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ABSTRACT OF THE THESIS 

 

Electrochemical and Design Optimization of Battlet-based Flexible Li-ion Batteries on 

FlexTrateTM 

 

by 

Mansi Sunil Sheth 

 

Master of Science in Materials Science and Engineering 

University of California, Los Angeles, 2025 

Subramanian Srikanteswara Iyer, Chair 

Recent advancements in biomedical wearable devices have significantly improved 

miniaturization, flexibility, and sensitivity. However, power delivery systems remain a critical 

bottleneck due to bulky and rigid commercial lithium-ion batteries, which degrade under 

mechanical deformation and limit device flexibility, safety, and form factor. To address these 

challenges, flexible battery technologies such as pouch cells, rubber-like batteries, and 1D 

fibrous batteries have been explored. Pouch cells, while commercially viable, are constrained 

by limited bending radii (~20 mm), flammable electrolytes, and issues like leakage and 

swelling. Rubber-like batteries offer stretchability but suffer from low ionic conductivity and 

high internal resistance. Similarly, 1D fibrous batteries enable integration into fabrics but face 

limitations in energy and power density. 
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To overcome these limitations, we propose two novel battery architectures: the battlet design 

and the interdigitated battlet design, aimed at enhancing both mechanical and electrochemical 

performance for flexible lithium-ion batteries. These designs seek to provide improved 

flexibility, energy density, and form adaptability suitable for next-generation wearable 

electronics. In addition, we incorporate an ionic liquid-based electrolyte to address the safety 

hazards posed by traditional organic electrolytes. Ionic liquids, being room-temperature 

molten salts, offer key advantages such as nonflammability, low volatility, high thermal 

stability, and wide electrochemical stability windows (4.5–5 V). These properties make them 

ideal for enhancing battery safety in wearable applications. 

Through these design innovations and material choices, our work aims to achieve a new class 

of intrinsically safe, high-performance, and mechanically robust flexible batteries tailored for 

wearable electronics. 
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CHAPTER 1: INTRODUCTION 

1.1 MOTIVATION 

In recent years, biomedical wearable devices have achieved much progress in 

miniaturization, flexibility, and sensitivity. However, current power delivery systems remain 

too bulky, primarily due to inefficient packaging and integration schemes [1][2]. This 

bulkiness is partly because commercially available lithium-ion batteries, the industry standard 

for rigid portable devices, suffer electrochemical degradation under long-term mechanical 

deformation, such as bending, folding, twisting, and other strain modes. The space allocated 

for power storage and management is also ever decreasing to make more room for higher 

functionality. More importantly, the form/shape factor (coin, cylindrical, prismatic, and pouch 

shapes) of the commercial batteries severely impact the wearable device safety, reliability, 

flexibility, and miniaturization. Since conventional batteries are not intrinsically flexible, in 

the past few decades, researchers have developed various types of flexible batteries, including 

pouch cell batteries [3], rubber-like batteries [4], [5], [6], 1D fibrous batteries [7], [8], [9], etc. 

Pouch cell batteries are a relatively mature technology in the battery market. While they 

exhibit some degree of flexibility, they are limited to a bending radius of ~20 mm. In 

addition, pouch cell batteries typically contain flammable organic electrolyte, presenting 

serious safety concerns for wearable devices. Beyond flammability concerns, other issues, 

including swelling, leakage, and lack of biocompatibility, limit the application of pouch cells 

in wearable devices [10]. Other formats such as rubber-like batteries, utilize crosslinked 

rubber-based polymers to fabricate cathode, anode, and electrolyte, and offer a route for 

flexible batteries. While this approach provides intrinsic flexibility and stretchability, the 

ionic conductivity of the electrolyte remains low, resulting in low output power and high 

internal resistance [3], [11]. 1D fibrous batteries are another emerging type of batteries for 



2 
 

wearable devices. Typically, fibrous cathodes and anodes are weaved together to create a 

single-thread full-cell battery. This type of 1D batteries can also be woven as a cover for the 

devices, but with major limitation in energy density and output power density.  

To overcome these issues in current designs of flexible batteries, we adopt two new designs 

1. Battlet design 2. Interdigitated battlet design to fabricate flexible Li-ion batteries and 

evaluate if these designs help us meet the current flexible battery requirements in terms of 

mechanical and electrochemical performance. In addition, an ionic liquid electrolyte is used 

to address the safety concerns of the Li-ion battery for wearables. Ionic liquids are room-

temperature molten salts that exhibit wide electrochemical stability windows (4.5V - 5V), 

excellent thermal stability, and nonflammability owing to their low vapor pressure [14], [15], 

[16]. Thus, ionic liquid electrolytes present several advantages over traditional organic 

electrolytes for powering wearable devices. 

1.2 Fundamentals of Li-ion Batteries  

In a typical Li-ion battery the positive electrode is called the ‘cathode’ and the negative 

electrode ‘anode’. These names represent the right naming only when discharging the battery. 

The role/name is flipped during the charging process of the battery, the positive electrode 

works as anode and negative electrode works as cathode. This nomenclature came from non-

rechargeable primary batteries that never charged. Figure1-1 shows the basic principle of 

rechargeable Li-ion battery. An ion-conducting electrolyte, containing a dissociated lithium 

conducting salt is situated between the two electrodes that are separated by a porous 

membrane called the separator. The separator electrically isolates the two electrodes and only 

lets the ions pass through. During discharging a battery, the lithium is deintercalated from 

negative electrode (anode) releasing electrons and gets intercalated into the positive electrode 

(cathode). During charging, the process is reversed: Li ions migrate from positive electrode 
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through the electrolyte and separator to the negative electrode and the electrons migrate from 

positive electrode (aluminum current collector) via outer electrical connection to negative 

electrode (copper current collector). 

 

Figure 1-1: Components of traditional Li-ion battery during discharge 

1.2.1 Cathode and Anode Materials for Li-ion Batteries 

Lithium-ion batteries have revolutionized portable energy storage, generating voltages 

exceeding 3.5 V through the combination of cathode materials and carbonaceous anodes. The 

energy density of these batteries is a product of their voltage and capacity, with higher values 

in both aspects leading to superior performance. Inside a battery, the electrodes (mainly the 

cathode) are the limiting factors in terms of overall capacity, i.e. energy density, and 

cyclability which are primary determinants of the battery's overall energy output. The 

theoretical capacity of a material, expressed in mAh/g, represents the maximum charge it can 

Battery Charge 
Battery Discharge 
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store and deliver based on its chemical composition, assuming complete utilization of all 

active material in the electrochemical reaction. In practice, however, not all lithium can be 

utilized without compromising the structural stability of the cathode material. This limitation 

gives rise to the concept of practical capacity, which refers to the actual usable capacity of the 

material in real-world applications. Practical capacity is the amount of lithium that can be 

safely extracted or stored during the battery's charge-discharge cycle without causing 

structural instability or degradation. 

 

 

 

 

 

 

Figure 1-2: Classification of cathode materials used in Li-ion batteries [17][18][19] 

Cathode materials for lithium-ion batteries are typically classified into three groups based on 

their crystal structure: layered oxides, spinels, and olivines as shown in Figure1-2. Each 

structure offers distinct advantages and limitations. Layered oxides enable two-dimensional 

diffusion of lithium ions between metal octahedral layers, but often undergo phase transitions 

during cycling, resulting in sloping discharge curves. Spinel structures permit three-

dimensional Li+ diffusion, enhancing rate capability, but generally offer fewer available sites 

for lithium insertion and extraction, leading to lower specific capacities. Olivine structures, 

such as LiFePO4 (LFP), feature one-dimensional channels for Li+ movement, which can limit 

rate capability but often provides excellent structural stability. Every time Li is deintercalated 
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from the cathode structure a metal ion redox pair is formed M+n1/M+n2 (n1>n2) and this creates 

a potential of certain V vs Li/Li+ which is the working potential of the cell. A flat discharge 

curve is ideal because it ensures a constant voltage output throughout the discharge cycle of 

battery (charging of the device), thus ensuring consistent power delivery. 

Cathode Type Material Practical 

Specific 

capacity 

(mAh/g) 

Operating 

Voltage (V) 

Shape of 

discharge 

curve 

Safety Cost 

Layered Cathode 

LiMO2 

M= Co, Ni, Mn, Al 

LCO (LiCoO2) 160 3.9 Flat Fair High 

NMC 

(LiNi0.33Mn0.33Co0.33O2) 

200 3.7 sloping Good Low 

NCA (LiNi 0.8CO0.15 

Al0.05O2) 

200 3.7 sloping Fair Fair 

Spinel 

LiM2O4 

M= Mn, Ni 

LMO (LiMn2O4) 100 4.1 flat Good Low 

Olivine 

LiMPO4 

M=Fe, Mn, Co, Ni 

LFP (LiFePO4) 170 3.4 flat Good Low 

Table 1-1: Properties of cathode materials used in Li-ion batteries [17][18] 

Table 1-1 and Figure 1-2 compares commonly used positive electrode materials for Li-ion 

batteries. Layered oxides like NCM offer high capacity and working voltage but may pose 

safety risks due to potential oxygen evolution at high temperatures. Spinel structures like 

LMO provide good safety and low cost but at the expense of capacity. Lithium Iron Phosphite 

(LFP), an olivine structure, stands out for its exceptional safety profile, showing no thermal 

effects up to 300°C, and its stable, flat voltage discharge curve. While LFP may not boast the 

highest specific capacity or voltage among cathode materials, its combination of safety, 

environmental friendliness, and stable performance makes it an attractive option for many 

applications, particularly where safety is paramount. 

Considering the various factors affecting cathode material performance, including capacity, 

voltage, safety, cost, and environmental impact, Lithium Iron Phosphate (LiFePO4) has been 

selected as the cathode material for this project. Its outstanding safety characteristics and non-

toxic nature make it particularly well-suited for wearable applications, where user safety and 
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environmental considerations are of utmost importance. While other cathode materials may 

offer higher energy densities, the balanced profile of LFP, combining good practical capacity, 

stable voltage output, and excellent safety features, positions it as an optimal choice for the 

development of reliable and safe wearable energy storage solutions. 

 

 

 

 

 

 

 

 

 

 

Figure 1-3: Classification of anode materials used in Li-ion batteries; (a)Stages of lithium intercalation into 

graphite at various voltages [18] 

 

Secondary lithium cells initially employed metallic lithium foil as an anode, leveraging its 

impressive specific capacity of 3,860 mAh/g and very negative potential to achieve high cell 

voltages. However, this configuration presented significant challenges. The repeated 

dissolution and deposition of lithium during discharge and charge cycles led to decreased 

cycling efficiency. Moreover, lithium could form foam-like structures or dendrites during 

deposition, with the latter potentially growing through the separator. These dendrites posed 
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serious safety risks, potentially causing local short circuits that could result in complete self-

discharge or, in extreme cases, trigger internal thermal chain reactions, fires, or explosions. 

To mitigate these safety and efficiency concerns, researchers turned to lithium intercalation 

compounds as alternative anode materials. These compounds offer a balance of good capacity 

and high cell voltages while circumventing the risks associated with pure lithium anodes. The 

ideal anode material should possess high specific capacity and maintain a low potential 

versus lithium to maximize the overall cell voltage (Ecell = Ecathode – Eanode). 

