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ABSTRACT  

 

Lithium-ion and lithium-metal batteries represent a predominant energy storage solution 

with the potential to address the impending global energy crisis arising from limited non-

renewable resources. However, these batteries face significant safety challenges that hinder 

their commercialization. The conventional polymeric separators and electrolytes have poor 

thermal stability and fireproof properties making them prone to thermal runaway that 

causes fire hazards and explosions when the battery is subjected to extreme operating 

conditions. To address this issue, various materials have been investigated for their use as 

separators. However, polymeric, and pure inorganic material-based separators have a trade-

off between safety and electrochemical performance. This is where zeolites emerge as a 

promising solution, offering favorable thermal and electrochemical characteristics. The 

zeolites are coated onto the cathode as a separator using the scalable blade coating method. 

These separators are non-flammable with high thermal stability and electrolyte wettability. 

Furthermore, the presence of intracrystalline pores helps in homogenizing the Li-ion flux 

at anode resulting in improved electrochemical performance.  

This research delves into the preparation of zeolite separators using a commercial zeolite 

and lab-scale zeolite to study their safety and electrochemical performance in lithium-ion 

batteries. At low C-rates, both zeolites exhibited excellent capacity retention and capacity 

density displaying their potential to advance high-performance safe lithium-ion batteries. 

The commercial zeolite has demonstrated remarkable capacity retention and good 
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performance in terms of charge and discharge cycles, as well as stability. This makes it a 

valuable resource for the scaling up of electrode-coated separator technology. 

Furthermore, the previous study demonstrated superior electrochemical performance of 

plate silicalite separator (also a lab-made zeolite) with both lithium-ion and lithium-metal 

batteries. However, the process of scaling up and achieving precise control over plate 

silicalite particle size, and morphology using the existing synthesis procedure has proven 

challenging. Thus, the modification of process conditions is studied to enhance control over 

particle size, aspect ratio, and yield to facilitate a more efficient scaling-up process. 

Incorporation of stirring during the crystallization phase enhanced yield and uniformity of 

particle size. Also, the increase in temperature and time of crystallization enlarged the 

particles but did not show any significant improvement in the aspect ratio of the particles.  

 

 

 

   

 

  



  iii 

 

 

 

 

 

 

 

 

 

 

Dedicated to 

Venkata Vamsi Krishna Potla 

Sai Siva Nageswara Rao Nalam 

 

 

 

 

 

 

 

 

 



  iv 

ACKNOWLEDGEMENTS   

 

Firstly, I want to express my heartfelt gratitude to my advisor, Dr. Jerry Lin for his 

unwavering guidance and mentorship throughout my academic journey. I am very grateful 

to him for trusting me and providing the valuable opportunity to work in his lab and project 

which ultimately enabled me to complete my thesis. His clarity of vision, wealth of 

experience and extensive knowledge have consistently inspired me, showing the right path 

and ignited my zeal to learn and thrive for excellence. I am immensely fortunate to have 

him as my mentor. He imparted  numerous valuable lessons, from the art of designing 

initial experiments to understanding the profound meaning of results obtained.  

I also extend my sincere appreciation to Dr. Heather Emady and Dr. Eileen Seo for 

graciously agreeing to serve as members of my committee. 

I would like to thank my lab members, including Jose Lopez, Ayesha Rehman, Fateme 

Banihashemi, Dr. Lance and Mahsa Sharafi for all their support and help during my tenure 

in the lab. I would also like to thank Fred for being so helpful in fixing all the mechanical 

issues that occurred in the lab. 

Finally, I wish to acknowledge the pivotal role played by my parents, sister, and my friend 

Dinesh in motivating me to pursue this degree. Their support and guidance have 

consistently empowered and encouraged me to face the challenges that life presents. 

 

 

 



  v 

TABLE OF CONTENTS 

          PAGE 

LIST OF TABLES……………………………………………………………………….viii  

LIST OF FIGURES……………………………………………………………………….ix  

CHAPTER 

1 Introduction ……………………………………………………………………..1                                                                                                   

    1.1 Overview……………………………………….……………………….….1 

       1.2 Elementary concepts ….…………………………………………………....2 

   1.3 Literature Review…………..………………………………………...……4 

                1.4 Limitations of the conventional polymeric separators……..………….......6 

     1.5 Research Objective……………………..………..………………………...9 

1.6 Thesis structure…………………………………………………………...10 

2 Study on the Performance of Lithium-ion Batteries Utilizing Zeolite-coated 

Separators………………………………………….…………………………..12 

  2.1 Introduction.……………………………………………………...………12 

  2.2 Experiment 

   2.2.1 Determination of porosity of zeolites…………………………….13 

           2.2.2 Synthesis of lab-scale zeolite……………………………..………14 

    2.2.3 Coating and making of zeolite separators……..…………………15 

  2.2.4 Characterization of zeolite separators……………..……………..16 

    2.2.5 Coin cell construction and Electrochemical characterization........17 

   2.3 Results and Discussion 



  vi 

CHAPTER                                                                                                                   PAGE 

2.3.1 Characterization of Powders and Coated Separators…………….19 

   2.3.2 Electrochemical Performance of Zeolite separators……………..33 

  2.4 Summary…………………………………………………………………37 

3 Optimization of Particle Size of Silicalite for Improved Performance of Li-ion 

and Li-metal Batteries …………………………….…………………………..38 

3.1 Introduction………………………………………………………………38 

3.2 Experimentation………………………………………………………….41 

3.3 Results and Discussion 

   3.3.1 Plate Silicalite Synthesized under Stagnant Conditions………….43 

   3.3.2 Plate Silicalite Synthesized under Stirring Conditions……………45 

                  3.4 Summary…………………………………………………………………49 

4   Conclusions and Recommendations …………………………….………….…..51                                                                                      

                  4.1 Conclusions ……………………………………………………………...51 

                  4.2 Recommendations …………………………………………………….....52 

References…....……………………………………………………………………..54 

 

 

 

 

 

 



  vii 

         

APPENDIX           PAGE 

   A     PREPARATION OF LAB-SCALE ZEOLITE………..…………………….……..59  

   B     SYNTHESIS OF PLATE SILICALITE UNDER STAGNANT CONDITIONS…. 62 

   C     SYNTHESIS OF PLATE SILICALITE UNDER STIRRING CONDITIONS…...65 

  D     MAKING OF SLURRY AND COATING THE SEPARATOR…….…………...68 

   E       CONSTRUCTION OF COIN CELLS……...…………………….……………….71 

   F       CC-CV TESTING OF COIN CELLS……………………………..………………73 

  G      ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY OF COIN CELLS....75 

   H     OPERATION OF GLOVEBOX AND ITS MAINTENANCE………………….....77 

   

 

 

               



  viii 

 

LIST OF TABLES 

Table Page 

2.1        Identification of Bonds in Zeolites from FTIR Spectrum …………………….....24  

 2.2        Composition of the Components in Slurry …..…….………………………….....29 

 2.3        Impedance Parameters of Commercial Zeolite and Lab-scale zeolite Full Cell…..36 

 3.1       Properties of Different Batches of Plate Silicalite Powders…….…...……..……..47 



  ix 

LIST OF FIGURES 

Figure Page 

1.1 Pictorial Representation of Charging and Discharging Cycles Between Anode and 

Cathode in a Li-ion Battery ……………………………………………………….……3 

2.1 Coin Cell Components and Their Assembly ……………………………………….…18    

2.2 Images of (a) Lab-scale zeolite and (B) Commercial Zeolite Coated on to the NMC after 

Humid Drying …………………………………………………………..……………19 

2.3 Optical Images of (a) Lab-scale zeolite and (B) Commercial Zeolite Coated on 

NMC…………………………………………………...……………………………..20 

2.4 Images of (a) Lab-scale zeolite and (B) Commercial Zeolite Samples Used for Surface       

Imaging; (C) Lab-scale zeolite and (D) Commercial Zeolite Samples for Used Cross-

sectional Imaging ……………….……………………………………………………21 

 2.5 SEM Images of (a) Lab-scale zeolite Coated NMC Surface and (B) Lab-scale zeolite 

Coated NMC Cross-section; (C) Commercial Zeolite Coated NMC Surface and (D) 

Commercial Zeolite Coated NMC Crossection…………………………..…………...22 

  2.6 FTIR Spectrum Comparison of Lab-scale zeolite and Commercial Zeolite ….……….24 

 2.7 XRD Patterns of (a) Silicalite Powder, Silicalite Coated on NMC and Silicalite Coated 

NMC after Compression at 400 Psi; (B) Zeolite Powder, Zeolite Coated on NMC, and 

Zeolite Coated NMC Compressed at 400 Psi………………….…………...……….....26 

 2.8 SEM Images of Lab-scale zeolite Coated NMC (a) Before and (B) after Compression; 

Commercial Zeolite Coated NMC (a) Before and (B) after Compression…..…………28 

 



  x 

Figure                                                                                                                             Page 

 2.9 At T = 0 Sec, the Electrolyte Drop Against (a) Lab-scale zeolite and (B) Commercial 

Zeolite Separators; At T = 1 Sec, the Electrolyte Drop on (a) Lab-scale zeolite and (D) 

Commercial Zeolite ……………………………………………………………........30 

 2.10 TGA/DSC Curves of (a) Lab-scale zeolite (B) Commercial Zeolite Separator …..…32 

 2.11 CC-CV Curves for Charge and Discharge Cycles of Commercial Zeolite and Lab-scale      

zeolite Cells At 0.1 C Rate …………………………………………………..….……34 

 2.12 Coulombic efficiency of zeolite separators…………………………………………35 

 2.13 Nyquist Impedance Plots of Commercial Zeolite and Lab-scale zeolite Separators..36 

3.1 Schematic illustration of (a) plate-shaped MFI zeolite crystal showing crystallographic       

planes and  (b) structure of  membrane separator made of plate-shaped zeolite on NMC 

after compression……………………………………………………………………..39 

3.2 (a) Schematic illustration of two pathways for lithium-ion flux through electrolyte-filled                 

separator made of plate-shaped MFI zeolite with (b) top view of b-axis crystalline pore 

structure of MFI zeolite  and (c)  schematic illustration of one pathway for lithium-ion 

flux through electrolyte-filled separator made of dense plate-shaped -alumina 

particles………………………………………………………………………………40 

3.3 SEM images of plate silicalite produced under stagnant conditions………..………...44 

3.4 SEM micrographs of plate silicalite made at (a) 140 ℃, 8 hrs, 40 rpm, (b) 140 ℃, 10 

hrs, 40 rpm, (c) 140 ℃, 12 hrs, 40 rpm ………….…………..……………………….46 

 

 



  xi 

Figure                                                                                                                                                 Page 

3.5 SEM images of plate silicalite made at (a) 155 ℃, 10 hrs, 40 rpm, (b) 155 ℃, 12 hrs, 40      

rpm…………………………………...………….…………..………………………..46 

3.6 SEM micrographs of plate silicalite made at (a) 175 ℃, 8 hrs, 40 rpm, (b) 175 ℃, 10 

hrs, 40 rpm, (c) 175 ℃, 12 hrs, 40 rpm, (d) 175 ℃, 12 hrs, 40 rpm…….……………..47 

3.7 X-ray Diffraction Peaks of Two Powder Samples (140 ℃, 10 hrs, 40 rpm, 155 ℃, 10 

hrs, 40 rpm)..………………………………………………………………………….49 

 

 



  1 

CHAPTER 1 

INTRODUCTION 

1.1 Overview 

In the present day, a significant portion of the electricity generated, and transportation 

utilizes non-renewable fossil fuels, giving rise to environmental issues such as global 

warming by CO2 emissions. To mitigate the use of fossil fuels and safeguard the future 

world from energy crises and environmental problems, it is highly recommended to 

prioritize renewable and clean sources of energy such as solar, wind, and geothermal 

power. However, many renewable energy sources are affected by factors such as season 

and location. So, it is highly necessary that the excess energy produced needs to be 

stored[1,2]. Lithium-ion batteries (LIBs) represent the cutting-edge technology for a wide 

range of  energy storage applications because of their exceptional traits such as high energy 

density, power density, long cycle life, and self-discharging nature[3]. 

