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ABSTRACT 

 

Lithium-sulfur (Li-S) is a promising candidate for next-generation batteries. There 

has been much effort in researching novel Li-S cathode materials to overcome 

inherent drawbacks, but limited attention to separator improvements, which can 

drastically affect ion diffusion and overall battery safety aspects.  

In this work, gas-assisted electrospinning is used to develop polymer/ceramic non-

woven separators with polyimide (PI) and a polysilsesquioxane (PSSQ) ceramic. 

These separators are thermally stable well above temperatures seen in typical battery 

abuse conditions and retain their structural integrity even after being ignited. In Li-S 

cells, superior cycling performance is seen at high charge/discharge rates, owing to 

high ionic conductivity through the fibrous structure and favorable electrolyte 

interactions with PSSQ.  

To extend the previous work, a graphene interlayer was coated onto PI/PSSQ 

with an air-controlled electrospray method. This interlayer served as a physical barrier 

to hinder polysulfide shuttling and a “secondary cathode” to further improve battery 

rate capability performance.  
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Chapter 1. Introduction 
 

1.1 Battery Overview 

1.1.1 The Need for Improved Energy Storage 

Modern living and a more interconnected world have caused the global demand 

for energy to continuously rise. It is projected that the total energy consumption will 

increase to 240,000 TWh by year 2040, up from 154,000 TWh in year 2010 and just 

58,000 TWh in year 1971.1,2 This exponentially increasing demand has required an 

increased electricity generation capacity. Historically, energy has been generated using 

fossil fuel sources, such as coal or gas-powered plants. These were logical choices 

because fossil fuels are abundant and cheap, with well-understood and relatively 

simple processes to do work with the stored energy.3 In the year 2013, approximately 

67% of electricity generation worldwide was produced with fossil-fuel based sources.4  

In the past few decades, there has been a growing concern over the greenhouse 

gases emitted in the process of generating energy with fossil fuels. Carbon dioxide, 

methane, and nitrous oxide concentrations in the atmosphere have drastically 

increased since the industrial revolution. This has correlated with an increasing global 

temperature, a phenomenon known as global warming. Renewable energy 

technologies such as wind turbines and photovoltaics are part of the solution to this 

issue, but they face some fundamental challenges. The main issue with technologies 

such as these is that they are intermittent by nature; wind or sunlight are not always 

available to generate power. Therefore, they won’t be able to meet full energy demand 

on their own. It is energy storage that will allow intermittent renewable energy sources 
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to realize their full potential by storing excess electricity generated at peak operating 

hours.  

Improved energy storage is also needed for consumer electronics and electric 

vehicles (EVs). Consumer demand and technological advances are straining state-of-

the-art battery technology, pushing it to the limits. Longer battery life, higher capacity, 

faster charging, and improved safety have been the main necessities to keep pace with 

the evolution of technology.5 The push for higher market penetration of EVs in recent 

years has brought these issues to the forefront. Battery pack costs have typically made 

EVs significantly more expensive than their ICE vehicle counterparts, but these costs 

have been steadily declining in recent years.6 Battery pack costs are projected to be 

less than 150 USD/kWh by the year 2025 in some estimates, which will help make 

EVs more affordable to the average consumer.7 Much research has gone into 

overcoming the technological challenges associated with batteries, as will be discussed 

later. First, the principles electrochemical energy storage with batteries will be 

detailed.  

 

1.1.2 Battery Basics 

The concept of a battery first materialized when in the 1800, Alessandro Volta 

constructed his famous “pile”.8 A typical battery can be broken down into four main 

parts: the cathode, anode, electrolyte, and separator. The cathode and anode are the 

electrodes at which stored chemical energy is converted into useful electrical energy. 

During a discharge process, the anode undergoes an oxidation reaction to generate 

ions and release electrons into an external circuit, where they can perform useful work 
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such as powering a device. The ions combine with electrons at the cathode to complete 

the circuit, known as a reduction reaction. Electrolyte allows this diffusion of ions 

from one electrode to the other, so that the redox reactions can occur.9 Typically, 

battery electrolyte consists of a salt dissolved in a solvent, allowing for ion transfer. 

