each data set with a moving window size of 50 points. Care 

was taken to only use the linear portion of the drying data as the model is only valid for the 

linear film shrinkage portion of the drying process. Accordingly, a cutoff of 500 seconds 

was used for each sample for consistency. The DI samples show much faster mass loss as 

compared to the NMP based electrodes during the first 500 seconds of drying at all 

temperatures. As the set temperature was increased, the rate of mass loss for all samples 

increased, regardless of solvent. Figure 24 indicates that the temperature sensitivity for DI 

based samples is greater than that of the NMP based samples. The DI samples span a range 

of 18 ℃ (from 32.6 ℃ to 50.0 ℃), whereas NMP based samples span 27 ℃ (41.4 ℃ to 

68.0 ℃). The larger increase in film temperature for NMP samples as compared to DI 

samples while maintaining a lower evaporation rate is easily explained by the sizeable 

difference in the heat of vaporization between the two materials. Calculated values are  
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Figure 24. Experimentally measured mass time curves for a) DI 400 μm wet gap, b) NMP 

400 μm wet gap, c) DI 750 μm wet gap, and d) NMP 750 μm wet gap. DI based samples 

exhibit much greater response to change in temperature as compared to the respective NMP 

sample.   
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listed in Table 9 and shown graphically in Figure 25. There is also a difference in the film 

temperature as well as film temperature deviations from the air flow as shown in Figure 

26. As the set temperature is increased, it is expected that the film temperature will also 

increase, this relationship is shown in Figure 26 (a). However, as the temperature is 

increased the difference between the film temperature and the temperature of the air flow 

(set temperature) also increases as shown in Figure 26 (b). This difference between the set 

temperature and film temperature is a result of evaporative cooling and is directly related 

to the heat of vaporization of the solvent as well as the vapor pressure.  

 

The faster drying rate inferred by the data in Figure 24 is further explored by calculating 

the heat and mass transfer coefficients for each electrode and these values are shown in 

Figure 25. By keeping the areas of the coatings constant, a direct comparison of the drying 

behavior as a function of area is made more convenient and reducing the need impact of 

edge effects on the analysis. As the temperature is increased the heat and mass transfer 

coefficients for DI based electrodes increase monotonically, reaching their maximum at 

the highest set temperature (125 ℃) for both coating thicknesses. The NMP samples also 

exhibit increases to both the heat and mass transfer coefficients, however the increase is 

not monotonic and increases only slightly from 90 ℃ to 125 ℃, suggesting diminishing 

returns as the temperature is increased further. As the heat and mass transfer coefficients 

are a function of the difference in film temperature and the temperature of the surrounding 

air, this is an expected result. However, this indicates that increasing the drying temperature 

for NMP based cathodes does not lead to a significant decrease in drying time.  
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Table 9: Heat Transfer Coefficient and Total Heat Transfer Rate values for each 

composition.  

 

Solvent 

Drying Temperature 

(℃) 

Coating 

Wet Gap 

(μm) 

Heat Transfer 

Coefficient, 𝐻𝐶  

(W/m2 K) 

Mass Transfer Coefficient, 𝐾𝑔 

(𝑔𝑐𝑚−2𝑠−1𝑏𝑎𝑟−1) 

Mass 

Transfer 

Coefficient, 

𝐾𝑐 (cm/s) 

Total Heat 

Transfer 

Rate, -q (W) 

Rate of Vaporization, 

𝑚̇ (mg/s) 

DI 60 400 115.1 7.10E-03 10.0 30.6 13.5 

DI 60 750 118.7 7.30E-03 10.4 30.2 13.4 

DI 90 400 155.8 9.40E-03 13.6 73.5 32.5 

DI 90 750 168.6 1.02E-02 14.7 80.8 35.8 

DI 125 400 183.3 1.07E-02 16.0 133.3 59.0 

DI 125 750 215.5 1.27E-02 18.8 159.3 70.5 

NMP 60 400 3.5 1.20E-03 0.3 0.6 1.2 

NMP 60 750 2.6 9.00E-04 0.2 0.5 1.0 

NMP 90 400 5.7 1.90E-03 0.5 2.1 4.1 

NMP 90 750 5.4 1.80E-03 0.5 2.0 3.9 

NMP 125 400 6.1 2.00E-03 0.6 3.4 6.7 

NMP 125 750 5.9 1.90E-03 0.5 3.3 6.5 
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Figure 25. Calculated mass-based mass transfer coefficients (𝐾𝑔) for a) NMP and b) DI 

based samples as well as concentration-based mass transfer coefficients (𝐾𝐶) for c) NMP 

and d) DI based samples. Heat transfer coefficients (𝐻𝐶) are given for e) NMP and f) DI 

samples. 
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Figure 26. Measured film temperatures at each temperature set point (a) and the differences 

between the film temperature and set temperature (b) for DI and NMP 400 μm wet gap 

samples at each set temperature.    
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Furthermore, the calculated mass transfer coefficients for the DI based electrodes are an 

entire order of magnitude greater than the NMP based electrodes across all temperatures. 

This suggests the DI samples utilize the applied heat more efficiently as compared to the 

NMP samples. The difference in heat transfer coefficients is greater yet at two orders of 

magnitude larger from NMP to DI across all samples.  

 

To further explore the relationship of drying temperature to the drying efficiency of each 

electrode the total heat transfer rate per unit area (𝑞) in terms of Joules per second was 

determined via Equation 13 where 𝑇𝑠  is the measured film temperature, 𝑇∞  is the 

temperature of the surround air, 𝐻𝐶  is the calculated heat transfer coefficient and  𝑑𝐴𝑠 

represent the infinitesimal unit area.  As the area used was constant across samples this 

simplifies to Equation 14 where 𝐴𝑠 is now the nominal surface area of the electrode. [192] 

Here a negative sign is introduced to reflect the physical nature of the phenomenon. In this 

scenario it is beneficial to have a positive value for the total heat transfer rate and thus 

reflect the total heat transferred to the electrode during the drying process in terms of Joules 

per second.  

 

Equation 13:   𝑞 =  (𝑇𝑠 − 𝑇∞) ∫ 𝐻𝐶 ⋅ 𝑑𝐴𝑠
 

𝐴𝑠
 

 

Equation 14:   −𝑞 =  −(𝑇𝑠 − 𝑇∞) ⋅ 𝐻𝐶 ⋅ 𝐴𝑠 
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The total heat transfer rate is shown in Figure 27 and illustrates the energy input as a 

function of time for each sample. A higher heat transfer rate suggests a more efficient use 

of the energy input into the system, providing further support for the argument that DI as a 

solvent uses the heat supplied more efficiently than NMP. Not only is the total heat transfer 

rate two orders of magnitude greater for DI samples as compared to NMP, the increase 

from each temperature is more significant. This is most clear when comparing set 

temperatures of 90 ℃ and 125 ℃. The total heat transfer rate for the NMP samples 

increases from 2.0 W to 3.3 W, a 60% increase. The percent increase for the corresponding 

DI samples was from 80.8 W to 159.3 W, a near 100% increase. This provides further 

support for the increased sensitivity to processing temperature for DI based samples and if 

exploited correctly, can be used to reduce the overall energy input during electrode drying, 

one of the most energy intensive manufacturing steps a result that aligns nicely with 

previous modeling results. [59] 

 

Although values for the heat transfer rate illustrate the efficiency of the drying process for 

each solvent, going one step further and dividing the total heat transfer rate by the enthalpy 

of vaporization, 𝐸𝑣𝑎𝑝., for each material, provides the rate of evaporation (𝑚̇) in terms of 

milligrams per second via Equation 15. This value, while considering an ideal vaporization 

condition, demonstrates a ~10X increase in drying rate for DI samples over their NMP 

based counterparts and again illustrates a much greater increase between set temperature 

for DI based samples as compared to NMP samples as shown in Figure 27. This result 

provides a concrete number associated with solvent removal that can readily be applied to  
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Figure 27. Total heat transfer rate to the a) NMP based electrode and b) DI based electrode 

(-q) and rate of vaporization (𝑚̇) for the c) NMP based electrode and d) DI based electrode. 
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inline manufacturing. Since the solvent mass before drying is a readily available quantity, 

one would be able to estimate the total time required to dry an electrode and be able to 

optimize the manufacturing process accordingly. 

 

Equation 15:    𝑚̇ =
−𝑞

𝐸𝑣𝑎𝑝.
 

 

Combining the increased drying rate attained in the film shrinkage stage of drying with the 

ability to increase the solids loading from ~45% for NMP to upwards of 60% for DI water, 

the total time and energy dedicated to drying the electrode can be reduced by replacing 

NMP with DI water as the solvent of choice. [51] The cost savings can be further increased 

when factoring in capital equipment costs. If the total time required to dry an electrode is 

lower, by analogue, a fixed speed roll-to-roll drying line would be shorter in length, thus 

reducing both machine cost and reducing the overall footprint required to produce 

electrodes. Although solid contents in this study were intentionally kept similar to provide 

similar benchmarks in terms of amount of solvent removed, it is worthy to note that the 

solid content can be much higher in aqueous dispersion due to lower viscosity, only 

compounding the results presented here. [51]  

 

Binder Distribution via ToF-SIMS 

 

ToF-SIMS elemental maps are provided in Figure 28 and Figure 29 for both DI and NMP 

processed samples respectively. The binder distribution can be identified through the Cs2F
+  
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Figure 28. Cross-sectional ToF-SIMS elemental maps of DI processed 750 μm wet gap 

electrodes. Frames a) and b) are the 60 ℃ fluorine and sodium signals respectively. Frames 

c) and d) are the 90 ℃ fluorine and sodium signals respectively. Frames e) and f) are the 

125 ℃ fluorine and sodium signal respectively. 
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Figure 29. Cross-sectional ToF-SIMS elemental maps of NMP processed 750 μm wet gap 

electrodes. Frames a) and b) are the 60 ℃ fluorine and sodium signals respectively. Frames 

c) and d) are the 90 ℃ fluorine and sodium signals respectively. Frames e) and f) are the 

125 ℃ fluorine and sodium signal respectively. 
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ion signal as the binders are the only fluorine source within the electrodes. Sodium ion 

signals can also be used to detect binder in DI based samples as the CMC binder is the 

major source of sodium. It is important to note however, the active material particles have 

been determined to contain sodium surface contamination, leading to a weak sodium signal 

in all samples. For DI samples, the binder distribution is most homogenous at 90 ℃, 

providing a potential explanation for increased electrochemical performance observed at 

high discharge rates, which is discussed in the next section. DI samples dried at 60 ℃ and 

125 ℃ both exhibited inhomogeneous binder distributions with the 60 ℃ sample appearing 

to have pockets of increased binder concentration at random locations and the 125 ℃ 

sample having increased binder content near the current collector. It is difficult to ascribe 

the exact mechanism without being able to monitor the development of the electrode during 

the drying process, but the poor binder distribution in the 60 ℃ DI based sample is likely 

to impede electrochemical performance. As the only difference between electrode 

production was the temperature at which the electrodes were dried, the binder distribution 

is through to be a direct consequence of the drying temperature.  

 

These effects are not though to be related to corrosion effects known to occur at the current 

collector interface because phosphoric acid was used in slurry preparation and has 

previously been shown to mitigate corrosive effects in aqueous processed nickel-rich active 

materials such as NMC 811. [14, 47] Furthermore, there is no evidence of void space in 

the chemical maps, which would be indicative of the gas generated via the well-known 

corrosion reaction that takes place at the aluminum current collector. [108, 193] Similarly, 
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as all electrodes were coated using the same slurry material, the differences in binder 

distribution cannot be attributed to differing mixing conditions and therefore must be 

driven primarily by temperature differences. Without in-situ monitoring of the binder 

distribution, the exact mechanism for inadequate binder distribution remains elusive.  

 

NMP samples at each drying temperature display homogenous binder distribution 

throughout the electrode suggesting the temperature range did not exceed the limit at which 

binder segregation in NMP processed electrodes begins and suggests a suitable binder 

distribution is attainable over a wide range of drying temperature for NMP based 

electrodes. These results also provide additional support to the earlier claim that NMP 

processed electrodes are less temperature sensitive as compared to their DI processed 

counterparts. This is beneficial from a processing standpoint as there exists a wider 

acceptable temperature range for processing, however this also means the overall energy 

input is not greatly impacted by drying temperature and thus savings will be minimal for 

NMP processed electrodes.  