Table1-2 shows various anode materials have been developed for different applications in Li-

ion batteries, each with distinct characteristics. Graphite(Gr), a widely used anode material, 

exhibits well-defined two-phase plateaus during lithium intercalation, with specific chemical 

compounds forming at the beginning and end of each plateau as shown in Figure 1-3. The 

composition and the respective potential levels vs. lithium are as follows: LiC36-50/LiC25-30 

(0.2 V); LiC25-30 /LiC18 (0.1 V); LiC18 / LiC12 (80-90 mV); LiC12 /Li6 (65-85mV)[20].  Its 

capacity is determined by the number of available graphene layers. Silicon anodes, while 

promising due to their high theoretical capacity, face challenges related to significant volume 

changes during lithiation, which can lead to the loss of well-defined insertion spaces and 

material amorphization over repeated cycles. Carbon/tin (C/Sn) alloy anodes encounter 

similar volume change issues and are further hampered by high manufacturing costs. Lithium 

titanate (LTO) stands out for its minimal particle volume change during cycling and very low 

cell impedance, resulting in excellent cycling stability and safety characteristics. However, 

LTO's advantages are offset by its very low electrical conductivity, low specific capacity, and 

high potential versus Li/Li+, which limits the cell's ability to operate at high voltages. 

Among these options, graphite emerges as the most balanced choice, offering a favourable 

combination of performance and safety for many applications, including the targeted use of 
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Li-ion batteries in this context. Its stability, reasonable capacity, and well-understood 

behaviour makes it a reliable option for various energy storage needs. 

Material  Practical 

Specific capacity 

(mAh/g) 

Operating 

Voltage (V) 

Safety Volume expansion Application 

Graphite  360-380 0.01-0.25  Good <1% Portable electronic, 

Electric vehicles  

Lithium Titanate LTO 

Li4Ti5O12 

160 1.55 Very safe <10% Grid energy storage  

Hybrid vehicles 

Silicon alloys 1000-2300 0-0.4 Poor High Niche applications 

C/Sn composite 993 0.05-1 Less Very High 

300-400% 

Under research 

Lithium 1840 0 Poor Nil. Dendrite formation Li-S Li-air batteries 

 Table 1-2: Properties of anode materials for Li-ion batteries.[18] 

1.2.2 Solid Electrolyte Interface  

An important feature for lithium graphite intercalation compounds in Li+ containing 

electrolytes is the formation of solid electrolyte interface (SEI) film. During the first-cycle 

discharge of a cell as shown in Figure 1-4 (a), a part of lithium atoms transferred to the 

carbon electrode electrochemically will react with the nonaqueous solvent of the electrolyte, 

which contributes to the initial irreversible capacity. The reaction products form a Li+ 

conducting and electronically insulating layer on the carbon surface called the SEI. This 

happens because the anode working voltage operating window is below the electrolyte 

decomposition voltage lower limit as shown in Figure 1-4 (b). But the SEI will not form in 

case of LTO anode as the operating voltage of LTO is always within the electrolyte stability 

window. Once SEI is formed, reversible Li+ intercalation into carbon, through SEI film, may 

take place even if the carbon electrode potential is always lower than the electrolyte 

decomposition potential, whereas further electrolyte decomposition on the carbon electrode 

will be prevented.  

The quality of the SEI greatly influences the cycling stability, service life, and safety of the 

Li-ion cells. Also, the thickness of the layer that the lithium ions in the electrolyte need to 
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migrate through increases. This increase causes a bigger mass transfer resistance which 

results in a higher electrical resistance. 

 

 

 

 

 

 

 

 

Figure 1-4: (a)Galvanostatic charging and discharging cycle of graphite with lithium metal as counter electrode 

and reference for the first (top) and second (bottom) cycle; (b)The potential range of electrolyte stability, 

compared to the potentials of common electrode materials [18][20] 

The SEI is usually few A° in thickness consisting of an inner inorganic film containing Li2O, 

LiF, Li2CO3 etc and an outer porous organic film consisting of polyolefins, semi carbonates 

etc. The inorganic film mainly produced by the decomposition of anions is thinner which 

provides mechanical stability to the SEI layer offers high conductivity for Li+ ions and 

prevents further electrolyte decomposition. The organic film formed by the decomposition 

products of solvent (organic electrolyte)/(cations of ionic liquid in case of ionic liquid 

electrolyte) provides elasticity to the SEI layer to accommodate the volume change during 

cycling. Anion derived SEI is superior as it decreases the activation energy for both Li+ 

desolvation and diffusion, facilitating faster ion transport and also hinders solvent co-

intercalation, which would otherwise destroy the graphite lattice. 

a 
b 



10 
 

1.2.3  Battery Parameters and Electrochemical Cycling Test Procedure  

Typical parameters used to characterize a battery cell or system are capacity, efficiency, 

capacity retention, electrical energy and power. Capacity, expressed in Ah describes the 

amount of electric charge a power source can deliver under specific discharge conditions. It 

depends on the discharging current, the cut-off voltage, temperature and type and amount of 

active material. Specific capacity (mAh/g) refers to the amount of electric charge a battery 

can store per unit of mass. Whereas the areal capacity (mAh/cm2) is the amount of electric 

charge a battery can store/provide per unit electrode area. The energy of a rechargeable 

battery is calculated as product of capacity and average discharge voltage. The specific 

energy refers to the energy per mass of the battery and its unit is Wh/kg. The efficiency is the 

energy released during discharging divided by the energy stored during charging in a given 

cycle. On the other hand, capacity retention is a measure of how much capacity a battery 

retains over time and cycles. It is calculated as percentage ratio of capacity of battery after a 

number of cycles by the initial capacity of the battery.  

Another important battery testing parameter is the C-rate. It is the rate at which a battery can 

charge or discharge all of its energy (or power) relative to its maximum capacity. C-rate is 

described in relation to a 1h discharge, so 1C-rate is equal to the rate at which a battery is 

fully discharged (or charged) in 1h (Table 1-3). It is calculated as Current (mA) / Battery 

capacity (mAh) as shown in Table 1-3. 

C-rate Current (mA) assuming 1mAh capacity Time taken (hr) 

0.05 0.05 20 

0.1 0.1 10 

0.5 0.5 2 

1 1 1 

2 2 0.5 

10 10 0.1 
Table 1-3: Variation of charge/discharge current and time at various C rates. 
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The standard charging/discharging process followed for lithium-ion batteries in this work is 

the CC constant current method, where a constant current is maintained causing the ions to 

intercalate/deintercalated at the respective electrodes at a steady state. During the process the 

battery voltage increases/decreasing during the charge/discharge process until the cut-off 

voltage is reached. Depending on the materials used, Li-ion batteries can be charged and 

discharged at different determined maximum/minimum voltages but not any further. 

Overcharging the battery causes deterioration reactions that can damage the material structure 

and reduce the battery’s lifespan. LiFePO4 half-cell can be charged and discharged upto 4V 

and 2.5V respectively and Gr half cell can be charged and discharged upto 1.5V and 0.01V 

respectively as shown in Figure 1-5 (c). Therefore, we charge and discharge the LFP/Gr full 

cell upto 3.7V to 2.5V respectively.  However, LTO anode can be charged and discharged 

upto 2.8V and 1V hence we charge and discharge the LFP/LTO full upto 2.5V and 1V. 

Half-cell cycling is a process of repeatedly charging and discharging a single electrode in a 

cell configuration at various C rates where lithium metal serves as both the counter and 

reference electrode (Figure 1-5). This setup allows one to isolate and study the performance 

of a specific electrode material without the influence of a bull battery’s other components. As 

lithium metal provides an unlimited Li supply which helps us study the counter electrode 

materials performance like capacity, rate capability, cycling stability and material degradation 

mechanism and its compatibility with different electrolyte systems. 

 

 

 

Anode half-cell configuration 

Cathode half-cell configuration 

a 

b 
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Figure 1-5: (a) Cathode half-cell configuration shown in a split cell; (b) Anode half-cell configuration shown in 

a split cell; (c) Cathode and anode half cycle charge/discharge curves. 

1.3 Electrolyte Types Used in Li-ion Batteries 

An electrolyte is a crucial component in a battery, serving as a medium for ion transport 

between the cathode and anode as shown in Figure 1-1. It must demonstrate stability against 

both electrode surfaces and undergo no net chemical changes during battery operation. All 

faradaic processes are expected to occur within the electrodes. An ideal electrolyte should 

meet several criteria: (1) It should be a good ionic conductor and electronic insulator, so that 

ion (Li+) transport can be facile and self-discharge can be kept to a minimum; (2) It should 

Ecell = Ecathode – Eanode  

LFP/Gr charge/discharge limit= 2.5V – 3.7V 

c 
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have a wide electrochemical window, so that electrolyte degradation would not occur within 

the range of the working potentials of both the cathode and the anode; (3) It should also be 

inert to other cell components such as cell separators, electrode substrates, and cell packaging 

materials; (4) It should be thermally stable, for liquid electrolytes both the melting and 

boiling points should be well outside the operation temperatures; (5) It must have low toxicity 

and successfully meet also other measures of limited environmental hazard; (6) It must be 

based on sustainable chemistries, meaning that the elements are abundant and the synthesis 

processes are as low impact as possible, and (7) it must carry as low total cost, materials and 

production, as possible. 

Electrolytes for Li-based batteries can be classified into four main categories: non-aqueous 

electrolytes, ionic liquids (ILs), polymer electrolytes (including gel and solid polymer), and 

hybrid electrolytes. The most commonly used electrolyte is the non-aqueous electrolytes 

which consist of a lithium salt solubilized in an organic solvent or solvent mixture. Table 1-4 

shows the characteristics of various solvents used to form non aqueous electrolytes. Table 1-5 

describes the properties of most common lithium salts used in all the different electrolytes 

used in Li-ion batteries. While organic non-aqueous electrolytes offer lower viscosity and 

good ionic conductivity, they have poor thermal stability (low flash point) and are sensitive to 

moisture, are toxic in nature, which can be problematic in medical environments.  