The separator provides an electrically insulating barrier between the two electrodes, 

preventing them from contacting and short-circuiting the battery. It must allow ions to 

diffuse from one electrode to the other at sufficient rates such that the overall 

performance is not limited by ion transport. Although it is not directly involved with 

the chemical reactions, the separator is a critical component for batteries, and is the 

focus of this research.  

 

1.1.3 Types of Batteries 

Over the years various battery chemistries and configurations have been 

investigated, each with their own benefits and deficiencies. The first rechargeable 

(secondary) battery was based on a lead-acid chemistry invented by Plantѐ in 1859, 

which is a system still used today.10 The cell consists of a lead(IV) oxide cathode and 

an elemental lead anode, with a concentrated sulfuric acid electrolyte.11 It has been 

widely used for automobile and renewable energy storage applications but suffers 

from low specific energy (about 30-40 Wh/kg) and energy density.12 These drawbacks 

have largely prevented their use in consumer electronics and smaller devices.  

The next significant development in secondary batteries was in 1899 when Jungner 

developed the nickel-cadmium (Ni-Cd) battery, which utilizes a cadmium anode and 

nickel cathode.13,14 This chemistry provided a more energy dense (50-60 Wh/kg) 
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option over lead-acid chemistries, allowing it to penetrate diverse markets such as 

personal and commercial electronics, communications, and many other portable 

applications, and reached a market of was $3 billion in 1995.15 However, concerns 

over cadmium toxicity stalled their use. Ni-Cd battery usage has largely been banned 

in China and the EU over concerns of environmental damage due to improper battery 

disposal and recycling, paving the way for other battery chemistries to take over the 

market.16–18  

Nickel metal hydride (NiMH) batteries were heavily researched starting in the 

1970’s, but initially suffered from unstable metal hydride electrodes.19 They are 

similar to Ni-Cd in terms of operating voltage and cycling performance, while 

eliminating toxic cadmium and achieving a high specific energy.20,21 They work by 

storing hydrogen in the form of a solid-state metal hydride anode and releasing it in an 

electrochemical reaction during the discharge, while nickel hydroxide serves as the 

cathode. These batteries were first commercialized in 1989 and have a large share of 

the battery market today due to their long service life and robustness in a range of 

operational conditions and temperatures.22,23 They have been used for both stationary 

and portable applications, most notably in plug-in hybrid and electric vehicles. 

Typically they suffer from poor cycle life and high costs, but recent advances have 

overcome these challenges at the individual cell level.24 A specific energy of 140 

Wh/kg has also been achieved, making it more comparable with current lithium-ion 

chemistries for electric vehicle applications.25  

Lithium-based batteries have received a lot of attention over the past few decades 

due to lithium having the highest specific capacity (3,860 mAh/g) and lowest 
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electrochemical potential (-3.04 V vs. standard hydrogen electrode) of all metals.26,27 

The first rechargeable Li battery was developed by Whittingham at Exxon in the 

1970’s,28 but it used pure lithium metal as an electrode, which comes with various 

challenges. During the plating/stripping of Li metal while cycling the battery, lithium 

ions unevenly deposit onto the surface of the electrode, forming what are known as 

dendrites.29,30 These dendrites eventually grow enough to pierce the separator and 

short circuit the cell, which is the main cause of safety hazards associated with Li 

anodes. Also, Li anodes suffer from low Coulombic efficiency, leading to fast capacity 

fading. The arrival of Li-ion batteries that avoid the problems associated with using 

metallic lithium diverted research focus from pure lithium metal chemistries.  

Li-ion batteries operate through two intercalation electrodes, where the lithium 

ions insert themselves into the structure of the electrodes without causing significant 

structural change.10 Fig. 1.1 compares energy densities for different battery 

chemistries, showing why Li-ion has been dominant in the battery market over those 

previously mentioned.31 The first major breakthrough in Li-ion batteries came when 

Goodenough introduced the lithium cobalt oxide (LixCoO2) cathode in 1980,32 

offering a higher operating voltage than the LixTiS2 intercalation predecessor and 

overcoming many of its challenges.33 Sony commercialized this LixCoO2 cathode with 

a graphite anode in 1990, and Li-ion chemistries have since revolutionized many 

industries.33–35 Many other intercalation cathode materials have since been proposed, 

with various tradeoffs in terms of energy density, specific capacity, stability, and 

cost.36 The graphite anode has largely remained unchanged commercially since the Li-

ion debut by Sony. Significant research effort has been devoted to incorporating 
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silicon into the anode since it has a very high theoretical specific capacity of 4,200 

mAh/g, but suffers from 420% volume expansion during lithiation de-lithiation 

reactions, hindering its success.36–38 Modern technological demands are pushing 

lithium-ion batteries to their practical limits, requiring higher energy density and 

power output. Li-metal based battery chemistries will enable next generation 

technologies by providing the necessary energy storage capabilities, but their 

challenges must be overcome. 

