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ABSTRACT 

New Designs and Architecture of Electrochemical Energy 
Storage Devices 

by 

Neelam Singh 

Superior performance of Li-ion batteries led an immediate adaptation of 

these batteries in portable electronics and demands have rapidly increased due 

adoption in electric vehicles. Development of novel form-factors of portable 

electronics and need for increasing the driving range of electric cars close to 500 

miles per charge requires multifunctional batteries. Future generation batteries 

are expected to be an integrated part of device (car) structure. Current Li-ion 

batteries are multilayer device which are compact and volumetrically efficient but 

are limited to rectangular or cylindrical shapes, which constrains the form factors 

of devices. The advent of smart devices/objects has further generated interest in 

self-powered electronics with integrated storage. Such energy conversion-storage 

hybrids will require batteries that can be integrated directly into the object or 

surface of choice as well as with energy harvesting devices.  

This work focuses on the fabrication of unconventional battery designs 

that can be inconspicuously accommodated into devices and applications without 

constraining their form factor. The major challenge of seamless integration of 

these energy storage systems into electronic devices and household objects has 

been solved. The first part of this work explains the concept and development of 

novel fabrication process for the Li-ion batteries. We have developed a multi-step 

spray painting process to fabricate rechargeable Li-ion on a variety of materials 



 
 

 

such a metal, glass, ceramic and flexible polymer substrates. This fabrication 

process could have significant impact on the design, implementation and 

integration of energy storage devices as well as on the electronic device design.  

We have also explored the idea of spray painting solid Li-ion electrolytes 

based on lithium lanthanum zirconium oxide (LLZO) to solve the safety issues 

related to the liquid electrolyte used in spray paintable batteries. Use of solid 

state electrolyte is also expected to facilitate the fabrication of spray paintable 

batteries in ambient conditions. LLZO is a fast Li-ion conductor at room 

temperature and is one of the best choices for solid state electrolytes. We have 

studied the solution based processing of LLZO to fabricate thin, mechanically 

strong electrolyte membranes. We have also studied the chemical stability of this 

materials with common processing materials used in battery industry which led 

to the room temperature phase transformation in this material.  

Further, we have developed hybrid architecture of Li-ion battery electrode. 

A hybrid of Li-ion battery cathode (LiFePO4) and pseudo-capacitor material 

results in a very interesting characteristic of the electrode which ultimately gives 

an ultra-fast charge discharge capability to Li-ion batteries.  

The last part of this work explains the monolithic design for graphite oxide 

based supercapacitors. Graphite oxide is shown to possess good ionic conductivity 

in the presence of absorbed water which led to realization of fully functional 

monolith supercapacitor.  
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PTMM Poly(2,2,6,6-tetramethylpiperinyl-4-yl methacrylate) 
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Chapter 1 

Introduction 

Sustainable energy development for a low-carbon footprint triggered major 

changes in  our society, compelling  us to rethink on how we use, store and 

dispense the energy resources1,2. According to 2012 US energy use data, fossil 

fuels are still a primary energy source, including the transportation. 

Approximately 80% of the total energy demand is fulfilled by petroleum, coal and 

natural gas. With fossil fuels still providing the highest specific energy at very 

low cost, replacement solutions are eagerly required given their fast depletion and 

their major contribution towards the global warming and pollution. Besides, new 

methods for extracting the depleting or trapped fossil fuels such as hydraulic 

fracturing for recovering shale gas is putting the world into deeper environmental 

crisis by contaminating ground water, displacing bed rock and increasing chances 

of earthquake etc. Nature’s warning in the form temperature rise, sea level rise 

and climate change etc. cannot be ignored anymore, we must find cleaner and 

safer energy sources. Several solutions exist for the sustainable energy harvesting 

(including solar, wind, geothermal) however they all need to be used in 

conjugation with an energy storage device to provide smooth power. For the 

sustainability of modern society, electrochemical energy storage systems are the 
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most optimal solutions for powering a broad range of technologies, expanding 

from compact and light-weighted portable electronic devices to stationary grid-

scale energy storage applications3,4,5,6.  

1.1. Principle of electrochemical energy storage 

Electrochemical energy storage devices store the electrical energy in the 

form of chemicals and release it whenever electrical energy is needed and vice 

versa7,8,9. Ever since the realization of an electrochemical energy storage cell by 

Alessandro Volta (end of 17th century), the working principle and its function has 

merely changed10. Basically, an electrochemical storage device or a cell consists of 

two redox couples in the form of two electrodes that are electrically and/or 

physically separated from each other but are connected to each other by an ion 

conducting media. During operation electrons are transferred through an external 

circuit while  ions shuttle through the electrolyte to counterbalance the depleted 

charge at the electrodes11. Amount of electrical energy that be extracted from a 

cell and cell voltage are two main parameters that quantify an electrochemical 

cell.   

The amount of extracted electrical energy (cell capacity) is directly related 

to the amount of electrical charge that is transferred during an electrochemical 

reaction. Simple redox reaction can be represented as below- 

Reduction at cathode: + ↔   

Total electrical charge that is transferred is given by Faraday’s law12-  =  
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 Where m is the mass of the electrochemically active material, M is 

the molecular weight of the active material, F is the Faraday constant and n is 

the number of electrons per formula unit of the electrochemically active material.  

Faraday’s law suggests that the amount of charge transferred or energy 

that can be extracted via a specific electrochemical reaction is proportional to the 

amount of active material present in the cell but inversely proportional to the 

equivalent weight of the active material. For rechargeable electrochemical cells 

the electrochemical process can be reversed and direction of electron flow will 

depend whether it is oxidation or reduction process. When an oxidation process 

occurs at an electrode it is called anode and when a reduction process occurs it is 

called a cathode. Nomenclature of anode and cathode materials for rechargeable 

cells where there is no fixed cathode or anode can become quite confusing in the 

literature. Thus, it is worth noting here that as a convention for these cells; 

cathode and anode materials are defined with respect to the discharging of the 

cell.  

Voltage produced by a cell is related to the overall chemical reaction that 

is occurring in the cell. Chemical species (combination of ions and electrons) 

move from high potential to low potential to establish equilibrium of potential 

and similar to chemical reaction the laws of thermodynamics are applicable to 

the electrochemical reactions. With the help of thermodynamics we can define the 

equilibrium cell potential12, ∆E, as ∆ = ∆   

Where ∆G is the Gibbs free energy for the cell reaction, n is the number 

of total electrons transferred and F is the Faraday’s constant. 
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Faradaic process involves a transfer of charge across the 

electrode/electrolyte interface and results in an oxidation or reduction of a species 

at electrodes. It generally results in high capacity electrochemical cells e.g. 

Batteries and storage capacity is given by Faraday’s law. 

Non-Faradaic process involves only the movement and arrangement of 

charged species (ions) at the electrode/electrolyte interface. Reorientation of 

solvent dipoles, adsorption and desorption of charged species also fall into this 

category. Opposite charge align them across the interface generating a capacitor 

like effect such as electrochemical double layer capacitor or supercapacitors.  

1.2.1. Batteries 

Batteries are ubiquitous. They find their application in portable 

electronics, medical devices and even in transportations. Majority of our daily 

work rely on the power of batteries. They have become an essential part of 

modern society. Primary and secondary batteries are two broad classifications of 

batteries. Primary batteries such as Zn-carbon, Zn-air, alkaline-maganese etc. 

cannot be charged but they have very high energy densities. Secondary batteries 

can be recharged by reversing the current flow in the external circuit or in other 

words by supplying electrical energy to the battery. Lead-acid, Ni-MH, Ni-Cd 

and Li-ion are some examples of rechargeable batteries. Among various available 

chemistries for secondary batteries; Li-ion batteries (LIBs) are the most 

promising energy storage technology.7,14,15,16 In most parts, this thesis is also 

pivoted around the development of Li-ion battery technology.  
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1.3. Why Li-ion batteries 

Lithium is the lightest metal and the least dense solid element (equivalent 

weight  6.94 g/mol, and specific gravity 0.53 g/cm3 due to which  it offers the 

highest specific capacity of 3860mAh/g. Li is also the most electropositive 

element: - 3.04 V versus standard hydrogen electrode7. With an energy density of 

11.7kWh/kg, Li comes very close to the hydrocarbons (gasoline constituents).  

 

Figure 1.3 Comparison of volumetric energy density and gravimetric energy 
density of various battery chemistries. Reproduced from Ref. 7 

Batteries based on pure lithium metal anode have the highest energy 

density but there is a safety concern related to the lithium dendrite formation 

and upon cycling it eventually results in a short between the two electrodes (as in 

indicated in Figure 1.3)7. This forced the replacement of metallic lithium with Li-

ion intercalating compounds during the late 70s through the beginning of 80s. 

The same period was also marked by the discovery of high-voltage metal oxides 

(LiMO2 with M typically being Co, Ni, Mn) capable of reversibly de-
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intercalating/intercalating Li-ions within a crystalline lattice. Sony’s first Li-ion 

battery was based two Li-ion intercalating electrodes (details in section 1.4). 

Figure 1.3 shows a good comparison of various secondary battery chemistries and 

Li-ion batteries being on top right of the chart suggests their high volumetric 

(Wh/l) and gravimetric energy density (Wh/kg)7. Li-ion battery 

commercialization in 1991 by Sony was a paradigm shift in the battery 

technology. Owing to their highest energy density and long cycle life these 

batteries rapidly gained their dominance in the entire battery market and still 

dominating the portable electronics market. They are also a leader in powering 

electric vehicles. Figure 1.4 shows past and the future growth in the Li-ion 

batteries market especially for automotive applications. The current LIB market 

is ~$35 BN and it is expected to grow more than ~$50 BN in just 4 years, given 

the demand of electric vehicles. However, the demand for NiCd and NiMH is 

expected to decrease17.  

  

Figure 1.4 Worldwide rechargeable battery demand. A steady-state growth 
for LIB market is being predicted for the upcoming years, with a major 
demand from the automotive industry. Reproduced from Ref.17. 
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1.4. Principle of Li-ion batteries 

Li-ion batteries, like any other electrochemical cell have two electrodes 

that are separated from each other through an electrically insulating but ion 

conducting electrolyte. The two electrodes are responsible for storage of energy. 

Figure 1.5 shows the schematic of a typical Li-ion cell based on two intercalating 

electrodes.18 

 

Figure 1.5 Schematic of Li-ion cell. Graphite anode and lithium transition 
metal oxide based cathode are separated from Li-ion conducting non-aqueous 
electrolyte. Reproduced from Ref. 18. 

During the charging process, external power source is connected across the 

two electrodes to supply the electrical current to the cell and the oxidation 

process takes place at the positive electrode.  In order to balance the current 

through external circuit an ionic current flow though the cell internally. 

Accordingly, an equivalent amount of Li-ion goes out into the electrolyte from 
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the positive electrode and as a result transition metal gets oxidized (to maintain 

the electroneutrality). To maintain the electrolyte concentration constant an 

equivalent amount of Li-ion gets inserted into the anode structure. 

Simultaneously equivalent amount of electrons get consumed at the negative 

electrode (maintain the electroneutrality at the negative electrode) and completes 

the circuit. This process occurs until the desired charging potential is reached. 

During the discharge process reverse of the charging process happens. 

Negative electrode works as an anode and Li-ion goes out into electrolyte from 

negative electrode to get inserted into the positive electrode. To compensate for 

the ionic current inside the cell, an equivalent amount of electrical current flows 

through the external circuit. This process occurs until both or one of the 

electrode materials gets consumed.  

Performance characteristics of Li-ion cell is defined by the energy density 

(amount of energy stored in a given weight or volume of the cell), power density 

(how fast the energy can be extracted) and cycle life. All these main performance 

parameters are based on the choice of electrodes, electrolytes and the design of 

the cell 

1.4.1. Choice of electrode materials 

Typically, the negative electrode is based on graphitic carbon and positive 

electrodes are based on high voltage lithium transition metal oxides. Electrolyte 

is typically composed of lithium salt dissolved into non-aqueous polar solvents.  

Figure 1.6 represents the voltage and capacity landscape of various anode and 

cathode materials that are used in current Li-ion batteries. It is clear from Figure 

1.6 that in order to achieve a high voltage Li-ion cell one must choose a negative 

electrode from the bottom of chart and positive electrode from the top of the 
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chart. Similarly, materials for high energy (capacity and voltage) cell should be 

chosen from the far right extremes (top and bottom)7.  

In section 1.1 we discussed that the amount of electrochemical reaction is 

proportional to the mass of the active species and inversely proportional to the 

equivalent weight of the active species (Faraday’s law). Thus, a material with 

low equivalent weight will have higher capacity per unit mass. This explains why 

carbon or other low equivalent weight materials have very high capacity per unit 

mass compared to the positive electrodes based on heavy transition metal oxide 

(Figure 1.6)7.  

 

Figure 1.6 Voltage vs. Capacity for various anode and cathode materials used 
in Li-ion batteries. For high voltage Li-ion cells, negative electrodes should 
be selected from the bottom of the chart and positive electrodes should be 
chosen from the top of the chart. Reproduced from Ref 7.     

Based on these considerations, most of the current Li-ion batteries are 

based on graphitic carbon and lithium cobolt oxide (LiCoO2). For this 

combination of electrodes, the achieve cell voltage is c.a. 3.6 V. Typical 
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volumetric and gravimetric energy density of these cells are c.a. 500 Wh/l and 

c.a. 200 Wh/kg, respectively.  

Apart from high energy density there are several other characteristics that 

are required for batteries such as high safety, energy efficiency, self-life etc. The 

correlation of these desired battery characteristics with the electrode properties 

are given in Table 1.1. 

Table 1.1 Correlation of electrode properties with desired battery 
characteristics 

 

 

Characteristics High 
Specific 
Energy 

(Wh/kg) 

High 
Energy 
Density 
(Wh/l) 

High 
Power 
Density 
(W/Kg) 

High 
Cycle 
Life 

High 
Safety 

High 
Energy 

Efficiency 

Long 
Self 
Life 

Low 
Price 

Electrode Battery 

High Charge 
Density ● ●       

High ∆E ● ● ● 

High Density 
 ●  

High Conductivity 
 ●  

Fast Electrode 
Kinetics   ●      

Reversible 
Electrode Kinetics    ●  ●   

Overcharge 
Compatibility    ●     
Electrolyte 

Compatibility     ●  ●  

Low Toxicity 
 ●  

Low Electrode 
Desolution       ●  
Material 

Abundance        ● 
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1.4.2. Choice of electrolytes 

In Li-ion cells electrolyte is sandwiched between the two electrodes and 

remains in close contact with both the electrodes. Thus, a physical and chemical 

compatibility between the electrode and electrolyte is necessary for the operation 

of these cells. In an ideal Li-ion cell, electrolyte should not undergo any chemical 

change and should not participate in the Faradaic reaction occurring at the 

electrodes. Only electrode materials are responsible for storage of charge. 

Electrolyte is a crucial part of a Li-ion cell by virtue of its various roles in 

determining the cell performance such as power density18 (by controlling the mass 

flow rate), rate capability at various temperatures and safety (tolerance against 

mechanical or thermal abuse) etc.  

Li-ion cells voltages are limited up to 5 V. This voltage limitation is not 

only dependent on the choice of electrode pairs but is also dependent on the 

choice of electrolyte13. Electrolytes play an important role in determining the cell 

voltage and safety. Electrolyte needs to be electrochemically stable in the cell 

operating voltage range in order to ensure the safety and performance of the 

device. Choosing an electrode pair outside the stability window of the electrolyte 

would lead to unwanted secondary reactions that adversely affect the active 

materials integrity and eventually results in cell failure. 

  Figure 1.7 explains that knowledge about the thermodynamic stability 

window (Eg) for an electrolyte can be gained from the relative energies of 

electrolyte window and the position of chemical potential (µ) for the solid 

electrodes or the position of HOMO/LUMO for the gaseous or liquid electrodes13.  

For the stability of liquid electrolyte (Figure 1.7a), chemical potential 

(Fermi energy for metallic electrodes) of anode must be below the LUMO of the 
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very necessary. Apart from high electrochemical stability window, electrolyte 

must possess the following characteristics18,19- 

• High ionic conductivity  

• Ion transport number should be close to 1.  

• Chemical inert. The electrolyte should not react with other cell 

components 

• Electrically insulating to avoid any self-discharge of the cell 

• Mechanical robust  

• Environmentally benign  

1.4.2.1. Types of battery electrolytes 

• Liquid electrolyte: made of Li salt dissolved into one or mixture of polar 

organic solvents. Electrolyte solvent should be able to dissolve lithium 

salts to sufficient concentrations, should have low viscosity, low melting 

point, high boiling point, inert to cell components, safe and non-toxic. 

Commonly used solvents are propylene carbonate (PC), ethers, ethylene 

carbonate (EC), linear carbonates- dimethyl carbonate (DMC), diethyl 

carbonate (DEC). Most of the times it is difficult to find one solvent which 

has most of the above mentioned properties. Thus, Li-ion battery liquid 

electrolytes are based on mixture of solvents to achieve desired properties. 

Various additives are also added to enhance the compatibility and cell 

performance. For example, Mixture of EC: DMC is used since EC is solid 

at room temperature but very important for passivation of anodes (solid 

electrolyte interphase, SEI) and a diluent (DMC) to improve the 

viscosity18. Common lithium salts are LiPF6, LiClO4, LiBF4 etc. Liquid 

electrolytes are used in conjunction with a thin and porous film, typically 

made of non-swellable polymers, separator (not to be confused with gel-
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polymer or polymer electrolyte). The non-swellable polymer separator can 

be multilayered structure such as Celgard® separators. Good wettability 

of liquid electrolyte is also necessary for its absorption into separator and 

porous electrodes. Since liquids have no mechanical integrity, the thickness 

limit and the mechanical properties of electrolytes are defined by the 

separator film. Dendrite growth with lithium metal anode and cell safety 

in abuse situations are major concerns related to these liquid electrolytes.     