Solvent  Structure Permittivity 

(25°C)  

Viscosity 

mPa s (25°C) 

Flash 

point °C 

Ethylene 

carbonate 

(EC) 

 
 

90 1.9 160 
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Propylene 

carbonate 

(PC) 

 

65 2.5 135 

Dimethyl 

carbonate 

(DMC) 

 

3.1 0.59 15 

Ethyl methyl 

carbonate 

(EMC) 

 

  

3 0.65 23 

Ethyl Acetate 

(EA) 

 

 

 

 

6 0.45 - 4 

Propylene 

acetate  

 

 

 

 

 

5.6 0.60 11 

Dimethyl 

ether (DME) 

 

 

 

 

 

7.2 0.46 - 41 

Table 1-4: Physico-chemical characteristics of battery solvents [18] 

Polymer electrolytes play the role of both electrolyte and separator. In a standard polymer 

electrolyte, the lithium salt (charge carriers) are added to the polymer. Poly(ethyleneoxide) 

(PEO) is the common polymer used. The ether bridges of the polymer lattice provide for the 

conduction of lithium ions. In gel-polymer electrolyte a liquid electrolyte is incorporated 

within a polymer matrix (Poly (vinylidene fluoride) PVDF- commonly used). Here the ion 

transport is facilitated by both the polymer matrix and the incorporated liquid electrolyte. But 

the polymer electrolyte has lower ionic conductivity, narrow electrochemical window and 

low interfacial stability which increases the overall cell impedance in turn affecting the 

cycling performance of the cell. 
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Salt 

 

Structure Comments  

Lithium hexafluoride (LiPF6) 

 

Highly conductive  

Electrochemically stable >4.8V 

vs Li/Li+ 

 

Thermally unstable 

Susceptible to hydrolysis 

Lithium 

bis(trifluoromethanesulfonimide) 

LiTFSI 

 

Highly conductive  

Electrochemically stable >4.8 vs 

Li/Li+ 

Hydrolysis resistant  

Thermally stable  

FSI anion is smaller in size than 

TFSI-, hence FSI- has lower 

viscosity 

 

Expensive  

Lithium 

bis(fluromethanesulfonimide) 

LIFSI 

 
Lithium perchlorate 

LiClO4 

 

 

Strong oxidiser, safety 

concerns at high temperature  

Lower conductivity 

Lithium bis(oxalate)borate 

LiBOB 

 

Halogen free, environment 

friendly  

Thermally stable  

Electrochemically stable 4.5-5 V 

vs Li/Li+ 

 

Lower conductivity  

Susceptible to hydrolysis  
Table 1-5: Physico-chemical properties of lithium salts used in electrolytes [18][21] 

Ionic liquid electrolyte consists of a lithium salt (Li+X-) dissolved in ionic liquid (R+X-). They 

exhibit high ion conductivity, great chemical and electrochemical stability, large 

electrochemical stability window, low vapor pressure, and non-flammability. However, ILs 

have higher viscosities than organic liquids, which can result in reduced conductivities and 

mobility. But their properties can be tuned by various combinations of cation and anion used 

in the ionic liquid and the lithium salt. 



16 
 

Cation Type  Structure Comments 

Pyrrolidinium PYR14 cation 

N-Methyl-N-butyl pyrrolidinium  

 
 

• SEI formation is better compared to other IL. 

 

 

 

Imidazolium EMIM cation  

1-Ethyl-3-methylimidazolium 

 

 
 

• charge delocalization leads to lower viscosity 

→ higher ionic conductivity 

• Better thermal stability among other IL 

• SEI formation is problematic   

 

Piperidinium  

 

• Larger in size than pyrrolidinium hence 

higher viscosity. 

 

chain 

quaternary 

ammonium 

 

 
 

• aprotic nature→ higher stability window up-

to 5V 

• large molecular size → limited rotational 

freedom→ lower ionic conductivity and 

viscosity 

• Poor SEI in case of graphite anode → large 

capacity drop during cycling 

 
Table 1-6: Classification of cations used in ionic liquids as part of the ionic liquid electrolyte [21] 

Common cations used in ionic liquid electrolytes include imidazolium, quaternary 

ammonium, pyrrolidinium, and piperidinium as listed in Table 1-6, while common anions 

include PF6-, TFSI-, and FSI- as listed in Table 1-5. Based on their properties, PYR14 (N-

Methyl-N-butyl pyrrolidinium) and EMIM (1-Ethyl-3-methylimidazolium) cations show 

better ionic conductivity, lower viscosity, and stability among the options. The FSI- anion 

offers advantages over TFSI- in terms of viscosity, conductivity, anode compatibility, and 
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lithium-ion transport. For this study, LiFSI (salt): PYR14FSI (ionic liquid) and LiFSI (salt): 

EmimFSI (ionic liquid) ionic liquid electrolytes are selected for li-ion battery fabrication, 

considering their favourable properties for wearable medical device applications. 

1.4 Organization of This Work 

The remainder of the thesis is structured as follows: 

Chapter 2 introduces the concept of "battlet" and its fabrication approaches. It delves into a 

detailed comparison of surface topography and morphology differences between battlets 

fabricated using stencil printing and ink-jet printing methods. The chapter also discusses the 

importance of determining the optimal ratio of materials for electrode slurry composition. It 

analyses how variations in material ratios within the slurry affect the electrochemical 

performance of the battery. 

Chapter 3 concentrates on electrolyte optimization for flexible lithium-ion batteries. It 

explores the selection of appropriate additives that aid in the formation of a stable Solid 

Electrolyte Interphase (SEI) on graphite surfaces when using ionic liquid electrolytes. The 

chapter further examines the process of selecting the most suitable ionic liquid electrolyte by 

varying factors such as molar ratio, viscosity, and cation/anion composition. The ultimate 

goal is to achieve electrochemical performance in flexible Li-ion batteries that is comparable 

to those using organic electrolytes. 

Chapter 4 introduces an innovative approach to flexible battery design. It presents an 

interdigitated battlet design that alters the Li+ diffusion path, potentially overcoming the 

limitations of traditional battlet designs for flexible Li-ion batteries. The chapter demonstrates 

a fabrication approach for this new design, showcasing flexible current collectors on a PDMS 

substrate. It also describes the assembly and packaging of a flexible Li-ion battery with ionic 
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liquid electrolyte in a bent state. The chapter concludes by presenting the results of a 

preliminary electrochemical cycling study of the flexible interdigitated Li-ion battery. 

Chapter 5 provides a comprehensive summary of the findings of this thesis. It discusses 

potential future research directions and proposes further work based on the outcomes of the 

current research. 
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CHAPTER 2: FABRICATION OF THE BATTLET LI-ION BATTERY 

In this chapter, the formulation of the electrode slurry to meet the specific areal capacity 

requirements of the electrode is presented. Following this analysis, advantages of ink-jet 

printing method over the screen-printing method is discussed. Detailed information on the 

morphology and mechanical performance of the electrodes is provided in this chapter. 

2.1 Flexible Battlet Li-ion Battery Fabrication Process 

To overcome the intrinsic issues of conventional batteries like limited flexibility, lack of 

biocompatibility, flammability etc we implement the dielet method in wearable electronics 

packaging to design and fabricate flexible Li-ion battery known as Battlet [22][23]. The 

battlet approach explodes a single large electrode into a small cell matrix and flexibly 

interconnects the cells via flexible current collector layers deposited on a flexible 

biocompatible substrate PDMS (poly-dimethyl siloxane) as shown in Figure 2-1. This battlet 

design can significantly reduce the stress concentration of the electrode during bending with 

conventional electrode materials. As the combined young’s modulus of substrates (PDMS 

(2.1 MPa) + Parylene (2.8-5 GPa) + Al (70 GPa) or Cu (130 GPa)) is lower than the 

electrodes (LFP/Gr + PVDF + CB) the bending occurs between the battlet electrodes thus 

reducing the stress on the electrode as shown in Figure 2-1(c) [23]. 

 

 

 

 

 

a 
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Figure 2-1: (a) Comparison of the conventional planar structure and the Battlet structure; (b)battlet electrode 

before bending; (c) Battlet electrode after bending [23] 

 

2.1.1 Packaging of Battlet Li-ion Battery 

Figure 2-1(a) shows the exploded view of the battlet battery structure. The top and bottom 

PDMS is as a sealing and substrate. The cathode battlet and anode battlet are aligned and 

separated by a separator of 25µm thickness. In addition, a double side polyimide tape ring is 

placed on the edge of the electrode as an electrolyte reservoir. Ionic liquid with additive is 

used as battery electrolyte. Figure 2-2 shows the fabrication process of the full battlet battery. 

Initially, a double-sided thermal release tape is laminated onto a 4-inch glass wafer. Then, 

uncured PDMS is spin-coated at 2000 rpm on the substrate and cured at room temperature. 

The PDMS coating is typically less than 100 µm thick. A 2 µm Parylene C layer is deposited 

on the PDMS via chemical vapor deposition as a buffer layer to mitigate the CTE mismatch 

of PDMS and current collectors. Subsequently, 600 nm of Al is sputtered on the Parylene 

layer as the cathode current collector. The sheet resistivity is 4 µΩ.cm in evaporation of Al 

film. Simultaneously, a 20/600 nm Ti/Cu film is sputtered on another substrate as the anode 

current collector. Next the battery materials are deposited onto the flexible current collectors. 

After that, the electrode slurry is vacuum dried at 100 °C, and a double-sided polyimide ring 

Not Flexible Flexible 

b  c 
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is applied at the cathode and anode edges as a seal and electrolyte reservoir. The separator is 

then placed on the electrode, and the ionic liquid electrolyte with an additive is added. Ionic 

liquids are novel liquid materials composed only of anions and cations with unique properties 

such as very low saturated vapor pressure [14], good ionic conductivity [15], good thermal 

stability [16], non-flammability, and wide electrochemical window. These properties not only 

create new opportunities for the design of new Li-ion battery materials with higher 

energy/power density, better long-cycle stability, and safety, but also offer new possibilities 

for innovation with new type of battery forms, especially for wearable devices. Finally, the 

battery cathode and anode are sealed with double-sided polyimide tape, completing the 

flexible battlet batteries after releasing the PDMS from the wafer handler. 

 

 

 

 

 

 

 

 

Figure 2-2: Fabrication process of the battlet flexible Li-ion battery  

2.1.1 Fabrication of the Battlet Electrode 

The following materials were used for the preparation of the slurry in this work: Lithium Iron 

Phosphate (LiFePO4, LFP, MSE Supplies) as cathode, Poly-vinyledenefluoride (PVDF, 
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Sigma-Aldrich) as binder, Super P carbon black (CB, MSE Supplies) as conductive agent and 

Graphite (Gr, MSE Supplies) or Lithium Titanate (Li4Ti5O12, LTO, MSE Supplies- Chapter 4) 

as anode. The binder PVDF is needed to ensure good cohesion of the electrode particles and 

sufficient adhesion to the current collector. PVDF forms hair-like structures that efficiently 

keep the coating together as shown in Figure 2-3. As PVDF is not soluble in water, N-methyl 

pyrrolidone (NMP, Sigma Aldrich) is used as the solvent. It is vaporized during the drying of 

the composite electrode, and thus the finished cell does not contain any NMP. Carbon black is 

used as conducting additive. The amount of PVDF and carbon black should be just enough to 

ensure good contact and conductivity. As the additives do not contribute to the overall 

capacity, adding large amounts is not favourable. LiFePO4 / Gr : PVDF : CB are mixed in an 

optimised ratio (to be discussed) and stirred for 24hrs to form a uniform cathode and anode 

slurry.  

  

Figure 2-3: Interactions of materials in the electrodes (left); SEM image at 1400x of cathode electrode showing 

the LFP particles being held together by PVDF particles. 

 

Two approaches were tested to dispense the slurry onto the current collectors to form the 

battlet electrode structure. 1.Stencil Printing and 2. Ink-Jet Printing. In the stencil printing 

process, the slurry is dispensed with a stencil on Aluminum (16um) (cathode) or Copper 
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(16um) (anode) current collectors to form the battlet design electrodes as shown in figure 2-4. 