 

Electrochemical Testing 

 

Rate capability results show NMP based samples outperform DI based samples at most 

discharge rates as seen in Figure 30 are comparable to previous reports of both aqueous 

processed and ultra-thick electrodes. [14, 194] For electrodes with 2.5 mAh/cm2 areal 

loadings (400 m), the NMP processed cells display a consistently higher discharge  
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Figure 30. Rate capability results for a) 400 μm and b) 750 μm wet gaps at each drying 

temperature. 
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capacity, especially as discharge rates exceed 1C. This is partially ascribed to the addition 

of phosphoric acid, which has been reported to form Li3PO4 passivation layer on NMC 811 

particles and results in higher charge transfer resistance. [47] It is demonstrated that a 

moderate drying temperature (90 ℃) produced electrodes with best rate performance 

regardless solvent selection and areal loading. These differences were most notable for 

samples produced with DI as the solvent. The specific discharge capacity at 1C increased 

from 110 mAh/g to over 160 mAh/g for the 2.5 mAh/cm2 DI coating when the drying 

temperature was increased from 60 ℃ to 90 ℃ as seen in Figure 30 (a). Other temperature 

driven differences in discharge capacity can also be identified such as the overall increase 

in discharge capacity for NMP processed electrodes at 90 ℃. This difference is thought to 

be a result of the superior binder distribution of the 90 NMP electrode as the 

electrochemical benefit is rather small, in line with the difference in binder distribution for 

the NMP samples. Although the sample appears to have increased binder homogeneity, the 

degree to which the distribution is improved is small. This result does suggest a universal 

ideal drying temperature of 90 ℃, regardless of solvent choice. Naturally this may not be 

the ideal temperature but is the best performing drying temperature investigated in this 

study.  

 

Differences in discharge capacity are also heavily impacted by the areal loading of the 

electrode as shown in Figure 30. Unsurprisingly, as the areal loading is more than doubled 

from 2.5 mAh/cm2 to 6 mAh/cm2, the discharge capacity decreases precipitously. This 

large decrease is due to mass transport limitations due to constrictive lithium-ion diffusion 
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pathways within the electrode. Compounding this constrictive pore network, is the poor 

binder distribution previously identified by ToF-SIMS chemical mapping. Although the 

polymetric binder does not participate in the electrochemical reaction directly or to a large 

extent, it facilitates the reaction by creating a conductive network of carbon black and 

active material particles. The effects of the poor binder distribution are the same as in the 

lower areal loading (2.5 mAh/cm2) cells, but the decrease in specific discharge capacity is 

much more pronounced in the higher areal loading cells. 

 

What is obvious from the presented electrochemical data, is the detrimental effect of 

ununiform binder distribution on cycling performance, a well-established trend. [97-100] 

Less obvious is the connection to efficiency and cost savings. As aqueous processing 

continues to gain momentum for economic and environmental concerns, the identification 

of a preferred drying condition for such cathodes can lead to overall improvement in 

cycling performance. Demonstrated at all areal loadings for DI samples is a strong 

dependance on initial drying temperature. As most of the damage to electrode formation 

occurs during the initial film shrinkage stage of drying, tuning the initial drying 

temperature has the potential to result in radically different electrochemical performance 

for aqueous processed cathodes. 

 

 

 



160 

 

Conclusion 

 

Benefits of using DI water rather than the conventional solvent, NMP, were investigated 

via an in-depth chemical engineering model and electrochemical testing. The energy input 

requited for DI samples was less than that of NMP samples and was more sensitive to 

changes in drying temperature that NMP samples as well. This suggests that DI samples 

could be initially dried at a temperature that maximizes the binder distribution 

homogeneity, here found to be 90 ℃, and then the drying conditions could be increased to 

maximize the efficiency of the pore emptying stage. This combination would reduce the 

drying time and energy input considerably compared to current NMP processing. Binder 

distribution information gather via ToF-SIMS confirms the optimal drying temperature for 

DI samples at 90 ℃ and confirms NMP samples are generally less sensitive to changes in 

drying temperature, provided the temperature is below the limit of binder migration 

occurring, which was not observed in this study for NMP samples. Electrochemically the 

differences in cycling between NMP based samples was minimal while the DI samples 

exhibited a wide range of capacity with 90 ℃ again being the optimum, which is likely a 

result of the more homogenous binder distribution observed at this temperature and 

suggests tuning of drying temperature for aqueous processed cathodes is of great 

importance to electrochemical performance. Overall evidence is provided suggesting DI 

processed cathodes can be effectively produced and can provided an economic benefit to 

the cell production as a whole compared to the customary solvent, NMP. 
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CHAPTER VI 

TRANSISTION TO SOLID STATE ELECTROLYTES 
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Background 

 

Lithium-ion batteries (LIB) have transformed the way energy storage has been approached 

since their commercialization in the early 1990’s. Although conventional LIBs have been 

the catalyst for increased energy density and cost reduction, the goals set by the DOEs 

Vehicle Technologies Office (VTO) and the United States Advanced Battery Consortium 

(USABC) may require a different type of secondary battery. All solid-state batteries 

(ASSB) offer increased energy density and longevity while also reducing operational safety 

concerns that are present in conventional LIBs. By using a solid-state electrolyte as 

opposed to liquid electrolytes, the systems become inherently safer, as liquid electrolytes 

are highly flammable and conventional LIBs tend to approach thermal runaway more easily 

as they are scaled up in size. [195, 196] Elimination of liquid electrolyte also removes PF−6 

anions from the cell chemistry, leading to a more environmentally benign cell. [58] The 

use of solid electrolyte also provides greater mechanical stability while eliminating the 

need for a separator material between electrodes. [197-200]  

 

Although ASSBs offer promising advancements, they still face numerous technical 

challenges that prevent widespread adoption. Solid electrolytes currently used typically 

show optimal ion conductivity only at elevated temperatures, and even then, the ion 

conductivities are not on par with liquid electrolytes. [201, 202]  Material sensitivity also 

limits production scalability as some components are sensitive to air and/or water. [198, 

199, 203-205] This sensitivity requires special conditions for preparation, which are 
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currently cost prohibitive at large scale. [21, 199, 203, 206] Additionally, interfacial 

compatibility between solid electrolyte candidates and composite cathode and lithium 

anode materials have not been fully explored and may lead to incompatibility issues. [81, 

196, 198, 199, 203, 207]  

 

Solid state electrolytes can be grouped into two main categories, organic polymers and 

inorganic glasses and ceramics. [21, 199, 203, 206] Polymer electrolytes typically involve 

a lithium salt dispersed in a UV-curable organic polymer such as polyethylene oxide 

(PEO). [197-199, 208] Inorganic glassy or ceramic solid electrolytes are typically produced 

through high pressure formation or sintering techniques. [197-200, 202] Typically 

inorganic glasses and ceramics display higher ionic conductivities but may not be able to 

facilitate electrode expansion whereas organic polymer electrolytes can accommodate 

changes in cell volume well but have poor room temperature ionic conductivities.  

 

Ceramic and polymer type electrolytes have each garnered a large amount of interest due 

to their mechanical and ionic transport properties. Ceramic electrolytes are able to provide 

much needed rigidity in thin film batteries, where polymer type electrolytes can 

accommodate flexibility needs to a degree. [199-201, 209] However, both types of 

electrolytes exhibit low ionic conductivities at room temperature, and thus need to operate 

at elevated temperature or sintered at high temperatures in order to achieve acceptable ionic 

conductivities, on the order of 10−4 S/cm, the minimum ionic conductivity for vehicle 

applications. [21, 83, 199, 203, 206] Increased operating temperature is in some cases 
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permissible, but an ideal candidate solid state electrolyte would have a room temperature 

ionic conductivity approaching that of liquid electrolyte. Acceptable room temperature 

conductivities eliminate the need for additional hardware required to maintain an elevated 

temperature, making these cells both more efficient and more flexible from a deployment 

standpoint.  

 

Within the ceramic types of solid electrolytes, there are two general subcategories, oxide-

based electrolytes and sulfide-based glassy electrolytes. [21, 199] These two types of 

electrolytes each have their advantages and disadvantages in that oxide-based solid 

electrolytes are more stable against processing environments, but require an expensive 

sintering step, whereas sulfide-based electrolytes can skip the costly sintering process but 

need to be handled in inert conditions to prevent toxic hydrogen sulfide gas generation. 

[198, 199, 203] These two issues are large drivers in current solid state electrolyte research, 

namely, how to move from laboratory scale to pilot or full-scale manufacturing without 

incurring prohibitively high processing costs. Oxide based electrolytes also exhibit lower 

ionic conductivity when compared to sulfide-based systems, necessitating thinner films to 

compensate for the lower ionic conductivity. [210]  

 

Although they have been around since 1975, polymer electrolytes have experienced an 

increased amount of interest after successful implementation in the LIB applications. [211, 

212] Although polymer electrolytes avoid many of the processing challenges associated 

with oxide or sulfide based electrolytes, they are plagued by low ionic conductivities at 



165 

 

room temperature and thus require external cell heating for optimal performance. [213] 

Issues regarding stability of the electrolyte upon exposure to electrode materials or metallic 

lithium have further complicated the future of polymer solid electrolytes. [77] 

 

Electrode material also requires special consideration in the transition from conventional 

LIBs to ASSBs. Although typical graphite and silicon anode material is compatible with 

some solid electrolytes, some interfacial issues still exist. The most concerning interfacial 

incompatibility with respect to lithium anodes is the formation of dendrites. As the cell is 

cycled, lithium has the potential to plate or form dendrites at the electrode surface. [197-

199, 203, 214-217] In conventional LIBs, dendritic growth of lithium can puncture the 

separator membrane and cause an internal short circuit. This not only effectively eliminates 

all cell capacity, but also poses an electrical and fire hazard as thermal runaway increases 

in probability with any internal short circuit. [82, 83] ASSBs can help mitigate risks 

imposed by dendritic growth by substituting a solid electrolyte for the porous separator 

membrane. Dendrites are somewhat less likely to pass through a dense solid electrolyte 

and consequently provide a much safer operation regime. [83] Although growth can be 

mitigated, it has been shown dendritic growth is more likely and problematic at grain 

boundaries of some oxide type solid electrolyte, potentially requiring single crystal growth 

of such electrolytes. [197] Large scale single crystal growth of oxide based solid state 

electrolytes with optimal thickness, on the scale of microns, is exceptionally difficult and 

may be prohibitive of such solutions. [206, 218]  
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With mitigation of dendritic growth, the use of a pure lithium metal anode becomes 

attainable. With a high specific capacity, 3860 mAhg−1, and low density, 0.59 gcm−3, the 

overall energy density of the cell can be increased dramatically. [81] Although lithium has 

some clear benefits, engineering the electrode encounters multiple hurdles. For a 50% 

excess lithium in cell with a 100μm cathode, approximately 60 μm of lithium is required. 

[206] Typical deposition techniques for such small thick- nesses require physical vapor 

deposition or melt processing, although in situ lithium platting by depositing excess lithium 

from the cathode active material is also. a promising route. [206] By using the available 

lithium inventory that is already in the cell, and anode can be constructed via lithium 

platting, resulting in a lithium metal anode that has little associated cost. [21] Although this 

would be cost effective, a uniform and dendrite free lithium anode would be difficult to 

attain.  

 

Interfacial contact is another major concern with solid electrolytes. Electrode material 

expands and contracts depending on the state of charge, typically between 2-4% for 

intercalation cathodes and up to 10% for conventional graphite anodes. [196, 215] In liquid 

electrolyte cells this expansion is typically compensated by reformation of the solid 

electrolyte interphase layer (SEI) and will consume small amounts of electrolyte. 

Generally, once a stable SEI layer is formed, expansion and contraction effects can be 

mitigated. However, with a solid-state electrolyte, especially a garnet type, expansion and 

contraction of the cathode and anode leads to delamination at the interface. [196, 215] 

Polymer electrolytes can help ease this ohmic resistance increase due to the increased 
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flexibility of the material but may present other interfacial issues as a result of instability 

at the interface. Cathode and solid-state electrolyte interfaces can be engineered in multiple 

ways. Electrolyte can be cast via a stand-alone or ‘green tape’ method where the sintered 

electrolyte is completed before adhering to an existing cathode. [21, 219] Alternatively, 

electrolyte slurry material can be infiltrated into a cathode structure before sintering 

creating a composite cathode with a large interfacial surface area. [21] Although both of 

these methods can create an effective interface, expansion of the electrode through cycling 

may degrade the interface over the life of the battery. Issues also arise with sintering steps 

as some cathode materials are not stable at temperatures required for electrolyte sintering. 