• Solid polymer electrolytes: are solvent free Li-ion conductors, where 

lithium ions are wrapped into polymer chains and anions are loosely 

coordinated. The most studies solid polymer electrolyte is based on 

polyethylene oxide (PEO). PEO is blended with lithium salts which have 

large anion part to maximize the lithium ion transport number20,8. Since 

polymer chains are coiled around the Li-ions their movement is restricted 

and can only conduct when unfolding of polymer chain occurs. For high 

ionic conductivity it is necessary to have higher fraction of amorphous 

region in the polymer. Generally, amorphous state of polymer is created by 

heating the polymer c.a. 70-80 °C. Inorganic oxide fillers e.g.  Al2O3, TiO2
 

are also added to increase the ionic conductivity of these SPEs20. SPEs 

offer improved safety, flexibility in shape of a battery and suppressed 

dendrite growth increasing the possibility of using lithium metal anode. 

However, poor conductivity at room temperature limits the application of 

SPEs. 

• Gel-polymer electrolytes: are the hybrids between the liquid and solid 

polymer electrolyte. As the name suggests these are gel type materials that 

are composed of polymer matrix, solvent and lithium salt21. It is usually 

made by thermally processing (heating 90-100 °C) a mixture of monomer 

(polymer precursor) or a polymer with the Li-salt containing electrolyte 
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and then cooling down to room temperature to form a cross-linked 

membrane of desired shape. The liquid phases are contained in the 

entangled polymer matrix. Thus it offers enhanced safety properties 

compared to the liquid electrolyte. Ionic conduction in these membranes is 

very close to the liquid electrolyte conductivity and it was found that 

mainly ion conduction occurs through the liquid phases8. The entire 

membrane fabrication inside the glove box was not very favorable for 

scale-up and resulted in the development of microprous gel electrolyte.  

• Micro-porous gel electrolyte (MPGE):  are similar to gel polymer 

electrolyte except the way it is fabricated and offers better mechanical 

strength. Fabrication of MPGEs is a two-step process. First, a porous, pin 

hole free polymer membrane is fabricated and then it is soaked in the 

liquid electrolyte to get high ionic conductivity22,23. The liquid electrolyte 

gets trapped in the pores of the porous membrane. The choice of polymer 

matrix is done is such a way that polymer just absorbs and swells enough 

to retain enough electrolyte. The ionic conductivities of these electrolytes 

are very close to the liquid electrolytes (~10-3 s/cm). For current li-ion 

batteries, it is one of the best choices as it offers high conductivity of 

liquid electrolyte, mechanical stability of SPEs and is easy to fabricate in 

any shape and size24,23.      

• Low temperature Ionic-liquid (ILs) electrolyte:  is a salt in the 

liquid state at temperatures below 100 °C. Mechanical properties and 

processing requirement similar to liquid electrolytes. Most of the ILs have 

wider electrochemical stability window compared to the liquid electrolytes 

and they do not have vapor pressure like solvents which make them very 

attractive for safer Li-ion batteries and batteries operating at relatively 

high temperature (~200 °C). Aprotic ILs are most suitable for Li-ion 
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battery applications. Similar to liquid electrolyte solvents, various kinds of 

molten salts can be used to tune the property of ILs. With the right choice 

of molten salts we can achieve high thermal and chemical stability, high 

ionic conductivity, flame retarding ability, SEI forming ability, moderate 

viscosity, and negligible volatility. Some examples of these salts are 

imidazolium, pyrrolidium etc. as cations and bis(fluorosulphonyl)imide, 

hexafluorophosphate  etc. as anions25. 

• Ceramic/glass ion conductors: are solvent free ion conductors which 

include both crystalline and amorphous inorganic solids. In crystalline 

solid electrolytes the conduction occurs through ion hoping mechanism 

through vacancy or interstitial migration. Various types of solid state Li-

ion conductors shown in the Figure 1.8. 

 

Figure 1.8 Classification of soild state electrolytes. 
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1.5. Li-ion battery manufacturing process 

Until now, we have discussed about the principle of Li-ion battery 

operation and material selection for various components of Li-ion batteries. This 

section gives a general overview of manufacturing process for the production of 

practical li-ion cells as shown in Figure 1.9.8,26.  

The first step in the Li-ion cell manufacturing process is the selection of 

appropriate electrode materials based on the end use. Since, Li-ion cells are 

produced as a multilayered device, where separator is sandwiched between the 

cathode and anode layers it requires fabrication of large electrode layers. Thus, 

materials selection process follows the preparation of electrode slurry for each 

electrode for fabricating electrode layers. Each electrode is a complex composite 

structure which consists of an active material (commonly LiCoO2, LiFePO4, 

NMC etc. for positive electrode and graphitic carbon, Sn, Si based for negative 

electrode), conductive carbon additive (typically acetylene black or Super P) and 

a polymer binder (polyvinylidene difluoride (PVDF) or PVDF based copolymers). 

Based on the production of energy cell or power cell, appropriate amount of 

constituents are mixed together. First, the dry powders of active materials and 

conductive carbon are mixed together to ensure a good contact between active 

material particles and carbon particles27. After dry mixing, these powders are 

dispersed in PVDF binder solution in N-Methyl-2-Pyrrolidone (NMP) and are 

mixed thoroughly to form homogeneous slurries. The viscosities of these slurries 

are controlled by the solvent concentration28. Freshly prepared electrode slurries 

are then coated to a set thickness on metallic current collector foils to form 

electrodes. Thin Al foil and Cu foils are used as cathode and anode current 

collectors, respectively. Prior to their use they are cleaned and plasma etched to 

promote adhesion of electrode coating. Depending on the final cell configuration, 
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the electrodes can be either single-side or double-side coated. The coated 

electrodes are then dried and compressed.  

Electrode preparation is one the crucial steps in the battery manufacturing 

process because the quality of electrode films majorly decides the performance of 

the final cell. Each step is done carefully and precisely. The content of each slurry 

component is controlled precisely. It should be noted here that only the active 

materials contributes to the stored charge and maximizing their content increases 

the gravimetric capacity of a battery. The amount of carbon and polymer 

additives is of paramount importance as well. While carbon helps in establishing 

a good electrical interface with the active material, improving the charge 

collection and rate performance, the polymer binder holds in place the these 

constituents and imparts outstanding mechanical properties to the electrode29. 

The electrode drying temperature is crucial for maintaining the mechanical 

integrity of the electrode. The pore structure of electrodes is precisely controlled 

by the compaction process. During the next step, tailoring, the electrodes and the 

separator are cut to size to fit the dimensions of the finished cells (Figure 1.9 and 

Figure 1.10)26.  

After tailoring, cell stacking, defines the size and the shape of the finished 

cell. There are several types of cell stacking processes that can be used for Li-ion 

battery assembly: single sheet stacking, Z-folding or Z-folding with single 

electrodes and flat winding. Flat winding can be used to make both, prismatic 

and cylindrical (jelly roll) cells whereas the rest of the processes are designed for 

prismatic cell production.26 
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Cell finishing includes welding of metal tabs to the current collectors, 

packaging, drying, electrolyte filling and final sealing. After sealing each cell 

undergoes a formation cycle where it is slowly charge and discharged for several 

cycles. Formation cycles help to form a uniform and stable SEI layer which 

promotes longer cell life without much capacity degradation. It is worth noting 

here that the above manufacturing protocols are general and basic description of 

the overall process and each manufacturer has their own proprietary protocols for 

each step, especially for slurry making and formation cycling step.  

Manufacturing of Li-ion cells as we know is a well-established, mature 

industry. There are robotized processing units capable of realizing the entire 

production line flow in an automatized way. The commercial cells are highly 

compact, being optimized for high volumetric energy performance. The current 

collector foils, active materials coatings and separator are ∼10, 50 and 20 µm 

thick; with current collectors being coated on both sides to elevate the 

gravimetric energy. The metallic or plastic encasing is used to entrap the liquid 

electrolyte, to avoid any electrolyte leakage. It also provides the mechanical 

strength and robustness to the cell when operated in real-life conditions. 

1.6. Unconventional energy storage device design 

Conventional Li-ion battery design with limited form factors constrains the 

integration of batteries with novel devices which are flexible and have non-

rectangular shapes. Form-factor and mechanical flexibility of energy storage 

devices ultimately controls the final design of the end application. Novel 

applications such as wearable electronics, flexible displays, structural batteries for 

high performing electric vehicles and battery integration with flexible solar cells 

requires non-rectangular and flexible batteries. However, mass-fabrication of these 
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non-rectangular batteries is one of major challenges that need to be solved for 

their successful implementation. Economic production of flexible batteries is not 

possible with the conventional battery manufacturing process (section 1.5) due to 

the limitation on the choice of substrates as well as inflexibility of the processing 

lines to accommodate new designs. 

1.6.1. Flexible energy storage devices 

Enhanced mechanical properties such as stretching, folding, and rolling 

and/or various combinations of these properties are the characteristics of flexible 

batteries.  

A most common approach of producing flexible Li-ion batteries is to 

deposit active material into a flexible conductive scaffold. The scaffolds are 

generally based on carbon due its higher conductivity and lighter weight (similar 

to the aluminum current collector of conventional batteries). Impregnation of 

active materials slurries or direct growth of active material onto carbon mats, 

carbon cloth, carbon veil and inside carbon nanotube forests are of more interest 

due to low cost and easy access of carbon based materials30–36.   

Bao et al. (Figure 1.11a) have used a hierarchical woven carbon cloth to 

design high performance supercapacitor electrode by growing Zn2SnO4 and MnO2 

core-shell nanowires37. The high surface area of woven carbon cloth allows higher 

concentration of Zn2SnO4 in a unit area. Core-shell structure was achieved by 

first growing the conductive Zn2SnO4 nanowire core and MnO2 nanowires were 

grown on the outer surface of the core (Figure 1.11a). This electrode 

configuration enhanced the specific capacitance, energy density, power density 

and the cycle life of the supercapacitor. 
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higher mechanical strength and the porosity of the CNT matrix makes them 

resilient to accommodate the large volume change occurring during the charge-

discharge process. Evanoff et al. utilized a silicon coated nonwoven CNT based 

fabric to fabricate a multifunctional Li-ion battery anode39 (Figure 1.11c). With 

this electrode configuration they were able to achieve high mass loading of Si 

(~50% by weight). Even at this high mass loading of silicon, the electrode 

displayed stable cycling with high specific capacity. Apart from providing a 

mechanical support CNTs also worked as an active component of the electrode 

(at low voltages, close to 0 V vs. Li/Li+ carbon based materials are 

electrochemically active), contributing towards the total capacity of the electrode. 

Thus, this electrode configuration not only replaces inactive metal foil current 

collector (inactive but necessary component in conventional Li-ion batteries) with 

an electrochemically active current collector but also improves the 

electrochemical performance of silicon type electrode materials by maintaining 

the mechanical integrity of electrodes. Luo et al. also developed CNT based novel 

electrode design for Li-ion batteries38. They mixed super-aligned CNT (SACNT) 

with commercially available LiCoO2 or LiMn2O4 particles to build binder-free as 

well as metal foil current collector free composite electrodes with enhanced 

electrochemical performance (high rate capability and longer cycle life) while 

retaining the mechanical characteristics even at low CNT contents (Figure 

1.11b). Enhancement in electrochemical properties was associated with high 

mechanical strength of porous and flexible SACNT network.  

Development of paper-based energy storage devices is another major 

direction in the field of flexible electronics49–53. Electrically conducting CNT 

based scaffolds enables the integration of electrode active materials into the 

current whereas the realization of paper-based batteries enables the integration of 

electrolyte as well54–56. Pushparaj et al. integrated the two supercapacitor 
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electrodes and cellulose based separator onto a paper which worked as the 

building block of the device by maintaining its mechanical integrity57. In this 

configuration, all three separate components of the energy storage device were 

integrated to form one single unit which resembled a monolithic structure (Figure 

1.12a). It was achieved by incorporating the aligned CNTs into a nanoporous 

cellulose paper. Different electrolytes have been were used and showed 

remarkable (or extraordinary) electrochemical response. Nystrom et al. coated a 

50 nm thin and conformal layer of polypyrrole, a conducting polymer, on cellulose 

fibers to form flexible electrodes58. A plastic laminated cell based on this 

electrode showed high charging rates and displayed good cycling stability. Such a 

device was able to deliver 25mAh/g of capacity even at a current density of 

600mA/cm2 for more than 100 cycles (Figure 1.12b).  

Meng et al. have used similar approach to fabricate a paper-like polymer 

supercapacitor by embedding two polyaniline coated intertwined CNT networks 

in a polyvinyl alcohol – H2SO4 gel electrolyte59. Polyaniline electrode forms a very 

good interface with gel electrolyte and the whole device has a continuous gel 

polymer phase (Figure 1.12c), resembling monolithic structure. This configuration 

is expected to have excellent mechanical properties especially when a shear stress 

is applied. It has high resistance against tearing due to the continuous polymer 

phase which prohibits the delamination of layers. The integrated devices also 

showed superior electrochemical performance while being twisted, showing 

retention of high specific capacitance (350 F/g) for more than 1000 cycles.  
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Stretchable batteries are a special class of flexible batteries and are more 

complicated in design. Kaltenbrunner et al. fabricated a stretchable Zn-MnO2 

cell62. For successful realization of this battery design, they used liquid pastes of 

active materials as the two electrodes and a gel electrolyte to electrically separate 

the two electrodes. The device was carefully enclosed (packaged) in a PDMS 

elastomer structure. The fluidic nature of electrode pastes and gel electrolyte with 

PDMS packaging presented a unique combination of mechanical properties that 

enabled the device to support ultrahigh strains even up to 100% in both uniaxial 

and biaxial stretching mode without affecting the electrochemical performance. A 

very interesting approach to design a stretchable battery is proposed by Xu et al. 

where they ‘discretized’ a large area Li-ion battery into an array of small-scale 

(few mm) batteries and connected these small scale batteries through stretchable 

electrical interconnects61(shown in Figure 1.13). Silicone rubber was used as 

substrate to deposit arrays of batteries and polymer gel electrolyte was evenly 

injected in between the electrode. A square of array of 100 small scale batteries 

can be stretched up to 300% without affecting the Li-ion battery performance.  

A key idea that is pivotal to the development of flexible energy storage 

devices is to integrate the battery/supercapacitor components in such a way that 

the device structure reaches a monolith structure. The integration of component 

to such an extent where the device configuration reaches close to single unit is 

very important to maintain the mechanical integrity of the device for flexible 

devices which encounters cyclic stress conditions.  
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1.6.2. Energy storage devices with arbitrary form-factor  

With the recent development in the sensor technology and electronic 

industry wearable electronics is gaining huge interest. The goal is to achieve a 

integration of electronic as well as energy storage devices to achieve smart 

clothing63–67. Materialization of this goal with seamless integration of devices into 

fabric would require electronics devices and their powering units to possess 

mechanical properties that are very similar to a cloth, Figure 1.14a). Human 

body and the surrounding environment comprise many natural infinite energy 

sources such as sunlight, body heat and movements or ambient radio frequencies. 

Many energy-harvesting devices that can be integrated with cloth have been 

proposed, for example textiles integrated with harvesters that capture energy 

based on RF antennas, thermoelectric pile or piezoelectric devices64,68–72. 

However, development of energy storage for smart garments remains a challenge66 

in terms of safety, comfort and aesthetics. Energy density combined with 

outstanding mechanical strength and flexibility is also a limiting factor. The most 

intuitive way of integrating energy storage devices or power sources into fabrics is 

to mimic the textile microstructure, i.e. fabricate the power fibers and then weave 

them to get a cloth. Fiber, cable or flexible batteries that easily rolled are the 

most appropriate type of energy storage device for this purpose. 
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techniques. As detailed in the report, complex multilayer structures (up to 8 

functional battery layers) have been tested on a variety of substrates (alumina, 

copper, stainless steel, Inconel, sapphire and carbon fibers). The PowerFibers 

were electrochemically cycled under ambient conditions and found to retain more 

than half of the initial capacity after 2,000 cycles. They have also made power 

composites containing multiple PowerFibers. These composites have the 

advantage of considerably increasing the specific area (and thus, the specific 

surface capacity): 3 layers of 17um diameter PowerFibers composite have 371% 

more specific surface than a double-side coated foil of the same area.  

Kwon et al. have developed a cable-type flexible Li-ion battery based on 

hollow multi-helix electrodes74. The cable-battery design was based on Ni-Sn 

anode strands coiled into a hollow spiral core surrounded by a tubular outer 

LiCoO2 cathode (Figure 1.14c). A poly(ethylene terephthalate) nonwoven film 

was wrapped around the anode and used as separator. Injecting a standard 

carbonate liquid organic electrolyte in the hollow space of the structure closed the 

battery circuit. Thermal shrink wrap tubing was used to package and seal the 

finalized device. The cable-battery displayed outstanding mechanical and 

electrochemical properties due to its unique structural features yet, strongly 

dependent on the morphology of the anode core (hollow anode was found to be 

better than the non-hollow anode). As stated by the authors, the fatigue behavior 

and the structural disintegration of the battery components during repeated 

flexing as well as safety issues must be optimized before this product hits the 

market. Nevertheless, it remains one of the pioneering examples of the cable- or 

fiber-type battery. 
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1.7. Motivation and scope of this thesis 

Since the commercialization of Li-ion batteries in 1991, there have been 

incremental changes (c.a. 5-6% per year) in the energy density of Li-ion batteries 

compared to the semiconducting industry. Essentially, the materials, the battery 

form-factors and the fabrication process have mostly remained the same in these 

past 20 years. Huge amounts of research efforts are dedicated to the development 

new material design which is not sufficient for the fast development of battery 

technology. An out of box approach would be to compliment the ongoing 

materials innovation by the innovation in design, fabrication and assembly 

processes of these energy storage devices. The emergence of novel multitasking 

electronic device configurations such as curved cell phones, flexible and 

transparent displays etc. and surge of electric vehicles do not require a mere 

energy storage device (classical batteries or supercapacitors) but a power source 

that can be seamlessly integrated with these novel device configurations and also 

become a part of their structure. These ambitious requirements have triggered 

active research in the field of novel device architectures. However, economic 

production of these novel energy storage device is hindering their wide spread 

application. The only way that these novel technologies can see the light of the 

day is by changing the way batteries are manufactured.  