In the latter process we use an Ink-jet printer (Voltera Nova) to dispense the slurry onto the 

current collector. The printer uses a direct-write technology to extrude materials and creates 

the desired pattern on the substrate as shown in figure 2-4 (b)(c). The printed electrodes are 

then dried in vacuum oven at room temperature for 24hrs. The thickness or the weight of the 

material deposited can be varied by varying the stencil material thickness or linearly 

increasing the print height or print pressure during ink-jet printing. Here we use a 100um 

thickness stencil made from PDMS (sticky side)/parylene (top handling side). 

 

 

 

 

 
 

Figure 2-4: (a)Stencil Printing method (b) Ink-jet printing method (c) Printer electrode on flexible current 

collector  

 

Figure 2-6 (a) and (b) shows the cathode and anode optical images printed using stencil and 

inkjet printer, respectively. Each cathode cell is 2.4 x 2.4 mm with 0.5 mm spacing, and each 

anode cell is 2.5 x 2.5 mm with 0.4 mm spacing. Anode cells are 0.1 mm wider than cathode 

cells to prevent the deposition of lithium and formation of lithium dendrites on anode surface 

during charging which can lead to short circuit. The weight of the anode and cathode are 

decided in such a way that the ratio of capacity of anode (negative electrode)/capacity of 

cathode (positive electrode) generally called the N/P ratio is between 1.2-1.3. This ensures 

that the anode has sufficient capacity to intercalate all available Li+ ions from the cathode 
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during charging. The N/P ratio can also be controlled by making the anode larger in area 

rather than making changes in the thickness of the electrode as shown in Figure 2-5 

 

Figure 2-5: Methods to maintain optimal N/P ratio in LFP/Gr cell. 

Figure 2-6 (c) presents the cathode cells surface profile and height map, with an average 

thickness of 30-40 µm and a capacity loading of about 1 mAh/cm2, equivalent to 5.88 

mg/cm2 of LFP. The cross-section indicates that the cell edges are about 5-10 µm higher than 

the center due to the stencil printing process. The anode's average thickness is about 20 µm, 

with a weight loading of about 1.5 mAh/cm2, equal to 4.2 mg/cm2. This difference in weight 

loading of anode and cathode is because the theoretical capacity of LiFePO4 and graphite is 

170 mAh/g and 372 mAh/g respectively. Maintaining the N/P ratio of 1.2 with just changing 

area ratio of cathode/anode resulted in a large area difference for anode and cathode which is 

not feasible for flexibility after alignment. Hence a combination of area ratio and thickness 

ratio variation was adopted as shown in Figure 2-5. Anode is printed at lower weight loading 

to maintain the N/P ratio of the full cell within 1.2-1.3. The screen-printing approach results 

in a concave shape of the battlet electrode due to the surface tension of the slurry and the 

stencil's properties. Consequently, both cathode and anode exhibit thickness variations within 

each battlet. This difference in thickness can increase electrode polarization during cycling 



25 
 

and cause nonuniform lithiation in the electrode materials during operation, thus reducing the 

battery's cycling life. Figure 2-6(d) also shows the cathode cells surface profile and height 

map with an average thickness of 50um and a capacity loading of about 1.3mAh/cm2 

equivalent to 7.6 mg/cm2 of LFP. This shows a reduction in surface roughness from 10.15 µm 

to 3.56 µm. Additionally, weight loading variation decreased from 15.6% to 4.5%.  

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-6: Optical images of cathode and anode battlet using (a) Stencil printing (b) Ink-jet printer; Confocal 

microscope images of the surface profile of cathode electrode using (c) stencil printing and (d) Ink-jet printer. 

 

 

b 

c 

d 

a 
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These results suggest that the inkjet approach offers better slurry distribution than screen 

printing, and an improvement from a concave to a more uniform, battlet profile. The ink jet 

printing also ensures good repeatability and can cover larger printing area in one stretch of 

printing cycle when compared the stencil, which is limited by the size of the stencil. 

Figure 2-7 provides a detailed illustration of the surface characteristics of cathode and anode 

battery electrodes after printing and drying processes. The cathode, composed of LFP 

(Lithium Iron Phosphate) particles with a D90 of less than 1 µm, exhibits a smoother surface 

with higher porosity. The surface appears uniform and smooth, with distinct separations at the 

corners, indicating well-segmented and non-interconnected cells. 

For the anode, as depicted in Figure 2-7(c) and (d), the corners are also clearly defined, 

demonstrating well-segmented cells. The graphite powder used in the anode has a 

significantly larger particle size, ranging from 20-30 µm, compared to the LFP particles. The 

graphite grains appear intact without any visible cracks. A notable feature of the anode 

surface is the network-like mesh structure, attributed to the PVDF binder material. 

Precise measurements reveal that the average LFP particle size is 1.12 µm with a porosity of 

51.688%, while the average graphite particle size is 30 µm with a porosity of 35.68%. This 

porous structure is crucial for effective electrolyte wetting of particles at all depths and 

ensures unimpeded diffusion of Li+ ions throughout the electrode thickness. The observed 

morphological differences between the cathode and anode surfaces are primarily due to the 

disparate particle sizes of LFP and graphite. The smaller LFP particles contribute to a 

smoother, more uniform cathode surface, while the larger graphite particles result in a more 

textured anode surface. These structural characteristics play a significant role in the 

electrochemical performance and flexibility of the battery electrodes. 
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Figure 2-7: SEM images of (a) cathode battlet surface at corner (b) zoom on image of cathode at 4000x (c) 

anode battlet surface at corner (d) zoom in image of anode at 4000x 

 

2.2 Optimization of Electrode Slurry Composition and Thickness 

The theoretical capacity of graphite (372 mAh/g) significantly exceeds that of LFP (170 

mAh/g). In a battery, the overall capacity is limited by the material with the lowest theoretical 

capacity, which in this case is the cathode material LFP. To address this limitation, three 

potential approaches are considered: 
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1. Alternate cathode materials: Switching to materials like Lithium Cobalt Oxide (LCO, 

274 mAh/g) or Lithium Nickel Cobalt Manganese Oxide (NCM, 275 mAh/g) could 

increase cathode capacity while maintaining lower cell thickness. However, this 

option is not pursued due to the selection of LFP for its safety advantages and absence 

of harmful heavy metals, making it suitable for wearable device applications. 

2. Enhancing electrode coating thickness: Increasing the coating thickness could lead to 

higher capacity but may result in increased ionic and electronic impedance due to 

longer diffusion paths for ions and electrons as shown in Figure 2-8. 

 

 

 

 

Figure 2-8: Structure model of LFP electrode [23] 

3. Increasing LFP percentage in slurry: This approach could improve cathode capacity 

but may lead to higher film resistance due to reduced carbon black content and lower 

electrode-to-current collector adhesion strength from reduced PVDF content. 

Sample ID LFP: CB: PVDF 

weight ratio 

Coating thickness(µm) LFP loading density  

(mg/cm2) 

811-1 8:1:1 100 5.5 

811-2 8:1:1 200 8.11 

8587-1 8.5:0.8:0.7 100 6.46 

8587-2 8.5:0.8:0.7 200 7.99 

8515-1 8.5:1:0.5 100 8.5 

8515-2 8.5:1:0.5 200 9.69 

955-1 9:0.5:0.5 100 10.34 

955-2 9:0.5:0.5 200 13.1 
Table 2-1: Design of experiment for optimization of electrode slurry  
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To optimize these trade-offs, eight different composition ratios and coating thicknesses for 

LFP cathodes were examined as shown in Table 2-1. The LFP:Carbon:PVDF ratios ranged 

from 8:1:1 to 9:0.5:0.5. The coating thickness is the thickness of the stencil and not the final 

thickness after drying the electrodes. Figure 2-9 and Figure 2-10 show the key parameters 

including electrode thickness, loading density, theoretical capacity, and final area capacity 

that were measured for each sample. The study revealed that electrode thickness becomes a 

significant factor when exceeding 60µm, with most samples achieving about 90% of their 

theoretical capacity. Most samples demonstrated a measured capacity of approximately 90% 

of the theoretical value. However, a decline in capacity was observed for the 955-1/2 

samples, which was attributable to their increased thickness and sub-optimal quality. Notably, 

commercial LFP electrodes typically exhibit capacities between 1-1.5 mAh/cm2. The optimal 

coating thickness and composition were determined to be 8.5:0.8:0.7 at 60-70 µm, achieving 

1-1.2 mAh/cm2, which is comparable to commercial LFP electrodes. 

 

Figure 2-9: Variation of electrode thickness with different slurry composition and stencil thickness 
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Figure 2-10: Comparison of theoretical and tested electrode capacity at different electrode composition and 

thickness. 

 

Further analysis of film coating thickness and composition ratio showed that at 100 µm, the 

film remains intact without cracks. However, increasing thickness to 200 µm results in crack 

formation in the dry electrode due to internal stress during drying as shown in Figure 2-11. 

The actual electrode thickness after drying is typically 30-40 µm for a 100 µm thick stencil 

and proportionally thicker for a 200 µm stencil. 

To solve cracking in thicker electrodes, ink-jet printing was used. This deposits slurry layer-

by-layer, creating uncracked, thicker electrodes. Figure 2-6 (b) and (d) shows a thicker 50µm 

electrode printed using ink-jet printer without any cracks. It handles thicker slurries for 

greater material deposition and uniform distribution, unlike stencil methods. Ink-jet printing 

offers fine control over electrode properties, advancing flexible, high-performance batteries 

for wearables. 
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Figure 2-11: Optical images of dried LFP electrode surface fabricated using different slurry compositions and 

stencil thickness. 

 

2.2.1 Electrode Preparation for Electrochemical Testing 

Based on the slurry optimization study in the previous section a cathode slurry consisting of 

85 wt.-% LFP, 8 wt.-% CB, and 7 wt.-% PVDF is prepared. Anode slurry consisting of 

Graphite: CB: PVDF in 91:5:4 ratio is prepared and both the slurries are stirred for 24hrs. 