[21] 

 

Industrial scale production of solid-state electrolytes is not only difficult, but also very 

expensive compared to conventional LIBs and is currently not a mature process in industry. 

Where in a conventional LIB, 70-80% of the total cell cost is contained in materials cost, 

a comparable solid state battery would have 75% of the total cost associated with 

processing alone. [21] Current techniques for processing most oxide solid electrolytes, such 

as Li7La3Zr2O12 (LLZO), include a sintering step that can account for 20% of total 

processing cost. Eliminating this step, although cost saving, may be impossible to do 

without sacrificing performance or mechanical stability. Currently, studies focused on co-

sintering cathode active material along with solid electrolyte precursor material are aiming 

to curb the total sintering steps or sinter at lower temperatures. [21] Lower temperatures 

would be required to perform a co-sintering step as most cathode active materials form 
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unwanted products at elevated temperature. [206] Sulfide based electrolytes do not require 

a high temperature sintering step, but they do require inert atmospheres as they will 

generate toxic hydrogen sulfide gas if exposed to air or water. This requires processing in 

a glovebox for laboratory scale, but would need a larger, more expensive processing 

environment for large scale production. [21, 203] 

 

Polymer electrolytes are easier to produce from a manufacturing standpoint, but they suffer 

from lower room temperature ionic conductivities. Typically, combinations of 

polyethylene oxide and other long or short chain polymers combined with a conductive salt 

form the basis of polymer solid electrolytes. [21, 214] Production involves dispersion of 

different polymers and additives before a curing step solidifies the polymer. Solidification 

of the polymer can occur independent of other cell components, forming a fully solidified 

polymer electrolyte that can then be added to a cell assembly, referred to as green tape 

casting. A second technique is to coat an electrolyte slurry directly on top of an existing 

electrode, this allows the electrolyte to infiltrate the electrode structure before 

solidification, increasing the area of the contact interface. The later approach is referred to 

as infiltration and can create a better interface between the electrolyte and electrode active 

material, helping the overall conductivity. [21, 219] 

 

Although NASICON and LiPON type electrolytes have been around since the 1960’s and 

1990’s respectively, newer formulations and structures are quickly dominating the field. 
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[198] Even though these electrolytes are lower in ionic conductivity that the newer 

materials, further research is still warranted and should be pursued.  

 

Regardless of solid electrolyte composition and cell design, it is clear that solid state 

electrolyte lithium batteries are the future of secondary batteries. The challenges posed by 

material limitations and production costs are not impossible, only difficult to solve. With 

proper investment, analysis, and development, all solid-state batteries have the potential to 

eclipse conventional liquid-based cells within the next decade.  

 

Motivation 

 

In order to develop a more energy dense and lower cost secondary battery, interfacial and 

processing issues related to solid state electrolytes need to be resolved. Processing that 

currently requires sintering at high temperature should be reduced or, if possible, 

eliminated. Although multiple processing techniques are being investigated, there are still 

major hurdles to overcome when transitioning to industrial scale production. Improving 

the viability of either type of solid-state electrolyte can help increase the market adoption 

of all solid-state batteries. ASSBs have the potential to become the new standard for highly 

distributed storage devices if these major hurdles can be cleared in a cost effective and 

production friendly manner.  

 



170 

 

Conventional LIBs have enjoyed extensive research and development interest over the past 

few decades that have driven the production cost down from $1,000/kWh in 2008 to 

$197/kWh in 2017. [220] Along with a dramatic reduction of cost, LIBs also saw an 

increase in energy density from 55 Wh/L to 250 Wh/L over this same time period. [220] 

This simultaneous decrease in cost and rise in energy density are critical to successful 

adaptation to vehicle applications.  

 

Factors responsible for cost reduction and increased energy density of LIBs are largely 

related to manufacturing and materials improvements. [199] Development of new 

materials both reduced cost and provided a higher practical capacity while maintaining the 

same cell format, such as the transition from pure carbon anodes to silicon graphite designs. 

[221] While combining new technology with more efficient manufacturing techniques has 

clear benefits, the marriage of these two approaches is often time consuming and labor 

intensive.  

 

Some of the lessons learned from the evolving LIB studies are directly applicable to the 

development of all solid-state electrolyte, such as electrode architecture and porosity. 

Although some aspects can be directly translated to all solid-state battery production, 

aspects related to the electrolyte such as electrode interfaces and ion diffusion may need to 

be completely reinvestigated. The most challenging aspect of this transition to solid state 

electrolyte will be how to manufacture the electrolyte with acceptable ionic conductivities 
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and mechanical performance on an industrial scale. [21] It is this juncture that will 

foreseeably be the most costly and time consuming aspect of ASSB development.  

Current approaches differ depending on the type of solid electrolyte but share some basic 

characteristics, turning precursor materials into a solid ionic conductor with low electronic 

conductivity. Typically, oxide and sulfide type solid electrolytes display higher room 

temperature conductivities compared to polymer type and thus have garnered substantial 

interest. [21, 222] These ceramic electrolytes are commonly made via conventional solid 

state reaction and subsequent pressing and or sintering. [214, 222] Not only is this process 

labor intensive, but it is also expensive. With sintering temperatures as high as 1250 ℃ 

and times on the order of 10 hours, this process adds considerable cost to electrolyte 

production. [21] As a result, a number of studies aim to reduce both the time and 

temperature required to engineer an electrolyte candidate, some going as far as to eliminate 

this process entirely. [218] Polymer solid electrolytes can omit this costly processing step, 

but display lower ionic conductivities at room temperature, an issue that is being addressed 

by creating composite polymer/ceramic electrolytes. Following are major areas of interest 

within the all solid-state production discussion. Each topic has seen substantial progress, 

but still requires improvement.  

 

High Temperature Materials Processing 

 

Oxide type solid electrolytes, namely LLZO, require high temperature sintering to achieve 

proper densification and sufficiently high ionic conductivity. [223] Sintering temperature 
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has also been linked with sufficient suppression of dendritic growth. [224] With processing 

temperatures in excess of 1000 ℃, sintering makes up a substantial portion of the overall 

production cost of such ceramics. [21] Although costly, high sintering temperatures can 

aid in the densification of the electrolyte, but also catalyze lithium evaporation. [225] 

Evaporation of lithium directly effects ionic conductivity and can be mitigated by covering 

the material in mother powder. [225] The constraints of temperature effects on structural 

formation are also important to determine. LLZO for example has been shown to take two 

separate crystal structures, the cubic Ia3d or tetragonal I41/acd, depending on sintering 

temperature and technique. [226, 227] Although this change in crystal structure is critical 

to the resulting ionic conductivity of the electrolyte, the mechanism by which the structure 

is transformed is still unknown. [228]  

 

One of the most challenging issues surrounding high temperature production of oxide 

based solid electrolytes is the lack of a clearly defined protocol. [223, 225, 229, 230] This 

in some ways is advantageous as there is some apparent flexibility, but makes the results 

involving different sintering temperatures, sintering times, and techniques difficult to 

compare. As the number of studies increases, clear trends are emerging. The use of 

aluminum in order to lower the sintering temperature and promote the highly conductive 

cubic phase being perhaps the clearest. [79, 230] Further work on reducing sintering 

temperature while maintaining the highly conductive structure. Although some promising 

results have been reported, further research is necessary to optimize production.  
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Processing of Sensitive Materials 

 

Sulfide based solid state electrolytes are promising candidates as they can be processed 

without high temperature sintering and display more flexibility than oxide based 

electrolytes. [200] Sulfide based systems can be fabricated through a room temperature 

pressing procedure where constituent powders are subjected to high pressure (20-30 GPa) 

in order to achieve densification. Sulfide electrolytes also exhibit higher room temperature 

conductivities, on the order of 10−4 Scm−1, making them an ideal candidate. [200] Although 

sulfide-based electrolytes have considerable advantages, they also require special 

precautions, namely high reactivity in ambient conditions. Sulfide electrolytes must be 

fabricated and handled in inert atmospheres as generation of dangerous H2S gas can form 

as a result of exposure to humid air. [203] Sulfide electrolytes also present problems with 

interfacial stability, with a narrow stability window sulfide electrolyte can decompose at 

potentials typically used for LIBs. [80, 203, 204] Scaling up cold pressing techniques and 

associated inert processing conditions is non-trivial and remains to be resolved.  

 

Sulfide based electrolytes are not alone in their instability in air. Some oxide based 

electrolytes, such as LLZO, have also demonstrated instability in air, creating a Li2CO3 

insulating layer upon exposure to humid air. [83, 231] Although LLZO is typically 

processed and sintered in air to develop the correct crystal structure, it has been 

demonstrated that humid air degrades the mechanical and ionic properties of this solid 

electrolyte, with a pronounced effect at grain boundaries. [232] This sensitivity leads to 
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degradation of mechanical properties as well as a reduction of ionic conductivity, 

reportedly through a proton exchange mechanism between water and LLZO. [232] 

Polymers typically enjoy less restrictions with respect to processing conditions, in some 

cases being fabricated and even cycled in ambient conditions. [233]  

 

Ionic Conductivities 

 

One of main areas of improvement identified for solid electrolytes is their low ionic 

conductivity. Compared to conventional liquid electrolytes, typically a lithium salt such as 

LiPF6 in organic solution, solid electrolytes exhibit much lower ionic conductivities. [83] 

The highest solid state electrolyte ionic conductivity reported belongs to the sulfide based 

glassy electrolytes, 2 − 27 × 10−3 Scm−1, comparable to the ionic conductivity of the typical 

LiPF6 in organic solution, 5 − 20 × 10−3 Scm−3. [21, 200, 234] However, even though 

sulfide electrolyte approach the range of ionic conductivities required for vehicle 

applications, they still have interfacial stability issues as well as processing sensitivity 

concerns. [80, 203]  

 

Although promising, ionic conductivities of oxides are still limited to 0.25 − 1 × 10−3 

Scm−1. [21] Oxide electrolytes can achieve sufficient ionic conductivities if processed 

correctly, but their ionic conductivities show a dependence on processing technique. Bulk 

ionic conductivity of ALLZTO is accepted to be 5 × 10−4 Scm-1, whereas ALLZTO 

obtained via aerosol deposition only displays room temperature ionic conductivities of 2 × 
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10−7 Scm-1, a three orders of magnitude difference. [218] Between these values lies the 

ionic conductivity of screen printed LLZONb, 2 × 10−6 Scm-1, compared to the bulk ionic 

conductivity of LLZONb, 8 × 10−4 Scm−1, a slightly less egregious difference of two orders 

of magnitude. [235, 236] Sintering can help improve aerosol deposited ALLZTO, but then 

the expensive sintering step that had been avoided is reintroduced. Differences in ionic 

conductivity are attributed to film strain within the ceramic electrolyte, which can be 

remedied by high temperature treatment. [218] 

 

Ionic conductivities of oxide-based systems are also highly dependent on crystal structure. 

For example, cubic LLZO has an ionic conductivity that is two orders of magnitude higher 

than tetragonal LLZO, which is achieved when doped with aluminum during the 

production process. [226, 227] Although the dependence on crystal structure is clear, the 

stable structure of some compounds are not always clear. [224] In addition to crystal 

structure, crystal formation is also important to consider when discussing ionic 

conductivity. Grain boundaries introduce resistance within the cell, therefore, attention 

some attention has been shifted to how grain boundaries can be optimized to exhibit 

minimal resistance. The addition of silicon in the preparation process has been shown to 

help reduce the grain boundary resistance, and subsequently improve ionic conductivity of 

LLZO, for example. [229]  

 

Polymer electrolytes display the worst ionic conductivity of all solid electrolytes, 1 − 15 × 

10−5 Scm−1. [21] Despite their low ionic conductivities, polymer electrolytes have been 
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implemented in vehicle batteries with some success. [21] Polymer electrolytes do exhibit 

higher ionic conductivities with elevated temperature, necessitating external components. 