 

 

Figure 1.1 Volumetric vs. gravimetric energy density for different battery 

chemistries.31 

 

Various next-generation Li-metal based chemistries being researched globally. 

Lithium-air batteries have received much attention recently for potential EV 

applications due to their high theoretical specific energy density (5,200 Wh/kg) 

approaching that of the gasoline used in internal combustion engine vehicles (13,000 
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Wh/kg theoretical, 1,700 Wh/kg practical).39 However, the cathode material in the 

chemistry is gaseous oxygen, so a three-phase solid-liquid-gas heterogeneous reaction 

needs to occur for the battery to discharge, and for elemental oxygen to be reduced to 

lithium oxides. Some of the major issues are the poor reversibility of the discharge 

product,40,41 clogging of reaction sites on the porous conductive cathode support,42,43 

and electrolyte decomposition.44–46 Due to these limitations, lithium-air research is still 

in its infancy. Lithium-sulfur (Li-S) batteries have also been very promising, with a 

theoretical energy density of 2,600 Wh/kg.47 This battery chemistry is currently more 

developed than Li-air and is the focus of this work. Therefore, it will be discussed 

more thoroughly in the following section.  

 

1.1.4 Lithium-Sulfur (Li-S) Batteries 

Lithium-sulfur batteries have been heavily researched in the past few decades, 

gaining more traction as more industries are looking beyond Li-ion for next generation 

technology applications. Sulfur is abundant in the Earth’s crust and one of the major 

byproducts of refining oil, and is therefore relatively cheap compared to the rare-Earth 

metals used in Li-ion cathodes.48 Sulfur is also nontoxic and environmentally benign, 

making it attractive compared to the cobalt used in Li-ion.49,50 Unlike Li-ion batteries, 

which operate through intercalation and de-intercalation reactions, Li-S operates 

through a cascade of reactions, where elemental sulfur (S8) is eventually reduced to 

Li2S through a series of lithium polysulfide (Li2SX, where 1 ≤ X ≤ 8) intermediates.51 

This series of reactions is what gives the Li-S chemistry its high theoretical specific 

capacity (1,675 mAh/g) compared to that of the Li-ion electrodes, making it a very 
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promising electrochemical storage material.52 There are a few challenges associated 

with sulfur that limit its practical use in commercial applications.  

The first is that elemental sulfur, S8, and the final discharge product, Li2S, are 

insulating compounds. Due to this, a significant fraction of the cathode by mass 

consists of conductive materials, such as carbons, to ensure proper electrical 

contact.52,53 This high percentage of inactive carbons drastically reduces the practical 

energy density of Li-S batteries. Capacity fading results when the insoluble S8 and 

Li2S2/Li2S species clog up the porous carbons in the cathode, preventing lithium ion 

diffusion into the pore, or are otherwise not in contact with an electronically 

conductive surface.52,54 This issue is pronounced when higher sulfur loading is used, 

leading to poor active material utilization.  

The second challenge is associated with the various polysulfides formed that give 

this chemistry its high theoretical capacity. The higher order polysulfides (Li2SX, 3 ≤ 

X ≤ 8) are soluble in the typical organic electrolytes used and tend to diffuse to the 

lithium metal anode during discharge.55,56 This phenomenon is known as “polysulfide 

shuttling” and is one of the major challenges facing Li-S. Polysulfide shuttling results 

in capacity fade during cycling and low Coulombic efficiencies as the soluble 

polysulfide species are further reduced at the lithium anode to form lower-order 

polysulfides, which can then diffuse back to the cathode to be oxidized to higher-order 

ones.56,57 If the polysulfides are reduced to Li2S2 or Li2S at the anode, then insoluble 

deposits are formed on the lithium surface and that active material is lost.  