The slurry was printed in the form of a 9x9 battlet cell array on aluminum (cathode)/ Copper 

(anode) foils and dried overnight under reduced pressure. The obtained electrodes were then 

manually cut into 3x3 battlet cell sizes and dried under vacuum at 100°C. Next, the electrodes 

were assembled in Swagelok cells (MTI Corporation) for initial study and also on 

FlexTrateTM platform (flexible package) in the Glove Box (MTI Corp) for electrochemical 

cycling study. 25µm monolayer microporous membrane (PP), surfactant coated (Celgard) 

was used as a separator. The electrolytes used in this study are as follows 1M LiPF6 in DMC: 

EC (1:1vol, Solvionic), IM LiPF6 in FEC:DMC (2:8 vol, Dunn Lab) LiFSI: EmimFSI (1:9 

mol ratio, Solvionic), LiFSI: PYR14 FSI (1:9 mol, Solvioniv), LiFSI: PYR14FSI (2:3 mol, 
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prepared by adding LiFSI salt to LiFSI: PYR14 FSI 1:9 electrolyte) and ), LiFSI: EmimFSI 

(2:3 mol, prepared by adding LiFSI salt to LiFSI: EmimFSI 1:9 electrolyte). Vinylene 

Carbonate (VC, Sigma-Aldrich) and Fluroethylene carbonate (FEC, Sigma-Aldrich) is used 

as additive. Due to the manual cutting of 3x3 electrodes and weight calculation based on a 

3x3 blank foil sample, there is a ±10% deviation in the actual electrode weight. This 

deviation can result in some cycling curves showing higher specific capacity values than the 

theoretical specific capacity, particularly when there is a negative deviation in the actual 

weight. 
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CHAPTER 3: ELECTROCHEMCIAL STUDY 

3.1 Selection of Electrolyte Additive for Optimal Anode Cycling Performance in Ionic 

Liquid Electrolyte 

The electrolyte comprises of 3 classes of materials, 1. Conducting Salt, 2. Solvent, and 3. 

additives. It is the combination of these components that largely determines the physico-

chemical and electrochemical characteristics of electrolyte. The role of the solvent is to 

dissolve lithium salt (high solvation) in a sufficiently high concentration while maintaining 

lower viscosity and electrochemical stability over an operating voltage (up to 4V) and 

temperature range. On the other hand, the main function of the salt is to exhibit maximum 

solubility in the solvent and completely dissociate in the solvent to ensure high Li ion 

mobility between the electrodes during charge/discharge cycles. It should also have a strong 

electron-withdrawing group to minimize the anion cation interactions and prevent the 

corrosion of aluminum current collector at potential above 3V vs Li/Li+. The selection of an 

ionic liquid electrolyte for this work has been discussed in Chapter 1. 

During the initial stages of charging a Li-ion battery a solid electrolyte interphase SEI is 

generated on the graphite surface. This layer acts as a passivation layer to inhibit further 

electrolyte reduction. To improve the stability of this SEI film and increase first cycle 

efficiency additives are added to the electrolyte. Unsaturated ester additives such as vinylene 

carbonate (VC), vinyl ethylene carbonate (VEC), fluoroethylene carbonate (FEC) are 

common additives used to produce a good SEI film on the anode to improve initial coulombic 

efficiency and cycling performance as shown in Figure 3-1. 
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Figure 3-1: Additives used in Li-ion batteries  

Decomposition of one VC molecule at anode consumes one lithium and one electron 

resulting in poly (VC) as the main reaction product and small quantities of  HCO₂Li, Li₂C₂O₄ 

to form a purely organic SEI.  The relatively high VC consumption and low lithium ion per 

reduced VC molecule consumption results in a thick and Li-poor SEI film. On the other hand 

one molecule of FEC decomposition consumes 3 Li+ plus 3 electrons, yielding an SEI 

composed of mainly LiF and other products like Li2CO3, Li2C2O4, HCO2Li and poly(VC) 

units resulting in an inorganic rich SEI film. The addition of FEC promotes the formation of 

LiF-rich and dense SEI film which leads to uniform Li deposition and inhibits the formation 

of disordered Li dendrites [24][25]. It has also been shown that Li+ has lower diffusion 

barrier in LiF decorated interface[25].   

As the additive greatly influences the anode performance, we carried out an electrochemical 

study of graphite half-cell in 1M LiPF6 in FEC: DMC (2:8 vol) and 1M LiPF6 in EC:DMC 

(1:1 vol) + 5%VC (Figure 3-2) to study which additive would be suitable for the testing of 

our flexible battlet full cell. We also studied the effect of these additives in the case of an 

ionic liquid electrolyte by testing anode half-cell in LiFSI:PYR14FSI (2:3) + 5%VC and 

LiFSI: PYR14FSI (2:3) + 5%FEC ionic liquid electrolyte (Figure 3-3). The cathode, anode, 
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and electrolyte in anode half-cell during discharge are Li metal (0.6 cm2) (circle of radius 

0.43cm), Graphite (3x3 cell 0.5 cm2), and 1M LiFSI PYR14FSI 2:3 (100 µL). The loading 

density of battlet electrodes in case of organic electrolyte and ionic liquid electrolyte is 5.64 

mg/cm2 and 6.18 mg/cm2 respectively which provides an areal capacity of 2 mAh/cm2 and 

2.3 mAh/cm2 respectively. The thickness of the anode battlet for this loading was ~25µm.  

  

 

 

 

 

Figure 3-2: Charge/Discharge cycling at different C rate of anode half cells in organic electrolyte with (a) VC 

additive (b) FEC additive. 

 

  

 

 

 

Figure 3-3: Charge/Discharge cycling at different C rate of anode half cells in LiFSI:PYR14FSI 2:3 ionic liquid 

electrolyte with (a)VC additive (b) FEC additive  

 

The charge-discharge curves presented in Figure 3-2 reveal that the organic electrolyte 

containing VC and FEC additives demonstrated first cycle coulombic efficiencies of 89.8% 
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and 91.36%, respectively. The cycling data at various C-rates indicates that cells containing 

the FEC additive exhibit a lower capacity drop at higher C-rates compared to those with the 

VC additive. 

In the case of ionic liquid electrolytes (Figure 3-3), cells with VC and FEC additives showed 

first cycle coulombic efficiencies of 86.61% and 88.20%, respectively. Again, the electrolyte 

containing FEC exhibits better capacity retention at higher C-rates. These results suggest that 

FEC is more effective than VC in reducing irreversible capacity loss during the first cycle by 

forming a stable SEI layer on the electrode surface. This stabilization minimizes lithium loss, 

leading to improved first cycle efficiency and enhanced cycling performance compared to 

VC. The superior performance of FEC is consistent across both organic and ionic liquid 

electrolyte systems, particularly in terms of first cycle efficiency and capacity retention at 

higher C-rate.  

The reduction potential of FEC (~1.6 V vs. Li/Li+) is higher than that of VC (~1.3 V vs. 

Li/Li+) [26]. This earlier SEI formation with FEC enables rapid passivation of the anode 

surface, minimizing parasitic reactions between the electrolyte and the electrode. VC’s lower 

reduction potential delays SEI formation, allowing prolonged electrolyte decomposition at 

the anode interface during the initial lithiation phase. Consequently, while FEC consumes 

more lithium upfront, its faster passivation reduces cumulative lithium losses over the entire 

first cycle. Therefore, we add 5%FEC additive in all the electrolytes we use to carry out the 

electrochemical cycling study of the Li-ion full cells. 

3.2 Initial Electrochemical study of LFP/Gr battlet full cell in Ionic Liquid Electrolyte 

We use LiFSI: PYR14FSI 2:3 + 5%FEC electrolyte to conduct a preliminary electrochemical 

cycling study of the battery in the proposed non-flammable ionic liquid electrolyte. Average 

power consumption for medical monitoring use (cases with lower sampling rates 100 
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Hz patches) is likely in the range of 4-8 mW for 24-hour operation. An LFP/Gr cell operating 

at 3.7V would require a capacity of    
4−8 𝑚𝑊∗24ℎ𝑟𝑠

3.7 𝑉
= 26 − 50 𝑚𝐴ℎ. Our aim here is to 

try to achieve an areal capacity of >1mAh/cm2. So that we can scale this battlet battery area 

and achieve these desired capacity requirements. 

 

 

 

 

 

 

 

 
Figure 3-4: Charge/Discharge curves of cathode half-cell at different C rates in (a) organic liquid electrolyte and 

(b) ionic liquid electrolyte. Increase in polarization with increasing C-rate indicated by arrows. 

 

To evaluate the electrochemical performance of individual battery materials like LFP and 

Graphite in the ionic liquid electrolyte, anode and cathode half-cells were assembled and 

tested under various charging and discharging rates ranging from 0.1C to 2C. The cathode, 

anode, and electrolyte in cathode half-cell were LFP (0.5 cm2) / Li-metal (0.6 cm2) /  

LiFSI:PYR14FSI 2:3 (100 µL)+ 5%FEC and in the case of anode half cell were Li-metal (0.6 

cm2)/ Graphite (0.5 cm2)/ LiFSI:PYR14FSI 2:3 (100 µL) + 5%FEC. LFP slurries were 

dispensed on Al foil to form 3x3 battlet electrodes with 4 mg/cm2 of loading density, which 

provides an areal capacity of 0.7 mAh/cm2 based on a theoretical capacity of 170 mAh/g for 

LFP. Therefore, the total theoretical capacity of the testing battery sample is 0.35 mAh. To 
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further compare the electrochemical performance of the ionic liquid with traditional organic 

electrolytes, coin cells in 1M LiPF6 in FEC: DMC 2:8 electrolyte were also tested.  

Figure 3-4 (a) and (b) show the charge and discharge curves at various C rates (C/10, C/5, 

C/2, 1C, and 2C) for the ionic liquid and organic electrolyte cathode half cells, respectively. 

Given a capacity of 0.7 mAh/cm2, the corresponding currents densities at these three different 

C-rates are 0.07 mA/cm2, 0.14 mAh/cm2, 0.35 mA/cm2, 0.7 mA/cm2, and 1.4 mA/cm2, 

respectively. Each current rate is cycled 6 times. The results show that the ionic liquid battery 

provides 0.72 mAh/cm2 at C/10, 0.7 mAh/cm2 at C/5, 0.67 mAh/cm2 at C/2, 0.62 mAh/cm2 at 

1C and 0.53 mAh/cm2 at 2C rate. The reason for obtained specific capacity values to be more 

than theoretical capacity is because of the measured electrode weight negative deviation as 

addressed in Chapter 2. For the battery with 1M LiPF6 FEC:DMC 2:8 electrolyte, capacities 

of 0.74 mAh/cm2 at C/10 and C/5, 0.7 mAh/cm2 at C/2, 0.68 mAh/cm2 at 1C and 0.6 

mAh/cm2 at 2C were obtained. Greater polarization is observed in the ionic liquid electrolyte 

battery as indicated by the increased overpotential and sloping feature of the redox plateau at 

higher C rates as shown with the arrows in the Figure 3-4. 

 

 

  

 

 

 

Figure 3-5: Charge/Discharge curves of anode half cells at different C rates in (a) Organic electrolyte (b) ionic 

liquid electrolyte                        
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Figure 3-5(c) and (d) show the charge and discharge curves at various C rates (C/10, C/5, 

C/2, 1C, and 2C) for the ionic liquid and organic electrolyte anode half cells, respectively. 

The anode battlet electrodes were 3.7 mg/cm2 of loading density, which is equivalent to 1.4 

mAh/cm2 of areal capacity (theoretical capacity of graphite 372 mAh/g). The first cycle 

coulombic efficiency in case the organic and ionic liquid electrolyte are 91.36% and 86.95% 

respectively. The capacity decay at higher C-rates in case of organic liquid electrolyte is also 

significantly smaller when compared to the ionic liquid electrolyte. 