Current manufacturing processes suffer from several limitations such as 

the process line is designed to produce only standard shapes and size of batteries; 

it is not flexible to adopt novel cell designs that are necessary for future 

applications. Electrode slurries are always coated on thin metal foils and this 

process cannot be modified to fabricate batteries on non-conducting substrates 

such as polymers or rubber slabs which is necessary for the development of 

mechanically flexible batteries. Also, the conventional coating processes limit the 
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thickness of electrodes that can fabricated without compromising the mechanical 

properties of the electrodes. Thus, current coating process limits the capacity of 

cells that can be produced. The conventional battery manufacturing only 

supports the economic production cylindrical or rectangular batteries. 

Considering that emerging electronic devices are moving towards unconventional 

or non-rectangular device shapes they would require unconventional shaped 

batteries as well. With the current manufacturing process, it is very costly and 

time consuming to produce batteries with arbitrary form-factors.   

Hence, the focus of this thesis is to develop novel design and fabrication 

processes for Li-ion batteries and supercapactiors to solve the above discussed 

issues of current manufacturing technology. It is an effort to bring a paradigm 

change in the Li-ion battery manufacturing process. Chapter 1 provides a basic 

understanding of electrochemical cells with an emphasis on Li-ion battery and its 

manufacturing technology. Chapter 2 describes the novel Li-ion battery 

fabrication process by a multi-step spray deposition. Various challenges related to 

material selection and components performance optimizations are solved through 

paint formulations. Arbitrary shaped Li-ion batteries are fabrication in on the 

surfaces of various practical materials. Chapter 3 describes the applicability of 

oxide based solid Li-ion conductor, Li7La3Zr2O12
 (LLZO), in paintable batteries. 

Chemical stability of LLZO is described and room temperature phase 

transformation in this material is studied in detail. Chapter 4 describes the 

hybrid electrode architecture for Li-ion batteries. Hybrid of pseudo-capacitor 

material and Li-ion cathode material is shown as better electrode architecture for 

rapid charging of Li-ion batteries, necessary for EV adoption. Chapter 5 describes 

the possibility of monolith design of graphite oxide based micro-supercapacitor 

due to its interesting properties. Graphite oxide as a solid proton conductor is 

shown and effect of moisture on its conductivity is studied in detail.    
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Chapter 2 

Spray Paintable Batteries 

2.1. Introduction 

Today, Li-ion batteries are being widely used; they power majority of our 

electronic devices such as laptops, camera, cell phones etc. and now they are 

replacing internal combustion engines in cars to develop a zero emission electric 

vehicle.  High energy density along with high power density makes Li-ion 

batteries very attractive for their wide-spread applications. Traditionally lithium-

ion batteries, both cylindrical and prismatic, have the wound core construction 

which is achieved by tightly winding the proper length of large area cathode-

separator-anode combination in a jellyroll configuration and packaging them into 

metal canisters12. Although these packs are compact and store more energy in the 

constrained volume, the ‘jellyroll’ (Figure 2.1a) design strategy limits the 

batteries to prismatic or cylindrical shapes, which again limits the form factors of 

end devices. Battery packs for various applications may vary in size and shape 

but virtually all applications use Li-ion cells of only these two shapes, whether in 

cell phones, electric vehicles and bikes, aircrafts, tools or toys. Recent works on 

unconventional battery designs have focused on developing battery technologies 
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that can be seamlessly integrated into devices and applications without 

restraining their form factors75. Few such examples are thin and flexible 

batteries76,60, stretchable battery61, textile energy storage77,78, paper batteries57, 

cable batteries74, microbatteries79 and transparent batteries80. However, an 

inconspicuous integration of these energy storage systems into electronic devices 

and household objects remains a challenge. All designs still require the extra 

space and an additional step of energy storage device incorporation after 

production. 

 

Figure 2.1 Paintable battery concept. a) Simplified schematic of ‘jellyroll’ 
type conventional Li-ion battery, assembled by tightly winding the sandwich 
of anode-separator-cathode layers. b) Fabrication and simultaenous assembly 
of spray painted Li-ion battery on a chocie of substrate by layer-by-layer 
spraying of component paints. Reproduced from Ref. 81. 

The introduction of smart devices/objects has further developed interest in 

self-powered electronics82,83 with assimilated storage. Such energy harvesting-

storage hybrids will require batteries that can be integrated directly into the 

object or surface of choice as well as with energy conversion devices. Printing (or 

generally, painting) is already considered a sustainable technique for 

manufacturing of large-area electronic devices (circuits, photovoltaics, displays, 
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etc.) on virtually any type of substrate84. As a result, there is huge need and 

interest in developing a fully paintable energy storage technology. In this chapter 

we describe a new fabrication technique for manufacturing rechargeable Lithium 

ion (Li-ion) batteries on the surface of any practical material in any shape and 

size. We present a paradigm change in battery design and integration. We have 

developed a completely paintable Li-ion battery (Figure 2.1b) that can be 

simultaneously fabricated and integrated with commonly encountered materials 

and objects of daily use. We present a simple processing technique that can 

convert the surface of large electronic devices into an energy storage device. 

Energy conversion devices, such as solar cells, can then be easily incorporated 

with these batteries to give any surface a standalone energy capture and storage 

capability. With our demonstrations we suggest that an important construction 

material can be directly converted into a Li-ion battery. It also presents the 

flexible and modular nature of battery production. We could easily integrate this 

technology into typical construction materials (ceramic tiles), common household 

objects (ceramic mug), stainless steel as well as flexible polymer sheets. 

2.2. Experimental details 

2.2.1. Materials selection 

We implemented spray-painting technique to fabricate batteries (Figure 

2.1b) due to various advantages such as ease of operation and flexibility in 

formulation from small-scale (aerosol cans) to industrial scale spraying systems 

(spray guns). Assembly of batteries by spray painting entails preparation of 

component materials into liquid dispersions (paints), which can be successively 

coated on substrates to achieve a multilayer battery structure. Commercial Li-ion 

batteries have positive and negative electrodes which are separated from an ion 
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conducting electrolyte. Both positive and negative electrode materials are coated 

on metal foils (current collectors) to form two electrodes and a porous polymer 

separator soaked in Li-ion conducting electrolyte is sandwiched between them to 

form a working battery (Fig. 1a). Aluminum and copper foils are generally used 

as current collectors (CC) (positive and negative CC respectively), while other 

components such as electrode materials, separators and electrolytes are chosen 

based on desired voltage, current capacity, operating temperature and safety 

considerations85,86,7,87.  

We used Lithium Cobalt Oxide [LiCoO2] (LCO, positive electrode) and 

Lithium Titanium Oxide [Li4Ti5O12] (LTO, negative electrode) as active 

materials for cathode and anode respectively, for which the effective cell voltage 

is ~2.5V88. Graphite anode or high voltage cathodes could be used to increase the 

nominal voltage of paintable batteries (~3.6 V for LCO-Graphite cell). However, 

graphite based Li-ion batteries have safety concerns7
’
89 and LTO was chosen to 

ensure safer operation due to minimal risk of lithium metal plating if accidentally 

overcharged. Absence of solid electrolyte interface (SEI) formation, stable and 

longer cycle life due to low volume change during charging and discharging are 

other advantages in choosing LTO89.  

Fabrication of Li-ion batteries by spray painting first requires formulation 

of component paints that could lead to the desired properties for sprayed 

component. Since Cu and Al metal foils are used in all commercial Li-ion 

batteries as current collectors thus the first choice for formulating current 

collector paints for sprayable battery is Cu and Al paint. Conductive Cu paints 

are commercially available and we used one such Cu paint for fabricating spray 

paintable batteries. However, a conductive Al paint would require the use of Al 

micro-powders, which are dangerous in use in ambient conditions (high 
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probability of forming an explosive aerosols) and have a high degree of surface 

oxidation. So, Al paints were not considered viable for our process. Single-walled 

nanotube (SWNT) presents one of the best choices among various other suited 

materials for current collectors and they have been successfully used in 

batteries60,90 due to their high electrical conductivity and electrochemical stability 

at potentials above 1V vs. Li/Li+. 

2.2.2. Formulation of paints 

 

Figure 2.2 Paint formulations developed for various components of a Li-ion 
battery. Reproduced from Ref. 81. 

The optimized recipes for Li-ion battery component paints used in the 

present work are summarized in Figure 2.2. Details for preparation of each paint 

are given below.  

Cathode current collector paint: HiPco SWNTs were obtained from Rice 

University. The SWNTs were first purified to remove/minimize the iron-catalyst 

content. Purification was achieved by treating HiPco SWNTs with a mixture of 

conc. HCl and H2O2 at 70°C for 8h followed by filtration and overnight drying91. 

The resulting mass of purified SWNTs was first ground to a fine paste with 1-

methyl-2-pyrrolidone (NMP) in a mortar pestle. We chose NMP due to its ability 
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to disperse pristine SWNTs without changing its electronic properties and it does 

not require any post-treatments such as surfactant removal92. It was observed 

that just by ultrasonication high concentrations (~0.5-1% w/v) of SWNTs can be 

easily dispersed without the use of surfactants93,94 or polymeric binders.95,96 Upon 

bath ultrasoncation of SWNTs in NMP we were able to achieve a viscous, highly 

consistent inks suitable for spray painting. The stability of achieved SWNT 

dispersion in NMP was reasonably good. SWNTs remain suspended for up to 1h, 

no significant amount of settling was observed. After 1 h, a brief ultrasonication 

for 10-20 min is sufficient to re-disperse any small aggregates that may have been 

formed. SWNT films spray-painted using this paint had poor conductivity, even 

for very thick films. We consider that the low conductivity of these films is 

associated with the poor electrical contact between nanotubes. Tube to tube 

contact in such films where SWNTs are randomly oriented is often found to 

result in high in-plane resistance97. To enhance the electrical contacts between 

the SWNTs, Super PTM (SP) conductive carbon (Timcal Ltd. Switzerland) 

powder, a filler material, was added to the pure SWNT suspension. We varied 

the ratio of Super P to SWNTs in the dispersion from 0-20% w/w and a 20% 

w/w content of SP carbon lowered the sheet resistance to ~10 Ω/□ for a mass 

density of 2mg/cm2. Here, we present a hypothesis that the sprayed SWNT films 

have a high density of microscopic air pockets and addition of SP carbon 

particles into the dispersion help fill those pockets and thus improve the contacts 

between nanotubes. The improved contact between SWNTs yields highly 

conductive sprayed SWNTs films. The high conductivity of sprayed SWNTs film 

and their suitability as a current collector films for Li-ion batteries is also 

confirmed by electrochemical testing. A charge-discharge test was performed on 

SWNT/LCO/MGE/LTO/Copper full cells. The charge-discharge cycling test did 

not show any significant voltage polarization due to the poor contact resistance 
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i.e. no significant voltage drop was observed during the initial charge or discharge 

process, showing that current collectors have very low resistance and had 

excellent electrical contact with the electrodes. 

LCO (cathode or positive electrode) paint: Electrically conducting Lithium 

Cobalt Oxide (LCO) electrodes are generally prepared by addition of conductive 

agents such as carbon blacks and metal fibers98 to the LCO powder. The LCO 

paint for fabrication of spray paintable electrodes was prepared by mixing LCO 

(99.8%, Sigma Aldrich), SP carbon and Ultra-fine graphite (UFG-5, Showa 

Denko America, Inc.) in 85:5:3 weight ratios and was dispersed in a 4% w/v 

Polyvinylidinefluoride (PVDF) (Sigma Aldrich) binder solution in NMP. The 

carbon additives were added to increase the electrical conductivity of the sprayed 

electrode and polymeric binder was added to achieve adhesion of electrode 

material to the current collector and form a mechanically stable electrode. The 

solid content of the LCO paint was maintained at ~60% w/v. We found that the 

electrodes sprayed from slurries which contain only SP carbon conductive 

additive did not cycle well. The poor cycling was associated with the 

inhomogeneous distribution of the smaller SP carbon particles (50 nm) in the 

matrix of larger and heavier LCO particles (7-10 µm). To mitigate the 

inhomogeneous distribution of carbon particles a second conductive agent having 

a particle size (5µm) similar to that of LCO particles was added to the LCO 

paint. The uniform distribution of particles provides better conductive electrodes, 

enhancing the electrode utilization and capacity retention upon cycling99.  

LTO (anode, negative electrode) paint: The LTO paint was formulated 

similar to the LCO paint. The ratio of LTO (Pred Materials International Inc.) 

to conductive carbon additive (UFG) was 80:10. The mixture of LTO and UFG 

was dispersed in a 7% w/v PVDF solution. The solid content of slurry was kept 
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at ~67% w/v. It was kept higher as compared to LCO paint in order to reduce 

the amount of solvent (NMP) during the anode deposition. The low NMP 

amount was necessary to minimize any damage to the polymer separator. Since 

we start the Li-ion battery fabrication process from cathode, anode is the fourth 

layer and it is sprayed on top of the microporous sprayed polymer separator. If 

the amount of NMP would be high in the anode paint it will dissolve the polymer 

separator and would result in an electrical short between the two electrodes.  

Polymer paint: The polymer separator paint was formulated by mixing the 

three following solutions- 1) 9% w/v Kynarflex®-2801 (Kynarflex) (Arkema Inc.) 

in Acetone; 2) 9% w/v PMMA (MW 120,000; Sigma Aldrich) in Acetone; 3) 8% 

w/v fumed SiO2 (Cabot Inc.) in DMF – in a 6:2:1 volume ratio resulting in a 

paint with approximately 3:1 ratio of Kynarflex:PMMA and 10 wt.% SiO2 

content.  

Copper paint: Commercially available copper conductive paint (Casewell Inc.) 

was used as a negative current collector (anode) paint by diluting it with ethanol. 

2.2.3. Optimization of microporous polymer separator 

Li-ion batteries based on gel electrolytes (formed by soaking a swellable 

porous polymer film in electrolytes) require well-controlled microporosity of 

polymer separators. Porosity of these films is crucial for optimal performance of 

Li-ion batteries which includes complete capacity utilization and its retention 

upon cycling.24,100 Porosity of the separator film is directly related to the 

electrolyte uptake and high ionic conductivity the battery electrolyte. Thus, 

obtaining the right morphology of separator by spraying was considered the most 

crucial step for realization of a paintable Li-ion battery. Apart from porosity, 

adhesion of the separator to various substrates is the key to the realization of 
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mechanically robust paintable batteries on various the surfaces of various 

materials. Microporous separators with good adhesion characteristics were 

fabricated from tuning the separator paint composition and fabrication process. 

Separator paint was prepared by blending Kynarflex®-2801 (Kynarflex) polymer 

with poly(methyl methacrylate) (PMMA) and fumed SiO2 (27:9:4 ratio by wt.) in 

a 8:1 (by vol.) mixture of acetone and N,N-Dimethylformamide (DMF). 

Kynarflex®, a copolymer of PVDF and (Hexafluoro propylene) HFP, was chosen 

due to its good solubility in low-boiling solvents (such as acetone and THF) and 

its electrochemical stability in a wide potential window22. This optimum 

separator paint composition was achieved by an iterative process, where the 

ratios of constituent materials as well as solvent concentration were varied. 

Separator films sprayed from paints which only contained acetone and Kynarflex 

resulted in highly fibrous and porous (Figure 2.3a) films. Upon addition of 

electrolyte to these films resulted in a detachment of film from the substrate. 

This poor mechanical stability was explained by the large volume change in the 

polymer film due to the swelling of polymer chains. To eliminate high porosity, 

the paint solvent was modified and separator films made by using Kynarflex inks 

in DMF had virtually no porosity (Figure 2.3b).  



 

44 
 

 

Figure 2.3 Effect of DMF concentration on separator morphology. Cross 
sectional SEM micrographs of spray painted polymer separators fabricated 
from: a) Pure Kynarflex in Acetone showing highly porous layered film; b) 
Pure Kynarflex in DMF with almost no porosity; c) 3:1 Kynarflex:PMMA in 
Acetone having layered structure with more porosity than b; d, 3:1 
Kynarflex:PMMA in 1:8 DMF:Acetone with lesser porosity than c; e, 3:1 
Kynarflex:PMMA in 1:4 DMF:Acetone even lower porosity than d) SEM 
micrographs were taken after fracturing the polymer films dipped in liquid 
nitrogen for 5 min. Reproduced from Ref. 81. 
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Mechanical integrity of spray painted Li-ion batteries relies on good 

adhesion of the separator film to various engineering materials. Pure Kynarflex 

separators in acetone solvent had poor adhesion to almost all substrates tested. 

Industrial coatings101,102 based on fluoropolymers requires addition of acrylate 

polymers to improve their adhesion. PMMA, an acrylate thermoplastic was used 

to promote adhesion of spray painted separators. It was found that addition of 

25% w/w PMMA could improve the adhesion of Kynarflex separator (3:1 

Kynarflex:PMMA by wt.). Separators made by using this PMMA:Kynarflex 

blend in acetone resulted in highly porous, well adhered separator films (Figure 

2.3c) However, their electrolyte uptake was still large and caused instantaneous 

detachment from the substrate. Thus controlling the porosity to tailor the 

electrolyte uptake was deemed necessary.  