Over the past few years, the market has been driven by the trend of making electronic 

devices smaller, which increased the demand for portable power resources significantly. In 

certain instances, the battery system contributes to half of the weight and volume of the 

device it powers. Hence, there is a serious requirement to reduce the overall weight and 

space occupied by the battery system in electronic devices. For this purpose, Lithium 

batteries could be chosen as they offer lightweight, high voltage, and greatest energy 

density[4]. The initial documented interest in lithium batteries was sparked by the research 

conducted by Harris in 1958[5]. Eventually, the commercialization of primary lithium-ion 
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batteries began during the 1970s when the first rechargeable battery was suggested by M.S. 

Whittingham, while he was working at Exxon in 1976[1][4]. 

Secondary lithium-ion batteries have energy density ranging between 250-680 W/m3 and 

specific energy of 100-270 Wh/Kg which is very high and advantageous for power-

efficient electronic devices[6][7]. Among all the metals, lithium is the lightest and has the 

greatest electrochemical potential, also offers high specific energy per weight (3860 

mAh/g). In fact, Lithium batteries with Li metal as anode (Lithium-metal batteries) provide 

exceptionally high energy densities compared to lithium-ion batteries. However, LMBs 

have certain safety concerns such as internal short-circuiting due to the propagation of 

lithium dendrites which can cause thermal runaway[8]. 

1.2 Elementary concepts 

Lithium-ion batteries consist of two electrochemically active electrodes (anode and 

cathode) coated on two different current collectors (copper and aluminum, respectively), a 

separator that is electrochemically inactive and sandwiched between the two electrodes, 

and the electrolyte, which is a medium for the transfer of ions. The separator does not take 

part in the electrochemical reactions that occur inside the cell. However, it still renders the 

critical functions of separating the two electrodes to prevent internal short circuit and 

facilitates the movement of lithium ions through its pores [9].  

The extensively used cathode materials are lithium metal oxides such as lithium cobalt 

oxide (LCO), lithium manganese oxide (LMO), lithium titanium oxide (LTO), and lithium 

manganese nickel cobalt oxide (NCM) whereas graphite is the most commonly used 

anode[10]. During the process of charge and discharge, these cathode materials release 
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lithium ions due to the change in their crystal lattice. The separator is porous in nature. It 

helps in the transfer of lithium ions between the electrodes and hence should offer 

minimum internal resistance. It should also be highly wettable and have high electrolyte 

uptake for better performance. The most frequently used electrolytes are liquids which have 

lithium salts dissolved in carbonate solvents such as Ethyl Carbonate (EC), Dimethyl 

Carbonate (DMC), and Diethyl Carbonate (DEC) in different ratios[11][12]. The salt 

dissociates in the solvent to improve the lithium-ion conductivity and the solvent solvates 

the lithium-ions from salt and electrodes to support their transfer[13].  

In the battery literature terminology, the anode is lithium-ion acceptor, and the cathode is 

lithium-ion donor during the charging process. While charging, a battery is connected to 

an external voltage source, creating an electric potential difference. This results in the 

transfer of Li-ions from the cathode to the anode through the electrolyte. To balance this 

ion transfer, electrons from the cathode travel to the anode in the external circuit. During 

the process of discharge, lithium-ions stored at the anode travel back to the cathode, and 

the electrons move from the anode to the cathode in the external circuit, making the electric 

current. The discharging of lithium-ion batteries is a spontaneous process [14]. Figure 1.1 

illustrates the ion and electron transfer during the charging and discharging processes in a 

Li-ion battery:  
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Fig 1.1 Pictorial representation of charging and discharging cycles between anode and 

cathode in a Li-ion battery[15] 

1.3 Literature review 

Lithium-ion batteries take the lead in energy storage due to their exceptionally high 

capacity and energy density. Despite having numerous advantages, there are certain safety 

concerns associated with lithium-ion batteries that pose a serious threat to the life 

surrounding them. We know that these batteries are composed of highly reactive materials 

that can ignite and react vigorously if they come into contact with the atmosphere. There 

have been numerous prominent fire and explosion accidents that have raised public concern 

for the risks associated with lithium battery fires[16]. 

The safety performance of these batteries is compromised by the use of low thermal 

stability electrodes and separator materials. The primary safety concern that restricts their 

application in large-scale operations is thermal runaway (TR), a process that can cause fire 

and explosion which creates a life-threatening situation. Furthermore, it can lead to the 

release of toxic gases such as CO, HF, and other fluorine-containing gases due to the 

combustion of the battery components during the process, which can further worsen the 

situation[17][18]. 

A series of exothermic reactions occur within the battery when it is exposed to abusing 

conditions or extreme operating conditions, which in turn produces more heat that can 

quicken the reaction kinetics. The release of enormous amounts of heat due to the thermal 

runaway causes a fire, and the toxic gases liberated inside the battery build up large 

amounts of pressure, which causes an explosion. The primary reason for the occurrence of 
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the thermal runaway is subjecting the battery to extreme operating conditions that include 

electrical (Overcharging and discharging), mechanical (crushing), and thermal 

(overheating) abuse conditions[19][20].  

Overheating of the battery usually happens when there are some loose connections between 

the cells in the pack, which leads to an external short circuit and results in local overheating. 

The electrical abuse of batteries could be observed when there is the failure of the battery 

management system (BMS), due to which overcharging and discharging of the battery 

happens and results in the internal short circuit. Crushing and metal penetration into 

batteries happen in case of accidents that can potentially damage battery components and 

lead to internal short circuit[20]. 

The internal components of the battery decompose as the temperature increases. The 

separator breaks down at temperatures between 130-170℃ and the electrolyte decomposes 

at 120℃. The decomposition of the SEI layer on the anode occurs at 100℃. During the 

thermal runaway, both the electrodes react with the electrolyte and release oxygen, which 

increases the risk of causing fire. LiPF6 dissolved in carbonate solvents (DEC/DMC/EC) 

is one of the conventional electrolytes popularly used. During TR, the LiPF6 salt 

decomposes and releases HF on further reaction. The complete and partial oxidation of 

carbonate solvents occurs, releasing carbon dioxide and carbon monoxide gases. Thus, the 

quantity of electrolytes present in the battery can impact the overall heat production of the 

entire cell during thermal runaway[21].  
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Therefore, to develop safe lithium-ion batteries, it is important that thermal runaway is 

prevented even if the battery is subjected to abuse/extreme operating conditions such as 

short circuit, overcharging, and nail penetration.  

1.4 Limitations of the conventional polymeric separators  

The separator is a supercritical component in the battery system as it plays an important 

role in separating the anode and cathode. As mentioned earlier, it is electrochemically 

inactive, and its thickness ranges between 20-30 µm[22]. The characteristics that make a 

separator ideal are low ionic resistance, high thermal and mechanical stability, electrolyte 

wettability and uptake, chemical inertness towards the other components in the battery, and 

scalable manufacturing. The traditional separators used in lithium-ion batteries are 

polymeric in nature (polypropylene (PP), polyethylene (PE)). These polymeric separators 

are not usually highly wettable and mechanically stable. They suffer a huge dimensional 

shrinkage at high temperatures (usually temperatures higher than 135 ℃) resulting in 

internal short circuit that can trigger thermal runaway[23]. Therefore, there is a need to 
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create non-flammable separators that are both electrochemically and mechanically stable 

and durable to achieve improved safety performance. 

Various research groups tried improving the safety performance of the polymeric 

separators by embedding inorganic materials in or onto them. Thus, inorganic materials are 

added either by coating them on the polymeric separators or by incorporating them into the 

polymeric separator matrix[24]. Polyethylene separator is usually coated with Al2O3 and 

polydopamine to improve its thermal stability and electrolyte wettability[25]. The various 

coating methods used for this purpose are dip coating, atomic layer deposition, and sol-gel 

technique[26][27]. Though these coated separators are thermally stable compared to pure 

polymeric separators, they are yet not completely safe as the major portion of the separator 

is still polymeric. Another approach to adding inorganic materials to the separator is 

incorporating them into the polymer matrix. However, the bulk being polymeric, they are 

not thermally stable leaving room for failure. They also do not have good electrolyte 

wettability and uptake[28]. The most efficient way to make non-flammable and thermally 

stable separators is to completely eliminate polymeric materials and use only inorganic 

materials in them.  

 Pure inorganic materials (ceramics) such as alumina and silica, which are hydrophilic, 

have excellent thermal stability and electrolyte wettability. But the free-standing separators 

made out of pure inorganic materials are extremely fragile and exhibit poor flexibility with 

the cell winding assembly[29]. To make them robust, there is a need to increase the 

thickness to 200 µm, which increases the internal resistance of the cell and results in poor 

performance[30]. However, it also needs a large amount of binder, and the synthesis 
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procedure is complicated, intensive. Hence, to make sturdy inorganic material-based 

separators with lower thickness, another approach is necessary. 

Lately, a new approach of coating the inorganic materials using an organic binder onto the 

electrodes has been reported in the literature by Dr. Lin’s group. The procedure is scalable, 

easy, and cost effective. In this approach, a slurry is made by mixing the inorganic materials 

(Al2O3 and SiO2) with an organic binder, PVA, and the solvent, water. The uniform slurry 

is then coated onto the electrode using a doctor blade and vacuum dried to obtain a 

polymer-free inorganic separator. The thickness of the coated separator can be controlled 

using the doctor blade. Usually, a 40 µm thick coating is made onto the cathode of 60 µm 

thickness. They have exhibited high thermal stability, good electrochemical performance, 

better mechanical stability, and the synthesis is scalable. Despite of its numerous 

advantages, the overall weight of the battery is increased due to the high density of 

particles, resulting in reduced weight-based energy density. Also, as the separator’s metal 

oxide particles are dense, lithium-ion transport exclusively takes place through inter-

particle pores. This results in uneven distribution of lithium ions at anode giving rise to 

hotspots and non-uniform SEI formation[31][32]. 