A third challenge is the 80% volume expansion of the active materials as the 

elemental S8 is reduced to Li2S and vice-versa, which is still much less than 420% 
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change of Si in next-generation Li-ion anodes.53 This volume change can destroy the 

cathode structure through mechanical cracking, leading to lost electrical contact with 

the insulating species. Volume expansion has largely been mitigated by using porous 

carbon materials, as will be discussed next.  

Numerous approaches have been taken to address these issues. Lithium nitrate 

(LiNO3) has been shown to be an effective electrolyte additive to help protect the 

lithium anode from polysulfide reactions during cycling.58 It functions by depositing 

an ionically conductive layer onto the lithium anode surface, allowing Li+ but not 

polysulfides to diffuse through.59 LiNO3 is continuously consumed during cycling to 

passivate newly exposed lithium, so higher concentrations of LiNO3 in the electrolyte 

have also shown some promise prolonging cycle life.60   

Some of the most well-studied are the use of sulfur-impregnated porous carbons or 

sulfur chemisorption to ensure proper electrical contact with the insulating species 

through high surface area and provide a framework to help prevent the migration of 

the soluble polysulfide species.53,61 The use of lightweight carbons helps to minimize 

the loss of gravimetric energy density through the added cathode mass. Various 

carbons have been investigated, such as carbon nanotubes (CNTs),62–64 

micro/mesoporous carbon particles,61,65,66 carbon nanofibers (CNFs),67–69 and reduced 

graphene oxide (rGO).70–72 These methods have been effective, to various degrees, at 

improving electrical contact with the insulating active material and trapping 

polysulfides in the cathode region, thus improving overall capacity and cycle life.  

Another approach to mitigate polysulfide shuttling is through the addition of an 

interlayer, which is an extra barrier between the sulfur cathode and separator. Several 
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types of interlayers have been employed, helping to block the shuttling intermediates 

through means such as physical blocking, chemisorption, ionic shielding, or any 

combination of the three.73–75 Interlayers have been shown to reduce capacity fade by 

trapping the soluble polysulfides and largely preventing them from reaching the 

anode. Using a conductive interlayer, through added carbons76–78 or ion-conductive 

polymers,79–81 has the added benefit of reactivating any polysulfides trapped in the 

interlayer by providing an electrically conducting pathway, thus also improving the 

capacity compared to cells cycled without the added barrier.  

In general, much lithium sulfur research has been dedicated to solving the issues 

inherent in the chemistry at the cathode, with limited effort towards improved or novel 

separators. Similar improvements for the separator as needed in Li-ion chemistries 

will be needed for Li-S. However, the electrochemical mechanisms present in Li-S 

cells introduce unique challenges for separator materials, which novel designs can 

help to overcome.  

 

1.2 Separator Overview 

The separator is a critical component of an electrochemical cell, providing an 

insulating barrier between the electrodes. Although it doesn’t directly participate in the 

electrochemical reactions, it is important in controlling the rate of ion diffusion from 

one electrode to the other while acting as the electrolyte reservoir. An ideal separator 

would be as thin as possible to minimize the resistance to ion diffusion. In practice, 

however, too thin of a separator degrades its mechanical robustness, increasing the 

risk of cell failure through short-circuiting if the electrodes contact each other after 
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separator damage.82 The structure and properties of the separator drastically influence 

the overall performance of a battery cell. 

 

1.2.1 Separator Requirements 

In all battery chemistries, the separator should be electrochemically stable and 

chemically inert during operation. If the material degrades during cycling, then this 

could lead to poor cell performance or complete battery failure. Impurities introduced 

by the separator can lead to unwanted side reactions as well. The harsh chemicals and 

strong oxidizing/reducing environment within a battery cell limits the types of 

materials applicable for separator use.83  

The separator must also be mechanically strong and robust. Sufficient tensile 

strength is necessary to withstand the winding process used in commercial battery 

fabrication. Also, the puncture strength of the separator should be high enough to 

prevent penetration by electrode active materials, which leads to a cell short-circuit.  