We observed that separators fabricated from Kynarflex/acetone paint were 

highly porous while separators made by Kynarflex/DMF paint resulted in non-

porous films. The two extreme porosities suggest that tailoring of porosity is tied 

to the solvents used. With the limited availability of compatible solvents, the 

porosity of the sprayed polymer separator was tailored by dissolving the 

Kynarflex/PMMA blend in a solvent mixture consisting of acetone and DMF in 

various ratios. The ratios were varied until the electrolyte uptake was sufficiently 

reduced to allow adhesion and mechanical integrity. It can be observed in Figure 

2.3c-e that increasing proportion of DMF reduces the porosity of the final sprayed 

polymer film but on the other hand, the films adhered well even on addition of 

electrolyte. As a result, polymer separator films sprayed from 3:1 

Kynarflex:PMMA in 1:8 DMF:Acetone (shown in Figure 2.3d) were chosen for 

further studies. The increase in DMF content increased the adhesion, however, it 

reduced the porosity causing a four-fold decrease in the electrolyte conductivity 

(Figure 2.5c) for 1:4 DMF:Acetone mixture. For its application as an electrolyte 
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it was necessary to compensate for the loss of conductivity due to the addition of 

DMF. 

 

Figure 2.4 Effect of silica concentration on separator porosity. Cross sectional 
SEM micrographs of fractured spray painted polymer separators fabricated 
from 3:1 Kynarflex:PMMA in 1:8 DMF:Acetone doped with a) No SiO2; b) 
10% SiO2; c) 20% SiO2. Polymer film containing no SiO2 had lowest porosity. 
Layered and fibrous structure can be achieved by increasing the SiO2 
content. SEM micrographs were taken after fracturing the polymer films 
dipped in liquid nitrogen for 5 min. Reprodcued from Ref. 81. 
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Figure 2.5 Electrochemical impedance spectra (EIS) of spray painted 
separators a) comparison of EIS spectra of Kynarflex:PMMA MGE painted 
with varying DMF:Acetone ratios up to 1:4; b) comparison of EIS spectra of 
MGE with varying SiO2 content up to 20 wt.%. c) variation of MGE 
conductivity with DMF content d) variation of MGE conductivity with SiO2 
content. The insets in (a) and (b) show the data in high frequency region the 
linear behavior and intercepts with real Z’ axis can be seen. Reprodcued 
from Ref. 81. 

To enhance conductivity and electrolyte absorption, inorganic oxide 

additives have been previously used to enhance electrolyte absorption by 

increasing porosity while increasing the mechanical stability of the microporous 

gel polymer electrolytes (MGE)100,103. Hence, varying amounts of fumed silica 

were added to the DMF containing polymer separator paint. SEM micrographs 
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show that the film containing no SiO2 has the lowest porosity and addition of 

SiO2 causes an increase in porosity (Figure 2.4) and hence increases the ionic 

conductivity (Figure 2.5d).  

Ionic conductivity of these polymer separators were measured in metal-

insulator-metal (M-I-M) configuration, where stainless steel metal was used an 

ion blocking electrode. The sprayed polymer films were soaked with liquid 

electrolyte and impedance spectra were recorded for various polymer films as 

shown in Figure 2.5a. Ionic conductivity of the polymer gel electrolytes were 

calculated by using the following relation between conductivity and resistance- 

= =  

where R is the intercept of the spectrum with the real Z’ axis in high 

frequency region, l is the thickness and A is the area of the separator 

It is evident that separators fabricated from paints which did not contain 

any amount of DMF have the highest ionic conductivity but poor mechanical 

integrity. The addition of DMF results in significant increase in electrolyte 

resistance (Figure 2.5a & c) associated with the decrease in the porosity of the 

separators (Figure 2.3). Impedance spectra recorded for the separators with 

varying amount of silica additive suggest that addition of SiO2 reduces electrolyte 

resistance and at certain point the increase in ionic conductivity levels-off. 20% 

w/w of SiO2 has no significant increase in the conductivity as compared to 10% 

w/w content (Figure 2.5b & d). The ionic conductivity of polymer separator with 

~10% w/w SiO2 content was 1.24 x10-3S/cm, which is sufficiently high for its 

application as an electrolyte for Li-ion batteries.  
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2.2.4. Fabrication of spray painted Li-ion cells 

Li-ion cells were fabricated by spraying the as prepared component paints 

(described in section 2.2.2) with an airbrush onto desired substrates with 

compressed air (40 psi) as an atomizing medium. The fabrication of spray painted 

Li-ion cells was started with the spraying of cathode CC as the first layer, but 

this painting sequence can be easily reversed to start the fabrication from anode 

CC. To deposit cathode CC paint, non-conducting substrates (glass, ceramics and 

polymer sheets) were preheated to 120 °C and the SWNT paint was sprayed onto 

them until the desired mass loading (~2 mg/cm2, Rs ~10 Ω/□) was achieved. 

After drying the SWNT coating, LCO paint was sprayed on top of the SWNT 

CC until the desired mass loading/ electrode capacity (~15 mg/cm2of LCO) was 

achieved. 

After vacuum drying LCO layer, the separator was deposited by spraying 

polymer paint onto the electrode preheated to 105 °C (~Tg of PMMA). Polymer 

paint was applied up to a final thickness of ~200 µm. The thick separators 

prevented internal shorting due to solvent penetration while depositing the top 

electrode. Then, the LTO paint was slowly spray painted onto the separator 

preheated to ~95 °C to deposit the LTO electrode (~10 mg/cm2). For each layer, 

calibrated volumes of paints were sprayed to achieve required weight or 

thickness. At the end, commercially available conductive Cu paint was sprayed 

onto the LTO electrode as the final layer of the sprayed Li-ion battery. The Cu 

paint coating functions as the anode CC.  
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Figure 2.6: Step by step tile cell fabrication process.  a) Bare substrate; b) 1st 
layer- SWNT current collector; c) 2nd layer- LCO cathode onto the SWNT 
current collector (+ve electrode); d) 3rd layer- Kynarflex-PMMA porous 
polymer separator covering the LCO electrode ; e) 4th layer - LTO anode (-ve 
electrode) onto polymer separator as a mirror of LCO electrode; f) 5th layer - 
Copper current collector onto the anode layer; g) Cell framed with 3M 615 
thermo-bonding film and laminated PE-Aluminum-PET sheet; h) top 
packaging sheet; i) Completed cell, sealed by hot press at ~200 oC after 
adding electrolyte in glove box. Reprodcued from Ref. 81. 

After coating all the five layers of a Li-ion cell it was vacuum dried, 

transferred to an Argon filled glove box. Inside the glove box the cell components 
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were activated by the addition of the liquid electrolyte (1 M LiPF6 in 1:1 v/v 

mixture of ethylene carbonate (EC) and di-methyl carbonate (DMC)). The liquid 

electrolyte was absorbed by the micro-porous polymer separator and formed a 

gel. Gel electrolyte assured the safety of the cell by minimizing the leakage of the 

liquid electrolyte. After allowing a sufficient for soaking of the electrolyte, the 

finished cell was packaged with laminated poly(ethylene)-aluminum-poly(ethylene 

terephthalate) (PE-Al-PET) sheets (Figure 2.6). This packaging acts as a barrier 

to moisture and oxygen and assures the safety and proper functioning of a Li-ion 

cell.  

2.3. Results and discussions 

The quality and electrochemical performance of sprayed electrodes we 

tested in half-cell configurations. We spray painted LCO/Polymer and 

LTO/Polymer stacks and tested them against Li-metal anode to ensure that both 

electrodes were performing satisfactorily with the optimized MGE and had good 

interface with the polymer separator. Galvanostatic charge-discharge curves of 

both half-cells displayed expected plateau potentials (~3.91V104 for LCO and 

~1.5V for LTO88) for the lithium ion insertion and de-insertion. Both electrodes 

showed capacities (~100mAh/g for LCO, ~125mAh/g for LTO) closer to the 

expected values along with their good capacity retention upon cycling (Figure 

2.7a-d).  Once the individual electrodes were optimized by electrochemically 

testing them as half cells, we fabricated Li-ion full cells as described in section 

2.1.4.  
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Figure 2.7 Electrochemical characterization of individual electrodes of 
paintable Li-ion battery. Charge-discharge curves and specific capacity vs. 
cycle numbers for spray painted a, b, LCO/MGE/Li half-cell cycled between 
4.2-3V vs. Li/Li+ at C/8 and c, d, LTO/MGE/Li half-cell cycled between 2-
1V vs. Li/Li+ at C/5. Both half cells show desired plateau potentials and 
good capacity retention. Reprodcued from Ref. 81. 

Morphology and thickness of each layer and their interfaces with 

subsequent layers was studied by observing a cross-section of a spray painted cell 

under SEM as shown in Figure 2.8c. SEM micrograph shows component layers 

with reasonably uniform thickness. Absence of any significantly large gaps 

suggests well-formed interfaces between subsequent layers. 
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Figure 2.8 Characterization of spray painted Li-ion cells. a) packaged and 
unpackaged spray painted Li-ion cell b) Mass distribution of components in a 
typical painted battery. c) Cross-sectional SEM micrograph of a multi-
layered spray painted full cell showing good interfaces between subsequesnt 
layers (Scale bar is 100 µm). d) Charge-discharge curves for 1st, 2nd, 20th and 
30th cycles and e) capacity rentention for the spray painted full cell 
(LCO/MGE/LTO) cycled at a rate of C/8 between 2.7-1.5 V. f) highly 
reproducable process, capacities of ~90% cells fall within 10% of the targeted 
capacity of 30mAh. Reprodcued from Ref. 81. 

Galvanostatic charge-discharge curves of a Li-ion cell (Figure 2.8a) based 

on LCO-LTO configuration showed plateau potentials at ~2.4 V for charge and 

~2.3 V for discharge. The discharge capacity was ~120 mAh/g of LTO which was 

expected for the LTO-LCO electrode combination (Figure 2.8d). The 

electrochemical cycling of the cell resulted in ~90% retention of the capacity after 
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70 cycles with >98% columbic efficiency (Figure 2.8e), suggesting that all 

components were working efficiently upon integration, without degradation or 

delamination of the cell stack.  

Spray painting process for fabrication of Li-ion batteries was developed as 

a much flexible fabrication process. It could provide various degrees of freedom to 

the battery fabrication, for example, the choice of substrates; the shape of 

batteries and the size of batteries etc. First, to demonstrate that spray painting is 

a versatile process we fabricated batteries on a wide variety of engineering 

materials such as glass, stainless steel, glazed ceramic tiles and flexible polymer 

sheets without any surface treatment (Figure 2.9a-c &Figure 2.9f). The spray 

fabricated batteries on these surfaces of various materials were mechanically 

robust and the type of substrate was found to have no influence performance of 

the batteries. 

With the spraying process we were able to conformally coat batteries on 

surfaces of complex geometric shapes. To demonstrate the ability of direct 

integration of arbitrary shaped batteries on arbitrary shaped surface, we 

fabricated a battery on the curved surface of a ceramic mug. This was achieved 

by spraying component paints through a mask spelling ‘RICE’ (Figure 2.9g). 

Using spray painting we were able to show the flexibility in the choice of surface 

forms as well as the possibility of making devices with complex geometric shapes. 

More complicated surface geometries could be accessible by using optimal nozzle 

designs and tailoring the rheological characteristics of paints.  
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Figure 2.9 Demonstrations of paintable battery. Li-ion cell fabricated on a) 
glass ; b) metal; c) glazed ceramic tile. d) (Left) A packaged tile cell and 
(right) a similar tile cell charged with a photovoltaic panel mounted on the 
tile. e) Fully charged 9 tile cells were connected parallely to power 40 red 
LEDs spelling ‘RICE’. f) Li-ion cell fabricated on a flexible polymer, 
powering LEDs. g) Spray painted Li-ion cell fabricated on the curved surface 
of a ceramic mug, powering LEDs. The top electrode (LTO/Cu) was sprayed 
through a stencil mask to spell ‘RICE’. Reprodcued from Ref. 81. 

Spray painting is a widely used industrial process and could be used to in 

mass fabrication of modular units or “lego unit” cells that could be used to 

configure batteries of different size and capacities for various applications, as 

needed. To demonstrate the process scalability at the lab scale, we batch 

fabricated 9 Li-ion cells on ceramic tiles (identical to Figure 2.8a) which were 

small modular units. The capacities of these batteries were controlled by the 

sprayed amount of active materials paints for both cathode and anode. The 

capacity ratio between cathode and anode was also controlled and anode capacity 
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was kept less (anode limited cell) for achieving longer cycling life105,106. Out of 9 

identically fabricated Li-ion cells, 8 had capacities within ±10% of the targeted 

capacity (Figure 2.8f). Considering the lab scale manual spray fabrication 

process, such a small variation in the tile cell capacities suggests a good process 

control and reproducibility for a fairly complex design of Li-ion batteries. In the 

present work, we only studied the energy densities of spray fabricated cells. The 

high rate performance was not the target of this study but considering the high 

ionic conductivity of the spray painted microporous gel electrolyte, high electrical 

and ionic conductivities of electrodes, good interface between the sprayed 

component layers and capacity retention over cycling at C/8 current rate with no 

visible voltage polarization, we expect LTO-LCO based paintable batteries to 

perform well at higher rates. The use of SWNT current collector is not expected 

to have a negative impact on the rate capability of these cells due to the low 

interfacial resistance between the cathode and SWCNT current collector107. 

Single modular tile cell had a capacity of 30 mAh. These 9 modular cell units 

were connected in parallel combination to achieve a battery pack. The parallel 

combination was used to increase the total capacity/energy of the battery pack. 

In this configuration the total stored energy was ~0.65Wh (Fig. 4e) which is 

equivalent to 6Wh/m2 (~80 lego units). This ‘lego unit’ system can also be 

subsequently integrated with other devices, for example, with solar cells to form a 

hybrid device for energy harvesting and storage application. To make a hybrid of 

solar cells with our spray painted batteries, we glued an array of polycrystalline 

silicon solar cells on top of one of the tile cells (Figure 2.9d) and connected to it 

through a current limiter circuit. Charging of this cell was done by illuminating 

the solar cells with a white light source. The current was limited by limiter 

circuit and maintained to C/8 rate, similar to what we used for other eight cells 

(where the current was limited by a galvanostat). The fully charged battery pack 
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(9 parallel cells) delivered enough energy to power 40 red LEDs for more than 6h 

(at ~40mA). In the present work we connected the 9 cells in parallel combination 

but cells can be easily reconfigured in series or parallel combination to supply 

different voltages and current capacities.   

2.4. Conclusion 

In this chapter we demonstrated that all the five components of a Li-ion 

battery can be formulated into paints and the whole device can be fabricated by 

one simple process, known as spray painting process. Multi-layered Li-ion battery 

components were successfully painted in a layer-by-layer fashion to achieve a 

fully-functioning device. Spray painting process has several unique features that 

open up a new space for battery integration. Spray painting technique makes it 

possible to fabricate batteries directly on surfaces of various materials and of 

different shapes. It allows us to easily manipulate the energy density and shape of 

a multi-layered Li-ion battery. This fabrication technique will have huge impact 

on how we integrate the batteries and will also impact the final design of a 

device, giving more flexibility to choose unconventional designs for device that we 

today. Solar energy harvesting is becoming more prominent for generating clean 

energy. In this work we demonstrated that batteries painted on any surface can 

be integrated with a photovoltaic panel. This demonstration of energy capture-

storage hybrid devices could have huge impact on fast adoption of solar energy 

harvesting. With this fabrication process batteries can be integrated into any 

large outdoor surfaces and objects without constraints of space or form factor and 

then can be connected with solar cell to form a stand-alone energy harvesting and 

storage device. In the present work, we targeted Li-ion batteries due to their high 

energy and power density but this technique can potentially be applied to any 

multilayer energy storage or conversion devices such as supercapacitors or 
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paintable solar cells108. We successfully made Li-ion batteries on various 

engineering material, however, fabrication and conditioning of Li-ion batteries 

requires use of toxic, flammable and potentially corrosive liquid electrolytes and 

an oxygen and moisture-free environment. Safety and cost are the two major 

factors that drive the Li-ion battery market. Applying our technique, in its 

present form, to build Li-ion batteries directly on outdoor objects could be costly 

due these stringent requirements. If the gel polymer electrolyte, as described in 

this chapter, can be replaced with a solid Li-ion conductor (at R.T.) that is 

stable in air and have high electrochemical stability window, it would not only 

increase the safety of the device but also reduce the cost associated with dry 

room or vacuum processing. Cost reduction and higher safety can also be 

achieved by using aqueous liquid electrolytes that conduct Li-ions. However, their 

low cell voltage does not make them attractive for high energy or power 

applications. Thus in an effort to fabricate much safer spray paintable Li-ion 

batteries, in the next chapter we investigate a solid Li-ion conductor that has 

appreciable Li-ion conductivity at R.T.  
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Chapter 3 

Solid State Li-ion conductor 

3.1. Introduction 

All solid state batteries (SSBs) are believed to have higher system level 

volumetric energy density and greater safety compared to the commercially 

available Li-ion batteries based on flammable liquid7,109. Several catastrophic 

incidents of Li-ion battery explosions have been well documented, for example, 

Chevy volt catching fire due to battery malfunctioning and grounding of Beoing 

Dreamliner aircraft due to issues associated with thermal runaway of Li-ion 

batteries. These major accidents make the safety of Li-ion batteries questionable 

and raise concerns for the wide adoption of electric vehicles. Safe and high energy 

density batteries are highly desired for the future generation electric vehicles and 

batteries in portable consumer electronics. Liquid electrolytes are not ideal for 

high temperature batteries due to solvent evaporation issues8 and at lower 

temperatures the conductivity value of the electrolytes drops significantly, 

limiting operating temperature window of a cell/battery. The cell voltage of a Li-

ion cell is limited by the electrolyte stability window110,19 as a result it limits the 

energy density (Wh/L and Wh/kg) of a cell. Solvent free solid Li-ion conductors 
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has the potential to solve the safety issues associated with flammable liquid 

electrolytes and can potentially increase the energy density of these batteries as 

well. An ideal solid state Li-ion battery electrolyte material should have following 

characteristics19- 

• Easy fabrication of large area thinner electrolyte membranes that are 

mechanically strong. Considering conductivity S = = , the thin 

membrane of large area would increase the ionic conductivity.  