To address these limitations of pure silica and alumina separators, zeolites are studied. 

Zeolites are 3-d aluminosilicate frameworks with less density compared to SiO2 and Al2O3 

and possess intraparticle pores. These pores help in the even distribution of Li-ion flux at 

the anode and facilitate the formation of stable SEI[31]. In this context, pure silica-based 

MFI type zeolites called silicalites exhibited promising results in terms of safety as well as 

electrochemical performance. 
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Previously from our research group, Kishen has reported the use of pure silica-based 

zeolite-coated separators (silicalite separators), which are highly wettable and non-

flammable. The study compared the performance of lab-scale zeolite with pure silica (SiO2) 

and PP separators with a fire-proof and high concentrated electrolyte[31]. The findings of 

the study concludes that the lab-scale zeolite separator, owing to its superior wettability, 

facilitates more uniform electrolyte access to the anode and the anode-separator interface. 

This leads to the formation of a uniform solid-electrolyte interface (SEI) at the anode 

surface. Consequently, the SEI thus developed is thin and robust in comparison to the pure 

silica and polymer separators, resulting in reduced SEI and charge transfer resistance. 

Later, Dheeraj and et.al studied the impact of the morphology of silicalite particles on the 

electrochemical performance of the battery. For that purpose, he utilized two MFI-type 

silicalites. They are 1. lab-scale zeolite and 2. plate silicalite[33]. The results of the study 

suggested that plate shaped silicalite separator has demonstrated superior capacity retention 

and rate capability while exhibiting lower SEI and charge transfer resistance compared to 

the lab-scale zeolite. This enhancement of electrochemical performance is attributed to the 

more uniform Li-ion flux through the intraparticle pores along with interparticle pores at 

the separator-anode interface. 

1.5 Research Objective  

Lab-scale zeolite and plate silicalite are synthetic pure silica MFI type zeolites (silicalites) 

made in the laboratory using hydrothermal synthesis under stagnant conditions. The yield 

of this process is very low, which is around 35-40%. For commercializing electrode-coated 

silicalite separators, the acquisition of substantial quantities of silicalite for cathode coating 
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and subsequent electrochemical testing is paramount which means the scaling up of 

silicalite synthesis is indispensable. However, with the given yield of the hydrothermal 

synthesis, it takes a significant amount of time to make the required amount of silicalite 

which is not feasible to design and execute experiments within the specified timeline.  

Moreover, the scaling up also encounters various challenges due to the use of stagnant 

conditions during the crystallization phase. The absence of agitation of the solution during 

the hydrothermal synthesis results in poor control over the particle size and aspect ratio. 

All these limitations associated with the lab made silicalite, encouraged me to explore a 

commercial MFI type zeolite that is pure silica-based with similar particle size as that of 

lab-made silicalite and make coin cells for performance comparison against silicalite-based 

counterparts. 

1.6 Thesis Structure 

The first chapter of my thesis primarily focuses on the study of  the performance of a 

commercially purchased MFI zeolite (pure silica-based) and the zeolite (lab-scale zeolite) 

synthesized in the lab as separators. Both the commercially purchased and lab-scale 

zeolites are coated onto the cathode, and coin cells are made using the electrolyte, 1M 

LiPF6 in 1:1:1 (v/v/v) in EC/DEC/DMC. Subsequently, the cells are tested for their charge-

discharge performance, impedance parameters, and long-term cycle life. The cathode used 

for this study is NCM (5:3:2, from MTI) and the anode used is graphite (from MTI). Also, 

various characterization techniques are used to analyze the zeolite powders and free-

standing separators. Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD) and 

Fourier- Transform Infrared Spectrum (FTIR) are the techniques used to characterize both 
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the powders and separators to gain more insights into the particle shape, size, orientation, 

and chemical bonds present in the zeolite powders. To evaluate the wettability and thermal 

stability of the separators, the contact angle method, thermo gravimetry analysis and 

differential scanning calorimetry (TGA-DSC) are used.  

The previous study by Dheeraj et al.[33], demonstrated the superior rate capability and 

capacity retention of the plate silicalite separator with fireproof high viscous electrolyte. 

However, as discussed earlier, the synthesis procedure of plate silicalite face scaling up, 

yield and process control issues due to the crystallization occurring under stagnant 

conditions. Thus, the second chapter of my thesis focuses on modifying these process 

conditions to obtain enhanced yield and precise control over the particle size to scale up 

the synthesis effectively. 

This can be achieved by varying the precursor quantities in the seeding solution, adjusting 

the temperature, time, and use of agitation in the hydrothermal synthesis. The sole aim in 

doing so is to obtain a substantial yield of high aspect ratio coffin shaped/plate shaped MFI 

type zeolite particles. The high aspect ratio is very useful when the plate silicalite is coated 

as a separator onto the cathode because it effectively prevents the propagation of lithium 

dendrites by forming a robust, mechanically stable, and highly tortuous.  
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CHAPTER 2 

STUDY ON THE PERFORMANCE OF LITHIUM-ION BATTERIES UTILIZING 

ZEOLITE-COATED SEPARATORS 

2.1 Introduction 

Zeolites were initially identified in sediment and pegmatite rocks. Natural zeolites find 

their primary applications in water treatment, agriculture, and soil remediation. Their 

synthetic counterparts have a wide range of industrial uses. Molecular sieving and 

heterogeneous catalysis are the major industrial applications of synthetic zeolites. They are 

known for their remarkable adsorption and ion exchange properties[34].  

Zeolites are three-dimensional crystalline frameworks consisting of tetrahedral units 

composed of silicon, aluminum, and oxygen atoms. These structures create channels that 

have well-defined sizes and shapes. However, for the applications in lithium-ion batteries, 

we need hydrophobic, thermally stable, highly wettable, and less dense materials. Silicates 

are microporous crystalline structures that have all the required ideal characteristics such 

as chemical stability, high wettability, and thermal strength[35][36]. 

Therefore, silicalites are studied for their use as separators in lithium-ion batteries. As 

outlined in the research motivation, silicalite synthesis process encounters numerous 

challenges when it comes to scaling up. Hence, a commercial zeolite is procured and 

evaluated for its performance as a separator in comparison with the lab-scale zeolite in the 

context of commercialization of electrode coated zeolite separators. 

Both of these zeolites are MFI type zeolites with a particle size of 2-3 µm and spherical, 

plate morphology. They are effectively coated onto the cathode (NMC) as separators, and 
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the electrochemical characteristics of the coin cells are tested. The results demonstrate their 

superior performance over the coin cells with polypropylene (PP) as a separator. This 

section of study delves into a comprehensive evaluation of the performance of these 

zeolite-coated separators. 

2.2 Experiment 

2.2.1 Determination of interparticle porosity of zeolites 

Lab-scale zeolite and the commercial zeolite are MFI type zeolites with a porosity of 80% 

and 72% respectively. The lab-scale zeolite has a crystal density of 1.76 g/cc[31]. The 

interparticle porosity of these zeolites is measured by using the tapping method. To 

determine the porosity, some specified amount of powder is taken and subsequently 

transferred into a graduated cylinder. The bulk volume of the powder is recorded. The 

graduated cylinder is then tapped until no further reduction in the volume is seen, and that 

volume is recorded as actual volume. To derive the porosity value, both bulk and actual 

densities are computed using the following formulae:  

ρbulk =  
Mass of the sample

Bulk volume of the sample
, ρactual =  

Mass of the sample

Actual volume of the sample
  

Porosity = 1 −  
ρbulk

ρactual
  

However, powder porosity is different from the porosity of coated separators. The porosity 

of coated separators can be calculated using the following equation: 

R =  
d

k×A×∅
                                                                                                                                      (2.1) 

Where,  

d = thickness of the separator 

A = crossectional area of the separator 
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K = conductivity of the separator 

∅ = porosity of the separator 

2.2.2 Synthesis of lab-scale zeolite 

The synthesis of lab-scale zeolite involves the utilization of three primary precursors: 

tetraethyl orthosilicate (TEOS, reagent grade, 98% procured from Sigma Aldrich), 

TetrapropylAmmoniumhydroxide (1.0M in H2O, TPAOH solution from Sigma Aldrich) 

and deionized water (DI) water. TEOS serves as the primary source of silica in the solution, 

while TPAOH acts as the organic template. Initially, 12 g of TPAOH is added to 202 grams 

of DI water, followed by the addition of 10 grams of TEOS while stirring solution. The 

beaker is sealed with a paraffin wax film to avoid evaporation losses. The entire solution 

is stirred for 24 hrs at room temperature to obtain a clear solution.  

Subsequently, the solution is divided into two 100 ml autoclaves and the autoclaves are 

placed in the oven which is preheated to 130 ℃. The solution filled autoclaves are heated 

for 8hrs to obtain a plate shape morphology with a particle size of 2 µm.  

After the hydrothermal synthesis, mother liquor is drained to collect the silicalite crystals. 

The crystals are then washed with DI water and centrifuged at 10,000 rpm for 20 mins. 

This process of washing and centrifugation is repeated 3 times to ensure the complete 

removal of any remaining organic materials from the reaction. After 3 times of washing 

and centrifugation, the crystals are washed again, and then the solution is dried at 100 ℃ 

for 24 hrs. During drying, all the water content is evaporated, and powder remains in the 

beaker. The powder is meticulously grinded using a motor and pestle before the final step 

to break any potential aggregates that are present.  
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The final step involves the calcination of powder ,where the powder is heated to 600 ℃ for 

10 hours to remove the organic template. This synthesis procedure has been adopted from 

the literature[31][37]. 

2.2.3 Coating and making of zeolite separators  

To coat the zeolites, slurries of the powders are made. Subsequently, the slurries are coated 

as separators onto the cathode material, NCM. For lab-scale zeolite, the slurry is made by 

mixing 1 gram of powder with 1 gram of 5 wt% polyvinyl alcohol aqueous solution (PVA) 

and 0.5 grams of deionized (DI) water. The slurry of commercial zeolite is made by mixing 

2.5 grams of powder with 0.5 grams of 5 wt% polyvinyl alcohol aqueous solution (PVA) 

and 2 grams of deionized (DI) water. The PVA content added to the slurry is reduced to a 

minimum level to mitigate its effect on the electrochemical performance of the cell and to 

improve thermal stability of the separator.  