Polymers also allow for increased flexibility, potentially opening the door to combinations 

of oxide electrolytes and polymer electrolytes, creating a composite electrolyte that 

maintains the higher ionic conductivity of an oxide system and mechanical properties of a 

polymer system. Regardless of the electrolyte type, ionic conductivities, particularly room 

temperature ionic conductivities, require improvement in order to compete with liquid 

electrolyte. Doping oxide or sulfide systems have proven to increase ionic conductivity in 

these systems, but further improvements are needed. [218, 235, 236]  

 

Aerosol Deposition 

 

In a typical aerosol deposition scheme, constituent ceramic powers are placed in a fluidized 

bed and transported by pressure difference or carrier gas to the deposition chamber. These 

powders pass through a nozzle above 150 m/s and subsequently collide with the substrate 

resulting in fragmentation of the original particle into fragments. These nano-sized 

fragments are subsequently compressed by incoming particles resulting in a thin film with 

high density. [237-241] The film is presumably formed by new interfaces creating chemical 

bonds upon fracture. [239] Major advantages of this process include no requirement for 

heating or sintering, lack of binder, and highly tunable final thickness. [238] Resulting 

films typically display little surface cracking and high adhesion, but deposition rates are 
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very low, 10 mm3/min, resulting in a far slower process compared to other techniques. 

[206, 239]  

 

Aerosol deposition has seen success in deposition of cathode and anode active materials 

and some solid-state applications, such as LLZO. [218, 237, 239, 242-250] When applied 

to LLZO, this type of deposition still requires the high temperature calcination process but 

can forego the costly high temperature sintering step after the film has been constructed. 

Although thin films can be reliably constructed, the resulting ionic conductivities of these 

aerosol thin films is considerably lower than rated bulk ionic conductivity. [218, 239, 243] 

Notably, aerosol deposited cubic ALLZTO displayed an ionic conductivity before post 

treatment of only 2 × 10−7 Scm-1, three orders of magnitude lower than the accepted bulk 

ionic conductivity of 5 × 10−4 Scm-1. [218] In some cases, this low ionic conductivity can 

be increased with the addition of a sintering step. [218, 239] Although this step aids in 

increasing the ionic conductivity, the result is still an order of magnitude lower than bulk 

ionic conductivity and the time and energy intensive sintering step is reintroduced, adding 

considerable cost.  

 

Although film thickness can be highly controlled and kept within the 10 - 100 μm range, 

low ionic conductivities and long deposition times make this technique difficult to scale. 

[206, 218, 239] At bench top scale, this approach can produce acceptable solid state 

electrolytes, but implementation at industrial scale will require either large deposition 

chambers or sacrificing quality of the thin film by increasing deposition rate. [206]   
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Lithium Metal Anode 

 

More things and stuff and words and information.  All solid-state LIBs make possible the 

implementation of lithium metal as an anode candidate. Lithium metal has a much higher 

theoretical specific capacity of 3860 mAh/g, an order of magnitude higher than the 

achievable specific capacity of graphite, 370 mAh/g. [81, 83, 199, 207, 221] The drastic 

increase in specific capacity makes all solid state batteries competitive with the specific 

energy and energy density of conventional LIBs all while eliminating safety concerns 

associated with liquid electrolyte. [21] 

 

Implementation of a solid electrolyte, particularly a ceramic type electrolyte, makes 

possible the use of a metallic lithium anode. [21, 81, 199, 206, 207] The use of a pure 

lithium anode has the potential to in- crease the specific energy of a cell by up to 53% when 

using all solid state electrolytes and can reduce the overall anode thickness by 75%. [199] 

Although the specific capacity of pure lithium is an order of magnitude greater than the 

typically used graphite anode, pure lithium has not been used in conventional LIBs due to 

dendrite formation and subsequent internal short circuits. All solid-state batteries, 

particularly oxide-based ceramics, are able to prevent dendrites from reaching the cathode.  

[21, 81, 199, 206] 

Although lithium metal is a promising candidate for anode active material used in all solid-

state batteries, serious obstacles still need to be overcome. Sulfide based electrolytes have 
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displayed electrochemical instability when cycled with lithium metal anodes, suggesting 

an SEI type layer may be required to inhibit further decomposition. [78, 80, 199] Unlike 

sulfide based solid electrolytes, oxide based electrolytes have displayed resistance to 

decomposition when paired with metallic lithium anodes, showing stability up to 8 V. [21] 

Lithium anodes in polymer electrolyte cells have seen some success, but dendrites can still 

puncture the polymer electrolyte, requiring slow charge rates. [207] When using pure 

lithium in a solid state cell, the low melting temperature of lithium (180.5 ℃) should also 

be considered, as most solid state electrolytes display best ionic conductivity at elevated 

temperature. [207] Although these temperatures are considerably lower than the melting 

point of lithium, typically under 100 ℃, thermal runaway may constitute an issue. Pure 

lithium is also an expensive material and lithium foils suitable for anode applications must 

be very thin, on the order of 10 - 100 μm, a constraint that further increases the material 

cost associated with lithium anodes. [199, 206] 

 

As an alternative to purchasing lithium foil directly, ideas of in-house processing or in-situ 

plating have been proposed as cost reducing measures. [206] In-situ construction of the 

anode is a promising approach that uses excess lithium from cathode active material to 

plate a lithium metal anode during formation cycling. Ideally resulting in a thin and uniform 

pure lithium anode without the need for expensive and time consuming lithium metal 

processing. [206] These approaches have the potential to introduce a lithium metal anode 

without incurring expensive processing costs, but further investigation is required to ensure 
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dendrite formation along grain boundaries, in the case of LLZO for example, are not 

detrimental to long term use and safety. [21]  

 

In order to advance this technology, a new processing technique for obtaining oxide or 

sulfide solid state electrolytes is needed. Devising a technique for adhering these 

electrolytes to electrodes is also crucial as delamination initiated by volumetric changes 

within electrodes during charging and discharging is a major concern. [21, 199, 221] 

Ultimately this new processing technique would allow for a combination of solid-state 

electrolytes in a solid state composite that would likely be infiltrated into a structured high 

capacity cathode. A composite electrolyte would potentially provide the mechanical 

flexibility of a polymer electrolyte and the high ionic conductivities of oxide-based 

electrolytes. Infiltration could be accomplished via combining the uncured polymer gel and 

power solid electrolyte and coated directly onto an existing structured cathode. The use of 

a lithium anode would also be ideal; however, a cost effective and safe deposition technique 

would be required.  

 

Full Scale Manufacturing Methodology 

 

Conventional LIB production utilized roll to roll manufacturing techniques, such as slot-

die coating, to cast wet inks or slurries onto a current collector backing that will then be 

dried, calendared, and punched into final electrodes. This type of processing is fast, cost 

effective, and provides reliably high-quality end products. The technology is also highly 
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scalable, moving from doctor blade hand coatings to industrial sized slot-die coatings, the 

same general principle is involved. While transitioning to solid state battery production, 

the incorporation of roll-to-roll manufacturing can help maintain the high speed and high-

quality production without having to reinvent or reacquire expensive infrastructure.  

 

In order to maintain the roll-to-roll processing technique, solid state electrolyte either need 

to conform to the roll-to-roll process, as is currently under investigation with co-sintering, 

co-curing, and green tape casting techniques, or be incorporated in end of line assembly 

techniques, popular with oxide and sulfide based electrolytes. Regardless of electrolyte 

type, maintaining the roll-to-roll manufacturing techniques can be critical to the 

widespread adoption of solid-state batteries. Below are proposed full scale manufacturing 

techniques for each major type of solid-state electrolyte. Each methodology attempts to 

incorporate existing manufacturing techniques in order to minimize the need for new 

equipment.  

 

Polymer Based Electrolytes 

 

Polymer electrolytes are perhaps the easiest to implement in a full-scale conventional LIB 

manufacturing setting as they can be coated as a slurry and either thermally cured or cured 

via UV or e-beam techniques. This can be accomplished in either two distinct coating steps 

or via dual slot die coating, where the cathode and electrolyte slurry are cast and cured 

together. Coating the two layers separately would require two passes or two machines. 
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While coating the electrolyte layer, the polymer slurry ideally would be infiltrated into a 

structured cathode layer in order to promote a durable interface and improved contact area. 

Infiltration may not be optimal without adequate pressure or time to fill voids in the cathode 

structure before curing. If a dual slot-die approach were taken, it is unclear how the 

interface would cure and to what extent the two slurries would be intertwined. This a key 

point that needs to be investigated when considering co-sintering or co-curing of electrodes 

and polymer electrolytes.  

 

When considering polymer electrolytes, a silicon graphite anode is likely to be used as 

polymer electrolytes have displayed limited stability against lithium metal anodes and 

dendrites have been shown to eventually puncture polymer electrolytes. With a 

conventional anode material in use, the same slot die coating technique can be employed, 

again in two distinct manners. First, the now cured cathode-electrolyte composite can serve 

as the substrate onto which an anode slurry is coated and dried, providing maximum 

infiltration and leaving the current collector for last. Secondly, the anode can be cast 

completely separate from the cathode-electrolyte composite and the resulting anode can be 

introduced later in the assembly process, sacrificing infiltration between the anode and 

electrolyte, but ensuring optimal adhesion at the anode current collector interface. In the 

case of polymer electrolytes, theoretically the order of operations can be reversed, first 

coating the anode and electrolyte and saving the cathode for the last step without sacrificing 

generality. However, in order to ensure no generality is lost, this claim should be tested.  
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The inert nature of polymer electrolytes in air allows the processing of this material in 

ambient, or preferably dry, conditions that already exist for electrode fabrication. This 

makes the transition from conventional LIB production to solid state battery production 

relatively straight for- ward, even enabling the continuation of current assembly methods 

after electrode and electrolyte preparation. However, there are downsides, none more 

critical than the poor room temperature ionic conductivity of polymer solid electrolytes. 

Industrial production of polymer electrolyte based solid state batteries is not new, the 

technology has already been industrialized. [21, 206] The technology does have substantial 

room for improvement, however.  

 

Oxide Based Electrolytes 

 

Oxide based solid electrolyte manufacturing likely cannot fully incorporate roll to roll 

manufacturing techniques like polymer-based electrolytes can. Due to the high temperature 

sintering requirements of most oxide-based electrolytes, the most likely manufacturing 

approach will be creating the electrolyte in a separate sintering step and then only after 

calcination and densification, affix the electrodes. This can happen in two general ways, 

full component marrying or component addition. In a full component marrying scheme, 

the electrode and electrolyte will be fabricated completely separate from each other and 

only when fully formed, will the components be assembled to produce a battery. This is 

indicative of current LIB production methods. In a component addition method, the 

electrolyte would first be produced, followed by addition of an electrode slurry. In this 
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case, the battery will be built up one operation at a time. This would allow for increased 

infiltration of the electrode slurry into the dense electrolyte, creating a superior interface.  

 

Incorporating an oxide type solid electrolyte in a roll-to-roll methodology would be rather 

challenging as the resulting electrolytes are mechanically rigid. For this reason, the 

prospect of coating an electrode directly onto the electrolyte is not scalable to industrial 

techniques. More plausible is separate fabrication of each component before final 

assembly. Proposed is two separate lines responsible for electrode fabrication via roll to 

roll manufacturing and separate electrolyte synthesis. Once the electrodes and electrolyte 

are rendered to the final specifications, they can be combined in a cell assembly area.  

 

It should be noted that the processing environments for both electrode and electrolyte 

should be low humidity as both active material particles and oxide based solid electrolytes 

are susceptible to humid conditions. With the inclusion of oxide based solid electrolytes, 

metallic lithium becomes viable as an anode option. Metallic lithium would also command 

a dry, potentially inert, processing environment similar to the electrolyte and active 

material. Depending on the choice of processing environment, the use of metallic lithium 

may be responsible for an overall cost increase. With some risk mitigation however, the 

addition of a metallic lithium anode can improve the energy density considerably and 

should be pursued. Thus, it is recommended that lithium metal processing capabilities be 

included in this manufacturing paradigm. The most reasonable method of introducing a 

thin, cost effective, and pure metallic lithium anode would be through melt processing. 
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With the low melting point of lithium, a heated surface, ideally within an inert environment, 

could melt lithium and the partially fabricated cell would be placed in the melted material. 

The result would be a thin, uniform, layer of lithium to serve as the anode.  

 

Although these processing techniques are straightforward, they are expensive. Cost 

reduction centered around electrolyte sintering is imperative in order to achieve a cost-

effective production technique. It is recommended that this methodology be pursued along 

with cost reduction studies.  

 

Sulfide Based Electrolytes 

 

Sulfide based electrolytes have the highest reported ionic conductivities and do not require 

high temperature sintering, making them attractive candidates for solid state batteries. 