• High lithium-ion conductivity at room temperature (R.T.) or operating 

temperature. Bulk and grain boundary resistances should be minimized.  

For R.T. Li-ion conductors, the ionic conductivity should be close or 

comparable to the liquid based electrolytes.  

• Low interfacial resistance between the electrodes (both anode and cathode) 

and the solid Li-ion conductor. The interface between the electrolyte and 

electrode should be stable both chemically and mechanically to minimize 

the charge transfer resistance.   

• High electrochemical stability window (>5.5 V vs. Li/Li+) and stability 

against chemical reaction with both anode and cathode materials under 

processing and operating conditions.  

• Negligible electronic conductivity at all operating conditions.  

• It should also be inexpensive, non-hydroscopic and benign111,112
.  

There are several solid state electrolyte materials have been discovered 

and published recently113,114,115,116 (shown in Figure 3.1).Various Li-ion conducting 

materials have high conductivity but either they suffer from low chemical or 

electrochemical stability, for e.g. Li3N has very high conductivity (~6x 10-3S/cm 

at room temperature) but it has very low decomposition voltage (0.44 V)117, Li-β-

alumina is hygroscopic and hard to process. (Li,La)TiO3 is unstable with Li-metal 
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electrode118. Li-ion conducting crystalline and amorphous metal oxides, sulfides 

and halides are known in the literature111,119,120,121. Glass ceramic electrolytes 

based on sulfide e.g. Li2S-P2S5
115,116,122

 and thio-LISICON123 have high ionic 

conductivity (>10-3 S/cm) at room temperature but still lower than Li3N whereas 

superionic conductors e.g. Li10GeP2S12 have very high Li-ion conductivity (12 x 

10-3 S/cm at RT)124. However, these materials need inert atmosphere for their 

synthesis and processing, making it costly and difficult to fabricate large area 

bulk electrolyte films based on these sulfide electrolytes. Considering the 

requirements for an ideal solid state Li-ion battery electrolyte, where fabrication 

and processing of material is very important19, we did not consider sulfide based 

Li-ion conductors.  

 

Figure 3.1 Arrhenius plot for the state of the art solid state Li-ion 
conductors. Reproduced from Ref. 112. 

Recently, high Li-ion conducing oxide solid electrolytes were discovered 

with Garnet structure having molecular formula Li5La3M2O12, M=Nb, Ta125,126 
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and Li6ALa2M2O12, A=Ca, Sr, Ba and M=Nb, Ta127. These oxide materials are 

easy to handle and synthesize in air. The ionic conductivities of these materials 

are higher or comparable to the currently used LiPON electrolyte (3.3 x10-6 S/cm 

at room temperature). Li7La3Zr2O12 (LLZO) is a novel electrolyte of this class 

with very high Li-ion conductivity at room temperature (RT). LLZO crystallizes 

in two phases- tetragonal and cubic phase. Cubic phase exhibits at least two 

orders of magnitude higher conductivity compared to the tetragonal phase; for 

cubic phase the total ionic conductivity is ~10-4-10-3 S/cm at RT128 and for 

tetragonal phase the conductivity is 1 x 10-7 to 5 x 10-6 S/cm at RT129. The high 

Li-ion conductivity of this zirconium based oxide as generated huge amount of 

interest in the field of solid state Li-ion conductor. However, synthesizing cubic 

phase of LLZO (c-LLZO) by conventional high temperature ceramic synthesis 

method produces various difficulties. Stabilizing c-LLZO phase requires more 

than 1150 °C synthesis temperature. At this high temperature huge lithium loss 

has been observed by the presence La2Zr2O7 phase after synthesis128 due to the 

decomposition of garnet phase has also been observed during high temperature 

synthesis. Thus, it is hard to maintain the stoichiometry of the cubic phase.  

Recently, it has been found that trivalent Al doping helps in stabilizing cubic 

phase of LLZO at lower temperatures (1000 °C)128  but again with relatively 

lower lithium concentration. Al doping also helps in sintering at lower 

temperatures compared to non Al-doped samples and it is one of the most 

attractive method for stabilizing the c-LLZO since Al doping can be done easily 

just by using the alumina crucibles. Numerous variations in the LLZO 

composition were studied to improve the conductivity, such as substitution at Zr 

or La sites. Ta substitution on the Zr site (Li6La3ZrTaO12) results in a very high 

conductivity of 0.18x10-3 S/cm at room temperature without hindering Li-ion 

mobility. Only Ta substituted on the Zr site has the lowest activation energy 
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(0.22 ev) compared to the Ta, Ga substituted LLZO 

(Li6.15La3Zr1.75Ta0.25Ga0.2O12, 0.27 ev) and Ta, Al substitution 

(Li6.15La3Zr1.75Ta0.25Ga0.2O12) has the highest activation energy (0.30 ev) 130. Li 

et. al.131 also achieved 1x10-3 S/cm of ionic conductivity at room temperature for 

Zr substitution by Ta (Li6.4La3Zr1.4Ta0.6O12). Similarly, Nb can also substitute Zr 

site but Nb substitution is not preferred due to the instability of Nb in the 

presence of metallic Li.  

Most of the material synthesis of LLZO is done by solid state reaction 

using high temperatures (>1230 °C, ~ 2 days). At High temperature there is a 

possibility of unwanted doping of LLZO with crucible material e.g. Al doping 

while using alumina boat or Si doping by silica boats132. Also at high 

temperatures loss of lithium is an issue due to the formation of La2Zr2O7 

impurity phase and it’s difficult to achieve stoichiometric compound128. The 

avoid lithium loss sol-gel synthesis at low temperature was used133. It also 

interesting to that in the most of studies based on LLZO, all the ionic 

conductivity measurements are usually done on ~2-3mm thick pellets with pellet 

densities varying from 60% to 98% of theoretical density134,129. Even though the 

ionic conductivities of cubic and tetragonal phases are high in these dense pellets, 

it is not practical to use thick and brittle pellets of these ceramics as an 

electrolyte in Li-ion batteries. Brittle nature and poor mechanical properties can 

significantly compromise the safety of the Li-ion batteries.  There have been no 

efforts to study the processing of these materials to fabricate thin, flexible 

membranes. Since LLZO is one of the most appropriate materials for future Li-

ion batteries it is very important to study the manufacturability of LLZO into 

thin membranes which are mechanically strong.  Solution or slurry based 

processing is one of the simplest methods that is used in battery industry to 

fabricate thin membranes of various solid powders. We have very little or no 
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knowledge of interaction of these materials with solvents or binder materials that 

are commonly used in slurry base processing. Also, very limited knowledge is 

available for the chemical stability of these materials under various processing 

conditions since most of the studies are done in solid powder form. But all these 

studies were based on solid powder. Knowing the interaction of LLZO with 

solvents or binder materials and fabricating thin, mechanically stable membranes 

could be very important for their application in high energy Li-ion batteries 

where vacuum deposition or pellet form electrolyte may not fulfill all the 

requirements of a solid electrolyte.    

In this chapter we have focused the slurry based processing of t-LLZO to 

fabricate thin, flexible membranes of solid state electrolyte either by spray 

painting or tape casting method. We studied the interaction of t-LLZO with N-

Methyl-2-pyrrolidone (NMP) solvent and polyvinyl di-fluoride (PVDF) binder. 

These are the most common materials that are used in battery industry to 

fabricate films of various battery components. We observe a drastic and 

immediate color change of t-LLZO slurry in PVDF and NMP which is found to 

be associated with the room temperature phase transformation of t-LLZO to c-

LLZO. Larraz et. al.135 have reported the phase transformation of tetragonal t-

LLZO to c-LLZO between 100 °C to 200 °C due to water or CO2 absorption. 

However, room temperature phase transformation is not known in this material. 

This intrigued the interest to investigate the effects of each NMP and PVDF on 

t-LLZO.  Interactions of t-LLZO with NMP and PVDF are also studied 

individually to deconvolute the effects of one from the other. Our studies show 

that both PVDF and NMP play an important role in the phase transformation of 

t-LLZO to c-LLZO at room temperature. The interaction of powdered t-LLZO 

with NMP seems to have more pronounced effect compared to the pelletized t-

LLZO. Combined interactions of NMP and PVDF enhances the effect and results 
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in a R.T. phase transformation in t-LLZO.  Phase transformation studies are 

performed by using x-ray diffraction, TEM and Raman spectroscopy techniques. 

3.2. Experimental details 

3.2.1. Material synthesis 

Polycrystalline tetragonal phase of Li7La3Zr2O12 (LLZO) was synthesized 

by solid state reaction using Li2CO3, La(OH)3, ZrO2 and Al2O3 as starting 

materials. All the chemicals were purchased from Sigma-Aldrich and used as 

received. The tetragonal phase of LLZO was synthesized by mixing Li2CO3, 

La(OH)3 and  ZrO2 powders in 7.7:3:2 molar ratio. To compensate the lithium 

loss during the high temperature synthesis an extra 10 wt% of Li2CO3 was used. 

The desired quantities of the starting materials were first mixed and hand ground 

using agate mortar and pestle. All hand grinding steps were done using 2-

propanol solvent. Wet grinding technique was used to facilitate mixing and 

achieve intimate contact between the reacting materials. Wet grinding was done 

using in PM-100 planetary ball mill (Retsch) for 3h at 300 rpm where 2-propanol 

and yttrium-stabilized zirconium oxide balls of 3 mm diameter were used as the 

grinding media. The powder to ball mass ratio was typically 1:10. After ball 

milling, the powder mixture was sieved through a 150 µm stainless steel mesh. 

The sieved powder was calcined in air at 800 °C for 4 h at the heating rate of ~1 

°C/min in an alumina boat. After calcination the precursor powder was hand 

ground and pressed into 2.54 cm pellets by applying 0.2GPa pressure. The as 

pressed pellets (~1-2 mm thick) were kept in furnace at 1000°C for 4h for ceramic 

synthesis of t-LLZO in air. Alumina crucibles were used to carry out all the high 

temperature synthesis. There are some studies that report Al contamination from 

the crucibles during the high temperature synthesis (T > 1100 °C) thus to avoid 
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any direct contact of the materials with the crucible, the pellets were covered 

with the green powder. A heating rate of ~1.5 °C/min was used during the 

synthesis process to minimize lithium loss during the high temperature synthesis. 

All samples were furnace cooled to room temperature. For comparison purposes, 

a cubic phase of LLZO was synthesized using stoichiometric ratio of Li2CO3, 

La(OH)3 and ZrO2 with 0.12 moles Al2O3. Al2O3 doping helps to stabilize cubic 

phase at low synthesis temperatures (~1000 °C). The ground powder after milling 

was sieved and pressed into 2.54 cm pellets. The pellets of the starting materials 

were kept at 800 °C, 4 h for calcination. The calcined pellets were then hand 

ground and pressed into pellets again and kept for synthesis at 1000 °C. Again, to 

avoid further concerns on Al contamination from the alumina crucible at the 

early synthesis step, pellets were covered with the green powder during the high 

temperature synthesis step.  

For solution based processing of t-LLZO and fabricating thin membranes 

of t-LLZO, either by spray painting or slurry coating, we dispersed finely ground 

as synthesized t-LLZO powder in a (PVDF, Kynar-761) binder solution prepared 

in N-methyl pyrrolidone (NMP) to form a well dispersed slurry. We used a 

weight ratio of 95:5 between t-LLZO and PVDF binder to allow good percolation 

between solid LLZO particles. The slurry was coated on a high purity surface 

cleaned (with propanol) Al foil with ~60 µm doctor blade gap.  The coated film 

was dried overnight in vacuum oven at 120 °C. After drying the film was 

compacted to 20 µm by hot calendaring at 120 °C and ~49% relative density was 

achieved for the coated film.  

3.2.2. Material characterizations 

The structure and phase purity of LLZO samples are confirmed by X-ray 

diffraction (XRD, Bruker D-8 Advance) and Rikagu D Max. Powder XRD 
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patterns are recorded using Cu Kα radiation and 2θ from 10° to 60° with step size 

of 0.05° on Bruker D-8 instrument and step size of 0.02° on Rikagu XRD 

machine.   The particle size distribution is measured by a Saturn 5205 using laser 

scattering analysis technique. Surface morphology of the LLZO powder and cross-

sectional morphology of LLZO pellet is determined by scanning electron 

microscope (JEOL Neoscope JCM-5000). The surface area analysis of the samples 

is measured using Micromeritics Geminai VI.   

3.2.3. Low temperature phase transformation in LLZO 

Chemical activity of t-LLZO with PVDF and NMP has been studied with 

XRD and Jasco NRS-3100 laser Raman spectrophotometer was used in reflection 

mode operating at 532 nm green lasers.  

3.3. Results and discussions 

3.3.1. Synthesis and XRD measurements 

Tetragonal phase of Li7La3Zr2O12 (LLZO) have been synthesized by 

reacting solid precursor powders at high temperature. Powder XRD patterns of 

tetragonal LLZO powder at different synthesis stages are shown in Figure 3.2 a 

(bottom, red curve). XRD patterns recorded for the calcined sample (at 800 °C) 

shows peak doublets and triplets for most of the 2θ positions e.g. 2θ=25.6 (321, 

312, 213 planes), 30.7 (420, 402 and 204 planes) and 33.7(431 and 413 planes) etc. 

These peak positions and peak shapes are characteristics of tetragonal phase of 

LLZO crystallizing in I41/acd space group134.  
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Figure 3.2 Ceramic synthesis of t-LLZO phase. a) Powder x-ray diffraction 
patterns of a precursor calcined at 800 °C (red) and product synthesized at 
1000 °C (blue). All the peaks of the synthesized phase indexed with 
tetragonal phase of Li7La3Zr2O12. Unreacted phase is marked with * which 
disappears during high temperature synthesis step b) morphology of as-
synthesized tetragonal LLZO, unifrom particle size distrubition ~5 µm was 
observed c) observed peak positions matches well with Bragg reflections of 
I41/acd space group crystallizing in garnet phase. Profile matching (peak 
shape, intensity and position) shows good agreement with the calculated 
profile for LLZO garnet structure. Lattice parameters calculated from profile 
matching (fullprof) are a = 13.12 Å and c = 12.67 Å. 
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XRD pattern of calcined phase suggests that t-LLZO phase can be 

stabilized at synthesis temperatures as low as low 800 °C. Only a small amount of 

unknown impurity phase is observed in the calcined phase XRD pattern which 

we can be due to incomplete reaction among the reacting particles since it 

disappeared after treating the material at 1000 °C. After synthesis at 1000 °C, we 

obtain a highly crystalline LLZO phase with narrow peaks (Figure 3.2 a top blue 

curve). All the XRD peaks were indexed with the peaks that are observed for 

garnet-type structure crystallizing in I41/acd. No impurities were detected in 

XRD pattern of the as synthesized t-LLZO powders. The lattice parameter a= 

13.1227(1) Å and c= 12.6752 (2) Å was calculated by profile fitting of the powder 

XRD pattern using Fullprof program, which are in good agreement with the 

published results134. We obtain a very good match between observed peak shape 

and profile and calculated peak positions and profile for the I41/acd space group 

(Figure 3.2 c). SEM micrograph of tetragonal phase (Figure 3.2 b) shows 

aggregates of c.a. 5 µm LLZO particles.  Average particle size of ~4.47 µm is also 

confirmed by laser light scattering.  BET surface area of the tetragonal phase was 

0.2263 (107) m2/g.  

Considering hard sphere particle model, the average size of the particles 

was also calculated using the following correlation between specific area and 

density of the material –   = ∗   where ρ is the density of 

the material and D is the average particle size. 

 Considering the theoretical density (5.066 gcm-3) of t-LLZO phase, the 

calculated average particle size for t-LLZO was 5.19 µm. This is in good 

agreement with the experimental values obtained by laser light scattering. Thus 

BET surface area and SEM analysis suggest that individual particles are dense 

and have relatively smoother surfaces.  
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3.3.2. Room temperature phase transformation 

Tetragonal LLZO was found to be chemically active with NMP solvent as 

well as with polyvinylidene difluoride (PVDF) polymeric binder. As soon as the 

tetragonal phase of LLZO is mixed with PVDF binder solution in NMP in 95:5 

weight ratios, the solution and particles change color to deep brown.  

 

Figure 3.3 Room Temperature phase transformation in t-LLZO. Solution 
processing and room Temperature phase transformation observed in t-LLZO. 
a) A schematic of solution based processing of t-LLZO for fabricating thin 
and flexible solid state electrolyte films. Here LLZO slurry is coated on Al- 
substrate b) comparison of XRD plots of slurry coated film with the starting 
t-LLZO and c-LLZO powder. XRD pattern of coated LLZO shows peak 
merging and disappearance of doublet and triplet peaks of starting tetragonal 
LLZO phase. All the peaks observed in the coated film XRD were matched 
and indexed with c-LLZO phase (top curve) c) morphology of coated film. 
Reduction of particles size from 5µm to ~1-2 µm can be seen. 
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A schematic of slurry preparation and coating procedure is shown in Figure 

3.3a. Huang et al.136 has associated change in LLZO color from light to dark 

yellow with the structural change occurring during high temperature sintering, 

dark yellow colored pellet was observed for cubic LLZO phase.  