A similar performance difference is observed while cycling a LFP/Gr full cell. Figures 3-6 (a) 

and (b)-(c) show a full cell's charge discharge curve in organic electrolyte and ionic liquid 

electrolyte respectively at various C rates as discussed previously. The components of the full 

cell are LiFePO4 (0.5cm2) cathode/ LiFSI:PYR14FSI 2:3 + 5%FEC ionic electrolyte or 1M 

LiPF6 EC:DMC 1:1 organic electrolyte (100uL)/ Graphite (0.5cm2) anode. As discussed in a 

full cell the capacity is decided by the loading density of the cathode. The full cell battlet 

cathode in organic electrolyte and ionic liquid electrolyte (Figure 3-6 (a) and (b)) have a 

loading density of 7.1mg/cm2 which is equivalent to 1.2 mAh/cm2 of areal capacity. The N/P 

ratio is maintained as 1.2 in both the cells. Figure (c) shows the charge/discharge curve of 

battlet full cell in ionic liquid electrolyte of areal capacity 0.8mAh/cm2. The thickness of the 

cathode in case of 1.2 mAh/cm2 loading is 55-60µm and the one with 0.8 mAh/cm2 loading 

is 30µm. 
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Figure3-6: Charge/Discharge curves of LFP/Gr full cells in (a) organic electrolyte (cell capacity 1.2 mAh/cm2) 

(b)ionic liquid electrolyte (cell capacity 1.2 mAh/cm2) (c) ionic liquid electrolyte (lower cell capacity 0.8 

mAh/cm2) 

a 

b 

c 
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The difference between cells (b) and (c) lies in the thickness of the electrode, with both 

having a constant area of 0.5 cm². This results in different areal capacities: 1 mAh/cm² for the 

thicker electrode in cell (b) and 0.8 mAh/cm² for the thinner electrode in cell (c). The 

charge/discharge curve for the thinner electrode (c) shows a higher specific capacity of 116 

mAh/g at 0.2C compared to 98 mAh/g for the thicker electrode at the same rate. This 

demonstrates the impact of electrode thickness on lithium-ion diffusion and, consequently, on 

the cycling performance of the cell when using an ionic liquid electrolyte (Figure 3-7). The 

first cycle coulombic efficiency (FCE) of cell with organic electrolyte and ionic electrolyte 

are 85.16% and 81.14% respectively. A higher FCE means a greater proportion of the charge 

stored during the first cycle is recoverable during subsequent charge-discharge cycles. A 

lower FCE often points to significant electrolyte decomposition during the first cycle to form 

a SEI which affects the stability and the quality of the SEI formed and this will in turn affect 

the cycling performance in the further cycles at higher C-rates. The difference in the % 

capacity retention at various C-rates is more pronounced in ionic liquid electrolyte when 

compared to organic electrolyte as seen in Figure 3-7.  

 

Figure 3-7: %Capacity retention comparison at various C-rates for ionic liquid electrolyte and ionic liquid 

electrolyte. 



42 
 

 

Considering the above testing results, including capacity, capacity decay rate, and columbic 

efficiency on both ionic liquid electrolyte and organic electrolyte, we find that the 

electrochemical performance is lower than the organic electrolyte. The main reason for this is 

due to ionic liquid electrolyte having lower ionic mobility (ionic conductivity) than 

conventional organic electrolyte due to higher viscosity of the solvent at room temperature. 

Low ionic conductivity leads to higher interface resistance causing high impedance and 

polarization in the cell and in turn leading to poor cycling performance. Hence a full cell 

designed for 1.2mAh/cm2 of areal capacity delivers a maximum of 0.75 mAh/cm2 (62% of 

theoretical capacity) and 0.95mAh/cm2 (80% of theoretical capacity) capacity in case of ionic 

liquid electrolyte and organic electrolyte respectively. And a full cell designed for 

0.8mAh/cm2 (electrode thickness of 30 µm) delivers a maximum of 80% of theoretical 

capacity in ionic liquid electrolyte because the Li+ diffusion in thinner electrode is less 

sluggish than thick electrode. But in this cofacial cell design only way to increase the areal 

capacity is by increasing the electrode thickness. Hence, in the next part we try to change the 

physico-chemical properties of the ionic liquid electrolyte to improve the areal capacity and 

cycling performance of the flexible battlet full cell. 

3.3 Effect of salt concentration (LiFSI) in ionic liquid electrolyte on the cycling 

performance of Li-ion battery 

Among all factors that affect the charging of a battery, electrolyte dominates the operating 

voltage, rate and cycle performance, temperature range as well as safety. In the next part of 

the study, we investigate the effect of LiFSI concentration in IL electrolyte on the 

performance of the battery. In addition, we also we evaluate the effect of cation type in the 

ionic liquid on the electrochemical cycling performance of the Li-ion battery. For this study 

we test the electrochemical performance of the IL electrolytes listed in Table 3-1. We do not 
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change the salt (LiFSI) and use FSI anion based ionic liquid as the FSI based system exhibits 

superior properties in terms of viscosity, ionic conductivity and wide electrochemical window 

when compared to other anion-based systems as discussed in Chapter 1 (Table 1-5). 

Table 3-1: Physico-Chemical properties IL electrolytes with varying molar concentrations [27][28]  

 

The concentration of the salt and ionic solvent in the ionic electrolyte as well as the type of 

ions in the ionic liquid can affect the physico-chemical properties of the ionic liquid 

electrolyte. Larger cation size of Pyr14
+ when compared to Emim+ hinders the quick ionic 

diffusion of Li+ and hence affects the ionic conductivity of the electrolyte [29]. Lower the 

concentration of the salt compared to the ionic liquid lower the viscosity of the electrolyte, 

which also improves the ionic conductivity of Li+. But lower the salt concentration will 

decrease the overall concentration of the Li+ (lower Li+ transference number) in the 

electrolyte which will affect the ionic conductivity of the ionic liquid electrolyte as shown in 

Table 3-1. Hence a good balance between the molar concentration and type of the cation used 

is to be determined for better cycling performance. 

We will first discuss about the effect of salt concentration in ionic liquid electrolyte on the 

electrochemical performance of the Li-ion battery. We focus on its effect on the anode in  

particular as it can greatly affect the anode capacity and SEI formation compared to cathode 

cycling performance. 

Electrolyte Ionic Conductivity mS/cm 

@ 25°C 

Viscosity mPa s 

@ 25°C 

Li/LiFSI 

molarity 

Organic  LiPF6 in EC/DMC  10.9 Low 1 M 

LiFSI : PYR14FSI (2:3 mole ratio)  1.6 170.8 2.14 M 

LiFSI : PYR
14

FSI (1:9 mole ratio)  4.5 67 0.43 M 

LiFSI : EMIMFSI (1:9 mole ratio)  13.2 25.14 0.5 M 

LIFSI:EMIMFSI (2:3 mole ratio) 4.7 90 2.3 M 
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Figure 3-8: Charge/discharge of anode half-cell in IL electrolyte (a) LiFSI: EmimFSI 2:3 + 5%FEC (b) LiFSI: 

EmimFSI 1:9 + 5%FEC 

 

Figure 3-8 (a) and (b) shows the charge discharge curves of anode half-cell in LiFSI: 

EmimFSI 1:9 (Low concentration electrolyte LCE) and LiFSI: EmimFSI 2:3 (High 

concentration electrolyte HCE) ionic liquid electrolyte. 5% FEC additive was used in both the 

electrolytes. The anode battlet electrodes were 4.8 mg/cm2 of loading density, which is 

equivalent to 1.7 mAh/cm2 of areal capacity (theoretical capacity of graphite 372 mAh/g). As 

discussed in chapter 1, due to error while measuring the weight of the battlet the specific 

capacity value exceeds 372 mAh/g but their comparison is still accurate as the electrodes are 

made from the same print batch with the same blank weight. The LCE and HCE system 

shows a first cycle efficiency of 79.61% and 87.83% respectively.  

Figure 3-8 (a) and (b) shows that the difference in capacity and capacity decay with the 

increasing C rate is drastic in the case of lower molar ratio LiFSI: EmimFSI 1:9 electrolyte 

when compared to 2:3 molar ratio. A similar trend in observed in the case of LiFSI: 

PYR14FSI ionic liquid electrolyte system too as shown in the % coulombic efficiency curves 

of their anode half cells in Figure 3-9. 
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Figure 3-9: %Capacity retention comparison at various C-rates for HCE and LCE ionic liquid electrolyte with 

Pyr14+ and Emim+ cation containing ionic liquid. 

Despite the lower ionic conductivity and higher viscosity of HCE compared to LCE, the Li⁺ 

ions in HCE form monodentate coordination with the ionic liquid anions as shown in figure 

3-10. This weaker solvation of lithium ions with the solvent ions minimizes the solvent co-

intercalation into the electrode material [30][31]. In contrast, the Li⁺ ions in LCE form 

bidentate coordination with the anions, resulting in stronger solvation structure leading higher 

availability of free solvent molecules (cation) that can intercalate along with the Li+ into the 

graphite layers, increasing the likelihood of co-intercalation as shown in Figure 3-10. 

Monodentate coordination structures around lithium ions are more compact, reducing the 

likelihood of co-intercalation due to size constraints. Higher concentrations of Li salt in HCE 

lead to larger lithium-ion transfer numbers. In HCE, anions are more likely to be incorporated 

into the primary solvation shell of lithium ions, facilitating the formation of an anion-derived 

solid electrolyte interphase (SEI) upon reaching the anode surface as shown in Figure 3-10. 

This SEI is stable, exhibits lower charge transfer resistance, and offers higher conductivity 

compared to the SEI formed primarily by solvent molecules in LCE [32] [33]. 
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Figure 3-10: Solvation structure of Li+ in case of HCE and LCE. Demonstration of solvent co-intercalation into 

graphite in case of low concentration electrolyte (LCE). 

The formation of SEI depends heavily on the reductive reactions of the electrolyte at the 

electrode surface. Poor SEI quality results in continuous electrolyte decomposition, leading to 

low coulombic efficiency, solvent intercalation into the graphite interlayers, capacity 

degradation, and cycling instability. The ability of Li⁺ ions to desolvate upon reaching the 

electrode depends on their coordination structure (Li⁺ solvation structure). When desolvation 

is inefficient, lithium ions enter the graphite layers along with solvent molecules, causing 

graphite exfoliation. This happens in the case of LCE electrolyte as shown in Figure 3-10.       

FSI- of the ionic 
liquid unit 

FSI- of the ionic 
liquid unit 
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.

 

Figure 3-11: Opened anode half cells cycled in low salt concentration IL electrolyte (right) and high salt 

concentration IL electrolyte (left) 

 

According to the literature, Li plating is observed on the graphite surface in cells with LCE 

after cycling, contributing to high-capacity decay [34]. In contrast, the anion-derived SEI 

formed in HCE effectively inhibits Li plating and enhances cycling stability. Figure 3-11 

shows the image of opened graphite half cells after being cycled in LiFSI:EmimFSI 1:9 and 

LiFSI:EmimFSI 2:3 ionic liquid electrolyte. A brown residue is observed in cell cycled in 

LCE which is due to the exfoliation of graphite caused by the co-intercalation of solvent into 

the graphite [34]. Hence using a 2:3 molar ratio ionic liquid electrolyte is preferable to 

achieve good coulombic efficiency and capacity retention at various C rates. 