To make 5 wt% PVA aqueous solution, 5 grams of PVA (molecular weight: 77000-79000, 

from ICN Biomedical Inc, USA) is dissolved in 95 grams of DI water. The comprehensive 

procedure is to take a conical flask and add 95 grams of DI water to it. Subsequently,             

5 grams of PVA powder is weighed and dissolved into the DI water while stirring. The 

solution is magnetically stirred for 24 hours until a clear solution is obtained. It is important 

to note that freshly made PVA is preferred while making a coating of the separator. 

However, the PVA aqueous solution remains effective for up to one month. After this 

period, the solution should be reprepared to ensure optimal results. 

The slurry mixtures are gently stirred for about 10 mins using a glass stirrer to break down 

any aggregates that may be present in the mixture. This step is crucial to achieve a 
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consistent and homogeneous slurry while preventing the formation of any bubbles. 

Subsequently,  the slurry is coated on to the NCM (typically 5inch×5inch) using a blade 

coater (Doctor blade, Gardco LLC, USA). To coat 40 µm thick separator, the height of the 

blade coater is adjusted accordingly from the base. 

The prepared slurries (lab-scale zeolite, commercial zeolite) are dropped on one side of the 

cathode and spread along the length of the cathode to obtain a uniform coating, followed 

by drying in a humid chamber at 40 ℃  and 60% relative humidity for 8 hours. The 

electrode-coated separators are then cut into 16 mm discs using a cutting machine (MSK-

T10 from MTI). This procedure may require some finesse to keep the separator crack free. 

The electrode-coated separator sheets are sandwiched between two weighing papers while 

cutting them. Later, the discs are activated in a vacuum oven by heating them at 70℃ for 

12 hrs. This process serves the dual purpose of activating the cathode and removing the 

traces of moisture, if any present. Following activation, the electrode-coated discs are 

transferred carefully into the glove box for the preparation of coin cell assembly.  

2.2.4 Characterization of zeolite separators 

The morphology and cross-sectional characteristics of the zeolite separators are observed 

using Scanning Electron Microscope (SEM, focused ion beam – Auriga – Zesis). X-ray 

Diffraction patterns (XRD, PANalytical aeris powder x-ray diffractometer) are generated 

for both the zeolite powders and separators to analyze the phase structure of the particles. 

Fourier - Transform Infrared Spectrum (FTIR, PerkinElmer Frontier FTIR) is utilized to 

identify the types of chemical bonds present in both the zeolite variants. Additionally, the 
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separators are tested for their wettability and thermal stability using contact angle (Kruss 

Easy drop goniometer) and TGA/DSC (Labsys Evo from Setaram) techniques respectively. 

2.2.5 Coin cell construction and Electrochemical characterization 

The coin cells made are CR2032 type which indicates the battery has 20mm diameter and 

3.2mm thickness. The components used to make a coin cell include bottom case, stainless 

steel spacers, cathode, separator, electrolyte, anode, spring, and top case. All the 

components of the cell except for the cathode, anode, separator, and electrolyte are sourced 

from X2 Labwares, Singapore. It is important to note that constructing coin cells can be 

challenging and has potential to affect the results if not executed properly. 

The cell construction begins with the bottom case. The bottom case is taken, followed by 

the placement of a spacer and then the separator-coated cathode with the coating facing up. 

Subsequently, 120 µL of electrolyte (1M LiPF6 in EC/DEC/DMC in 1:1:1 v/v/v ratio) is 

measured and dropped onto the separator. The anode is then placed with the carbon surface 

facing towards the separator. Next, a spacer and a spring are placed on the top of the anode, 

and the cell is sealed using a top case. Finally, the arrangement is turned upside down and 

coin cell is crimped using the crimping machine (from MTI) at a pressure of 400 psi. As 

the coin cell is crimped, any excess electrolyte present inside comes out that is carefully 

cleaned and removed. Figure 2.1 shows the pictorial representation of coin cell assembly. 
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         Fig 2.1 Coin cell components and assembly 

The constructed coin cells are taken out of the glove box and tested for their charge-

discharge characteristics. For this purpose, the equipment used is NEWARE battery testing 

system (BTS 3000 from Neware Co, Shenzhen, China). The coin cells are subjected to 

cycling using the CC-CV (constant current-constant voltage) method with voltage limits 

set at 3 V and 4.2 V.  

The coin cells made with commercial zeolite and lab-scale zeolite separators are tested at 

0.1C rate for 50 cycles to assess the cycle life performance of the cells. Additionally, 

Electrochemical Impedance Spectroscopy (EIS) is employed to the coin cells using the 

PARSTAT 2263 EIS station (Princeton applied research, USA) operating in AC mode to 

analyze different types of internal resistances in the cell. The frequency limits set for this 

measurement are 100 KHz and 1.5 Hz with an AC amplitude of 10 mV rms. Nyquist plots 
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generated are analyzed in EC lab to determine the internal resistances attributed by the 

separator, SEI, and ion-transfer. 

2.3 Results and Discussion 

2.3.1 Characterization of Powders and Coated Separators 

Both the lab-scale zeolite and commercial zeolite exhibited remarkably consistent and 

smooth coating on NMC as shown in the Figures, 2.2(a) and 2.2(b). The smooth texture of 

the separators indicate effective particle packing of both zeolites when coated using a blade 

coater. 

 

Fig 2.2 Images of (a) Lab-scale zeolite and (b) Commercial zeolite coated onto the NCM 

after humid drying 

The optical images of the electrode-coated separators are also captured to examine for any 

point defects, such as pin holes, formed due to the bubbles in the slurry. Figures 2.3(a) and 

2.3(b) below show that the coatings of lab-scale zeolite and commercial zeolite are uniform 

and defect-free respectively. 
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Fig 2.3 Optical images of (a) lab-scale zeolite and (b) commercial zeolite coated on NMC 

Scanning Electron Microscope (SEM) Imaging 

The electrode-coated separators are viewed under SEM along with the powders to analyze 

shape, size, consistency of the particles, and thickness of the coating. The 40 µm thick 

separator is shrinked to around 30 µm after the process of drying. 

The sample preparation procedure for both the zeolite-coated separators to view under 

SEM is the same. The main objective of this characterization technique is to examine the 

surface as well as the cross-sectional aspects of the separator. Thus, we have two types of 

imaging: 1. Surface imaging and 2. Cross-sectional imaging. The sample preparation 

process differs for each type of image. 

For surface images, a small section of the electrode-coated separators is cut and affixed 

onto the SEM sample holder by means of a carbon tape. This allows us to observe the 

surface characteristics, such as particle shape and size with high precision. In contrast, for 

cross-sectional images, using scissors to cut, could potentially damage the cross-section of 

the separators and alter the cross-sectional thickness. To overcome this challenge, the 
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separators are immersed in liquid nitrogen for about 10 mins to freeze. Once they are 

frozen, a portion of the separators is broken using two clean tweezers, and they are mounted 

onto the SEM sample holder.  

It is important to note that the sample holders used for surface imaging and crossectional 

imaging are also different to attain good quality images. Figures 2.4(a) and 2.4(b) show the 

samples prepared for surface imaging, while Figures 2.4(c) and 2.4(d) show the samples 

made for cross-sectional imaging before gold coating. 

 

Fig 2.4 Images of (a) lab-scale zeolite and (b) commercial zeolite samples for surface 

imaging; (c) lab-scale zeolite and (d) commercial zeolite samples for cross-sectional 

imaging 

The samples made are subsequently gold coated to obtain high resolution images. Gold 

coating enhances the quality of images by preventing the charging of samples and making 
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them conductive for electrons. Typically, gold coating is done for 90 seconds, resulting in 

a distinctive brownish color to the samples. The gold coated samples are then viewed under 

SEM. Figures 2.5(b) and 2.5(c) show the surface and crossectional SEM images of lab-

scale zeolite coated onto the NMC, while figures 2.5(e) and 2.5(f) provide a view of surface 

and crossectional images of commercial zeolite coated onto the NMC, respectively. 

 

 

 

 

 

 

 

Fig 2.5 SEM images of (a) lab-scale zeolite powder (b) surface of lab-scale zeolite coated 

on NMC and (c) cross-section of lab-scale zeolite coated on NMC; (d) commercial 

zeolite powder (e) Surface of commercial zeolite coated on NMC and (f) cross-section of 

commercial zeolite coated on NMC 

From the SEM images of zeolite powders, lab-scale zeolite is more plate structured with a 

uniform particle size of 2 µm (length) and 400 nm (thickness). The aspect ratio of particles 

is defined as the ratio of length to the thickness of the particles. Hence, the aspect ratio of 
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lab-scale zeolite particles is around 5. However, the morphology of commercial zeolite is 

quite different from lab-scale zeolite. The particles are more spherical in shape with an 

aspect ratio of 1. Additionally, the particles exhibit non-uniformity with a size range of 1-

3 µm. From the images of silicalite and zeolite coated on NMC, it’s evident that both 

coatings have effectively covered the NMC particles as their sizes fall within the same 

range as the NMC pore size. However, it is important to note that the inter-particle pores 

in the commercial zeolite separator appear to be more pronounced compared to the lab-

scale zeolite coating. Furthermore, from the crossectional images of separators, the 

thickness of the coatings measured is around 30 µm, which is the final thickness of the 

separators after shrinkage during drying.  

Fourier-Transform Infrared Spectroscopy (FTIR) 

To know more about the chemical properties of the commercial zeolite, FTIR technique is 

utilized. FTIR spectroscopy is an analytical method used to identify various chemical 

groups such as organic, polymeric, and in certain cases, inorganic materials. This technique 

uses infrared light to scan the test samples and characterize their chemical properties.  

In this method, the infrared radiation is passed through the sample. A part of it is absorbed, 

and the remaining passes through the sample. The absorbed radiation is converted to 

rotational and vibrational energy by the molecules of sample, which is detected by the 

detector in the form of wave number. Every molecule and chemical bond possess a distinct 

spectral pattern, making FTIR a valuable technique for chemical identification[38]. The 

FTIR analysis is done for lab-scale zeolite as well to see the similarities in the chemical 

bonds between the lab made silicate and commercially purchased zeolite.  
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Fig 2.6 FTIR spectrum comparison of Lab-scale zeolite and commercial zeolite 

From the above spectrum data, it is evident that the chemical bonds present in the lab made 

silicalite and commercial zeolite are identical. The table below illustrates the chemical 

bonds or linkages corresponding to the peaks in the spectrum: 

Peak wave number (cm-1) Chemical Bond/linkage 

430 Si-O 

550 Si-O-Si 

800 Si-OH 

1065 Si-O-Si 

1220 Si-O 

Table 2.1 Identification of the chemical bonds in zeolites from FTIR spectrum[39][40][41] 
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The data presented above confirms that, the commercial zeolite is also a pure silica zeolite 

with no aluminosilicate bonds in it (as there are no more peaks after 2000 till 5000 cm-1).  

X-ray Diffraction (XRD) 

X-ray diffraction (XRD) analysis is done for separators to gain insights into the orientation 

of particles after they are coated and compressed during the final assembly of coin cells. 