To investigate any structural change during the solution processing, XRD 

patterns were recorded for starting material, coated material and was compared 

with the XRD pattern of the control sample of cubic phase synthesized by Al 

doping at 1000 °C. Upon comparison XRD pattern recorded for dried films 

prepared by coating LLZO and PVDF slurry on an Al foil reveals transformation 

of tetragonal LLZO to cubic LLZO. Peak splitting was not observed for the 

coated film. Tetragonal peaks for e.g. 321, 312 and 213 planes merged into one 

peak for 321 planes in coated film. The XRD pattern of slurry-coated LLZO films 

(Figure 3.3b) shows the broadening of all the LLZO peaks and the intensity of the 

peaks decreased drastically coupled with the merging of peak doublets 

characteristic of tetragonal phase. All the peak positions of the coated film can be 

matched with the cubic LLZO phase (Figure 3.3b) suggesting the transformation 

of tetragonal phase of LLZO to cubic phase. The stability of cubic phase is highly 

influenced by the Li concentration and it can vary between 5.25-7 moles of 

lithium128,136 depending on synthesis temperature and doping. The structural 

transformation from tetragonal to cubic phase in the LLZO-PVDF slurry along 

with the color change indicates that t-LLZO is losing some lithium atoms. The 

darker color of the slurry and coating can be associated with formation of defects 

due to the formation of lithium and oxygen vacancies as mentioned by Huang 

et.al136. SEM image of the coated film surface suggests the particle size reduction 

from 5 µm to 1-2 µm (Figure 3.3c). The x-ray peak broadening can be associated 

with the reduction in the primary particles size. 
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3.3.3. Chemical activity of t-LLZO 

Chemical activity of tetragonal LLZO phase with NMP and PVDF was 

studied individually to distinguish the effect of solvent and the binder. 0.1 gram 

t-LLZO powder was dispersed in 1 ml of NMP. We observe an immediate color 

change and after 30 min a deep red colored supernatant could be observed 

(shown in Figure 3.4a). After 30 min the solid was extracted by drying at different 

temperatures. 

The first part was dried in air at R.T. for several days and the other part 

was dried in air at ~120- 200 °C for 5-10 min. The sample dried at temperatures 

~120-200 °C showed a change in powder color, from white to brown whereas the 

color of the sample dried at R.T. was found to be very close to the starting 

material Figure 3.4a. The sample kept for drying at R.T., showed brown color 

initially but during the drying process the color of the powder slowly changes 

back to the starting material color. XRD patterns of these solids were recorded to 

investigate the association of color change with any structural change. XRD 

patterns of the solid powders extracted at different temperatures are shown in 

Figure 3.4b. For comparison XRD pattern of starting t-LLZO powder is also 

shown (bottom curve in blue). The XRD pattern of powder extracted by drying 

the dispersion at temperatures ranging from 120- 200 °C shows the 

transformation from t-LLZO to c-LLZO, no peak splitting (doublets or triplets) 

was observed. However, the transformation was not complete as we could observe 

small shoulder peaks at few 2θ positions (2θ =30.7 °). All the peaks were matched 

with c-LLZO that was synthesized for comparison. 
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Figure 3.4 Effect of solvent used for solution based processing of t-LLZO. a) 
Time dependent drastic color change observed for t-LLZO dispersion 
(0.1g/ml) in NMP solvent. After 30 min the solid material was extracted by 
drying the sample either at R.T. for 3-4 days (white in color) or at 
temperatures ranging from 150 °C (light brown in color). b) Comparison of 
XRD patterns of t-LLZO (starting powder) and different colored solids 
extracted by drying the t-LLZO dispersion in NMP. XRD data for high 
temperature drying were matched with c-LLZO phase with very little t-
LLZO phase and low temperature drying data was matched with t-LLZO 
with very little change in the peak shape.  
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The powder dried at R.T. did not show any major change in the XRD 

when compared to the starting material. Peak splitting, characteristic of t-LLZO 

phase was observed for most of the 2θ positions. It confirms that NMP does play 

an active role in the phase transformation of t-LLZO but heating is necessary in 

order to maintain the cubic phase to LLZO. 

 

Figure 3.5 Effect of polymeric binder on phase transformation of t—LLZO a) 
t-LLZO (white) powder is mixed with PVDF (white) in 95:5 wt. ratios. The 
heating of mixture (to allow movement of polymeric chains) resulted in a 
deep brown colored powder. b) XRD patterns of brown colored powder and 
starting t-LLZO powder. The peak positions and peak shape of brown 
powder shows merging of tetragonal doublet and triplet peaks and peaks 
were indexed with c-LLZO phase. The appearance of peak shoulders (e.g. at 
2θ = 30°) suggests the presence of t-LLZO phase as well and the 
transformation is partial. 

Chemical activity of t-LLZO powder with PVDF binder was studied by 

mixing them in 95:5 wt. ratios. Plain mixing of LLZO powder with solid PVDF 

powder at RT did not yield any chemical change in the LLZO powder. To better 

compare it with slurry based processing, the LLZO-PVDF solid mixture was 
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heated up to 200 °C (Figure 3.5a). At this temperature complete melting of 

PVDF was assured (Tm of PVDF ~164 °C). After heating for 30 min the powder 

mixture change the color from whit to brown as observed during the slurry 

preparation. The XRD data confirmed partial transformation of LLZO from 

tetragonal to cubic phase Figure 3.5b as discussed above. Thus, both NMP and 

PVDF are active towards the phase transformation occurring in the tetragonal 

phase of LLZO. However, in order to stabilize the transformed cubic phase 

heating is important.  

 

Figure 3.6 Phase transformation study of t-LLZO with Raman spectroscopy. 
Raman spectra of as synthesized t-LLZO and c-LLZO phases (for 
comparison). Raman activity in garnet type oxides is divided in three zones 
(i) low energy (raman shift < 300 cm-1) for cation transitional modes (ii) 
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intermediate energy zone (300 cm-1<raman shift>550 cm-1) for bending 
modes (iii) high energy zone (raman shift > 550 cm-1) for ZrO6 stretching 
mode. Raman shifts of transformed phase shows transition from t-LLZO to c-
LLZO. LLZO-PVDF sample does not show any raman activity in this range, 
probably due to the coverage of particles with polymer.   

Compared to XRD, Raman spectroscopy is a sensitive technique to 

identify small amounts of secondary phases present in a sample. Thus, we used 

Raman spectroscopy in combination with XRD to investigate the chemical 

activity of t-LLZO with NMP and PVDF. Unfortunately, we could not observe 

any Raman activity for the t-LLZO phase treated with PVDF in the required 

band. Raman inactivity of PVDF treated sample can be explained by polymer 

coating on LLZO particles. Since the mixture of t-LLZO and PVDF powder was 

heated up to the melting point of the polymer, we suspect that the polymer 

might have covered all the LLZO particles and essentially blocking the particles 

to be seen under laser during the measurement.  

The Raman spectrum for pure t-LLZO powder in non-polarized mode is 

shown in Figure 3.6 (middle curve). As a control we also recorded the Raman 

spectra for cubic LLZO phase synthesized by Al-doping at 1000 ºC (Figure 3.6, 

bottom curve).  Raman activity in garnet type oxides is generally divided in three 

zones (i) low energy (Raman shift < 300 cm-1) for cation transitional modes (ii) 

intermediate energy zone (300 cm-1<Raman shift>550 cm-1) for bending modes 

(iii) high energy zone (Raman shift > 550 cm-1) for ZrO6 stretching mode137. The 

Raman peaks for both control materials shows activity in these three bands and 

peaks observed for both materials are in good agreement with the published 

results137.  Raman peaks observed for t-LLZO powder treated with NMP (Figure 

3.6, top curve) shows merging of Raman peaks, approaching towards cubic 

phase. This behavior was found consistent with the data observed from XRD. We 

did not find any Raman peak for other secondary phases. 
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3.3.4. TEM characterization 

Selected area electron diffraction (SAED) of pristine t-LLZO in [001] 

direction (Figure 3.7b) confirms that tetragonal phase of the starting material. 

All the planes were indexed with tetragonal phase symmetry. t-LLZO crystal is 

shown in Figure 3.7a. SAED pattern for t-LLZO powder heat treated with PVDF 

in [100] direction is shown in Figure 3.7d which confirms the phase 

transformation and all the planes were indexed with  cubic symmetry. In 

HRTEM images of transformed sample we observed the high density of 

dislocations. We suspect that presence of these dislocations can be an indication 

of lithium and oxygen vacancy in the crystal lattice, which results the 

deformation of tetragonal lattice to cubic. It is worth noting that the lattice 

parameter of cubic (a =12.96 Å) and tetragonal (a=13.12 Å, b=12.67 Å) phases 

are very close and a small amount of energy might lead to a phase 

transformation. 
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Figure 3.7 TEM characterization of pristine t-LLZO and t-LLZO treated with 
PVDF. a) t-LLZO crystal b) SAED pattern for t-LLZO, obesreved were 
indexed with tetragonal phase. c) t-LLZO crystal treated with PVDF at 200 
°c. Polymer wrapping can be seen as well d) SAED pattern for the treated 
LLZO, all observed planes were indexed with cubic phase e)HRTEM image 
of transformed LLZO where dislocations can be related with the stress 
induced by lithium leaching.      
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Figure 3.8 Effect of solvent and polymeric binder on dense pellets with time. 
a) t-LLZO pellet (white) prepared by pressing as synthesized t-LLZO powder 
at 5 ton pressure for 15 min. b) LLZO-NMP pellet (light brown), prepared 
by soaking t-LLZO pellet in NMP solvent for almost 3 days and with 
intermittent heating at 120 °C for 2-3 h then dried at 150 °C c) LLZO-PVDF 
pellet (deep brown) prepared by mixing 95:5 wt. ratios of t-LLZO with 
PVDF and pressed the mixture at 5 ton pressure for 15 min. The pellet was 
then heated till 200 °C for 1 h. d) XRD patterns of LLZO-NMP at various 
stages during the solvent interaction. The transformation in pellet is found to 
be slower than loose powders and it was difficult to difficult to achieve fully 
transformed phase. e) XRD patterns of LLZO-PVDF pellet at various time 
during the reaction. Compared to NMP, the transformation in LLZO-PVDF 
is found to be faster.  
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3.3.5. Ionic conductivity of LLZO  

A comparison of ionic conductivities of the starting and transformed 

materials was done in the pellet form. This was thought to be the fair 

comparison, since it was not possible to the get the conductivity of the coated t-

LLZO phase due to occurrence of the phase transformation during the solution 

based processing. t-LLZO pellet for the ionic conductivity measurement was 

prepared by sintering the calcined powder at 1000 °C for 4h in air (Figure 3.8a).  

The phase transformed pellet for conductivity measurement was prepared 

by soaking the t-LLZO pellet into NMP. Since we know that in order to stabilize 

the transformed phase with NMP it is necessary to heat the material thus we 

heated the soaked pellet for few hours. The color change was very minimal and 

transformation process in the dense pellet was found to be very slow compared to 

the loose powder. Figure 3.8d shows the structure evolution with time for t-

LLZO pellet soaked in NMP. XRD pattern recorded after 24 h soaking, including 

3 h of heating, in NMP shows very small change in the structure. Peak merging 

was observed for only few peak positions e.g. 321, 312 and 213 planes slightly 

merge together. Also small merging of peaks was observed for 402 family of 

planes.  After 24 more hours (including 3 more hour of heating) we see slightly 

more peak merging and after 72 hours most of the peak were merged together 

leading to a partial phase transformation from tetragonal phase to cubic. 

Considering the slow transformation of the pellet in NMP, it was interesting to 

see the transformation of t-LLZO pellet with PVDF. For this t-LLZO was mixed 

with PVDF in 95:5 wt. ratios and pressed in a pellet by applying 4 ton uniaxial 

pressure. The compacted pellet was kept in furnace for 1 h at 200 ºC. XRD 

patterns for the pellet were recorded in between to study the evolution of the 

phase transformation (shown in Figure 3.8e). Compared to loose powder, it took 
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longer time for the PVDF pellet to transform into cubic and the transformation 

was again partial, characterized by the peak shoulders. However, compared to 

NMP treatment, the PVDF pellet took less time to achieve a similar degree of 

transformation. This could be explained by the pellet formation procedure. For 

PVDF pellet, the loose t-LLZO and PVDF powders were mixed thoroughly and 

then it was pressed to form a compact pellet. The close contact of PVDF and t-

LLZO would lead to a faster interaction among the t-LLZO particles leading to a 

faster phase transformation. In the case of NMP treated pellet, first the 

compacted sintered pellet was prepared and then it was soaked in NMP, making 

it difficult for NMP to reach all the t-LLZO particles.  

Ionic conductivity measurements were carried out on pure t-LLZO pellet 

and it was compared with the t-LLZO pellet treated with NMP (Figure 3.9). 

PVDF pellet was not used for comparison because the presence of insulating 

polymer might alter the conductivity and would not give a fair comparison of 

change in the conductivity. Conductivity values are calculated from S = =  

where R is the intercept of the spectrum with the real Z’ axis in high frequency 

region, l is the thickness and A is the area of the electrolyte pellet. The calculated 

conductivity value for t-LLZO is 1.79x10-5 S/cm and for t-LLZO treated with 

NMP is 3.3x10-5 S/cm.  
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Figure 3.9 Impredance spectra for t-LLZO pellet (710 µm thick) and t-LLZO 
(800 µm thick) treated with NMP. Impedance spectra recroded from 1MHz 
to 1 KHz. 

3.4. Conclusion 

Solution based processing of t-LLZO powder with PVDF and NMP led to 

the phase transformation of initial tetragonal phase into cubic phase. Phase 

transformation is confirmed by XRD, TEM and Raman spectroscopy. Both 

PVDF and NMP play an important role in the phase transformation and 

presence of one enhances the effect of the other as observed for t-LLZO slurry.  A 

visible evidence of phase transformation was related with color change to dark 

brown which could be associated with formation of defects (lithium and oxygen 

vacancies).   
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Chapter 4 

Hybrid Electrode Architecture 

4.1. Introduction 

Electric vehicles (EVs) have become a necessity of our society to minimize 

the carbon footprint in the atmosphere. There vast and rapid adoption needs 

energy storage device which can store high energy at a reasonable faster rate and 

can deliver the energy at rapid rate as well. The energy storage device should 

have very high safety and should be available at low cost7,15,138,8,139,140,141,77. Li-ion 

batteries are being used today for EVs due to their high energy density; however 

a key bottleneck in the current Li-ion battery technology is the limited charging 

rate. These batteries cannot be charged very fast without compromising the 

safety of batteries. Li-ion battery chemistry suffers from a slow kinetics of the 

charge-discharge reaction (Faradaic reactions) and when these batteries are 

exposed to high currents (fast charging or discharging) it causes very fast 

degradation of the battery components. Slow kinetics and high current 

applications causes high voltage polarization at the electrodes and generation of 

huge amounts of heat (mostly associated with the electrolyte oxidation) and 

makes the battery a potential fire hazard 142,143,144,145. Faradaic reactions that 

occur at both the Li-ion battery electrodes involve charge transfer reactions and 
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Electroactive polymers and transition metal oxides147,148,149 have the capability to 

rapidly store the charge through redox reaction occurring either on the electrode 

surface or in the bulk electrode. Thus, these materials are the most commonly 

used electrode materials in RECs. It is worth mentioning here, even though the 

charge storage mechanism is similar to Li-ion battery materials the charge 

transfer rate is very fast and high currents rate similar to EDLCs can be 

achieved. A redox capacitor presents a hybrid between EDLC and Li-ion battery 

(LIBs) and its performance lies somewhere in between the two extremes of LIBs 

and EDLCs. It has excellent capacity retention even at very high currents rate 

with higher specific capacity and presents an approach to improve the rate 

performance of energy storage devices. However, their specific capacity is still 

lower than LIBs146,149 and makes them less attractive for their application in 

EVs. Thus, it is necessary to find an energy storage device which has excellent 

capacity retention at high current rates (or power density) as well as have high 

specific capacity.   

 The most intuitive approach to achieve high energy density without 

compromising the power density is to combine different types of energy storages 

sources into one single device and develop a hybrid energy source. Researchers 

have explored the possibility of combining EDLC and LIB materials to form such 

hybrid device150,151,152,153,154. At low current rates, each individual component has 

its contribution towards the total stored capacity of the device and capacity 

contribution was proportional to the amount of that component. The total stored 

energy or capacity was the sum of these individual component 

capacities151,152,153,154.  Figure 4.2a. shows a schematic of capacity curve and 

contribution of separate components towards the total capacity. The power 

density of these hybrids was dependent on the electrode configuration and 

composition150. However at high rates, the total response of the device is 
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controlled by the EDLC component. The individual component response does not 

remain proportional to the component amounts. The LIB material contribution 

almost disappears at very high rate. Thus, power and energy performances of this 

configuration are not correlated with each other. Also, since at high current rate 

the device capacity is dominated by the EDLC component, we achieve very low 

capacity with a sloping voltage profile. The sloping voltage profile of the hybrid is 

not useful for most of the applications where current is needed at constant 

voltage. To overcome these limitations, we propose a hybrid electrode 

configuration which utilizes a synergistic approach to combine the performance of 

capacitor and battery components. It allows us to couple the energy and power 

densities of these materials.  

 

Figure 4.2 Hybridization principle and materials. a)Voltage profiles for 
typical capacitor and battery materials and for traditional hybridization as a 
fucntion of capacity b)enhanced hybridization. c) Voltage profile for  
PTMA/LiFePO4 hybrid electrode at a current density of 26mAh/g. Two 
distinguish plateaus, each corresponding to sepratate materials for different 
redox process. Reproduced from Ref. 155. 



 

87 
 

Several efforts are going on to develop such an hybrid and various 

materials have been proposed, however, adverse selection of components with 

overlapping redox couples voltages has so far hindered the realization of a true 

hybrid 156,157. The safety issues associated with the rapid charging of batteries can 

be solved by adding redox shuttle materials into electrolytes158,159. These redox 

molecules are generally solubilized in the electrolyte or can be attached at the 

surface of active material. These materials can undergo very fast charge transfer 

reactions which makes them suitable for their application in overcharge  

prevention occurring in electrode materials due to high currents160,161,162,163. 