Thermal stability is also one of the main concerns of separator materials.84 If a 

battery is operated at elevated temperatures or under high abuse conditions, the 

separator should maintain its dimensional integrity. It is known that in lithium-ion 

chemistries, a series of exothermic side-reactions occur as low as 80 °C.85 If the heat 

dissipation is lower than the heat generation, then this causes the battery temperature 

to rise even further, leading to a cascade of side reactions as the electrolyte and battery 

materials degrade further. Separator deformation under high temperatures leads to cell 

short-circuit and possible catastrophic failure (fires or even explosions), as this 

exacerbates the thermal runaway process. This is especially important in EV or 
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hybrid-EV applications, where the batteries may see elevated temperatures more 

regularly.86 

Another main requirement is proper electrolyte wetting and uptake. The separator 

should be able to sufficiently absorb electrolyte to facilitate ion transport. Hydrophilic 

separator material is more easily wetted it is by the typical organic liquid electrolytes, 

which facilitates the battery assembly process. Higher electrolyte uptake lowers the 

overall resistance of the cell as it allows ions to more easily diffuse from one electrode 

to the other during cycling. Apart from the material hydrophobicity, electrolyte uptake 

is also strongly affected by the porosity and pore size of the membrane.  

The separator pore size needs to be small enough to block electrode materials from 

diffusion from one to the other, or otherwise trapped and lost for further 

electrochemical reactions. A pore size under 1 μm has been designated as the target 

for lithium-ion batteries for this reason.87 Highly tortuous and uniform pore structures 

can also limit the impact of dendrites, by allowing more uniform metal deposition and 

impeding their growth. Separator porosity influences how much electrolyte the 

membrane can hold overall, by controlling the available free space. Too low porosity 

can lead to insufficient electrolyte between the electrodes, limiting ion diffusion and 

increasing the overall resistance of the cell. Too high porosity can lead to low 

mechanical strength and physical deformation/shrinking after being soaked with 

electrolyte. Separator porosity can be measured by the equation: 

 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) =  
𝑊 − 𝑊0

𝜌𝐿𝑉0
 ×  100 (1) 
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where 𝑊 and 𝑊0 are the weight of the separator before and after liquid immersion 

(typically n-butanol), 𝜌𝐿 is the density of the liquid, and 𝑉0 is the geometric volume of 

the separator. 

 

1.2.2 Types of Separators 

Separators can be separated into several main categories: microporous membranes, 

modified microporous membranes, non-woven mats, and composite membranes. Each 

type of separator typically excels in one or more of the requirements listed above but 

falls short in some of the others. The main properties of each will be briefly discussed, 

as numerous separator reviews have nicely summarized major findings and processing 

methods.82,87,88 

Microporous membranes are so named because they contain micrometer-sized 

pores. They are typically made of polyolefins such as polypropylene (PP), 

polyethylene (PE), or blended PP/PE, and have been the most commercialized type of 

separator for Li-ion battery applications due to their excellent mechanical strength, 

chemical stability, and relatively low cost. There are both dry and wet processing 

methods to manufacture these separators, with each changing the overall morphology 

and behavior of the resulting membrane.83 The drawbacks of polyolefin microporous 

separators are that they suffer from low wettability from common polar organic liquid 

electrolytes due to their hydrophobic nature, and that they suffer from low porosity 

and thermal stability.89 Celgard separators, typically microporous PP or layered PP/PE 

materials, are the most commonly used separator reference in literature.83 Microporous 

membranes have been made with other polymers, such as polyacrylonitrile (PAN)90,91 
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and polyvinylidene fluoride (PVDF),92 typically through phase-inversion or casting 

methods. These polymers help to overcome some of the limitations of using 

polyolefins.  

Modified microporous membranes also help to overcome the limitations of 

polyolefin microporous membranes. These membranes undergo surface alterations to 

improve properties such as electrolyte wettability, electrolyte retention, and thermal 

stability. High-energy irradiation has been used to graft hydrophilic constituents onto 

the surface of microporous polyolefin membranes or just crosslink the polyolefins 

themselves.93,94 Gamma ray irradiation was shown to increase the thermal stability and 

change the pore structure compared to non-treated PE membranes.94 The irradiation 

crosslinked the surface PE polymer chains, leading to enhanced rate capability in a Li-

ion cell. Electron beam and plasma irradiation have also been used to graft monomers 