Although the potential for sulfide electrolytes is clear, there are clear processing concerns 

that make this technology difficult to scale to industrial methods. Current sulfide electrolyte 

fabrication techniques require argon filled environments to avoid generation of H2S gas 

and maintain a pristine sample surface. This technique also requires cell assembly in the 

same environment, resulting in cathode, anode, and cell housing materials all being 

transferred into the inert environment. On a bench top scale this is easily permissible, 

however when the speed and size of the operation is increased, the technique quickly 

becomes cumbersome.  
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Scaling up the manufacturing techniques for sulfide-based electrolytes would require a 

massive shift from conventional roll to roll manufacturing. Although electrodes could still 

be produced via roll-to-roll techniques, the rest of the assembly and synthesis would require 

new infrastructure, likely in the form of dry room type space, but with an inert atmosphere 

rather than low humidity. Within such an environment, human intervention would 

unethical and impractical, thus automated assembly would be required. Automated 

synthesis, processing, and assembly is not impossible but could introduce exorbitant cost. 

From construction of a dedicated inert room to the cost of purging and maintaining the 

atmosphere similar to how a glove box would operate, to the procurement and 

implementation of a fully automated assembly line, this method would quickly add 

considerable cost to production. For this reason, any increases in energy density would be 

offset by increases in processing cost. Although possible, the implementation of a full-scale 

sulfide electrolyte manufacturing line is not recommended.  

 

Processing Considerations 

 

Unlike conventional LIBs, processing costs comprise the bulk of expenses associated with 

solid state LIBs. [21] As such, reducing production cost is the most effective approach for 

reducing overall cell cost. With intensive electrolyte production at the heart of the issue, 

any attempt to reduce time and energy associated with sintering and drying can be very 

advantageous. Although reducing production cost is a very clear goal, the associated 

methods are non-trivial. Electrolyte processing is complex and any change in structural or 
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stoichiometric composition can drastically affect performance. As a result, various aspects 

of production should be identified for improvement and investigated individually.  

 

Improving processing of solid-state electrodes is critical to reducing cost while increasing 

quality. Several techniques have been investigated in some detail but warrant a full 

investigation. Improvement in one area would significantly impact how solid electrolytes 

are produced, but improvements in multiple area could be transformative. Each area of 

investigation could be framed into individual studies within a broader deep dive 

investigation and lead to multiple potential publication opportunities. In the following 

subsections various aspects of solid-state electrolytes are outlined and potential methods 

of improvement are described.  

 

Proposed are several studies that can be undertaken independent of each other, but when 

evaluated together provide a comprehensive understanding of processing parameters. Each 

study aims at improving or implementing a specific aspect of the overall processing regime 

and will be investigated with bench top and pilot scale processing equipment. A timeline 

of twenty months is recommended, allowing four months for each individual study and 

four additional months for manuscript preparation.  

Low Temperature Sintering 

 

With much of the associated cost in solid electrolytes related to the processing and not the 

materials themselves, any reduction in sintering temperature or time would prove 
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economically beneficial. [21] Currently temperature as high as 1250 ℃  are used but 

preliminary success in lowering this temperature has been reported. [222] Reported is a 

technique to lower the treatment temperature of the solid-state reaction to 950 ℃ for 30 

hours using B2O3 as an additive. Reducing the temperature may have detrimental effects 

on phase formation or structure as solid state synthesis is sensitive to changes in 

temperature. [226, 227] Alternatively, substitution of aluminum doping with the addition 

of tantalum has been shown to successfully produce LLZTO at a sintering temperature of 

1000 ℃. [226] LLZTO also exhibits an impressive room temperature ionic conductivity of 

3 × 10−4 Scm−1. [226] Before altering any parameter related to sintering temperature or 

time, a clearly defined processing technique should be established. Many similar 

techniques have been reported but comparing results from differing techniques adds in an 

unnecessary layer of complexity.  

 

Along with temperature considerations, evaluating pressure changes on formation may also 

be beneficial. Varying pressures during synthesis may be able to effectively lower sintering 

temperature considerably while maintaining proper structural formation. Achieving the 

correct reaction energy via a combination of temperature and pressure can potentially 

reduce the required temperature for the reaction to proceed. An autoclave can be used to 

control both pressure and temperature on an industrial scale. Identifying the effect of 

pressure on phase formation and crystallinity can lead to cost savings if increased pressure 

results in an accompanying decrease in processing temperature.  
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Varying the temperature and pressure will impact the stoichiometry as well as the structure 

of the resulting ceramic and thus would need to be evaluated for proper composition. A 

variety of temperature and pressure combinations, with grounding in theory, should 

provide insight into the lowest cost sintering conditions that produce high quality solid 

electrolytes. Performing tests in an autoclave on a pilot scale can easily be scaled up to 

industrial autoclaves.  

 

Polymer and Ceramic Composite Electrolytes 

 

Polymer and ceramic type solid electrolytes have very different mechanical properties 

while maintaining small differences in ionic conductivities when operated at optimal 

conditions. Ceramic type electrolytes typically have greater ionic conductivities, whereas 

polymer type electrolytes have superior flexibility, combining these characteristics through 

a composite structure can leverage both qualities. [83] Polymer type electrolytes are also 

easier to infiltrate into electrode material due to the lack of a sintering step. Because the 

two types of electrolytes each have notable strengths in different areas, it is only natural to 

attempt to combine them in a way that exploits each strength. Combinations of these two 

electrolytes can take multiple forms, but they all have the same goal of maintaining 

flexibility while increasing ionic conductivity.  

 

The appropriate approach for optimizing the combination of ceramic and polymer 

electrolytes goes far beyond simply grinding ceramic electrolytes and dispersing them in 
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polymer before curing. Although there is some evidence suggesting nano-sized particles 

are effective, the optimal processing conditions are not fully investigated but have been 

tied to particle size and concentration, suggesting both an optimal concentration and 

optimal particle size. [83, 251] Further, these two optimal parameters are not independent 

of each other, suggesting a family of particle sizes and concentrations that would be 

suitable. Regardless of particle size, compatibility with the electrode surface is required. 

With a fixed particle size for each electrode that differ between cathode and anode, 

compatibility with each particle may vary, finding an electrolyte particle size that is 

compatible with both cathode and anode structures will likely be non-trivial. This is further 

complicated when a lithium metal anode is introduced as some polymer electrolytes are 

not stable against lithium. [83]  

 

Production method is also important when considering combining different types of 

electrolytes. Creating a free-standing electrolyte via tape casting, making what is known as 

a green tape, allows subsequent assembly of individual layers. Although straight forward, 

this method can potentially lead to interfacial issues when cycled as the electrodes will 

vary in size during cycling and may delaminate from the electrolyte. Introducing the 

electrolyte during electrode coating via dual slot die can create intimate contact as the two 

media will cure together creating intimate contact. Similarly, each slurry mixture can be 

coated separately, first coating the electrode and once cured, coating the electrolyte. This 

infiltration technique allows the electrolyte to penetrate the cathode structure creating a 

network within the electrode, improving ionic conductivity.  
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UV and E-Beam Curing 

 

When considering the cost of thermal drying for electrolyte and electrode material, a less 

expensive and more targeted technology can be used to speed the drying process. UV-

curable polymers can be used in either electrode slurries or polymer electrolyte 

formulations and subsequently exposed to UV light to photo-initiate the curing process. 

[252] Not only does this technology remove the need for costly thermal heating, but it also 

speeds the drying process considerably, allowing for high throughput of material. Although 

this technology has obvious benefits, it also has major consequences. The use of UV light 

is non-trivial and demands increased safety precautions and equipment, which is followed 

by related expenses. This technique is also only practical with select binders, the binder in 

question must contain a photo-initiator in order to be compatible with UV-curing. Along 

with containing a photo-initiator, the binder must also be compatible with the respective 

medium it will be dispersed in. Solvent and active material considerations dominate the 

choice of binder in most cases and the selection of useable binders diminishes when more 

constraints are added to the system.  

The use of UV curable binders is already prevalent in polymer electrolyte manufacturing 

and can easily be scaled for industrial purposes. However, some aspects of UV curing have 

been left unanswered. Proposed is an in-depth study aimed at determining optimal curing 

time and bean energy. Determining how effective co-curing can be is also an area of 

elevated interest. If both electrolyte and electrode could be cured at the same time, the 
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interfacial contact should be much greater. A systematic study answering some of these 

questions would help round out the understanding of UV- curable binders for use in lithium 

ion and solid-state batteries.  

 

Although previously used in manufacturing applications, electron beam (e-beam) curing 

of materials is cost effective and fast technique for curing some polymer materials. This 

technique has proven useful in areas such as aerospace applications and can effectively 

replace thermal curing. [253] E-beam curing applications in LIBs have also shown success, 

replacing conventional binding agents with e-beam curable counterparts. [254] A common 

approach for manufacturing polymer electrolytes is UV-curing, requiring a photo-initiator. 

Using e-beam curable binders would eliminate the need for these materials and would 

allow for composite cathode- electrolyte structure to cured together as the penetration depth 

of e-beams exceeds that of UV techniques. Experiments focused on the infiltration and 

curing of polymer electrolytes in structured cathode materials can provide insight into how 

fast curing methods can be implemented in solid state manufacturing.  

 

Lithium Metal Anodes 

 

Lithium metal anodes have received a large amount of attention due to the potential energy 

density increases resulting from implementation. With a theoretical specific capacity of 

3860 mAh/g, lithium metal has an entire order of magnitude greater capacity when 

compared to conventional graphite anodes. [199] Lithium metal can also solve the 
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volumetric changes and subsequent interfacial delamination that effects graphite and 

silicon anodes during cycling. With the promise of increased cell capacity also comes the 

reality of interfacial stability. Both sulfide and polymer electrolytes have exhibited 

interfacial instability when paired with lithium metal anodes. Some oxide electrolytes, such 

as LLZO doped with silicon or aluminum, have demonstrated better stability against 

lithium metal, but grain boundaries have been shown to be susceptible to dendritic 

formations. [21]  

 

Deposition technique is also a major concern for lithium metal anodes. As lithium is 

sensitive to air and water, deposition of pure metallic lithium needs to be performed under 

inert conditions. Deposition techniques such as melt processing have created sufficient 

interfaces, but scalability is questionable. Physical Vapor Deposition (PVD) can be 

effective on small scale, but it’s expensive and time-consuming nature make it 

incompatible with large scale applications. In situ formation, where excess lithium in the 

cell is used to plate a metallic lithium anode, is promising but it is unclear how uniform the 

resulting electrode is and if it is stable throughout the life span of the cell. Required is a 

deep dive into metallic lithium anodes for each solid electrolyte candidate. Combinations 

of electrolyte or surface treatments may prove beneficial to abate interface instability for 

sulfides and polymers and should be pursued.  

 

Evaluation Techniques 
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As improvements to processing are pursued, evaluation of these improvements needs to be 

quantitatively assessed. Determining what effects any individual change has on the 

production of solid-state electrolyte is critical to determining which changes to institute. 

Following are a series of techniques that can be used to evaluate various aspects of 

performance, from ion conductivity to structural formation. Employed together, this suite 

of tests can effectively determine superior production methods for solid state electrolytes. 

Each method does not specifically apply to every varied parameter of production, rather, 

the tests mentioned are applicable to the specific aspects of production and can be 

combined to provide a comprehensive understanding of the effects of changing processing 

parameters.  

 

Electrochemical Impedance Spectroscopy 

 

Interfacial and charge transfer resistance are crucial to the performance of any LIB, but for 

solid state cells in particular. Introducing a solid interface between the electrodes creates 

two additional interfaces that can increase overall cell resistance. Electrical Impedance 

Spectroscopy (EIS) can be used to determine the interfacial and charge transfer resistances 

within a cell. EIS is a non-destructive evaluation technique that can easily determine how 

additional interfaces lead to increased overall cell resistance, a critical issue associated with 

all solid-state electrolytes. As new formulations or constructions are pursued, evaluation 

of the internal resistance is vital to determining which configurations will be useful.  
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Ionic conductivity of solid electrolytes is temperature dependent and typically display 

higher values at elevated temperatures. Some electrolytes may exhibit lower ionic 

conductivities at room temperature than they would at an elevated temperature. An ideal 

electrolyte candidate would maintain a high room temperature ionic conductivity, 

removing the need for external heat sources to achieve optimal ionic conductivity. 