However, the redox shuttles do not contribute or have insignificant contribution 

towards the total capacity of a cell. Also, very little is known about their effect 

on improving the rate performance of an electrode. Mostly, in terms of capacity 

and rate performance they could be considered passive component of a battery.  

In this chapter, we have successfully demonstrated that a hybrid electrode 

configuration which can deliver high energy densities without compromising the 

power density of the device is possible by carefully choosing the right capacitor 

and battery materials. To realize this concept, we constructed a hybrid electrode 

consisting of lithium iron phosphate (LiFePO4, LFP) battery material and 

poly(2,2,6,6-tetramethyl-1- piperinidyloxy-4-yl methacrylate) (PTMA) redox 

capacitor material. LFP and PTMA were a one of the better choices compared to 

the materials reported in literature because of the non-overlapping redox 

potentials. It is the key to successfully demonstrate the fast electrochemical 

response of a Li-ion cell without degrading its energy capacity. The redox 

potentials of LFP and PTMA differ from each other 0.2 V, making PTMA 

working potential ~3.6 V vs. Li/Li+ and LFP redox potential ~3.4 V vs. Li/Li+.  



 

88 
 

In this work, we show that different redox potentials of LPF and PTMA 

give an excellent synergy and the hybrid electrode performance falls into the 

expected category. This combination resulted in a high energy and power density 

of the cell and is suitable for over-polarization protection. The hybrid electrode 

showed high rate performance and excellent capacity retention for more 1,500 

cycles. During charge-discharge process, the hybrid electrode shows two distinct 

plateaus which is consistent with the two different redox processes occurring in 

LiFePO4 and PTMA (Figure 4.2b).  

4.2. Experimental details 

Fabrication of composite hybrid electrode required mixing of LFP and 

PTMA particles into a conducting binder matrix. LFP particles coated with 

carbon were purchased from MTI corp. and were used as received. However, 

PTMA was synthesized in the laboratory. PTMA is electrically insulating 

materials and so to enhance the electrical conductivity of PTMA particles we 

synthesized carbon coated PTMA (PTMA/C) particles as described in the 

following section 4.2.1.  

4.2.1. Synthesis of PTMA/C composite 

Carbon coated PTMA (PTMA/C) was synthesized by radical 

polymerization of Poly(2,2,6,6-tetramethylpiperinyl-4-yl methacrylate) (PTMPM) 

monomer in the presence of carbon particles. To synthesize a total of 1 g of 

PTMA/C; we dispersed 0.85 g of PTMPM and 0.15 g of acetylene black into 

80ml of dichloromethane and cooled it down in an ice bath. The oxidation of 

PTMPM to PTMA was carried out in an acidic environment by using meta-

Chloroperoxybenzoic acid (mCPBA, Across Organics). Before using, the mCPBA 

(70-75%) was purified to remove meta-chlorobenzoic acid impurity. Purification 
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involved several washing steps with toluene and phosphate buffer solution (pH 

7.5). After washing, it was dried over MgSO4 to obtain pure mCPBA powder. 

680mg of the dried mCPBA powder was dissolved in 80ml dichloromethane and 

was slowly added to the PTMPM and carbon dispersion. After drop wise 

addition of mCPBA, the resulted PTMPM dispersion with carbon was left at 0°C 

for 6 hours to react completely. Once the polymerization reaction was complete, 

the dispersion was filtered and washed with cooled (∼0°C) dichloromethane 

followed by room temperature washing with acetone, water and methanol. After 

filtration solid PTMA/C (yield >95%) was obtained which was dried in vacuum 

and finely ground before use. 

4.2.2. Electrochemical Testing 

Individual slurries of PTMA/C and LFP were prepared by mixing active 

material and acetylene black powders. The mixed powders were then dispersed 

into 2% by w/w carboxymethyl cellulose binder solution in water to achieve 

80:10:10 weight ratios between active material, carbon and binder. These slurries 

were thoroughly mixed before coating it on aluminum foil (25μm-thick). Several 

electrodes were coated to achieve thicknesses varying from 50-250μm. After 

coating, the electrode was first dried in air and then in vacuum at 55°C for 12h. 

Several electrode disks with different diameters were punched from the coated 

electrode and pressed at 6tonns to achieve a compacted electrode film. Thus 

prepared electrode disks were transferred to an argon filled glove box where cells 

were assembled to test the electrodes against lithium metal anode in half-cell 

configurations. For PTMA/C electrode, the 200μm thick coating resulted in 

1mg/cm2 of active mass loading (only PTMA, 0.65% of total electrode wt.) which 

corresponds to 100μAh/cm2 of current. For LFP electrode, a 50μm thick 

electrode resulted in 0.6 mg/cm2 of active mass loading (0.8 % of total electrode 
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wt.) corresponding to 100μAh/cm2. The target here was to obtain same areal 

capacity as PTMA electrode for a direct comparison.  

 For hybrid electrode, different amounts of the above prepared individual 

slurries were thoroughly mixed in different weight ratios. For example, for 

achieving a hybrid electrode in which the amounts of LFP and PTMA active 

materials are such that their capacity remains 1:1 requires mixing of 1g of 

LiFePO4 slurry with 2g of PTMA/C slurry and the expected specific capacity of 

such an hybrid electrode composition would be 126mAh/gcomposite (only active 

materials included). The slurry containing 1:1 capacity ratio of LFP and PTMA 

was coated on Al foil to achieve 250μm thick electrode. Similar to above 

electrodes, the coated electrode was first left to dry in air and then dried in 

vacuum at 55°C for 12h. After drying 1cm2 disks were punched and pressed at 

6tonns. The electrode disks were transferred to an argon filled glove box to 

assemble half cells. A 250μm thick electrode (thickness was measured before 

pressing) resulted in a mass loading of 0.6mg/cm2 for LiFePO4 and 1mg/cm2 for 

PTMA which corresponds to 200μAh/cm2.  

All the electrochemical testing was performed in half-cell configuration 

using Li-metal foil (Alfa Aesar) as reference and counter electrode. CR2032 coin-

cell (MTI Corporation) was assembled by sandwiching a sheet Celgard separator 

(MTI Corporation) between a lithium metal anode and the working electrode. 1M 

LiPF6 in 1:1 by vol. mixture of EC/DEC (Novolyte) was used as an electrolyte 

by soaking the Celgard separator with it. After complete cell assembly, the coin 

cells were tested for their cyclic voltammetry performances. Galvanostatic cycling 

test was also performed on the assembled cells. Both of these tests were done on 

Arbin BT-2043 multichannel potentiostat battery tester. 
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4.3. Results and discussion 

4.3.1. Hybrid electrode design and electrochemical performance 

PTMA is widely used as an active material for the organic radical 

batteries. Its charge storing mechanism involves formation of a nitroxide based 

radical164. It has flat plateau potential at 3.6V vs. Li/Li+ (Figure 4.2b) with a 

theoretical specific capacity of 111mAh/g. The kinetics of charge transfer in 

PTMA is very fast due to the high electron transfer kinetics (10-1 cm/s) of the 

nitroxide radical165,166 as well as due to its gel-like morphology upon addition of 

electrolyte which gives very high ionic diffusivity.166,167,168,169  

On the other hand, LiFePO4 (LFP) is a crystalline inorganic material with 

low bulk electrical conductivity as well as anisotropic Li+ diffusivity170,171,172,173 

which are responsible for the slow charge transfer kinetics in LFP. Similar to 

PTMA it also has a flat plateau potential and Li+ insertion/de-insertion process 

occurs at 3.4V vs. Li/Li+ (Figure 4.2b). Compared to PTMA, LFP has high 

theoretical specific capacity of 170mAh/g. Its high energy density with a flat 

plateau potential and easy availability at low cost makes LFP a material of 

choice for future EVs174,175. Thus, improving its high rate performance is 

becoming a necessity. Several methods have been proposed to circumvent the 

slow kinetics of LFP, for example, reducing the particle size, coating particles 

with carbon, tailoring the crystallinity of the particles and molecular doping176 

etc. However, all these efforts are enough to sufficiently improve its high rate 

performance and still present a safety issue when charge or discharged at very 

high currents.  Since PTMA has excellent high power performances, a LFP 

hybrid with PTMA would result in significant improvement in rate performance 

of LFP.  
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Figure 4.3 Cyclic voltammetry of the hybrid electrode. a) Anodic and 
cathodic responses recorded between 2.5 and 4.5V vs. Li/Li+ at different scan 
rates. b) Evolution of anodic peaks position with the scan rate for individual 
and hybrid electrodes. Red arrow shows the onset point for merging the 
anodic peaks. Beyond this point, anodic peak associated with oxidation of 
LiFePO4 is not observed. Reproduced from Ref. 155. 

The cyclic voltammetry (CV) response of the hybrid electrode (Figure 

4.3a) at low scan rates (< 0.4 mV/s) shows the presence of two pairs of 

oxidation-reduction peaks. The presence of two distinct peaks is suggestive of two 

distinct oxidation-reduction processes that are occur at different voltages.  The 

peak position is of the two peaks were found consistent with the charge-discharge 

plateaus observed during the galvanostatic cycling (Figure 4.2b). Anodic and 

cathodic peak pair closer to ~3.4 V vs. Li/Li+ were characteristics for the Li-ion 

de-insertion and insertion in LFP. Redox peaks closer to ~3.6 V vs. Li/Li+ was 

associated with the redox reaction occurring in PTMA. At higher scan rates 

(>0.4 mV/s), however, a very surprising cyclic voltammetry response was 

observed for anodic and cathodic reactions. CV data at high rates shows only one 

peak for the anodic process but two peaks for the cathodic process. As we 

increase the scan rate from 0.1 mV/s we can observe a peak merging phenomenon 
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(or disappearance of one anodic peak) whereas during the cathodic process we 

could still see the two peaks characteristic of lithium insertion on FePO4 and 

reduction of oxidized species of PTMA. It suggests that during charging at high 

rate only one electrochemical process takes place whereas during discharging two 

electrochemical processes occur. Figure 4.3b shows the evolution of anodic peaks 

positions as a function of the scan rate for individual components as well as for 

the hybrid electrode. The peak positions for the LFP electrode shows high 

electrode polarization at high rates reaching voltage safety limit even at 

moderately low rates (dashed curve in Figure 4.3b). Electrode polarization in 

PTMA shows lower polarization than LFP and anodic peak positions for PTMA 

remains within the safety limits even for moderately high rates. The evolution of 

anodic peak positions for the hybrid electrode follows the PTMA peak positions 

at high rates suggesting that PTMA oxidation dominates the anodic process and 

we do not observe the anodic peak for LFP. It is worth emphasizing that even 

though we do not observe oxidation peaks for LFP at high scan rate, we still see 

the peak for the reduction of FePO4 to LiFePO4. This behavior is very unusual 

for a redox couple. Upon close observation of the various phenomenon that are 

occurring during high and low scan rates, and the presence of reduction peak 

corresponding lithium insertion in FePO4, we hypothesize the occurrence of  

electrochemical interaction between LiFePO4 and the oxidized species of PTMA 

and to produce oxidized form of FePO4.  

4.3.2. Fast charge and internal redox reaction 

The cyclic voltammetry analysis of the hybrid electrode (Figure 4.3) 

suggests that during high current (high scan rates) charging mostly PTMA 

participates in the oxidation process. At high rates, the cell voltage is also 

controlled by PTMA component of the hybrid electrode which results in limited 
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electrode polarization and high power density. Low polarization is of particular 

importance for the safety of the device. However, absence of charging peak for 

LFP and presence of a significantly high LFP discharge peak suggests that during 

high rate charging the response of LFP is delayed and voltage rise or charging of 

LFP occurs in a transient state as we hypothesized in above section. Our 

hypothesis for the occurrence of internal redox reaction can be explained by the 

schematic presented in Figure 4.4a. 

Figure 4.4a. shows various steps involved during the fast charging of a 

hybrid electrode. Before the application of current both components, LFP and 

PTMA, remain in equilibrium at open circuit potential (1st step in Figure 4.4a). 

When a high charging current is applied on the hybrid electrode, the polarization 

of PTMA and LiFePO4 increases and both components gets charged (or, 

oxidized). Since, PTMA has faster redox kinetics it oxidizes faster and reaches to 

higher potential much faster than LiFePO4 and most of the available PTMA gets 

charged. Whereas, LFP suffers from slow kinetics and most of the available LFP 

does not get charged before the cell cut-off voltage reaches it limiting value (2nd 

step in Figure 4.4a). The ratio between the charged species of both components 

is dependent on the current. If a low current is applied, both materials will be 

charged more equally and ratio will be closer to unity but if a higher current is 

applied both will charge proportional to the rate constant of the reactions and 

the ratio will be far from unity. When the cell potential reaches the cut-off value, 

the current supply is stopped and cell starts equilibrating. During the transient 

state when cell potential is reaching the rest potential, oxidized PTMA species at 

3.6 V vs. Li/Li+ remain in intimate contact with a lower voltage (~3.4 V vs. 

Li/Li+) redox couple. The presence of oxidized species of a higher voltage redox 

couple in close contact with the reduced species of a low voltage redox couple is 

not thermodynamically stable system. This thermodynamic stability causes a 
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spontaneous reaction between them and an internal redox (no electrons flow 

through external circuit) occurs. We hypothesize that the oxidized PTMA species 

gets reduces in the expense of the LFP charging. Following redox reaction occur 

at the electrode during charging- 

At anode- [N-O+] [PF6
-] + e- → [N-O●] Li+            at 3.6 V vs. Li/Li+   

At Anode- LiFePO4 → FePO4 + Li+ + e-    at 3.4 V vs. Li/Li+ 

At Anode- N-O+ + LiFePO4 → [N-O●] Li+ + FePO4        

The overall state-of-charge (SOC) of the electrode will remains unchanged; 

only the PTMA to LiFePO4 ratio changes.  

To better understand this transient process, we monitored the relaxation 

voltage (decay of cell potential with time when no external current is applied) of 

the hybrid electrode. To follow the effect of charging rate on the transient process 

the hybrid electrodes were charged at different rates which resulted in different 

state of charge for electrodes charged at different rates. Relaxation curves 

(Figure 4.4b) recorded for different electrodes shows a huge of current rate. For 

electrodes which were charged at current rates lower than 20C presents an initial 

voltage drop followed by a monotonic decay from 3.6 V to 3.8 V and then 

stabilizes around 3.6 V vs. Li/Li+ (PTMA plateau potential). However, the 

electrodes that were charged at current rates higher than 20C rate showed a 

monotonic decay of voltage from ∼3.8 V to ∼3.6 V, followed by an abrupt drop to 

∼3.4 V and high rate charging cases the cell potential stabilizes at ~3.4 V vs. 

Li/Li+ (LFP plateau potential). The different rest potentials are associated with 

the concentration of the oxidized species of both PTMA and LiFePO4 that are 

present when the cell starts to rest (as soon as the external current stops 

flowing).  
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For slow charging rates, both PTMA and LiFePO4 gets oxidized and ratio 

between the charged species of both the components is closer to unity, suggesting 

that most of the LiFePO4 have been converted to FePO4 and most of the PTMA 

is also oxidized. Since, LiFePO4 has already be oxidized PTMA does not get 

reduce (due to unavailability of LiFePO4) and the potential stabilizes at PTMA 

plateau potential (3.6 V vs. Li/Li+). For fast charging rates, mostly PTMA gets 

oxidized and the ratio of charged species remains far from unity, suggesting that 

most of the LiFePO4 have not been converted to FePO4. In this case oxidized 

PTMA species gets reduced to oxidize LiFePO4
 to FePO4. After the complete 

consumption of oxidized species of PTMA the potential stabilizes at LFP plateau 

potential (3.4 V vs. Li/Li+) and we see a sudden drop in the potential.  

To further support this mechanism, we have followed the discharge curves 

for various hybrid electrodes. All of them were charged at a higher current rate of 

45 C but were discharged to various rates, ranging from C/5 to 150 C rates. For 

the slow rate discharging (Figure 4.4c), the voltage-capacity curve showed 

mainly the presence of long plateau characteristic of Li-ion insertion in FePO4. 

This observation is consistent with relaxation curve (Figure 4.4b, 45C, 44% 

SOC) obtained for the electrode which was charged at 45C and after full 

relaxation the voltage stabilized at 3.4 V vs. Li/Li+ (discharge capacity due to 

LiFePO4/FePO4
 redox couple). Increasing the discharge rates (0.35C – 1.4C) 

increases the PTMA contribution towards the discharge capacity and 

interestingly, the total discharge capacity of the hybrid electrode remains 

unaffected by the type of redox couple confirming that the electrode SOC does 

not change, and it is just the ration of PTMA to LiFePO4 that changes. The 

more we increase the discharge rates, the more we increase the PTMA 

contribution towards the hybrid electrode capacity. The presence of this 

difference in the charge -discharge behavior corroborates our hypothesis for the 
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occurrence of the internal redox relaxation mechanism. Hence, PTMA has two 

possible routes for reduction: either by transferring the charge through the 

external circuit or by spontaneously reacting with LiFePO4 to oxidize it and form 

FePO4.  

 The interaction between PTMA and LiFePO4 increases the power and 

energy densities of the hybrid electrode compared to the individual components. 

The energy density of the hybrid is higher than pure PTMA electrode and 

powder density of the hybrid is much higher than pure LiFePO4 electrode 

(Figure 4.5a). Thus this combination of materials utilizes the best of both 

constituent materials and successfully solves the ever existed issue related to the 

compromise between energy and power density. With this particular material 

combination we achieve high power density without compromising with the 

energy density. Ultimately, the power and energy density of the hybrid electrode 

can be precisely balanced by the respective amount of constituents, to fulfill the 

targeted application requirements.  