Initially, the randomly oriented particles are made into a slurry which is coated on to the 

NMC using a blade coater. Subsequently, they are cut into 16mm circles and utilized for 

making coin cells. The coin cells are crimped at a pressure of 400 psi. Hence, XRD patterns 

of the randomly oriented powders, powder coated on NMC, and powder coated NMC 

compressed at 400 psi are obtained to get better understanding of the crystal orientation 

throughout the process.  

Since the coating of separators is 30 µm thick, the XRD does not detect the underlying 

cathode. The XRD patterns of commercial zeolite and lab-scale zeolite coated NMC 

confirms that the zeolites are MFI type zeolites, and the cathode below has been covered 

uniformly, preventing any possible internal short circuiting. Figures 2.7(a) and (b) show 

the XRD patterns obtained for powders and separators.  
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Fig 2.7 XRD patterns of (a) lab-scale zeolite powder, lab-scale zeolite coated on NMC, 

and lab-scale zeolite coated NMC compressed at 400 psi; (b) commercial zeolite powder, 

zeolite coated on NMC, and zeolite coated NMC compressed at 400 psi 

The SEM images in figure 2.5 show that the lab-scale zeolite crystals lay down flat and are 

oriented after coating with a blade coater due to their plate shape morphology. On the other 

(a) 

(b) 
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hand, commercial zeolite particles, being more spherical in shape, display random 

orientation on NMC surface after the blade coating. However, during the fabrication of 

coin cells, both types of separators are subjected to a compression force of 400 psi.  

This compression leads to further alignment of lab-scale zeolite particles and improves the 

b-orientation of crystals. Nevertheless, the commercial zeolite particles owing to their 

spherical nature, there is not much improvement seen in the b-orientation plane of the 

crystals even after compression.  

The XRD patterns also reveals the same that after compression, the lab-scale zeolite 

particles undergo further alignment. However, the reorientation of commercial zeolite 

particles is not highly pronounced owing to its spherical shape morphology. During the 

charging and discharging cycles, the transport of the solvated lithium ions is facilitated in 

the direction of (020) plane between the electrodes. 

The surface micrographs in figure 2.8 confirm the XRD results indicating that there is 

further alignment of lab-scale zeolite particles after compression at 400 psi, but it is not 

very significant. Post compression, the particles are aligned in such a manner where the 

micropores are oriented perpendicular to the surface area, making the pores face towards 

the electrodes whereas in the instance of commercial zeolite, even with compression, there 

is minimal enhancement observed in the orientation of crystals. 
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Fig 2.8 SEM images of lab-scale zeolite coated NMC (a) before and (b) after 

compression; commercial zeolite coated NMC (a) before and (b) after compression 

Contact Angle 

To assess the wettability of lab-scale zeolite and commercial zeolite separators, a single 

sessile drop wettability test is performed on both the separators. To measure the contact 

angle, 1M LiPF6 in 1:1:1 (v/v/v) ethylcarbonate/dimethylcarbonate/diethylcarbonate 

electrolyte is used. A drop of the electrolyte is dispensed against the separators and contact 

angle is measured. 
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To make the separators for contact angle measurement, initially, a slurry is prepared by 

mixing these powders with 5 wt% polyvinyl alcohol aqueous solution, which acts as a 

binder, and water, which serves as a solvent. The Composition of the slurries is mentioned 

in the table below: 

 Mass of 

Powder 

Mass of 5 wt% PVA 

aqueous solution 

Mass of 

Water 

Lab-scale zeolite 1 gm 1 gm 0.5gm 

Commercial zeolite 2.5 gm 0.5 gm 2 gm 

Table 2.2 Composition of the components in the slurry 

Once the slurries are made, they are coated onto the NCM cathode with a thickness of 40 

micrometers using a doctor blade. Then the separators are dried in a humid chamber at 

40℃ and 60% relative humidity for 8 hours. This is followed by an additional step of drying  

in vacuum oven at 70 ℃ for 12 hours. Once the drying process is completed, the separator 

samples are prepared for contact angle measurement. The equipment used to measure the 

contact angle is Kruss Easy drop goniometer. The results of the measurement are as 

follows:       
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Fig 2.9 At t = 0 sec, the electrolyte drop against (a) lab-scale zeolite and (b) commercial 

zeolite separators; at t = 1 sec, the electrolyte drop on (a) lab-scale zeolite and (d) 

commercial zeolite separators 

 The contact angle of both the separators is zero. As soon as the electrolyte is dropped onto 

the separators, the drop is elapsed, and the contact angle measured is zero. From the above 

results it can be inferred that the lab-scale zeolite and commercial zeolite separators are 

highly wettable and have better electrolyte uptake. This explains the microporous nature 

of zeolites and high surface energy of the inorganic separators. 
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Thermo-Gravimetry and Differential Scanning Calorimetry (TGA/DSC) 

To examine the thermal stability and heat flux characteristics of the separators, TGA/DSC 

techniques are used. TGA explains weight loss while the DSC measures the changes in the 

physical properties with temperature and time.  

To perform this characterization technique, free-standing lab-scale zeolite and commercial 

zeolite separators are made. Initially, slurry of the powders are made to coat them on Al 

foil. 1 gram of 5 wt% PVA aqueous solution and 0.5 gram of water are added to 1 gram of 

lab-scale zeolite powder and 0.5 grams of 5 wt% PVA aqueous solution, 2 grams of water 

are added to 2.5 grams of commercial zeolite powder to make their slurries. 

The slurries are now coated onto an aluminum foil of 7inch*7inch, using a blade coater to 

about 50 micrometers thickness. The coatings are dried in a humid chamber at 40 ℃ and 

60% relative humidity for 8 hours. Subsequently, they are dried in a vacuum oven at 70 ℃ 

for 12 hours. Now, the coated separators are peeled off carefully from the aluminum foil 

to make free-standing separators. The peeled separators are broken into small pieces to fit 

them into the crucible and tested for TGA/DSC (Labsys Evo from Setaram). The samples 

are heated from 20 ℃ to 400 ℃ at a rate of 10  ℃/min in the atmosphere of ultra-pure air. 

The results look like: 
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Fig 2.10 TGA/DSC curves of (a) lab-scale zeolite (b) commercial zeolite separator 
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From the results of TGA, there is approximately 2% and 0.5% of mass loss observed with 

lab-scale zeolite and commercial zeolite separators, respectively. The mass loss incurred is 

not very significant. However, this loss can be attributed to the release of entrapped gases 

and water vapor absorbed by the zeolites. Furthermore, there are no discernible peaks in 

the DSC analysis indicating the separators are thermally stable. Though the separator 

contain PVA, the total amount of it is significantly low compared to the zeolite and water 

content. Thus, it has a very negligible effect on the thermal performance of the separator. 

2.3.2 Electrochemical Performance of Zeolite Separators 

In this study, full cells are made using NMC as cathode and graphite as anode with lab-

scale zeolite and commercial zeolite coated on NMC as separators and 1M LiPF6 in 

EC/DEC/DMC (1:1:1 v/v/v) as electrolyte. The constructed cells are tested for their charge-

discharge characteristics, capacity density and electrochemical impedance. 

The cells are cycled using CC-CV method and Fig 2.11(a) shows the 1st and 50th cycle for 

lab-scale zeolite, while Fig 2.11(b) shows for commercial zeolite cycled at 0.1 C rate. The 

theoretical capacity of cathode used in this study is 155 mAh/g with a mass loading of 121 

g/m2. The capacity density given by the full cells of lab-scale zeolite, and commercial 

zeolite separators is about 160 and 153 mAh/g, respectively. The charge and discharge 

curves for both the separators look same as both of them are microporous in nature. 

However, when comparing the lab-scale zeolite separator to the commercial zeolite 

separator, it becomes evident that the former exhibits higher capacity density. This 

difference can be attributed to the morphological differences between these zeolites, 

particularly in terms of particle shape and size. 
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The better capacity density of lab-scale zeolite is due to the uniform diffusion of solvated 

Li-ions through the intraparticle pores within zeolite resulting in the formation of more 

uniform and stable SEI. This uniform Li-ion flux through intraparticle pores is facilitated 

by good b-orientation of crystals in lab-scale zeolite.  

Li-ion flux solely through the inter-particle pores is usually not very uniform resulting in 

the formation of unstable and non-uniform SEI that break down on continuous cycling and  

resulting in fading of capacity. However, the intra-particle pores of zeolites help with 

homogenizing the Li-ion flux at separator-anode interface resulting in the formation of 

stable and uniform SEI layer which leads to long cycle life of coin cells due to the minimal 

losses of active lithium-ions. Therefore, despite the lower capacity density of the 

commercial zeolite in comparison to lab-scale zeolite, it still exhibits good capacity 

retention and stability. 

 

Fig 2.11 CC-CV curves for charge and discharge cycles of (a) Lab-scale zeolite and (b) 

Commercial zeolite separator cells at 0.1 C rate 
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Fig 2.12 Coulombic Efficiency of zeolite separators 

Electrochemical Impedance Spectroscopy (EIS) 

The same cell configurations are tested for electrochemical impedance spectrometer (EIS) 

and Nyquist plots are generated for the full cells. These plots are obtained by applying a 

frequency range of 100 KHz to 1.5 Hz with an AC amplitude of 10 mV rms. Subsequently, 

the plots are analyzed in EC lab software to get the impedance parameters. The circuit is 

composed of three types of resistance, 1. Ohmic resistance, 2. Resistance due to SEI and 

3. Resistance due to charge transfer. Fig 2.12 shows the Nyquist plots of lab-scale zeolite 

and commercial zeolite separator full cells from the EIS, and Table 2.3 gives the impedance 

parameters of each cell. 
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Fig 2.13 Nyquist plots of commercial zeolite and lab-scale zeolite separator full cells 

Zeolite Thickness Rohmic RSEI Rcharge transfer 

Commercial 

Zeolite 

40 3.74 205 200 

Lab-scale 

zeolite 

40 3.8 65 190 

Table 2.3 Impedance parameters of lab-scale zeolite and commercial zeolite full cells 

The Nyquist plots above are analyzed in EC lab to obtain impedance parameters which are 

reported in table 2.3. The ohmic resistance is due to the electrolyte within the separator. 

The low value of the ohmic resistance of commercial zeolite separator compared to lab-
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scale zeolite suggests that it have better electrolyte uptake, which can be attributed to its 

high wettability and inter-particle porosity that can be calculated from equation 2.1. 

However, the SEI and charge transfer resistance of lab-scale zeolite is significantly lower 

than that of commercial zeolite indicating the formation of uniform SEI at the anode 

surface due to the uniform Li-ion flux through the intraparticle pores of the separator. 