Combining EIS testing with variable temperature climate chambers provides an 

understanding of how each candidate electrolyte performs as a function of temperature.  

 

X-Ray Diffraction Analysis 

 

When manufacturing a solid electrolyte, confirmation of the structure is important to ensure 

proper formation. XRD gathers structural formation by using diffraction to determine 

interatomic distances. By comparing these recorded distances to empirical spectra, the 

structure of the material can be determined. When producing solid electrolytes such as 

LLZO, the ionic and electronic conductivity depend on the phase formation of the garnet 

type electrolyte. As temperature varies, structural formation also changes, making XRD an 

important qualifier of production technique. When altering sintering parameters for oxide 

based solid electrolytes, the use of XRD to monitor the structure will allow for optimization 

of processing parameters.  

 

As temperature and pressure are varied during solid state reactions, reaction energies will 

differ and result in an alteration of structure or purity. As each temperature and pressure 
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are tested, XRD should be used to determine the phase purity of each sample. Once all 

samples have been tested, overall trends in phase purity can determine the optimal 

temperature and pressure parameters for producing oxide based solid electrolytes, such as 

LLZO.   

 

Neutron Scattering 

 

XRD can effectively determine most of the structural parameters of oxide or sulfide based 

solid electrolytes, but light elements, such as lithium, pose a challenge for this technique. 

[228] In order to determine the position of lithium in these structures a more sophisticated 

technique is required. Neutron scattering has a finer resolution when compared to XRD 

and thus can effectively identify lithium in the structure. These experiments can also be 

applied in situ, in order to understand ionic transport pathways. This technique, although 

not critical, can provide some valuable insight and should be performed if possible.   

Rate Capability 

 

For use in vehicle applications, solid state batteries must display acceptable high-rate 

discharge capacity. Cells are likely to experience discharge rates in excess of 2C-3C during 

acceleration and should also be compatible with fast charging currents in order to reduce 

overall charge time. By preforming rate capability testing, where the cell is subjected to 

increasing discharge rates as the charge rate is held constant, helps characterize each cells 
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ability to provide power when needed. After high-rate cycling, recovery cycles at a lower 

discharge rate can show to what extent irreversible reactions or mechanical degradation 

occurred.  

  

Long Term Cycling 

 

Solid state batteries may have the advantage of skipping a costly formation process 

depending on construction, however, this does not mean they are immune to side reactions 

or mechanical degradation. Particularly in the case of LLZO and lithium metal 

combinations, LLZO has been shown to be stable against metallic lithium anodes, but 

dendrites can still propagate along grain boundaries, typically rich in aluminum or silicon 

from processing techniques. Side reactions such as this do not compromise a cell 

immediately, rather it takes a sufficient number of cycles for the dendrite or other side 

product to form. Long term cycling coupled with postmortem assessment can determine 

what, if any, side reactions were present and how they contributed to cell failure.  

Long term cycling is time consuming and requires both space and energy to conduct, 

however, it can provide insight in cell failure modes and determine an expected cycle life. 

By cycling cells to failure and subsequently analyzing reaction products and mechanical 

properties of the electrolyte and electrodes, the specific failure mode and contributing 

factors can be determined and lead to a better understanding of chemistry within the cell. 

Long term cycling should be complimented with techniques such as XPS and Raman in 
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order to determine chemical composition at each interface. Mechanical properties, such as 

adhesion and tensile strength of the electrolyte may also be insightful. 

 

Three Year Assessment 

 

The field of solid-state lithium batteries is a quickly evolving and deeply dynamic field. 

Changes in any part of the state of the art can prove transformative of the area as a whole. 

If the recommended studies above are undertaken and have any success in furthering the 

implementation of solid-state lithium batteries, the impacts would be wide ranging. Within 

three years it is anticipated that lithium metal anodes can be successfully implemented with 

oxide solid electrolytes in order to improve energy density and safety of lithium based 

secondary storage batteries. It is also anticipated that the overall processing temperature, 

and subsequently cost, of oxide based solid electrolytes is considerably reduced. Although 

it is unlikely that one type of solid electrolyte will have a complete market share of the 

solid-state battery industry, it is likely that one will have a majority share of the 

marketplace. In three years’ time it is likely that oxide based solid electrolytes, namely 

LLZO and closely related formulations, will comprise much of the research interest. 

Although oxide-based electrolytes will likely comprise a large percentage of the solid-state 

market, other types of solid electrolyte should still be investigated.  

 

In three years, the aim of these prosed studies is to have optimized the anodic and cathodic 

structure and formulation for use in solid LIBs. Optimization of the electrolyte is a much 
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more arduous task that will unlikely be complete in three years. However, the 

implementation of solid electrolyte will likely be commonplace and have electrochemical 

results rivaling todays conventional LIB results. With current advancements in the state of 

the art, this goal is likely achievable, but it will require a concerted effort by multiple teams 

and sufficient funding to be successful. 
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CHAPTER VII 

BENEFITS OF SOLVENT REPLACEMENT IN PEO BASED SOLID 

POLYMER ELECTROLYTES CONTAINING LITFSI  
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Abstract 

 

Solid state electrolytes are gaining significant interest as the dangers of LIBs have become 

clear. This has resulted in a large shift of research interest to the production and 

optimization of various types of solid electrolytes, including solid polymer electrolytes. As 

these materials are typically produced using toxic solvents, there is a large potential to 

investigate the use of benign processing techniques developed initially for LIB 

applications. This study investigates the potential of aqueous processing or solvent free 

processing to replace the typically electrolyte production technique involving acetonitrile. 

Presented are comparable mechanical and electrochemical performance while also 

realizing a significant reduction in processing time and cost.  
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Introduction 

 

Lithium-ion batteries (LIBs) have become critical to every day operation and a major driver 

in the transformation of mobility in the past few decades. [1] With the prominence of 

electrified mobility and quickly developing applications of LIBs, safety of operation has 

become a major concern after several high-profile incidents in the past few years. [255-

258] These risks are attributed to the flammability and potential for fire events associated 

with the liquid electrolyte that is typically employed in LIBs. Cells typically fail either due 

to manufacturing defects or dendritic growth causing separator breakthrough as the cell 

ages. The electrolyte has the potential to make a short-circuit failure into a much larger 

safety concern. [82] These safety concerns only increase as the size of the battery increases 

and as the vehicle market for LIBs in increasing at an astonishing rate, the need for energy 

storage technology that is intrinsically safe is clear. [195, 196] 

 

As the risks associated with liquid electrolytes have become apparent, solid-state 

electrolytes have come back into favor for vehicle applications. Transitioning to solid-state 

electrolytes removes the risk of potential fire events associated with liquid electrolytes and 

can potentially lead to more environmentally benign cells by eliminating LiPF6. [58, 259] 

Although solid-state electrolytes provide improve safety and mechanical properties and 

eliminate the need for a separator layer, they have yet to match the conductivity and 

electrochemical performance of liquid electrolytes. [197-202] Optimizing the 

electrochemical properties of solid-state electrolytes is crucial for implementation in 
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automotive applications and widespread adoption. Various types of solid electrolytes are 

currently under investigation for vehicle applications, some of which have already been 

commercialized. The three main types of solid electrolytes that are widely regarded as the 

most promising are polymer type electrolytes, solid garnet type electrolytes, and sulfur 

based solid electrolytes. [199, 203] 

 

Polymer electrolytes are generally easier to produce and provide relatively high ionic 

conductivities. Typically, they are comprised of an ionically conductive lithium salt in an 

electronically insulating polymer matrix, such a polyethylene-oxide (PEO). [208, 214] This 

makes them a suitable candidate for replacing the conventional liquid electrolytes used 

today. Polymer electrolytes, however, have an increased susceptibility to dendritic 

breakthrough as they are amorphous in nature. [77] Although such breakthroughs would 

lead to safe failures, they pose an issue from a reliability standpoint. Polymer electrolytes 

also only exhibit ionic conductivities on the order of liquid electrolytes at elevated 

temperatures, which would be difficult to maintain in a package appropriately sized for 

vehicle use. [83, 201, 202, 213] 

 

Garnet type solid electrolytes and sulfur based electrolytes are both dense electrolytes that 

are capable of withstanding dendritic breakthrough and as a result are areas of high research 

activity. [83] Although mechanically attractive, these electrolytes do not yet exhibit ionic 

conductivities that are competitive with polymer electrolytes. They require much more 

energy intensive processes to produce due to high temperature processing requirements 
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and material sensitivities. [21, 198, 199, 203-206] These are the main areas of research 

interest for lithium lanthanum zirconate Li7La3Zr2O12 (LLZO) type and sulfur-based 

electrolytes and have recently seen great improvements in both ionic conduction as well as 

processing optimization. Interfacial instability between the electrolyte and electrodes, 

either a lithium metal anode for maximum energy density or nickel rich transition metal 

oxide cathode have also proved difficult to mitigate for all three types of solid electrolytes. 

[198, 199, 203, 207, 260] The most likely solution to the solid-state electrolyte problems 

posed by polymer and ceramic types of electrolytes is a composite electrolyte that seeks to 

leverage the benefits of each electrolyte type while minimizing their detriments.  

 

With polymer electrolytes readily producible, they are poised to play a large role in solid 

state batteries for the foreseeable future. These types of electrolytes however are typically 

produced using acetonitrile (ACN), a toxic substance that can be metabolized into cyanide 

among other hazard concerns. [261, 262] Not only are there safety risks associated with 

ACN, but there are also clear cost advantages as well. ACN based electrolytes are typically 

cast and allowed to cure for multiple days or weeks until fully set. [263, 264] This time-

consuming process is not industrially viable on a large scale.  

 

In an effort to both optimize the bis(trifluoromethanesulfonyl)imide (LiTFSI) content for 

increased ionic conductivity and implement a benign processing solvent, three different 

processing techniques are investigated in this work. First, the typical solvent, ACN, is used 

to cast electrolytes and is used for a baseline comparison. Second, deionized (DI) water as 
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a solvent coupled with freeze tape casting and hot pressing is utilized to obtain a benign 

electrolyte system as both PEO and the lithium salt lithium LiTFSI are miscible in water. 

[265] Freeze tape casting was employed to quickly and effectively sublimate the water out 

of the polymer matrix. Hot pressing was used to obtain a sufficiently dense electrolyte.  

Third, solvent is omitted entirely to determine if solvent free techniques are viable. 

Eliminating solvent entirely not only has the potential to reduce material cost, but also 

reduce processing time considerably. In all three cases, the lithium salt concentration was 

varied from 0 to 80 wt% while the PEO concentration in solvent was kept constant at 5 

wt% to determine an optimum concentration for use in solid state batteries. As the choice 

of solvent has been shown to impact ionic mobility in the polymer electrolyte, the effects 

of solvent replacement on not only the mechanical but also electrochemical performance 

is of interest. [266] PEO and LiTFSI were chosen as the model system as PEO readily 

conducts metal ions and the lithium salt LiTFSI has been shown to be highly conductive 

(10-3 S/cm2 at 90 ℃) and stable against lithium metal. [267]  

 

Methods 

 

Electrolyte Preparation 

 
Electrolyte solutions were prepared by mixing PEO (400,000 MW, Sigma Aldrich) with 

LiTFSI (99.95%, Sigma Aldrich) powders with the appropriate solvent. Both the PEO and 

LiTFSI powders were dried at 50 ℃ for 24 hours to ensure minimal excess water was 
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present before use in electrolytes. Either DI water (purified to 18 M cm using a Milli-Q 

Direct 8 purifier) or acetonitrile (ACN, 99.999%, Sigma Aldrich) were added to the 

mixture. All samples had a fixed weight percentage of PEO at 5 wt%. Samples were then 

mixed overnight on a rolling mill to ensure homogenous distribution of the components. 

For solvent free samples, the dry powders were mixed for 5 minutes using a high-

performance mixer (Retsch MM400). Acetonitrile samples were mixed with solvent and 

cast in a Teflon lined dish before being allowed to cure entirely at room temperature in a 

fume hood. This curing process took approximately two weeks in some cases. DI based 

samples were cast on Teflon in a freeze tape cast system (Glacigen) with a freeze bed 

temperature of -10 ℃. After two hours on the freeze bed, the samples were sublimated for 

24 hours to ensure all water in the system was removed. This however left a porous 

electrolyte network which is not ideal for polymer electrolytes. To remedy this, DI samples 

were hot pressed at 100 ℃ using 5 kN of force, resulting in dense electrolyte approximately 

100 μm thick in all cases. Solvent free samples were only hot pressed at 100 ℃ with 5 kN 

of force, skipping any curing or freeze tape casting procedure entirely. All samples were 

produced and stored in a dryroom with relative humidity 0.01% and dew point of -50 ℃.  