such as acrylonitrile95, glycidal methacrylate93, and methyl methacrylate.96 Another 

approach to modify microporous membranes has been to apply different polymeric 

coatings to improve the overall properties of the separator. Polymers such as 

poly(methyl methacrylate) (PMMA),97 ethylcellulose,98 cellulose aerogel,99 and 

acrylonitrile-methyl methacrylate copolymers100 have been applied to polyolefin 

separator surfaces, improving properties such as thermal stability, electrolyte 

wettability, and electrochemical performance. A unique coating of polydopamine was 

dip-coated onto the surface of PE separators, resulting in a more hydrophilic surface 

and decreased the electrolyte contact angle, enhanced ionic conductivity, and 

improved cycle life and high-rate cyclability.101  
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Non-woven mats are fibrous membranes characterized by significantly higher 

porosity compared to microporous separators. Fibers are bonded together by 

mechanical, physical, or chemical means to give these mats their mechanical integrity. 

Non-woven mats can be made from dry methods such as melt blowing, or wet 

processes such as papermaking methods, wet-laid process, or spinning methods.87 A 

thermoplastic bonding that has a lower melting temperature than the base polymer can 

be used to bond the base polymer fibers together after high-temperature 

calendering.102 The issue with most methods of producing non-woven fiber mats is 

that fibers and pore size are too large to be practically used in lithium-based batteries, 

without sacrificing energy density due to a larger separator being needed. With 

traditional Li-ion battery separators being in the 25-50 μm thickness range, large fiber 

diameters limit the number of fibers that can span such small thicknesses, leading to 

larger pores and a greater chance of short-circuit. Electrospinning has been introduced 

as a facile and scalable method for making non-woven mats with sub-micron fibers 

and is now the one of the main ways for making non-woven separators for battery 

applications.103 It is the method used in this work and will therefore be discussed in 

more detail in the next section. Overall, the high porosity and interconnected pore 

structure of non-woven fiber mats provides greater electrolyte uptake than traditional 

microporous separators. This has been shown to improve ionic conductivity, leading to 

improved rate capability performance as the electrochemical reactions aren’t limited 

by ion diffusion. Many different polymers have been investigated in non-woven 

battery separator applications, including PVDF, PAN, PMMA, polyimide (PI), and 

blends/copolymers.87,102,104,105 The various polymers used have different crystallinity 
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and surface properties, impacting their behavior with electrolytes and lithium ions. 

The types of polymer chosen also significantly impact mechanical and thermal 

stability. Some drawbacks of non-woven separators include lower mechanical strength 

compared to microporous membranes due to their fibrous structure, and relatively 

slow fabrication times.103 

Composite separators introduce inorganic material into the separator to impart 

their beneficial thermal, mechanical, and chemical properties. This typically involves 

coating inorganic particles onto the polymer surface or adding them directly into the 

polymer matrix. The higher hydrophilicity and small surface area of the particles 

greatly improve electrolyte wettability and uptake, while their inorganic nature can 

eliminate thermal shrinkage observed in pristine polymer separators.106 Inorganic 

particles such as aluminum oxide (Al2O3) and silicon dioxide (SiO2) have been 

commonly utilized for this application.88,107 When coated on the surface of polyolefin 

microporous membranes, a hydrophilic binder is also needed to ensure that the coating 

integrity is maintained, and the particle properties are not diminished. A common 

issue with particle coating methods is delamination of the coating from the base 

separator. Also, the coating inherently decreases the overall porosity and increases the 

thickness of the membrane. Incorporating the inorganic particles as a filler in polymer 

matrix overcomes these issues and has also been extensively studied. These composite 

membranes can be simply formed through solution casting and phase inversion 

methods to form composite microporous membranes. For example, PVDF108, PVDF-

HFP109, and high density polyethylene110 have been used for inorganic particle-filled 

composite microporous separators. These membranes exhibit the same benefits as the 
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coated composite separators compared to traditional microporous membranes, without 

the thickness and porosity penalties. Inorganic particles have also been incorporated 

into non-woven membranes, typically through particle-filler methods. The improved 

properties of non-woven membranes further enhance composite separator 

performance. Inorganic particles can simply be dispersed into polymer solutions 

before forming the nonwoven mat to incorporate particles into and on the surface of 