2.4 Summary 

The charge and discharge curves of lab-scale zeolite and commercial zeolite separators are 

similar due to the microporous nature of the zeolites. However, lab-scale zeolite shows 

more capacity density compared to commercial zeolite. This is due to the difference in the 

particle morphology. But the commercial zeolite separator have also demonstrated 

excellent capacity retention and stability due to the presence of intraparticle pores. 

Furthermore, the ohmic resistance of commercial zeolite separator is notably low 

indicating that the separator have good electrolyte uptake and wettability because of its 

high porosity. However, the SEI resistance of lab-scale zeolite is significantly lower than 

that of commercial zeolite suggesting the formation of uniform and stable SEI due to the 

uniform Li-ion flux at the anode, facilitated by the crystal orientation. This uniform SEI 

contributes to its high capacity which is consistent with the performance observed in the 

CC-CV cycles. Therefore, due to the challenges encountered in scaling up of the synthesis 

of lab-scale zeolite, this commercial zeolite procured can be considered as a viable option 

for upscaling electrode-coated separators. 
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CHAPTER 3 

OPTIMIZATION OF PARTICLE SIZE OF SILICALITE FOR IMPROVED 

PERFORMANCE OF Li-ION AND Li-METAL BATTERIES 

3.1 Introduction 

Currently, Lithium-ion batteries stand as the most effective energy storage solution. 

However, lithium-metal batteries are emerging as the potential successors to the Li-ion 

battery system due to their high theoretical specific capacity. In lithium metal batteries, the 

anode is lithium metal. Lithium, being a highly reactive metal, reacts with the conventional 

organic electrolytes resulting in the formation of solid-electrolyte interface (SEI). But the 

SEI formed is not very stable and lacks mechanical robustness. It tends to break down on 

continuous cycling, exposing the bare lithium to the electrolyte. As a result, continuous 

loss of capacity of the battery could be seen[42]. 

 Additionally, the points where SEI breaks serve as localized high concentration zones for 

the migration of lithium ions and results in the formation of Lithium dendrites. With further 

cycling, non-uniform lithium plating could be observed. At high current densities, the 

dendrites propagate from anode to cathode piercing through the separator causing an 

internal-short circuit. This could potentially lead to thermal runaway and cause fire hazard 

or explosion[42][43]. 

Recently, Kishen and et al. published a paper on zeolite separators for fast charging and 

dendrite-free lithium metal batteries[43] in which it is inferred that plate silicalite separator 

coated on NMC exhibits excellent safety and electrochemical performance compared to 

the similar tortuously porous gama alumina separators. Plate silicalite, being tortuous with 
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intraparticle pores, enables fast charging and dendrite-free lithium-ion/lithium-metal 

batteries. The intraparticle pores within the zeolite separator particles provide a more 

effective means of homogenizing the Li-ion flux at the interface between the separator and 

the anode that enables the stable operation of lithium-metal batteries even at high C-rates 

compared to the gama alumina separator with same tortuosity. The Li-ion flux in gama 

alumina separator is only through the interparticle pores due to which a non-uniform SEI 

is formed on the anode, and loss of capacity is observed on continuous cycling. High 

tortuosity of both the separator signifies a longer path for transversal, resulting in greater 

resistance to the dendrite propagation. Thus, the intraparticle pores and high tortuosity of 

plate silicalite separators significantly contributes to the development of dendrite free high 

performance lithium-metal batteries. 

 

Fig 3.1 Schematic illustration of (a) plate-shaped MFI zeolite crystal showing 

crystallographic planes and  (b) structure of  membrane separator made of plate-shaped 

zeolite on NMC cathode after compression[43] 
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Fig 3.2 (a) Schematic illustration of two pathways for lithium-ion flux through 

electrolyte-filled separator made of plate-shaped MFI zeolite with (b) top view of b-axis 

crystalline pore structure of MFI zeolite  and (c)  schematic illustration of one pathway 

for lithium-ion flux through electrolyte-filled separator made of dense plate-shaped -

alumina particles[43] 

To commercialize the plate silicalite coated separators, it is essential to scale-up the 

synthesis of plate silicalite to obtain the required quantity of powder for coating. However, 

as mentioned in the research objective the laboratory synthesis method used to make the 

silicalite presents significant challenges for effective upscaling. In the current synthesis 
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process, plate silicalite is generated without any agitation of the solution during the 

crystallization phase, resulting in a low yield and non-uniform particle size. 

This chapter of thesis primarily focus on modifying the process conditions of the existing 

synthesis method to achieve (a) uniform size particles with improved yield for effective 

scaling up of silicalite synthesis and (b) large aspect ratio particles for developing highly 

tortuous separator to inhibit dendrite propagation for safe Li-ion batteries.  

3.2 Experimentation 

Synthesis of plate silicalite 

The procedure for making plate silicalite in laboratory reported by Kishan and et al. is as 

follows[43]: 

First 4 grams of TPAOH is added to 170 grams of DI water followed by the addition of 10 

grams of TEOS while stirring the solution. The beaker is sealed with a paraffin wax film 

and stirred for 24 hours at room temperature to obtain a clear solution. Subsequently, the 

solution is divided into two 100ml autoclaves and the autoclaves are placed in the oven 

which is preheated to 155 ℃. The solution filled autoclaves are heated for 10 hours at that 

temperature in stagnant condition. After the completion of the  hydrothermal synthesis, 

mother liquor is drained and silicalite particles are recovered. Then the crystals are washed 

with DI water and centrifuged at 10,000 rpm for 20 mins. The washing and centrifugation 

are repeated for at least three times, and the crystals are dried at 120 ℃ in a vacuum 

chamber to remove any traces of water present. The final step is calcination where the 

powder is heated at 600 ℃ for 18hrs in a furnace for the removal of organic template. 
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While modifying the above process conditions, the initial step involves altering the molar 

ratios of the precursors within the seeding solution. The ratios are carefully chosen to yield 

particles of size 2-3 µm. This specific size of particles is imperative to ensure effective 

coating on the NMC, as the pore size of NMC cathode falls within the same range. 

Therefore, an extensive exploration of literature is done to identify a molar ratio that can 

produce the desired particle size with coffin shape. A previous study by Fateme et al. on 

template free synthesis of Highly B-oriented MFI type zeolite thin films by seeded 

secondary growth [44], reported the synthesis of plate silicalite with a particle size of 2 

µm. Thus, the molar ratios of the precursors in the modified synthesis is adopted from this 

particular work. The altered molar ratios looks like: TEOS:0.15TPAOH:103.5H2O.  

The procedure to synthesize plate silicalite under modified conditions goes like: 

The calculated quantities of TEOS, TPAOH, and DI water from the above chosen molar 

ratios are 4.166 g, 3.036 g, and 34.833 g, respectively. Initially, the calculated amount of 

TPAOH is added to water, and the solution is stirred at 350 rpm for ten mins. Subsequently, 

the required amount of TEOS is added to the stirring solution, and the stirring speed is 

increased to either 500 or 550 rpm. The stirring is done at room temperature for 24 hrs. 

After 24 hrs of stirring, the solution is left undisturbed and aged for an additional time of 

48 hrs.  

Following the aging period, the solution is transferred into a 50ml autoclave. For stirring 

purposes, a rotary mixing ball mill from MTI Corporation is utilized. This equipment 

includes two 50 ml autoclave holders that rotate in circular motion. During rotation, both 

autoclaves should have the same weight. Therefore, while making seeding solution, two 
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beakers of solution are made. The aged solution is then taken into the two autoclaves, and 

different combinations of temperatures and times are applied.  

The temperatures and times used are 140 ℃, 155 ℃, 175 ℃, and 8 hrs, 10 hrs, 12hrs, 15hrs, 

respectively. For all the combinations, the stirring speed used is 40 rpm. After the 

hydrothermal process, crystals are recovered and washed with DI water. Later, the solution 

is centrifuged at 10,000 rpm for 20 mins. This process of washing and centrifugation is 

carried out three times, followed by the drying of powder at 100 ℃ for 24 hrs. Then, the 

powder obtained is calcined at 650 ℃ for 18 hours. Finally, the powders are viewed under 

SEM to examine their morphology and particle size 

3.3 Results and Discussion 

3.3.1 Plate silicalite synthesized under stagnant conditions 

Yield of the process 

The yield of the synthesis is calculated as follows: 

Amount of TEOS = 10 grams = 10.718ml (ρ = 0.933 g/ml at 25 ℃) 

Amount of TPAOH = 4 grams = 3.952 ml (ρ = 1.012 g/ml at 25 ℃) 

Amount of DI water = 170 grams = 170 ml 

Total volume of solution = 184.67 ml 

The amount of powder obtained from 100 ml of solution is 0.6 grams 

Amount of TEOS in 100 ml of seeding solution = 
100

184.67
× 10 = 5.415 g = 0.026 mol 

∴Amount of silica = 0.026×60 = 1.56 grams 

The actual amount of silica obtained from the process = 0.6 grams 

∴ Yield = 
0.6

1.56
× 100 = 38.416% 
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The plate silicalite produced using the method guided by Kishen et al. is observed under 

scanning electron microscope to know more about the particle size and shape. The figures 

below are the SEM images of the plate silicalite: 

 

Fig 3.3 SEM images of plate silicalite powder produced under stagnant conditions 

The SEM image reveals that the particles length varies between 2 to 8 µm and the thickness 

is in the range of 0.1 to 0.2 µm. These values of length and thickness give an aspect ratio 

of around 40, indicating that the particles are predominantly two-dimensional (2-d).  

Typically, on an industrial scale, zeolites are synthesized with continuous stirring. The non-

uniform size of particles and low yield of the above process could be the consequence of 

the production of silicalite under stagnant conditions during the hydrothermal synthesis. 

The crystallization occurring does not have any form of agitation. Autoclaves are simply 

positioned inside the oven where the solution remains stagnant without any stirring 

mechanism. In the process of hydrothermal synthesis, incorporation of solution stirring 

enhance consistent crystallization resulting in more uniform size particles and improved 
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overall yield of the process. Additionally, the stirring can help in effective scaling up of 

the process. 

3.3.2 Plate silicalite synthesized under stirring conditions 

The plate silicalites obtained from modified process conditions are viewed under SEM to 

gain insights into the morphology of particles. Obtaining clear SEM images for powder 

samples can be challenging, as charging of particles can occur and decrease the resolution 

of the image. Hence, a slightly different approach is employed for the preparation of these 

powder samples. 

Sample preparation for SEM imaging 

The detailed procedure is: 

1. Take a 7ml glass vial and fill more than half of the volume with methanol (methanol is 

used to disperse the zeolite rather than dissolving it). 

2. Add a small amount of powder to the methanol in the vial. 

3. The mixture is sonicated for 2 hours to break any aggregate of particles present. 

4. Cut a microscopic slide into small pieces and mount a piece onto the sample holder with 

the help of carbon tape. 