The ability of PTMA to rapidly charge and discharge significantly 

improves stability of the hybrid electrode and prevents any material degradation 

due to fast charging which is not possible in the pure LFP electrode. The 

electrode stability translates to high cycleability of the electrode and better 

retention of capacity is achieved during extended cycling. Figure 4.5b shows 

significant improvement in cyclic stability of the hybrid electrode compared to 

the pure LFP electrode. The hybrid electrode presents cyclic stability similar to 

the PTMA electrode. Only 12% of capacity loss was observed after 1,500 cycles 

at 5C rate (Figure 4.5b). The charge-discharge curves for the hybrid electrode 

at the 1st and 1,000th cycle (inset to Figure 4.5b) show no degradation in any of 

the constituents. It should be noted here as well that during charging only 
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4.3.3. Conclusions 

A hybrid electrode configuration fabricated by combining two separate 

components with complementary characteristics results in remarkable set of 

properties. With the appropriate selection of constituent redox couples, the rate 

performance of a device can be increased without compromising with the energy 

density of the device. PTMA and LiFePO4 present one such example of redox 

couple. Excellent high rate performance of PTMA not only improves the rate 

capability of LiFePO4 but also increases the safety of Li-ion batteries. Rapid 

charging of PTMA lowers the high polarization of LiFePO4 in the hybrid 

electrode during the fast charging. It also minimizes the material degradation 

associated with the fast charging of LFP electrode. The presence of PTMA in the 

hybrid electrode simply translates into enhanced high-rate capability, enhanced 

device safety and excellent capacity retention over extended cycling. The 

presence of LiFePO4 simply increases the energy density of the device and 

reduces the overall cost of Li-ion batteries due to its abundance. Rapid charging 

without compromising safety and low cost battery with better energy density 

hugely increases the probability of the fast adoption of EVs.  

In the study, we focused on 1:1 capacity ratio between PTMA and LFP 

but this ratio can be easily changed to tune the electrode performance based on 

the application. Ultra-high power electrode can have higher PTMA concentration 

similarly ultra-high capacity electrode can have more of LFP content. Proper 

balancing of both constituents could lead to a large variety of electrode 

formulations. This novel electrode configuration and ability to tune the electrode 

composition opens up a new approach to design Li-ion battery electrode. 

Designing a magic electrode material that could have high power density, high 

safety as well as low cost availability etc. seems a herculean task and could be 
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possible in far future. Thus, the ability to tap the favorable properties of various 

materials into one single electrode could have huge impact on developing low cost 

Li-ion batteries for EVs. Clearly, this unconventional hybridization does not 

result here in a simple addition of the characteristic features of both components 

as in the classical case of EDLC and battery materials hybridization. 
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Chapter 5 

Monolith Graphite oxide 
supercapacitor 

5.1. Introduction 

Carbon is a ubiquitous material in energy storage systems where its 

different allotropic forms are used to perform various functions. Carbon is being 

used in batteries since 1860s, either as a cathode (active material) in dry cell or 

as a conductive agent in Leclanche cell. Even in current Li-ion batteries graphitic 

carbon is one of the best anode material and amorphous carbon, carbon 

nanotubes are used as conductive additive. In 1957, H.I. Becker177 discovered 

high capacitance in activated carbon which was later explained by double layer 

capacitance in the porous carbon electrode. Since then activated carbon and 

other forms of high surface area carbons have been extensively used in 

electrochemical double capacitors (ECDLs) also known as supercapacitors due to 

their very high capacitance values (10-40 µF/cm2). Generally, gravimetric energy 

density, power density and life cycle determine the quality of a supercapacitor 

device178. Energy density is related to amount of active material and used voltage 

window. Power density is proportional to the square of the voltage and is 
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inversely proportional to the equivalent series resistance (ESR)178. ESR is the 

total device resistance which includes resistance due to connectors, current 

collectors, electrodes, electrolyte and separator and is also inversely proportional 

to the size of cell. Cycle life is related to the device components and its 

architecture. Thus, a better supercapacitor can be designed by choosing high 

capacity material (high surface area), increasing the electrode material ratio in 

the device (minimizing inactive components such as binder), increasing voltage 

and reducing ESR by reducing interface resistances and choosing the right 

dimension and architecture of the device. We targeted a high performance 

supercapcitor by choosing high surface area material based on carbon and 

eliminating the binder. Reduced ESR is targeted by monolith architecture of the 

supercapcitor device. To achieve these goals we have used graphite oxide as the 

building block of the device179. 

Graphite oxide (GO) is an oxidized form of graphite, where single or 

multilayered graphene sheets are decorated with various oxygen containing 

functional groups such as epoxy, hydroxyl and carboxylic acid180,181. These 

functional groups impart very different and interesting physical and chemical 

properties to this material compared to the pristine graphite. On one hand these 

functional groups are detrimental for the electrical conductivity present in 

pristine graphite, making it almost insulating in nature.  Experimentally 

measured conductivity of bulk GO varies widely between from 5E-6 S/cm to 4E-3 

S/cm182,181. On the other these functional groups makes GO easily dispersible in 

water to form stable dispersions. Its affinity to polar solvents such as water 

makes GO suitable for bulk processing via wet chemical method in a simple and 

cost effective manner. Also, it is known that degree of oxidation in graphite can 

easily be controlled to tune it from completely insulating to conducting by 

thermal treatments or by exposure to high power light183,184. The reduced form of 
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graphite oxide is known as reduced graphite oxide (RGO) or chemically 

converted graphene (CCG). In this chapter we discuss the application of these 

interesting properties of GO to make it a functional material for storage of 

energy. Just by combining these properties we have created a fully functional 

monolith energy storage device from a free standing GO membrane. The ability 

to reduce GO with laser (heat) into conducting RGO makes the high surface area 

electrode, electrically insulating GO works as a separator and absorbed water 

(affinity to water) acts as an electrolyte in the RGO-GO-RGO supercapacitor 

architecture (Figure 5.1). Laser reduction was conducted with the CO2 laser 

printer (Universal X-660 Laser Cutter Platform, power of 2.4 W, 30 % scanning 

speed). Details of device fabrication and performance are out of scope of this 

chapter and can be found elsewhere179. 

 

Figure 5.1 Fabrication of monolithic GO supercapactor. (Top)Schematic 
representation of patterned GO reduction with CO2 laser to fabricate the 
RGO-GO-RGO devices in various shapes and size. (Top left) in-plane device 
geometry and (Top right) sandwich structured device. (Bottom) RGO-GO-
RGO supercapcitors in various configurations. Black layer corresponds to 
reduced GO and shiny deep brown layer is unmodified hydrated GO. 
Reproduced from Ref. 179. 
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5.2.  Experimental details 

5.2.1. Preparation of hydrated GO membranes 

Graphite oxide synthesis was done by oxidizing graphite powder with 

strong oxidizing agents such as KMnO4. The synthesis process was based on 

modified Hummers method185. To make free-standing membrane, as synthesized 

GO was dispersed in DI water in a concentration of 6 mg/ml.  The mixture was 

sonicated in water bath for 1 hour to achieve homogeneous dispersion. For a 

typical film preparation, 50 ml of the GO dispersion was filtered under low 

vacuum for 3 days with a nitrocellulose membrane (0.025 µm, Millipore) filter. 

After 3 days, a free standing and flexible membrane was achieved. The thickness 

of such a GO membrane is ~ 22 µm and weighs ~240 mg with 8.7 cm in 

diameter.  

5.2.2. Ionic conductivity measurement in GO membranes 

Ionic conductivity measurement of GO membrane was done on 1 inch 

diameter film whose both sides were sputter coated with silver. Silver was used as 

blocking electrode. The impedance spectra were recorded on Autolab 

(PGSTST302N) with a varying degree of hydration in the frequency range of 

1MHz to 100 Hz. Silver coated GO membrane was sandwiched between two 

stainless steel blocks. The 1 inch diameter stainless steel blocks were decorated 

with evenly distributed holes of ~5 mm diameter. This perforated design was 

used to have an open system to allow GO film to interact with outside 

atmosphere either inside the vacuum oven or in air.  This allowed us to control 

the degree of hydration in the GO membrane. 
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plays the role of an electrolyte and is solely responsible for the ionic conductivity 

observed in GO films. At low absorbed water concentrations, H2O molecules are 

bound to the oxygen containing functional groups via strong hydrogen bonding 

(intermolecular interaction) as shown in Figure 5.3188. As we increase the degree 

of hydration in GO samples, the water content increases and the active sites on 

graphite oxide sheets reach a saturation level beyond which no water molecule is 

bound to a specific functional group and these excess water molecules move 

freely; rotate and diffuse. The reported water saturation point in GO, beyond 

which water molecules are free to move is ~15 wt%187.  

 

Figure 5.3 Schemactic represention of presence of hydrogen bonding between 
intercalated water molecules and oxygen containing functional groups of GO. 
reproduced from Ref. 188. 
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Graphite oxide also contains some acidic functional groups such as 

carboxyl, sulfonic189 and/or hydroxyl etc. The presence of these acidic groups 

suggests the abundance of protons which are generated from hydrolysis of these 

functional groups. We hypothesize; the ion-conduction in hydrated GO films is 

due to the presence of these protons whose motion is explained by Grotthuss 

Mechanism190. This mechanism explains that hopping of protons from one active 

site to another happens via hydrogen bonding network, or due to their ability to 

migrate freely in the form of hydronium ions (H3O+) within the interlayer spacing 

of graphene sheets. The proton hopping mechanism is expected to be similar to 

the proton transport observed in Nafion, a well-investigated polymer electrolyte 

system for fuel cells. The hydration content plays a significant role in the ion 

conduction observed for Nafion and proton transport via hopping mechanism 

induces this ionic conductivity191. 

To confirm the proton conduction in hydrated GO film, we studied the 

effect of dehydration-rehydration on the conductivity of pristine GO membrane. 

Impedance spectroscopy measurements were conducted on the films in a control 

over environment (vacuum). A stepwise decrease in the ionic conductivity (Figure 

5.4a) is observed with increase in exposure time to vacuum, and a full recovery is 

seen after re-exposure to air for three hours. The ionic conductivity calculated 

from the impedance spectra versus exposure time is shown in Figure 5.4b. After 

six hours under vacuum, we found a two orders of magnitude decrease in the 

ionic conductivity of the GO membrane, which is also fully recovered after 

exposure to air, indicating the reversibility of this process at room temperature 

(Figure 5.4b).  

To completely dry the GO film before rehydrating GO film, it was kept in 

vacuum oven and heated up to 105° C for two days. After two days, it was taken 
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These two experiments which are based on GO membrane dehydration 

and hydration suggest that water plays an important role in the ion conduction 

in GO films. The dramatic changes in ionic conductivity resemble the proton-

conducting behavior of Nafion191.  

The chemical structure and properties of GO and Nafion are shown in 

Figure 5.4c and Figure 5.5c, respectively. The active group in Nafion is sulfonic 

acid group192, while in GO, it could be carboxylic acid group, sulfonic acid 

group189, or even tertiary alcohol group; furthermore, large amount of existing 

epoxy groups in GO could also help proton migration. The application of Nafion 

as an electrolyte and a separator in supercapacitor devices has been reported193. 

Our observations in relevance to the Nafion-like conduction strongly suggest that 

hydrated GO is acting like an ionic conductor, with its ionic/proton conductivity 

influenced by the water content. 

5.4. Conclusions 

We have successfully demonstrated the ionic conductivity and the use of 

as-prepared hydrated GO films as a new type of separator/electrolyte membrane 

system. The ability to reduce and pattern hydrated GO films by laser irradiation 

enables the development of a scalable process to write micro-supercapacitors on 

these films, which work without the use of external electrolytes. GO films offer an 

entirely different type of porous solid electrolyte and could find applications as 

light weight membranes in several energy storage applications. 
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Chapter 6  

Summary 

Development of new products and applications brings new electrochemical 

(performance requirements) and engineering (design and integration) challenges 

in front of the energy storage devices and helps the field to progress. 

For decades, the thrust for the development of energy storage devices has 

been based on the need of high performing batteries that are cheaper and have 

high energy density, high power density and are safe to operate. Most of the 

research for developing better batteries is focused on developing new cell 

chemistries. A paradigm shift in the battery industry has been mostly associated 

with the development of new cell chemistry. Li-ion battery chemistry is 

considered as one those cell chemistries which have revolutionized the battery 

industry. Cell chemistry and development of new materials play a significant role 

in the advancement of battery technology; however, one must not overlook the 

design and engineering aspect of these devices. Careful crafting of energy storage 

devices can also bring revolutionary impact on the battery industry.  
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With this thought in mind, we designed this thesis to develop batteries 

and supercapacitors that potentially solves the design and integration challenges 

faced by current and near-future energy storage devices.   

Future devices require direct integration of mechanically robust arbitrary 

shaped batteries that could become an integral part of the device structure, for 

example, designing structural batteries for lighter and higher mileage electric 

vehicles and arbitrary shaped batteries for future high performing portable 

electronic devices. These future battery designs require re-inventing of the current 

Li-ion battery manufacturing industry which limits the fabrication of arbitrary 

shaped batteries. In this work, we successfully demonstrated fully-functioning 

arbitrary shaped batteries that were integrated onto the surfaces of various 

engineering materials. This was all possible due to our novel fabrication process 

which is based on one simple industrial process called spray painting. However, 

one of the biggest challenge in the realization of these kind of batteries is 

associated the design of the separator/electrolyte. We solved this key challenge 

by incorporating spraying process as well as by tuning the paint composition. 

Spray painting process opens up new horizons for integration of Li-ion batteries 

or any other multi-layered energy storage and conversion device. We can make 

batteries in any shape and size and on the surfaces of complex geometric objects. 

These batteries utilize gel electrolyte (hybrid of liquid and solid electrolyte) as 

the ion-conducting media and presents a safety issue associated with the 

flammable liquid electrolyte.  

To develop a safer spray paintable battery, we investigated the possibility 

of using lithium lanthanum zirconium oxide (Li7La3Zr2O12, LLZO) as an 

inorganic solid Li-ion conductor. Most of the solid state electrolytes are either 

being developed in the form of thick dense pellet or vacuum deposited thin films. 
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Both of these methods are not suitable for large-format EVs batteries; dense 

thick pellet suffers from poor mechanical properties and vacuum deposition of 

thin films is not economic for large-format batteries. In this work, we made an 

attempt to fabricate mechanical robust and flexible membrane of LLZO by 

spraying its paint formulation. We successfully fabricated the flexible membrane 

of LLZO. More electrochemical characterization such as study of electrode-

electrolyte interface should be done in future to better understand the 

performance of the bulk membrane.  

Vast adoption of EVs requires rapid charging of Li-ion batteries such that 

time required for the battery pack to reach 80% SOC remains very close to the 

refueling time required for the gasoline cars. Ultra-fast charging of Li-ion 

batteries present a huge safety concern associated with the thermal runaway and 

explosion of battery. Rate capability for most of the battery materials is not very 

high and a trade-off always exists between a high power and high energy battery, 

making it very difficult to design a battery which can deliver both high power 

and high energy. To solve this trade-off and slow charging issues of Li-ion 

batteries, we proposed a hybrid electrode configuration consisting of a battery 

and supercapacitor material. A composite electrode fabricated by mixing PTMA 

(supercapacitor material) and LFP (battery material) utilizes the best of both 

materials. It presents excellent high-rate capability, longer cyclic stability, higher 

safety similar to the PTMA component and also presents high energy density 

similar to the LFP component. The key to successfully tap the best 

characteristics of both materials lies in the right choice of redox couples. A 

combination of higher voltage supercapacitor material with a lower voltage 

battery material could allow us to increase the high rate performance of the 

battery materials. Several ratios of these materials can be mixed to tune the 

energy and power characteristics which open up a new space for combining 
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excellent properties of various materials into one single electrode and low cost 

method to develop a ‘magic material’ which has all the required properties.   

Last part of this thesis focuses on the novel design of a supercapacitor, a 

multi-layered energy storage device which stores energy by accumulating charged 

species on the surface of electrodes. High surface area active material, low 

inactive material weight and volume, high cell voltage and very low effective 

series resistance (ESR) are some of key features for designing an efficient 

supercapacitor device. We proposed a monolith design for the supercapacitor to 

minimize the ESR and inactive weight of the device (no need of binder material). 

High surface area reduced graphite oxide (RGO) was used as an electrode 

materials. Thin RGO electrodes were achieved by laser patterning (thermal 

reduction) the both sides of a relatively thick graphite oxide (GO) membrane. 

The unreduced GO in the middle of the membrane worked as a separator. GO 

readily absorbs significant amount of water from air and become hydrated. The 

hydrate GO film conducts proton and works as an electrolyte for the 

supercapacitor. Several unique properties of graphite oxide were utilized to 

fabricate a GO based supercapacitor. The proton conductivity in GO was found 

to have conduction mechanism similar to the Nafion, a polymer fuel cell 

electrolyte.  
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Notes 

Fabrication of spray painted Li-ion batteries requires formulation and 

spray depositing each component paints. Spraying process determine the quality 

of the deposited electrodes which ultimately determines the fate of the final cell. 

A bad quality electrode could lead to catastrophic failure of a Li-ion cell.  

Uniform thickness, right porosity (density of the electrode), homogenous 

distribution of conductive additive, mechanical integrity and adhesion to the 

current collector determines the quality of an electrode. Electrode fabrication is 

one the most crucial step for the proper functioning of the cell and failing to 

maintain the quality of electrode would lead to cell failure no matter what.  

 

Figure N-1 Schematic of automated spray system  

Spray-painted Li-ion batteries presented in this work were fabricated by 

manual spray painting using an airbrush. Controlling the uniformity of electrodes 

via manual spraying is a time consuming process and requires a skilled person. 

Maintaining the quality from batch to batch is also difficult. Considering these 

issues, we are developing an automated spray system for precisely controlling the 
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