fibers. Electrospinning has been used to incorporate SiO2, BaTiO3, and Al2O3 particles 

into PVDF-HFP fiber mats.107,111 The combination of hydrophilic inorganic fillers and 

non-woven separator resulted in very high electrolyte uptake and thermal stability, 

improved ionic conductivity, and stable electrochemical performance. Inorganic 

particles have also been incorporated into polyimide112,113 and PVDF114 non-woven 

membranes with similar results. Introducing ceramic precursors into the polymer 

fibers allows for in-situ generation of co-continuous ceramic domains and fiber 

coatings, circumventing possible issues of particle aggregation or delamination.115–117  

 

1.3 Electrospinning and Electrospraying 

Electrospinning and electrospraying are popular methods to form nanostructured 

materials. The working principle is that when electrostatic forces overcome the surface 

tension of a liquid/solution, either a jet or spray is ejected from the surface. A typical 

setup involves a high voltage source attached to a spinneret. As solution is pumped 

through the spinneret there is a charge build up due to the applied voltage. At the tip of 

the spinneret, a Taylor cone of solution forms as the electrostatic forces build up 

further. When those forces overcome the surface tension, fibers or spray are ejected 
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from the surface and travel to a grounded collector. Fig. 1.2 shows a typical setup for 

electrospinning, which is essentially the same for electrospraying but with a different 

solution.  

 

Figure 1.2. Typical setup for an electrospinning process.118 

 

Parameters such as solution concentration (viscosity), applied voltage, spinneret 

tip-to-collector distance, and solution feed rate are critical in determining the resultant 

morphology deposited on the collector. These parameters must be optimized for 

different solutions to get the desired structures. A viscoelastic polymer solution is used 

in electrospinning. The polymer molecular weight must be high enough to ensure 

chain overlap and entanglement, thus forming continuous nanofiber structures. As the 

fiber jet is ejected from the Taylor cone, bending instabilities ensue from the charged 

fiber surfaces repelling each other, stretching the fibers to even smaller diameters. 

Solution solvent is also evaporated as the fiber thins and travels to the collector, 

depositing a dry non-woven fiber mat. Electrospinning is a facile and versatile method 
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to form nanofiber separators for battery applications and is therefore applied in this 

work.  

For electrospraying, a wide variety of solutions can be used since only droplets 

need to be formed. It is convenient for spray-coating materials onto the surface of 

various substrates, such as non-woven mats.69,114 Since the solvent evaporates as the 

charged droplets propel towards the collector, the resulting coating can be completely 

dry on impact. This expedites material processing as an extra drying step is no longer 

needed. Electrospraying has been utilized in many battery applications, including 

separator coatings and electrode fabrication.  
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Chapter 2. Polyimide/Ceramic Composite Non-Woven 

Separators for Lithium-Sulfur Batteries 
 

 

2.1 Introduction 

Batteries with high energy density and long cycle life are necessary to power the 

future of personal electronics, hybrid electric vehicles, and fully electric vehicles. 

Current commercial lithium-ion (Li-ion) battery chemistries are quickly approaching 

their practical limits, and better alternatives are necessary.1,2 One such alternative 

receiving a lot of attention is the lithium-sulfur (Li-S) chemistry due to its high 

theoretical specific capacity (1675 mAh/g) and energy density (2600 Wh/kg).3,4 

Furthermore, sulfur is naturally abundant, inexpensive, and environmentally benign.5 

Several issues, including poor active sulfur utilization and the polysulfide shuttle 

effect, have limited its success and commercialization.  

Numerous approaches have been undertaken to overcome the inherent drawbacks 

of Li-S. One of the most successful for improving sulfur is through using conductive 

nanostructured carbon materials in the cathodes, which lead to improved sulfur 

electrical contact. Using lightweight carbons also minimizes the reduction in energy 

density. Carbon nanofibers,6–8 carbon nanotubes,9–12 porous carbon particles,13–15 

graphene oxide (GO),16,17 and reduced graphene oxide (rGO)18,19 have all been used to 

improve discharge capacities through enhanced sulfur utilization and impede the 

diffusion of soluble higher order polysulfides away from the cathode, especially when 

the sulfur material is entrapped in the pores of a conductive framework. The addition 

of an interlayer between the cathode and separator has also been successful in 
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slowing/preventing soluble polysulfide shuttling through the separator, improving 

cycle life and Coulombic efficiency.3,20–22 Both organic and inorganic materials have 

been used to limit polysulfide shuttling through means of physical blocking and 

chemical or physical confinement.22  

Due to these challenges, the bulk of Li-S research has focused on cathode and 

electrolyte development, with little effort towards novel separators for this system. 