5. Using a micropipette, a drop of sonicated mixture is put on the mounted glass slide. 

6. The sample is allowed to dry in a minimum particle contamination environment. 

7. Now, gold coat the sample for 180 sec before viewing it under the SEM.  

Figures 3.4, 3.5 and 3.6 show the SEM images of plate silicalite particles synthesized at 

different temperatures and times under stirring conditions. 
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   Fig 3.4 SEM micrographs of plate silicalite particles made at (a) 140 ℃, 8 hrs, 40 rpm 

(b) 140 ℃, 10 hrs, 40 rpm (c) 140 ℃, 12 hrs, 40 rpm 

 

Fig 3.5 SEM images of plate silicalite made at (a) 155 ℃, 10 hrs, 40 rpm and (b) 155 ℃, 

12 hrs, 40 rpm 
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Fig 3.6 SEM images of plate silicalite made at (a) 175 ℃, 8 hrs, 40 rpm, (b) 175 ℃, 10 

hrs, 40 rpm, (c) 175 ℃, 12 hrs, 40 rpm and (d) 175 ℃, 15 hrs, 40 rpm   

The details of all the batches of powder obtained are reported in the table below:  
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Table 3.1 Properties of different batches of plate silicalite powders 

From the SEM images, dimensions and aspect ratio of particles obtained at different 

temperatures and times are reported in Table 3.1. It provides clear insights into how 

increasing temperature and time of crystallization under stirring conditions resulted in 

larger particle sizes and improved process yield. However, there is no significant change 

observed in the aspect ratio of the particles due to the increase in thickness of the crystals. 

To have a higher aspect ratio, it is essential for the particles to exhibit 2-dimensional 

structure with minimum thickness. Moreover, it is observed that at elevated temperatures, 

particles tend to exhibit non-uniformity in size and have a size distribution.  

Hence, with the molar composition we chose , by varying temperatures from 140 to 175 ℃ 

and times from 8 to 15 hrs, there is not much change observed in the aspect ratio. Thus, 

achieving higher aspect ratios may necessitate a closer examination and potential 

manipulation of the molar compositions of precursors in the solution. 

The X-ray diffraction peaks of two plate silicalite powder samples (140 ℃, 10 hrs, 40 rpm; 

155 ℃, 10 hrs, 40 rpm) are measured to see what kind of peaks will be obtained. The results 

are: 
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     Fig 3.7 X-ray diffraction peaks of two powder samples (140 ℃, 10 hrs, 40 rpm, 155 

℃, 10 hrs, 40 rpm) 

The above diffraction peaks confirm the SEM results. From both the characterization 

techniques, it is evident that plate silicalite obtained by modifying the process conditions 

is MFI type zeolite. The intensity of the b-orientation (020) peak can be enhanced when 

the powder is coated onto the NMC and compressed at 400 psi. After compression, all the 

particles maintain a flat orientation on the surface of NMC, aligning perpendicularly to the 

direction of Li-ion flux. 

3.4 Summary 

To effectively suppress the propagation of lithium dendrites in lithium-metal batteries, a 

separator with high durability, tortuosity, and mechanical stability is essential. The Plate 

silicalite separator demonstrated exceptional performance in addressing lithium-ion 
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dendrites and enables fast charging of lithium-metal batteries. However, the lab-made plate 

silicalite encounters multiple challenges when it comes to scaling up due to the absence of 

stirring in the crystallization phase.  

The synthesis under stagnant conditions give non-uniform size particles along with a poor 

yield of the process. As a result, the synthesis procedure is modified and agitation is 

introduced during the hydrothermal synthesis with an aim to enhance the uniformity of 

particles, yield of process and gain more control over particle size.  

Stirring of solution during the crystallization phase have improved the uniformity of 

particles and process yield. Additionally, the increase in temperature and time during 

hydrothermal synthesis resulted in larger particle sizes. However, it does not significantly 

alter the aspect ratio of particles. Therefore, further research is necessary to enhance the 

aspect ratios. This entails achieving a situation where the crystals have the same length as 

achieved while reducing their thickness to a few nanometers. 
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CHAPTER 4 

CONCLUSIONS AND RECOMMENDATIONS 

4.1 Conclusions 

• The process of making slurry and coating it onto the NMC as a separator is initially 

designed for the lab-scale zeolite. The procedure is successfully reproduced to 

make a commercial zeolite separator.  

• The coated separators exhibited excellent electrolyte wettability, thermal stability, 

and effective particle packing.  

• Lab-scale zeolite and commercial zeolite separators are used to construct coin cells 

with 1.0M LiPF6 in 1:1:1 (v/v/v) EC/DEC/DMC and have been tested for their 

electrochemical performance.  

• Lab-scale zeolite separator have shown better capacity density compared to 

commercial zeolite separator and it is due to the difference in morphology such as 

particle shape of both the zeolites. However, the commercial zeolite separator have 

also exhibited promising capacity density with excellent capacity retention, 

stability. It also displayed good performance in terms of charge and discharge 

cycles.  

• Thus, the commercial zeolite procured can be effectively used for the scaling up of 

electrode-coated separators for developing safe lithium-ion batteries. 

• The scalability of the silicalite production became challenging due to the absence 

of agitation during crystallization.  
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• By incorporating stirring during crystallization, notable improvements in both 

process yield, and particle size uniformity are seen.  

• Also, the increase in time and temperature during the crystallization phase 

improved particle size and thickness, leaving no significant change in the aspect 

ratio of particles.  

• It is important to achieve high aspect ratio of particles for creating a highly tortuous 

separator capable of resisting the propagation of lithium dendrites. 

• Therefore, further investigation has to be done on altering the composition of 

precursors in the seeding solution to improve the aspect ratio. Additionally, the use 

of various modifiers to achieve the desired morphology and aspect ratio can also be 

explored. 

4.2 Recommendations 

Based on the findings presented in this thesis, there are specific future recommendations 

that could potentially advance our research and give a better understanding: 

1. Evaluating the electrochemical performance of commercial zeolite and lab-scale 

zeolite separators at higher C-rates, such as 0.5, 1, and 2 C rates, to gain insights 

into their potential under different operating C rate conditions. 

2. Investigate the performance of the commercial zeolite with 5.3M LIFSI in TMP 

electrolyte and compare it to the performance with 1.0M LiPF6 in 1:1:1 (v/v/v) 

EC/DEC/DMC. 

3. Further research on controlling particle size and aspect ratio by modifying the 

synthesis conditions is needed. The study should aim at developing an efficient 
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scaling-up process capable of producing plate silicalite on an industrial scale, 

ensuring uniform particle size in the range of 2-2.5 µm with an aspect ratio of 40 

while maintaining a high yield. 
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APPENDIX A 

PREPARATION OF LAB-SCALE ZEOLITE 
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1. 10 grams of tetraethyl orthosilicate (98% reagent grade from Sigma Aldrich), 12 

grams of tetrapropylammonium hydroxide (1.0M in H2O from Sigma Aldrich) and 

202 grams of deionized water are mixed in a 500 ml glass beaker. A translucent 

solution is formed. 

2. A clean magnetic stirrer is dropped into the solution in the beaker and the beaker is 

covered with paraffin wax film. It is then placed on a hot plate that can stir the 

solution using magnetic stirrer.  

3. The solution is stirred at 27 ℃ with an rpm of 600 for 24 hours. 

4. Remove the beaker from the hot plate and switch off the hot plate. After 24 hours 

of stirring, we get a clear and transparent solution. Now, carefully transfer this 

solution into two 100 ml autoclaves.  

5. Place the autoclaves inside an oven which is preheated to 130 ℃ for 8 hours. Place 

a caution sign indicating high temperature around the autoclaves or oven. 

6. Now remove the autoclaves from oven using proper PPE and let them cool down 

to room temperature. Once they are cooled, drain the mother liquor, and recover 

the silicalite powder at the bottom of the autoclave by dissolving it in de-ionized 

water.  

7. Transfer this solution into a centrifuge tube and centrifugation is done at 10000 rpm 

for 20 mins. After centrifugation, the water is drained, and powder is again washed 

with DI water and centrifugation is done. This process of washing and 

centrifugation is done for at least three time. 
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8. After third time of centrifugation, the water is drained, and powder is washed with 

DI water. The entire solution is taken in a 50 ml beaker for drying at 100 ℃ 

overnight. 

9. The drying process evaporates water, and leaves powder inside the beaker. Now 

this powder is scrapped using a spatula and grounded well using motor, pestle. 

Subsequently, the powder is transferred into an alumina crucible for calcination. 

The powder is calcined in a furnace at 600 ℃ for 10 hours with atmospheric air as 

the medium. Later, the powder is stored under vacuum conditions.  
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APPENDIX B 

SYNTHESIS OF PLATE SILICALITE UNDER STAGNANT CONDITIONS 
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1. 10 grams of tetraethyl orthosilicate (98% reagent grade from Sigma Aldrich), 4 

grams of tetrapropylammonium hydroxide (1.0M in H2O from Sigma Aldrich) and 

170 grams of deionized water are mixed in a 500 ml glass beaker. A translucent 

solution is formed. 

2. A clean magnetic stirrer is dropped into the solution in the beaker and the beaker is 

covered with paraffin wax film to avoid any losses by evaporation. It is then placed 

on a hot plate that can stir the solution using magnetic stirrer.  

3. The solution is stirred at 27 ℃, 600 rpm for 24 hours. 

4. Remove the beaker from the hot plate and switch off the hot plate. After 24 hours 

of stirring, we get a clear and transparent solution. Now, carefully transfer this 

solution into two 100 ml autoclaves.  

5. Place the autoclaves inside an oven which is preheated to 155 ℃ for 10 hours. Place 

a caution sign indicating high temperature around the autoclaves or oven. 

6. Now remove the autoclaves from oven using proper PPE and let them cool down 

to room temperature. Once they are cooled, drain the mother liquor, and recover 

silicalite powder at the bottom of the autoclave by dissolving it in de-ionized water.  

7. Transfer this solution into a centrifuge tube and centrifugation is done at 10000 rpm 

for 20 mins. After centrifugation, the water is drained, and powder is again washed 

with DI water and centrifugation is done. This process of washing and 

centrifugation is done for at least three time. 
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8. After third time of centrifugation, the water is drained, and powder is washed with 

DI water. The entire solution is taken in a 50 ml beaker for drying at 100 ℃ 

overnight. 

9. The drying process evaporates water, and leaves powder inside the beaker. Now 

this powder is scrapped using a spatula and grounded well using motor, pestle. 

Subsequently, the powder is transferred into an alumina crucible for calcination. 

The powder is calcined in a furnace at 600 ℃ for 18 hours with atmospheric air as 

the medium. Later, the powder is stored under vacuum conditions.  
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APPENDIX C 

SYNTHESIS OF PLATE SILICALITE UNDER STIRRING CONDITIONS 
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1. 4.166 grams of tetraethyl orthosilicate (98% reagent grade from Sigma Aldrich), 

3.036 grams of tetrapropylammonium hydroxide (1.0M in H2O from Sigma 

Aldrich) and 34.833 grams of deionized water are mixed in an 80 ml glass beaker. 