 

FTIR Characterization 

 

Chemical composition and bond formation was investigated using Fourier Transform 

Infrared Spectroscopy (FTIR, Bruker Alpha II). A wavenumber range of 4000 to 400 and 
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an average of 24 sweeps was used to obtain a single spectrum for each electrolyte sample. 

All samples were tested in a dry room to minimize water adsorption during testing. 

 

Cell Assembly and Ionic Conductivity Measurements 

 

Symmetric lithium|electrolyte|lithium coin cells were constructed for all samples to test the 

electrochemical performance of each electrolyte. Electrolytes were punched using an 18 

mm punch and assembled between two 16 mm diameter lithium chips (MTI) and placed 

between two stainless steel spaces with a spring to apply even stack pressure. Since the 

electrolyte was larger in area than the lithium electrodes, the electroactive area used in later 

analysis was taken to be that of the lithium chips. The electrolyte was oversized to reduce 

the risk of edge contact between the metallic electrodes. Cells were assembled in an argon 

filled glovebox to preserve the lithium electrodes. Electrochemical impedance spectra from 

each cell were obtained from 300 kHz to 10 mHz with a 10 mV perturbation voltage using 

a VSP (Biologic, USA). All cells were tested at 65 ℃ after being allowed to acclimate for 

6 hours. The ionic conductivity of each sample was calculated using the charge transfer 

resistance (𝑅0), the electroactive area (𝐴), and electrolyte thickness (𝑙) as shown in Figure 

31. The resistance of the cell was determined via Electrochemical Impedance Spectroscopy 

(EIS) and subsequent fitting using a model cell, presented in Figure 31. Cells were allowed 

to acclimate at the given test temperature for at least two hours before EIS testing was 

performed. The electroactive area for each sample was taken to be the area of the lithium 

chip (16 mm diameter punch). The thickness of each sample was measured with a  
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Figure 31: The model cell used to evaluate EIS spectra in order to calculate cell resistance 

for use in calculating transference numbers for each electrolyte. 
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micrometer. Conductivity was also measured via a permittivity analysis and is described 

in detail below. 

 

Dielectric Relaxation Spectroscopy 

 

Dielectric permittivity and conductivity values were calculated from EIS spectra obtained 

previously. Impedance values were used to calculate the real and imaginary components 

of the dielectric permittivity independently as given in Equation 16 and Equation 17 

respectively. [268] Here 𝜔  is the angular angular frequency and is derived from the 

measured frequency ( 𝜔 = 2πν)  where ν  is the frequency. Vacuum permittivity is 

represented by 𝜀0  and has a value of 8.85419 x 10-12 F/m. The real and imaginary 

components of the electrolyte impedance are given by 𝑍′ and 𝑍′′ respectively and were 

obtained from the collected EIS data. The thickness and area of the electrolyte are 

represented by 𝑙  and 𝐴 . As previously described, the thickness was measured with a 

micrometer and the electroactive area was calculated for the lithium chip with a radius of 

8 mm. The dielectric loss tangent as also calculated and is given in Equation 18. [269] 

 

Equation 16:    𝜀′ =  
𝑙

𝜔𝜀0𝐴

𝑍′′

(𝑍′2+𝑍′′2)
 

 

Equation 17:    𝜀′′ =  
𝑙

𝜔𝜀0𝐴

𝑍′

(𝑍′2+𝑍′′2)
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Equation 18:    𝑡𝑎𝑛(𝛿) =  
𝜀′′(𝜔)

𝜀′(𝜔)
 

 

 

Real and imaginary components of conductivity as a function of the angular frequency (𝜔) 

of the films was similarly calculated via Equation 19 and Equation 20 respectively. [270] 

 

Equation 19:    𝜎′(𝜔) =  𝜔𝜀0𝜀′′(𝜔) 

 

Equation 20:    𝜎′′(𝜔) =  𝜔𝜀0𝜀′(𝜔) 

 

 

Stripping Platting Measurements 

 

Stripping and platting measurements were performed current densities 5, 10, 20, 50, 100, 

200, and 500 μA/cm2, with each current density being applied for 1 hour alternating 5 

positive and 5 negative pulses for a total of 10 total pulses per current density. Each current 

density was applied for 1 hour each and all samples were tested at 65 ℃. Only samples 

with a molar ratio of 29:1 EO:Li was used for the stripping platting measurements as the 

conductivities of these samples was determined not only to be the highest regardless of 

preparation technique, but are also comparable in magnitude to each other.  
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Additionally, long term stripping platting measurements were performed at 50 μA/cm2 to 

monitor the increase in polarization as the electrolytes continue to cycle. Cells were tested 

for 100 total hours. 50 μA/cm2 was chosen as polarization differences were observed 

between electrolyte preparation technique beginning at this current density. Similarly, all 

long term testing was performed at 65 ℃. 

 

Results and Discussion 

FTIR Characterization 

 

Measured FTIR spectra for each sample are shown in Figure 32 (a)-(c). A sample spectrum 

for pure PEO powder and pure LiTFSI powder are also provided in at the bottom of each 

pane. For each preparation method the LiTFSI signal gradually increases as the weight 

ratio of LiTFSI is increased. This is expected as the relative signal will reflect the relative 

composition. Provided at the top and bottom of each cluster of signals are reported peak 

positions for PEO and LiTFSI respectively. The dotted lines at 840 cm-1, 960 cm-1, 1074 

cm-1, 1102 cm-1, 1233 cm-1, and 1342 cm-1 represent the C-O stretching, CH2 asymmetric 

stretching, C-O-C asymmetric, C-O-O symmetric stretching, CH2 symmetric, and CH2  
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Figure 32. FTIR spectra of a) acetonitrile processed samples, b) DI freeze tape cast and 

hot-pressed samples, and c) solvent free hot-pressed samples. 
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bending modes respectively as reported in literature. [271-275] Below the spectra are 

similar characteristic peaks for LiTFSI. These peaks are denoted by dotted lines as well at 

wavenumbers of 587 cm-1, 1049 cm-1, 1093 cm-1, and 1152 cm-1 for the CF3 asymmetric 

bending, S-N-S asymmetric stretching, S=O bonding, and C-SO2-N bonding modes of 

LiTFSI. [276] The spectra obtained are not only in good agreement with previously 

reported values, but they are also unaffected by either the change in salt concentration or 

the change of processing methodology. The bending, stretching, and bonding modes of 

both the polymer host and lithium salt being unaffected is expected as there is no evidence 

for an adverse reaction or deterioration at the composition is varied. However, these peaks 

demonstrate that the mechanical properties of both PEO and LiTFSI are not affected by 

processing methodology and is a promising result.  

 

The ability of PEO and LiTFSI to be processed in water without sacrificing mechanical 

properties provides evidence that commonly used toxic ACN can be replaced in favor of a 

benign processing solvent. Furthermore, samples processed with no solvent at all display 

comparable mechanical properties to those processed with solvent. This suggest that hot 

pressing is sufficient to lead to desirable polymer behavior. Considering typical ACN based 

processing can take multiple weeks to produce a thin film, transitioning to a DI based 

processes with freeze tape casting to ensure adequate water removal can save considerable 

amounts of time. [264] More time can be saved by eliminating solvent entirely as solvent 

free samples were produced in under 5 minutes and can be readily scaled to a roll-to-roll 

application through the use of hot calendering. From a mechanical standpoint, a strong 
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argument exists for replacement of ACN. This assumes adequate or improved 

electrochemical performance follows and is investigated in the following sections. 

 

Ionic Conductivity Measurements 

 

Ionic conductivity increases considerably when small amounts of lithium salt are added as 

the charge carrier concentration becomes higher. This is shown in Figure 33, as the LiTFSI 

concentration is increased from 0 wt% to 20 wt%, the ionic conductivity increases from 

below 10-6 S/cm to more than 10-4 S/cm at 65 ℃ for all preparation techniques. Although 

the ionic conductivity increases with increasing salt concentration initially, the ionic 

transport in polymer electrolytes is a function of segmental motion of the polymer and this 

mechanism is slowed at higher salt concentrations. [277] This results in a reduction in ionic 

conductivity as the salt concentration is increased. This decrease is also an effect driven by 

the ion pairing effect that occurs at higher salt, and consequently ion, concentrations. [271] 

This is observed as the ionic conductivity steadily decreases from the maximum of 10-4 

S/cm at an EO:Li ratio of 26:1 to less 10-5 S/cm above EO:Li ratios of 4:1. This trend is 

consistent across all preparation techniques, suggesting the interactions between ether 

oxygens and lithium ions is not affected by solvent choice or preparation method. As trends 

in the conductivity appear to be agnostic of preparation technique, the argument for solvent 

replacement in favor of dry mixing and hot pressing becomes stronger. Not only do samples 

produced without solvent show comparable ionic conductivities across a wide range of salt  
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Figure 33. Calculated ionic conductivities for each solvent presented as a function of salt 

concentration and EO:Li. 
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concentrations, but they also show improved performance in most cases. Since ionic 

conductivity is not the only concern when investigating conduction methods in solid 

polymer electrolytes, the performance of all samples is further investigated via dielectric 

relaxation spectroscopy (DRS).   

 

Dielectric Relaxation Spectroscopy 

 

The real and imaginary components of dielectric permittivity along with dielectric loss are 

shown in Figure 34. It can be seen from the imaginary component of permittivity that all 

samples are dominated by conduction, which is expected at the tested temperature. Within 

the frequency range investigated, the only identifiable relaxation mode is the Maxwell-

Wagner-Sillars (MWS) polarization. At the temperatures tested, the high frequency 

response did not contain alpha or beta relaxation modes and was not successfully fit using 

the Debye, Cole and Cole, Cole and Davidson, or Havriliak-Negami methods. [278-280] 

Varying the test temperature to obtain an Arrhenius response and extending the frequency 

range beyond the 300 kHz limit investigated here would assist in accurately modeling the 

relaxation response. The limitations of the frequency analyzer used did not allow for higher 

frequencies to be investigated and consequently the relaxation was not able to be fully 

modeled. 

 

A power law relation was applied to conductivity data within a range of 50 Hz to 8 kHz for 

most cases. In two cases (ACN 0.6:0.4 and CAN 0.4:0.6) slightly more constrictive bounds  
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Figure 34. Calculated trends for (a) the real component of dielectric permittivity, (b) the 

imaginary component of dielectric permittivity, and (c) the calculated dielectric loss 

tangent for all samples. 
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were applied. High and low frequency bounds were applied to avoid high and low 

frequency regions where the power law relation is not entirely valid. This relation is given 

in Equation 21. [281-283] Where is the 𝜎𝑑𝑐  dc ionic conductivity, 𝐴  is an arbitrary 

perfector, and 𝑛 is the fractional exponent. In all cases the data is accurately modeled by 

the low frequency conductivity response ( 𝜈 <  20 x 103 Hz) that is independent of 

frequency and a frequency dependent contribution at higher frequencies. This model is 

commonly referred to as so called universal dynamic response (UDR) of the system. [283] 

 

Equation 21:    𝜎′(𝜔) =  𝜎𝑑𝑐 + 𝐴𝜔𝑛 

 

Results from this model fit as well as the calculated real component of the conductivity as 

a function of frequency is show in Figure 35 (a). Parameters for the fits applied are shown 

in Figure 35 (b) as well as in Table 10. The calculated dc conductivity is in good agreement 

with conductivity measurements calculated previously using charge transfer resistance as 

shown in Figure 33. Furthermore, although the dc conductivity calculated for the 0.8:0.2 

PEO: LiTFSI samples for ACN and SF HP preparations are nearly identical, the highest dc 

conductivity calculated was actually for the 0.6:0.4 SF HP sample. Solvent free samples 

also have the lowest range of dc ionic conductivities compared to both the ACN and DI 

FTC HP samples.  

 

A clear frequency independent dc conductivity signal can be seen for all samples showing 

a wide operating range that is frequency independent. The ionic conductivity at high  
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Figure 35. Plots showing (a) derived conductivity as a function of frequency with a fit 

applied along with (b) calculated fit parameters applied to the derived conductivity data. 
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Table 10: Calculated conductivity power law fit parameters. 