3.4 Effect of cation type in the solvent of the ionic liquid electrolyte on the cycling 

performance of the Li-ion battery 

Next, we investigate the effect of the cation type in ionic liquid on the performance of the full 

cell in ionic liquid electrolyte. For this study we use higher salt concentration electrolyte; 

LiFSI:EmimFSI 2:3 and LiFSI:Pyr14FSI 2:3 as HCE exhibits better cycling performance 

compared to LCE as discussed in the previous section. The Emim+ cation has a planar 

imidazolium ring structure with shorter ethyl side chain, while the Pyr14
+ cation has a non-

planar pyrrolidinium ring with longer butyl side chain. Hence Emim+ is smaller in size 
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compared to Pyr14
+, this size disparity results in Emim+ containing electrolyte having higher 

conductivity and lower viscosity which leads to higher diffusion coefficient benefiting the 

battery’s rate capability.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-12: Charge/discharge curve of anode half-cell in (a)LiFSI: EmimFSI 2:3 IL electrolyte 

(b)LiFSI:Pyr14FSI 2:3 IL electrolyte. Charge/discharge curve of cathode half-cell in (c)LiFSI:EmimFSI 2:3 IL 

electrolyte (d)LiFSI:Pyr14FSI 2:3 IL electrolyte.  

 

The Emim+ exhibits less coordination with the FSI- anion (3.6 coordination number) 

compared to Pyr14
+ with FSI- (4.4 coordination number) [35]. This reduced coordination 

allows for better availability of anions to participate in SEI formation resulting a more stable 

SEI at the anode electrode surface.  This can be seen in the % coulombic efficiency curve in 

c d 

b a 
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Figure 3-9 and in the anode half-cell charge/discharge curves in Figure 3-12, which are 

designed for 1.7mAh/cm2 areal capacity. Figure 3-12 shows that the Emim based electrolyte 

shows higher capacity retention, lower polarization and cycling stability over various C-rates 

when compared to the Pyr14 based ionic electrolyte. 

A similar performance difference in the LFP/Gr full cell containing Emim+ and Pyr14+ ionic 

liquid electrolytes was observed, mirroring the results from the anode and cathode half-cells. 

Figure 3-13 compares the charge-discharge curves of full cells with a 9.4 mg/cm2 cathode 

loading density, equivalent to 1.6 mAh/cm2 of areal capacity, using LiFSI:EmimFSI 2:3 and 

LiFSI:PYR14FSI 2:3 ionic liquid electrolytes. Both electrolytes contained 5% FEC additive, 

and an N/P ratio of 1.2-1.3 was maintained.  

The imidazolium (Emim) based cell achieved 76% of theoretical capacity, outperforming the 

pyrrolidinium (PYR14) based cell, which reached 68% of theoretical capacity. The first cycle 

efficiency (FCE) for LiFSI:EmimFSI 2:3 and LiFSI:PYR14FSI 2:3 ionic liquid electrolyte 

cells was 81.56% and 79.2%, respectively. This indicates that less lithium (capacity) is lost 

during SEI formation in the Emim ionic liquid electrolyte-based cell, resulting in more 

capacity available for subsequent cycles. The Emim-based system also demonstrated lower 

capacity drop and lower polarization at higher C-rates, as shown in Figure 3-13 (b). 

Although the capacity of the Emim-based cell at 0.1C is close to that of the organic system, 

its capacity at higher C-rates is lower compared to organic electrolytes, as seen in Figures 3-6 

and 3-13(b). This difference is attributed to the typical characteristics of ionic liquids, 

including lower Li+ conductivity, higher viscosity, higher interfacial resistance, and solvation 

effects. 
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Figure 3-13: Comparison of (a) areal capacity (b)cycling performance of LFP/Gr full cell in Emim and Pyr14 

based ionic liquid electrolyte. 

 

In conclusion, the imidazolium-based ionic liquid electrolyte proves to be a better alternative 

than the previously used pyrrolidinium-based ionic liquid electrolyte for achieving good 

capacity retention and cycling stability in LFP/Gr cells. While not matching the performance 

of organic electrolytes at higher C-rates, it offers the advantages of non-flammability and 

enhanced safety. In the cofacial battery design, optimizing the properties of ionic liquid 

a 

b 
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electrolytes can enhance cycling performance—but primarily in cells with thinner electrodes. 

For high areal capacity cells with thicker electrodes, improving cycling performance may be 

better achieved by exploring alternative non-flammable electrolytes or adopting different cell 

geometries. 
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CHAPTER 4: INTERDIGITATED CO-PLANAR LI-ION BATTERY  

4.1 Motivation and Development of Coplanar Interdigitated Li-ion Battery 

Flexible lithium-ion batteries (LIBs) have emerged as a crucial component in the 

development of flexible hybrid electronics (FHE) applications. Our previous research 

demonstrated a battlet design of cofacial flexible LIBs with a total thickness under 300 µm 

and electrode thickness of 50-60µm, capable of delivering a peak capacity of 0.75 mAh/cm² 

(theoretical capacity of 1.2mAh/cm2)  of in an ionic electrolyte while withstanding 1000 

bending cycles at a 5 mm bending radius [36]. And this was improved to 76% theoretical 

capacity by changing the ionic liquid chemistry. However, increasing the thickness to achieve 

higher loading density and areal capacity leads to lower peak capacity and poor cycling 

performance at higher C rates as seen in the previous chapter.   

The cofacial battlet design presents challenges such as potential misalignment of the anode 

and cathode during packaging, which can lead to lithium plating. This lithium plating can 

subsequently result in capacity loss and battery failure over time or shorting of the battery as 

the Li dendrites pierce through the separator as shown in Figure 4-1. Additionally, thicker 

electrodes in this configuration can impede ionic transport and compromise flexibility, 

restricting the achievable loading density. These limitations have prompted exploration of 

alternative cell configurations where the Li+ diffusion path differs from that in the traditional 

cofacial design. 

  

 

 
Figure 4-1: (a) Misalignment of the co-facial electrodes causing formation and growth of Li dendrites over time; 

(b) shorting of battery due to puncture of separator by the Li dendrites [37] 

b a 
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The performance of lithium-ion batteries is fundamentally governed by the interplay between 

electrode architecture and ionic transport kinetics. In cofacial LIBs, where electrodes are 

stacked in a layer-by-layer configuration, the Li+ diffusion path length scales with electrode 

thickness. As electrodes thicken, the ionic resistance increases quadratically due to elongated 

solid-state diffusion pathways within the active material matrix [38]. The active surface for 

ionic diffusion does not scale with the increase in thickness as well. Electrolyte infiltration 

becomes challenging for thick electrodes in cofacial designs, creating regions of low ionic 

conductivity. This issue is exacerbated in the case of ionic liquid electrolytes, which 

inherently have lower ionic conductivity and high viscosity. 

In contrast, the interdigitated coplanar layout generates uniform electric field distributions 

across electrode widths, unlike cofacial configurations where field strength decays 

exponentially with depth from the separator. Finite-element simulations reveal that coplanar 

cells maintain field homogeneity across electrode fingers of a given width, compared to thick 

cofacial electrodes with a similar thickness as the width of the interdigitated electrode. This 

homogeneity promotes synchronous Li+ intercalation along the entire electrode perimeter, 

reducing localized overpotentials [39]. Also, the Li+ diffusion path length is fixed as the 

electrode thickness scales. 

Various designs have been explored to fabricate flexible Li-ion batteries as listed in Table 4-1. 

Most of these designs except the interdigitated designs exhibit good flexibility but are 

complex to manufacture and since they have cofacial electrodes their cell capacity is also 

limited by the thickness of the electrodes. Research on coplanar interdigitated battery designs 

has shown promise in terms ease of fabrication and cycling performance, but these are 

limited by areal capacity due to electrode thickness constraints of less than 7 µm [42] and if 

the electrodes are thicker, they offer flexibility in only one bending direction [43] as shown in 

Tabel 4-1.  
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Electrode Design Comments  Designs 

Coplanar  

Interdigitated [42] 

 

Excellent flexibility due to very 

low electrode thickness  

Low cell capacity <0.1 mAh/cm2 

 

  

 

 

 
Coplanar 

Interdigitated [43] 

Improved cell capacity 0.5 

mAh/cm2 

Flexibility in only in one bending 

direction 

 
 

Island bridge  

Zig-zag pattern [44] 

Complex fabrication 

Bending based on the fold design. 

Bending only in one direction. 

Limited durability  

 

 
 

Island bridge 

Serpentine pattern 

[49] 

Good flexibility and cell capacity  

Difficult to fabricate stretchable 

batteries 

Incompatible with liquid 

electrolyte 

 
 

Miura fold 

(Origami Kirigami 

design) [45] [46] 

Excellent flexibility  

Complex fabrication and limited 

durability. 
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Wavy electrode [47] Excellent stretchability 

Complex fabrication  

Lower cell capacity  

 
 

1D and textile [48] Excellent flexibility 

Low cell capacity and complex 

fabrication 

 
 

Table 4-1: Electrode designs in flexible lithium-ion batteries [40][41] 

To overcome these limitations, we propose adopting the battlet approach in a coplanar 

interdigitated structure, where the anode and cathode battlets are interdigitated and positioned 

on the same plane with a certain pitch as shown in Figure 4-2(b). This innovative design not 

only reduces stress concentration during bending but also offers several advantages over 

existing configurations. These include enhanced flexibility in all directions, increased mass 

loading without cracking during bending, elimination of the separator, scalability of electrode 

dimensions leading to a reduced form factor, and improved safety through the use of ionic 

electrolytes. 

In this structure, the width of each electrode is shared by two adjacent electrodes, thus 

reducing the Li+ diffusion distance. As the diffusion path of Li+ in the interdigitated design is 

now lateral, thicker electrodes can be designed to achieve higher loading and areal capacity 

without increasing the Li+ diffusion distance. By addressing the shortcomings of previous 

designs, our proposed coplanar interdigitated battlet structure aims to advance the 

development of flexible LIBs for next-generation FHE applications. 

We fabricate this structure on a flexible substrate using the FlexTrateTM platform [50], which 

will enable a readily integrable flexible Li-ion battery with novel packaging into the flexible 
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circuit like any other electronic Integrated Circuit (IC) element to form a functional wearable 

device as shown in Figure 4-2. This approach promises to overcome the limitations of 

traditional cofacial designs while offering improved performance and manufacturability for 

flexible lithium-ion batteries. This will enable development of an integrable energy platform 

that utilizes the otherwise unused or ‘blank’ spaces within the device packaging. Imagine a 

battery that flows around the edges of the smartwatch or one that conforms to the folds of a 

patch on your skin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4-2: Li+ ion diffusion path in cofacial and coplanar electrode design (Top) [39]; structure of proposed 

battlet interdigitated electrode (bottom)  
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4.2 Fabrication of Interdigitated Battlet Co-planar Battery on Flexible Substrate 

Figure 4-3 shows the fabrication process of the interdigitated current collectors on 

Polydimethylsiloxane (PDMS) using FlexTrateTM process. Initially, a double-sided thermal 

release tape is laminated onto a 4-inch glass wafer. Then, uncured PDMS is spin-coated at 

2000 rpm on the substrate and cured at room temperature. The PDMS coating is typically less 

than 150 µm thick. A 2 µm Parylene C layer is deposited on the PDMS via chemical vapor 

deposition as a buffer layer to mitigate the CTE mismatch of PDMS and current collectors. 