A translucent solution is formed. 

2. A clean magnetic stirrer is dropped into the solution in the beaker and the beaker is 

covered with paraffin wax film to avoid any losses by evaporation. It is then placed 

on a hot plate that can stir the solution using a magnetic stirrer.  

3. The solution is stirred at 27 ℃, 550 rpm for 24 hours. 

4. Remove the beaker from the hot plate and switch off the hot plate. After 24 hours 

of stirring, we get a clear and transparent solution. The solution is aged for an 

additional 48 hours without disturbing the solution in the beaker. 

5. Now, carefully transfer this solution into two 50 ml autoclaves. It is important to 

make sure that both the autoclaves weigh equal to have uninterrupted and smooth 

stirring. Place these autoclaves inside the rotary ball mill oven (from MTI) at 

desired temperature and required duration. Place a caution sign indicating high 

temperature around the autoclaves or oven. 

6. Now remove the autoclaves from the oven using proper PPE and let them cool 

down to room temperature. Once they are cooled, drain the mother liquor, and 

recover silicalite powder at the bottom of the autoclave by dissolving it in de-

ionized water.  

7. Transfer this solution into a centrifuge tube and centrifugation is done at 10000 rpm 

for 20 mins. After centrifugation, the water is drained, and powder is again washed 
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with DI water and centrifugation is done. This process of washing and 

centrifugation is done for at least three time. 

8. After third time of centrifugation, the water is drained, and powder is washed with 

DI water. The entire solution is taken in a 50 ml beaker for drying at 70 ℃ 

overnight. 

9. The drying process evaporates water, and leaves powder inside the beaker. Now 

this powder is scrapped using a spatula and grounded well using motor, pestle. 

Subsequently, the powder is transferred into an alumina crucible for calcination. 

The powder is calcined in a furnace at 650 ℃ for 8 hours with atmospheric air as 

the medium. Later, the powder is stored under vacuum conditions.  
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APPENDIX D 

PREPARATION OF SLURRY AND COATING THE SEPARATOR 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  69 

1. To prepare the slurry of zeolite powders, an organic binder is used. It is 5 wt% 

Polyvinyl alcohol (PVA) aqueous solution. 

2. To make 5 wt% PVA aqueous solution, 95 grams of DI water is taken in a conical 

flask and 5 grams of PVA is added to it while stirring. The stirring is continued for 

24 hours till a clear solution is obtained.  

3.  Now, to prepare a slurry, along with zeolite powder, 5 wt% PVA aqueous solution 

and DI water are used. The composition of the zeolite slurries is mentioned below:  

4. Commercial zeolite: 2.5 grams off zeolite, 0.5 grams of PVA aqueous solution and 

2 grams of DI water. 

5. Lab-scale zeolite: 1 gram of silicalite, 1 gram of PVA aqueous solution and 0.5 

grams of DI water. 

6. The slurry is made by mixing the zeolite with binder and solvent in a beaker and 

manually stirred using a glass rod for about ten minutes to achieve a consistent 

bubble free slurry. 

7. A small piece of cathode is taken (about 4inch*4 inch) and placed on a flat glass 

surface by clamping it to ensure that it does not move. 

8. Now, the doctor’s blade calipers height is adjusted according to the thickness of 

coating required. The thickness should be measured from the flat glass surface.                 

For example: The thickness of the cathode is 60 µm and we need a 45 µm thick 

zeolite coating on it. Hence, we have to raise the height of the calipers to 105 µm 

from glass surface and lock it. 
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9. Once the doctor’s blade is adjusted, pour the prepared slurry on the edge of the 

cathode, and use the doctor blade to pull the slurry along the cathode uniformly. 

10. The speed of the doctor blade is different for different zeolites. For commercial 

zeolite, it should be moved fast around 0.25 cm/sec while lab-scale zeolite needs a 

speed of 0.5 cm/sec to get a good coating. 

11. The coated cathodes are dried in humid chamber at 60% relative humidity and 40 

℃ for 8 hrs. 

12. Then, the electrode coated separators are cut into 16mm circles using the cutting 

machine from MTI. The circular separators are subsequently dried in a vacuum 

chamber at 70 ℃ for 12 hrs. 

13. The activated cathode coated separators are transferred into the glove box carefully 

for making coin cells. 
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APPENDIX E 

CONSTRUCTION OF COIN CELLS 
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1. For coin cell assembly, CR2032 cases are used that are procured from X2 

Labwares, Singapore. 

2. There are four main components in a coin cell other than electrodes, electrolyte, 

and separator. They are bottom case, stainless steel spacers, spring, and top case.  

3. Initially a bottom case is taken. Then, a stainless steel spacer is placed in it followed 

by separator coated cathode. 

4. Now, 120 µL of electrolyte (1.0 M LiPF6 in EC/DEC/DEM (1:1:1 v/v/v)) is 

measured and dropped onto the separator. Then, the anode is placed on the top of 

separator with carbon surface facing the separator. 

5. On the top of anode, a stainless steel spacer and spring are set, and the coin cell is 

sealed using the top case.  

6. The coin cell assembly is turned upside down and crimped using a crimping 

machine from MTI at 400 psi pressure. 

7. After crimping, excess electrolyte comes out of the coin cell and it should be 

cleaned properly to avoid any kind of safety issues.  
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APPENDIX F 

CC-CV TESTING OF COIN CELLS 
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1. The coin cells made are tested for their charge and discharge characteristics under 

CC-CV method using the battery testing system (from Neware technologies). The 

coin cells are placed between the positive and negative terminals of the battery 

testing system and cycled.  

2. After placing the cells in testing terminals, we need to make a program that helps 

the coin cell to cycle. A desktop is connected to the battery testing system and all 

the terminals are visible on the desktop. To start the program right click on the 

terminal where the coin cell is mounted. Then a new window opens asking for 

various parameters.  

3. We need to first decide at what C-rate we have to run the coin cell. I have all my 

coin cell cycled at lower C-rates to gain more insights on their charge and discharge 

characteristics. 

4. The coin cells are cycled from 3 to 4.2 V at 0.1 C-rate. Also, calculate the active 

material mass based on the mass loading of the cathode and input the value in the 

program box. 

5. Save the changes made and click start to begin the cell testing. 

6. Once the testing is done we can see the data generated by right clicking on the 

channel and choosing the “view data” option. 

7. To save the data, select the export tab, enter the file name, and click on export. 

8. The file can then be viewed in the folder we saved. 

9. To remove the cell from testing terminal, first stop the testing and then remove it. 

10. To stop the testing, right click on terminal and choose the option of “single stop.” 
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APPENDIX G 

ELCTROCHEMICAL IMPEDANCE SPECTROSCOPY OF COIN CELLS 
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1. To measure the impedance of coin cell, connect the positive terminal to sensor 

and working electrode while the negative terminal to counter electrode and 

reference electrode. 

2. On the desktop, open powersuite application. 

3. Go to Tools→Database Management→create new data base. 

4. Once new database is created, the experiment can be performed as follows 

5. Go to Experiment→New→Browse→open created database 

6. Select Power sine→single sine→default SS→enter name of the file(it cannot be 

same as the name of the database). 

7. Click next→no change in “Cell Definitions”→next→no change in “Prescan 

Definition”→next→”Scan Definition.” 

8. In Scan Definition section, input the values of start frequency, end frequency 

and points per decade. The start frequency is 100 KHz and the end frequency is 

1.5 Hz while select points per decade = 5 and the rest remains unchanged. 

9. Click next→no change in “Advanced” →Finish. 

10. Then, a new test run window appears where voltage and current values are 

shown. Make sure that the voltage is positive otherwise recheck the connections 

of positive and negative terminals. 

11. As the experiment start, Nyquist plots are of our main concern. 

12. At the end of the test run, right click on the graph and select “Export Data” 

which gives us all the data points in a text file that can be saved on the desktop. 
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APPENDIX H 

OPERATION OF GLOVE BOX AND ITS MAINTENANCE 
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A1. OPERATION OF GLOVE BOX 

1. All the cathode, anode and electrolyte materials need to be stored inside the glove 

box as they oxidize when they come in contact with atmospheric air. 

2. To transfer the materials in and out of the glove box, antechambers are used. 

Usually, small antechamber is utilized to take cathode, anode, and electrolyte 

materials. However, to take some large equipment such as hot plate, crimping 

machine, large ante chamber is used 

3. The ante chambers are always stored under vacuum. In order to open the 

antechamber, first fill it with the working gas (UHP Argon). 

4. Then, load the required samples into it that are meant to be inside the glove box and 

close the door. Since the antechamber is exposed to the atmospheric air, to avoid 

that air entering the glove box, the chamber is evacuated and refilled with working 

gas for at least three times. During this process, the pump should be on. 

5. Now, wear proper nitrile hand gloves and put the hands into the glove box. Open 

the ante chamber door inside the glove box and take the materials into the glove 

box. 

6. After the construction of coin cells, load them into the antechamber and bring them 

out for testing. Make sure to tightly close the door of antechamber to avoid any 

seepage of atmospheric air into the glove box. 

7. Remove the hands from glove box and open the door of ante chamber outside the 

glove box to get out the coin cell samples. After removing the samples, properly 
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seal the antechamber and evacuate, refill the chamber for three times and finally 

leave the chamber under vacuum. 

A2. REGENERATION OF CATALYST BED 

1. The oxygen and moisture content of the glovebox ideally should be at 0.1 ppm. 

This is maintained by the catalyst bed column connected to the glovebox. 

However, after some time the catalyst needs to be regenerated to hold back the 

water and moisture content effectively. 

2. Thus, it is highly recommended to regenerate the catalyst bed for every three 

months. Before beginning the regeneration process, make sure that regeneration 

gas cylinder is connected to the glove box, and it is completely filled. 

3. The outlet flow rate of the regeneration gas should be adjusted to 20 mm. It is 

important to note that once regeneration process is started, it cannot be aborted for 

any reason. 

4. To begin regeneration, click “REGEN” switch provided on the control panel 

located on the top right edge of the glovebox. 

5. Then the display will ask “Hand Valves open?.” Press down and hold, the right 

arrow switch to toggle display from “OPEN” to “CLOSED” and press “ENTER” 

key to confirm the setting. 

6. The display will then ask, “Is Flow Ok?.” The display read the answer as “NO.” 

To switch the answer to “YES,” press down and hold, the right arrow to toggle the 

display and press “ENTER” to confirm the command. 
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7. Then the blower switch will be turned off automatically and regeneration of 

column starts. The cycle lasts for 870 mins in total and cannot be aborted after 10 

mins of initiation. After the regeneration, turn off the regeneration gas supply and 

switch on the blower.