Preparation 

PEO:LiTFSI 

Weight 

Ratio 

EO:Li Ratio 𝜎𝑑𝑐 (S/cm) 𝐴 𝑛 

ACN 

 

1.0:0.0 - 6.94E-08 3.55E-11 6.39E-01 

0.8:0.2 29:1 8.77E-05 6.38E-08 6.95E-01 

0.6:0.4 10:1 2.96E-05 5.96E-09 9.37E-01 

0.4:0.6 4:1 1.08E-05 7.36E-08 6.16E-01 

0.2:0.8 2:1 3.13E-07 8.26E-09 2.62E-01 

DI FTC + 

HP 

 

1.0:0.0 - 2.18E-08 1.72E-10 4.41E-01 

0.8:0.2 29:1 3.32E-05 2.28E-08 5.98E-01 

0.6:0.4 10:1 2.22E-05 2.00E-08 7.76E-01 

0.4:0.6 4:1 3.68E-05 6.90E-08 5.45E-01 

0.2:0.8 2:1 1.90E-08 1.10E-10 4.69E-01 

SF HP 

 

1.0:0.0 - 2.74E-08 4.01E-10 4.34E-01 

0.8:0.2 29:1 8.74E-05 1.55E-09 9.59E-01 

0.6:0.4 10:1 9.37E-05 1.31E-08 8.23E-01 

0.4:0.6 4:1 3.94E-05 2.84E-08 6.55E-01 

0.2:0.8 2:1 1.47E-05 1.57E-08 5.44E-01 

 



222 

 

frequency (𝜈 > 10 x 103 Hz) for all samples exhibits an upward trend, modeled by the 

power law portion of Equation 21. The fit parameter 𝑛 exceeds 0.5 for almost all samples, 

suggesting the concentration of mobile ions is moderate to high in all samples. [282] This 

also suggests that ion-hopping becomes more prominent in various samples as 𝑛 

approaches unity. [271] Maximum values of 𝑛 are observed at EO:Li ratios of 26:1 for the 

solvent free samples and 10:1 for samples produced with either ACN or DI as the solvent. 

This is in good agreement with the ion-hopping mechanism as the salt concentrations will 

directly impact the sites available for ion interactions. Interestingly the maximum 𝑛 does 

not occur at the same EO:Li ratio for all preparation techniques, suggesting increased 

interaction sites when solvent is used to produce these electrolytes.  

 

Furthermore, the onset of the upward trend occurs at different frequencies for various 

samples. As seen in Figure 35 ACN based samples display a consistent increase in onset 

frequency, increasing from 27 Hz to 220 Hz to 500 Hz for 0.4:0.6 (purple), 0.6:0.4 (orange), 

and 0.8:0.2 (green) PEO:LiTFSI ratios respectively. A similar trend is observed for DI 

samples, however in this case the onset frequency of the 0.8:0.2 PEO:LiTFSI composition 

is considerably lower than that of the 0.4:0.6 and 0.6:0.4 compositions, 127 Hz compared 

to 400 Hz and 350 Hz respectively. Solvent free samples exhibit generally high onset 

frequencies with the 0.8:0.2 (green) PEO:LiTFSI concentration being upwards of 1600 Hz. 

This implies the dc conduction mechanism is active over a wide range of frequencies and 

ion-hopping is not as easily induced in the solvent free samples as compared to the other 

two preparation techniques.  
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Stripping Platting Measurements 

 

Stripping and platting results shown in Figure 36 indicate that below a current density of 

50 μm/cm2 the polarization of all cells is similar across perpetration techniques. Only when  

the current density is increased to 50 μm/cm2 and beyond differences in polarization at 

noticed. The solvent free SF HP (green) sample displays a polarization that is larger than 

that of the samples produced with solvent. Samples produced with either solvent show 

comparable polarization at all current densities, suggesting a better degree of salt dispersion 

with samples that utilize solvent as a means of distribution. The voltage profiles in all cases 

and at all current densities is symmetric, a dotted line at 0 mV has been added to aid the 

reader in observing the symmetry. This indicates that the ion transfer through each sample 

is reversable. At a current density of 500 μm/cm2 the solvent free sample displays a lower 

polarization, but closer inspection suggests the cell is beginning to fail via dendritic 

breakthrough. The noisy signal and reduction in polarization are clear indicators the cell is 

no longer functioning as intended. Thus, this decrease in polarization is not thought to be 

real. What is clear, is that at all current densities each preparation technique results in 

highly comparable performance. Even though the solvent free (green) trend is shown to 

slightly underperform the samples prepared with either ACN or DI, the time and equipment 

cost savings realized by eliminating solvent from the production method provide a strong 

argument for pursuing and further optimizing such a technique.  
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Figure 36. Striping and plating data at various current densities. Each current density is 

separated by a dashed vertical line and the corresponding current density is listed near the 

bottom of the figure. 
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Long term stripping and platting is shown in Figure 37. Here each sample is tested with a 

current density of 50 μA/cm2 to observe the response over a wide time range. Initially all 

three samples exhibit similar polarizations with the DI sample (blue) having a larger 

polarization compared to either the solvent free (green) or ACN (red) based samples. The 

polarization of both the solvent free and ACN based samples remains relatively constant 

as the cells continue to cycle, occasionally developing soft shorts that lead to a reduction 

in polarization. These soft shorts appear to heal themselves as the cell continues to age. In 

the case of the DI based sample however, the polarization steadily increases as the cell 

ages, indicating an unstable interface between the lithium metal and electrolyte film. This 

is likely due to excess residual water that is potentially present in this sample. Although 

sublimation experienced during the freeze tape casting process removed most of the water, 

there is likely tightly bound water that has remained. This leads to interfacial instability 

and subsequent increases in polarization. This indicates the film drying process could be 

further optimized to avoid this side reaction but remains a promising technique and a good 

candidate for further development.  

 

Conclusions 

 

Three different preparation techniques for PEO and LiFTSI containing electrolytes were 

investigated for mechanical and electrochemical performance. These three preparation 

techniques were the typical two-week ACN based casting and curing approach, a DI based 

freeze tape cast and hot press technique, and a solvent free hot press only technique. Each  
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Figure 37. Striping and plating at 50 μA/cm2 for the first 100 hours for each electrolyte 

film preparation technique.  
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technique was evaluated across a wide range of salt concentrations. FTIR results show a 

minimal impact on bond formation between each preparation technique as well as a similar 

response to increasing salt concentrations across all solvents.  

 

Electrochemically each preparation technique resulted in comparable performance. Ionic 

conductivities followed an expected trend with an initial increase in ionic conductivity as 

salt is added in small amounts, followed by a decrease in conductivity as the salt 

concentration is further increased. This decrease is due to ion paring that limit the 

efficiency of the conduction and is a function of the dispersion of the lithium salt. Further 

investigating the permittivity and ionic conductivity as a function of frequency via DRS 

confirms the superior ionic conductivity of solvent free samples.  

 

Finally, stripping and platting measurements across a wide range for current densities show 

comparable performance across all preparation techniques for the sample with the highest 

ionic conductivity, which was found to be the same salt concentration for each preparation 

technique. Both the DI and solvent free samples exhibited poorer performance at the 

highest current density, suggesting the cells were deteriorating as dendritic growth 

progressed. 

 

Evidence has been provided making a case for replacing ACN with either DI as the solvent 

or eliminating the solvent entirely. The economic and environmental benefit for solvent 

replacement is clear and the mechanical and electrochemical performance of samples 
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produced via these techniques has been demonstrated. With solid polymer electrolytes set 

to become a significant part of the energy storage market, transitioning to environmentally 

benign processing techniques can save a considerable amount of time and energy without 

sacrificing performance.  
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CONCLUSION 
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This dissertation explores the development and optimization of aqueous processing as 

applied to ultra-thick electrodes made with nickel rich cathode active material. As the 

battery community continually strives for increased performance through material 

improvements and novel electrode structures, the need for a benign processing 

methodology should not be overlooked. As the typically solvent (NMP) is quickly being 

revaluated in terms of legality and is slated to be banned in various countries, exploring the 

relationship between DI water and electrode processing is an area of research that is quickly 

expanding and can revolutionize the field of electrode processing. Further, with more 

batteries in production that ever before, the environmental footprint of battery 

manufacturing has the potential to negate all environmental benefits realized from the 

technology if the manufacturing processes are not set up in an environmentally conscious 

manner.  

 

Chapter 3 explored the ability to produce ultra-thick electrodes produced with nickel-rich 

cathode active material (NMC 811). The addition of small amounts of mild acid 

(phosphoric acid) was able to reduce a well-known corrosion reaction and lead to improved 

mechanical and electrochemical performance. Although electrochemical performance was 

still poor compared to NMP processed counterparts, mechanically robust electrodes on the 

order of 8 mAh/cm2 had never before been practical to produce via aqueous processing due 

to the severe side reactions that had limited electrode thickness. Presenting a cost effective, 

in-line solution enables continued evaluation of such thick electrodes and paving the way 

to increased adoption of this processing technique.  
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With ultra-thick aqueous processed cathodes now achievable from the results of Chapter 

3, the improvement of performance for these electrodes was investigated in Chapter 4. The 

performance of LIBs has long been dependent on the energy density of the cell. The 

simplest way to increase the energy density of a battery pack is to increase the thickness of 

the electrode and reducing the number of inactive components required. This however 

leads to mass-transport limitations throughout the electrode and quickly leads to 

diminishing returns. Chapter 4 investigated the use of various electrode architectures to 

determine the optimal configuration for improved high discharge capacity. Not only was 

an optimal structure identified, but the impact of particle size distribution on solid and 

liquid phase ionic diffusion was identified. Results show that a mixture of small and large 

active material particles near the current collector surface and only small active material 

particles near the separator result in the best balance of available electro-active surface area 

and non-constrictive pores. This result shows a potential for improved discharge capacities 

utilizing the same techniques that are currently in place.  

 

Chapter 5 investigated electrode performance for NMP and DI samples dried at various 

temperatures. Inhomogeneous binder distributions have long plagued electrode processing 

techniques, especially aqueous processed variants. Electrochemical performance and 

binder distribution were investigated as a function of drying temperature. A chemical 

engineering model was applied to data collected during the drying process and a strong 

temperature dependance on the drying mechanics of DI processed samples was identified. 

This dependence was much less significant for the NMP processed samples, suggesting a 
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tunable drying regime exists for aqueous processed cathodes. This dependance resulted in 

vastly different heat transfer rates from the environment to the electrode and explains the 

impact of drying temperature on binder distribution in aqueous processed cathodes. Results 

indicate that a two-stage drying regime consisting of a carefully selected initial drying 

temperature followed by a high temperature would lead to optimized binder distribution 

and large cost savings for electrode drying. The initial drying stage would facilitate the 

optimal distribution of the polymetric binder while the second stage would quickly remove 

excess solvent after the critical pore network has been established. Implementing such a 

technique would not only reduce energy cost associated with electrode drying, but also lead 

to direct capital equipment savings through the reduction of drying time and equipment 

required. 

 

Chapter 7 is a departure from aqueous processing as applied to LIBs and focuses on 

applying benign processing to solid state electrolytes. As the safety issues related to LIBs 

are abundantly clear, the research interest in solid electrolytes is at the forefront of energy 

storage research. Replacing toxic solvents used in the production of polymer electrolytes 

not only reduces potential adverse effects of working with ACN but leads to significant 

time and cost savings. The mechanical and electrochemical properties of solid polymer 

electrolytes processed with benign solvents were compared to the conventional production 

technique. Not only were samples generally comparable in performance, but samples also 

processed with no solvent outperformed the baseline technique in many cases. These 

results all suggest the state of the art of solid polymer electrolytes is a prime candidate for 
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optimization. As the field of solid-state electrolytes continues to grow at an extreme rate, 

transitioning to a benign processing method can result in a vast reduction in production 

cost and toxic solvent use.  

 

Overall, this dissertation has made several arguments for the benefits of aqueous processing 

while addressing concerns associated with the technique. Advancements have been 

demonstrated and challenges identified. As the fields of LIB and solid-state electrolyte 

production continue to be relevant, the need for benign processing approaches will be high. 

As the transition from ICEs to electric vehicles is only expected to increase in speed, the 

need to address the environmental and economic impact of production is paramount. It is 

shown in this dissertation that the way forward can and should be aqueous based. 
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