Next a 1 µm blanket SU8 photoresist is spin-coated followed by another 5 µm SU8 spin 

coating, which is corrugated. Subsequently, 20nm/600 nm of Ti/Al is evaporated on the SU8 

as the cathode current collector. The sheet resistivity is 4 µΩ.cm in evaporation of Al film. 

Simultaneously, a 20/600 nm Ti/Cu film is sputtered on another substrate as the anode current 

collector.  
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Figure 4-3: Fabrication process flow for interdigitated current collectors 

Next the battery materials are deposited onto the flexible current collectors using the ink-jet 

printer. Figure 4-4 shows the complete cell configuration before sealing. In the interdigitated 

coplanar battlet configuration, the length and width of the current collectors (aluminum and 

copper) is 18,000 µm x 700 µm, with a 100 µm spacing between them. The battlet design's 

cathode (LiFePO4) and anode (Li4Ti5O12), with a length of 6000µm, width of 350 µm, pitch 

of 450 µm, and a thickness of up to 20-30 µm, are deposited as shown in Figure 4-4(c). The 

final design has 3X7 cathode and anode electrodes each. The height of the electrode in the 

case of LFP/LTO chemistry, where the theoretical capacity difference is not a lot (LFP -170 

mAh/g and LTO- 160 mAh/g) slightly thicker LTO is deposited compared to LFP to maintain 

the N/P ratio between 1.2 – 1.4. The electrode width can vary based on the viscosity of the 

slurry which affects its spread on the current collector during printing process. Based on the 

particle size, nozzle diameter and minimum viscosity needed to print the slurry at present we 

print 350-400µm wide electrodes, which results in 150-200µm Li+ diffusion distance during 

cycling. After that, the electrode slurry is vacuum dried at 100 °C and later a PDMS well is 

created to dispense and hold the ionic liquid electrolyte in the electrode area, and the whole 

battery is hermetically sealed with PDMS sheet as shown in Figure 4-5. No separator is used 

in this battery design assembly. This battery design provides a combination of low 

thickness(<500µm), high energy density, low form factor, and high flexibility.  

Side view 

Top view 
Released film 
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Figure 4-4: (a) Confocal microscope images of the surface profile of interdigitated battlet electrode.(b) 

Configuration of interdigitated current collectors and battlet electrodes. No of battlets not to scale (c) optical 

image of battlet electrodes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
Figure 4-5: Packaged battlet interdigitated LFP/LTO battery in bent state after full charge at 0.1C (a) 

longitudinal bending (10mm bending radius) (b) lateral bending (10mm bending radius) 

(a) 

(b) (c) 

a b 
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4.3 Electrochemical Cycling Results  

We have selected the LFP/LTO system to test this new design as it more established and 

stable than the LFP/Gr system. LTO anodes operate at a higher potential (~1.55 V vs. Li/Li+) 

when compared to graphite (0.1V vs Li/Li+), which is within the stability window of most 

electrolytes. This higher operating potential results in less electrolyte decomposition and a 

thinner, less prominent SEI layer on LTO when compared to Gr anode. By starting with the 

more stable and long-lasting LFP/LTO system, we can more easily isolate and study the 

effects of new design elements, materials, or manufacturing processes without the 

confounding variables often present in LFP/Gr systems. The operating voltage for LFP/LTO 

chemistry is 1.8V. The area occupied solely by the interdigitated electrode and interdigitated 

battlet electrode in each 1.8 V cell is 1.24 cm2 and 1.20 cm2 

We first test the interdigitated structure to check the functioning of the co-planar design. 

Figure 4-5(a) and (b) show the charge and discharge curves at various C rates (C/10, C/5, 

C/2, 1C, and 2C) for interdigitated electrodes in organic (EC:DMC 1:1) and ionic liquid 

electrolyte (LiFSI:PYR14FSI 2:3) respectively. We do not use any additives here as the SEI 

formation is not a very critical factor in case of LTO anodes. No separator is used in the 

assembly as the electrodes are well separated. The cathode battlet interdigitated electrodes 

were 0.8mg/cm2 of loading density, which is equivalent to 0.1-0.11 mAh/cm2 of areal 

capacity (theoretical capacity of graphite 170 mAh/g). The first cycle coulombic efficiency in 

case the organic and ionic liquid electrolyte are 94.18% and 88.17% respectively. The cell 

with organic electrolyte showed a peak capacity of >90% of theoretical capacity and ~80% 

for the cell with ionic liquid electrolyte. 
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Figure 4-5: Charge/discharge cycle of LFP/LTO interdigitated battery in (a) organic electrolyte (b) ionic liquid 

electrolyte 

For the interdigitated battlet electrode battery design testing cathode electrodes were of 0.77 

mg/cm2 loading density, which is equivalent to 0.1-0.11 mAh/cm2 of areal capacity. Figure 

4-6 (a) and (b) show the charge and discharge curves at various C rates for electrodes in 

organic (EC:DMC 1:1) and ionic liquid electrolyte (LiFSI:PYR14FSI 2:3) respectively. The 

first cycle coulombic efficiency in case the organic and ionic liquid electrolyte are 94.56% 

and 85.67% respectively. The cell with organic electrolyte showed a peak capacity of >90% 

and ~84% for the cell with ionic liquid electrolyte. The capacity drop at higher C-rates in the 

battlet interdigitated structure is more when compared to the interdigitated structure. This 

might be because larger area of current collector remains uncovered in this case. 

When portions of the current collector remain uncovered by electrode materials, localized 

regions of elevated current density develop at the boundaries between coated and uncoated 

areas. This increases the effective electrical resistance over time and degrades cell stability 

[51]. One way to avoid this would be to cover the current collector with a carbon conductive 

layer which is generally used in current collector foils for conventional Li-ion batteries. 

 

 

(a) (b) 
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Figure 4-6: Charge/Discharge cycle of LFP/LTO battlet interdigitated battery in (a) organic electrolyte (b) ionic 

liquid electrolyte 

 
 

 
Figure 4-7: % capacity retention in LFP/LTO battlet interdigitated cell in ionic liquid electrolyte cycled at 0.2C 

over 20 cycles. 

 

Figure 4-7 shows that the battlet interdigitated cell was able to maintain a reasonable capacity 

of 95.85% after 20 charge/discharge cycles at 0.2C. Therefore, in this work we have 

successfully fabricated a battlet interdigitated Li-ion battery on flexible biocompatible PDMS 

substrate which demonstrates ~0.1mAh/cm2 of areal capacity at 0.1C delivering 1.8V. Figure 

4-8 shows the packaged interdigitated battery after fully charging the it at 0.1C demonstrating 

stable voltage under dynamic bending. This demonstrates the functioning of a packaged 

interdigitated battlet flexible Li-ion battery on FlexTrateTM. 

(c) (d) 
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Figure 4-8: (a) Packaged battery (b) Dynamic Bending (5mm bending radius). 

Here we showed that interdigitated electrodes of width 350-400 µm where the Li+ diffusion 

length was 250-200 µm delivered 84% theoretical areal capacity in ionic liquid electrolyte 

with LFP/LTO chemistry.  In case of a cofacial design electrode lower than 100 µm deliver 

lower % theoretical capacity, this demonstrates the benefits of using the coplanar design for 

developing flexible batteries with high energy per footprint. As the Li+ diffusion distance is 

going to remain fixed as we increase the electrode height in the interdigitated coplanar 

design, as a part of the ongoing research, we will attempt to achieve higher areal capacity 

(>1mAh/cm2) by printing thicker electrode (>100µm) using multilayer printing method in the 

ink-jet printer. We also aim to test the LFP/Gr chemistry in the battlet interdigitated design 

that delivers a higher voltage of 3.7V which is required for devices powering wearable 

devices. 
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CHAPTER 5: CONCLUSION AND FUTURE WORK 

Flexible Li-ion batteries for flexible electronic devices are still in the early stages of 

development, particularly for high-capacity applications. In this thesis, we explored two 

design approaches to fabricate flexible Li-ion batteries using ionic liquid electrolytes, with a 

focus on powering wearable devices while ensuring safety and non-flammability. After 

optimizing the electrolyte properties, we demonstrated a peak capacity of 0.75 mAh/cm² 

(76% of the theoretical capacity of 1.2 mAh/cm²) for the LFP/Gr co-facial battery design, 

which operates at 3.7 V and withstands 1,000 bending cycles at a 5 mm bending radius. 

This study revealed that high-concentration electrolyte (HCE) ionic liquid electrolytes inhibit 

solvent intercalation by reducing cation interaction in the solvation shell, leading to improved 

performance compared to low-concentration electrolyte (LCE) ionic liquid electrolytes. 

However, the cell performance remains limited by the high viscosity and lower conductivity 

of HCE electrolytes. One potential solution to reduce viscosity is the incorporation of a 

secondary solvent that does not coordinate with Li⁺ ions, forming a localized high-

concentration electrolyte (LHCE) system [30]. Another alternative to enhance battery 

capacity is the use of tri-ethyl phosphate (TEP) as a solvent with LiFSI salt, which is non-

flammable and exhibits lower viscosity compared to ionic liquid electrolytes. 

To address the challenges of misalignment and Li⁺ diffusion limitations in the co-facial 

battery design, we developed a co-planar interdigitated battery design. This design delivers an 

areal capacity of 0.09 mAh/cm² at 1.8 V for LFP/ionic liquid electrolyte/ LTO cell chemistry, 

with an electrode width of 400 µm (200 µm Li⁺ diffusion length). The co-planar design 

demonstrates stable cycling at various C-rates, outperforming the co-facial design, which 

shows poor cycling performance at electrode thicknesses greater than 100 µm.  
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In the next phase of this research, we will focus on conducting long-term bending tests to 

evaluate the mechanical and electrical reliability of the interdigitated structure in the bent 

state. Additionally, future work will involve optimizing slurry viscosity and ink-jet printing 

parameters to enable the printing of multilayer electrodes. This approach will increase the 

height of each electrode while keeping the width constant, thereby enhancing the loading 

density and areal capacity of the interdigitated electrode. Currently, the areal capacity is 

limited to 0.1 mAh/cm² at an electrode height of 30 µm. As shown in Figure 5-1, a four-layer 

LFP electrode printed using the ink-jet printer with a width of 370 µm and a height of 

approximately 110 µm, with each layer clearly distinguishable in the SEM image. Our goal is 

to achieve electrode thicknesses greater than 100 µm using ink-jet printing technology, which 

would yield an overall theoretical areal capacity of ≥1 mAh/cm². 

Achieving this milestone will enable the fabrication of thin (<500 µm) flexible Li-ion 

batteries with non-flammable electrolytes, offering good capacity and electrochemical 

performance. Such batteries can be seamlessly integrated with wireless battery modules, 

physiological sensors, and signal processing subsystems on the same FlexTrate™ platform, 

forming a fully functional wearable device. 

 

 

 

 

 

 

 
Figure 5-1: SEM image (1000x) of 4-layer LFP interdigitated electrode printed using direct-ink writing 
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