Separators play an important role in preventing electrical contact between the 

electrodes while allowing lithium ion transport between them, and therefore largely 

influence overall kinetics of the battery. Microporous polyolefin membranes are 

typically employed in lithium batteries due to their stability against lithium metal and 

good mechanical properties.23 However, they suffer from low porosity, electrolyte 

wettability, and electrolyte uptake, which hinder battery performance at higher 

charge/discharge rates.24 These polyolefin membranes are also known to shrink at 

elevated temperatures, leading to short-circuit from electrode contact and possible 

catastrophic battery failure.25 Thermally stable glass fiber (GF) membranes have 

shown promise in lithium-sulfur cells, improving cycling performance especially at 

higher rates due to their higher porosity and electrolyte uptake.26–28 GF membranes are 

typically hundreds of microns in thickness, however, drastically reducing the overall 

energy density of the cell. Non-woven polyacrylonitrile (PAN)/graphene oxide (GO) 

separators have also been introduced as a viable alternative separator for Li-S with 

membrane thicknesses of 65 μm.29 These separators were able to minimize polysulfide 

shuttling through favorable interactions of the GO functional groups and PAN nitrile 
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groups with negatively charged polysulfide anions, and improve high-rate 

performance with increased porosity and better electrolyte wettability.  

For Li-ion, inclusion of inorganic ceramic fillers on the surface or into the matrix 

of separators has been shown to improve overall mechanical and electrochemical 

properties. Nanoparticles such as silica and alumina have been applied to both 

microporous30,31 and non-woven separators,32,33 resulting in improved thermal stability 

and rate performance. Furthermore, adding ceramic precursors directly into 

electrospinning solutions avoids potential issues with particle delamination, phase 

separation, and particle aggregation.34–36 

In this work, a novel polymer/ceramic hybrid non-woven separator was developed 

using thermally stable polyimide (PI) and a ladder polysilsesquioxane (PSSQ) ceramic 

for use in lithium-sulfur batteries. These PI/PSSQ separators were fabricated through 

gas-assisted electrospinning to form nanofiber non-woven mats, with up to 20 wt% 

PSSQ in the fibers investigated. At this time, these separators are believed to be the 

thinnest (50 μm) non-woven separators applied to a Li-S system. The PI/PSSQ 

separators exhibit superior porosity, electrolyte uptake, and ionic conductivity 

compared to commercial microporous polypropylene due to their fibrous mechanical 

structure and properties induced by PSSQ inclusion. These separators were thermally 

stable well above temperatures seen in typical battery abuse conditions and retained 

their structural integrity even after being ignited, whereas the commercial separator 

readily shrunk in both cases. In Li-S cells, superior cycling performance was seen at 

2C charge/discharge rates, owing to high ionic conductivity through the fibrous 

structure and favorable electrolyte interactions with PI and PSSQ.  
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2.2 Experimental Methods 

2.2.1 Preparation of Polyimide/Ceramic Non-Woven Separators via Gas-Assisted 

Electrospinning 

All materials used in this study were purchased from Sigma-Aldrich unless 

otherwise stated. Polyimide/ceramic hybrid separators were prepared using the gas-

assisted electrospinning method. P84 polyimide (Powder, Evonik) was dissolved in 

N,N-dimethylformamide (DMF) to form a 16 wt% solution for the polymer/ceramic 

separators and 20 wt% for polyimide only membranes. Each mixture was stirred at 65 

°C on a hotplate overnight. The ladder polysilsesquioxane (PSSQ) ceramic used was 

PMK (DJ Semichem). One hour prior to electrospinning, the solution was removed 

from the hot plate and PSSQ was added to the desired solid content mass ratio. 

Ceramic amounts of 0, 5, 10, and 20 solid wt% were investigated. The solution was 

then stirred at room temperature until the PSSQ was thoroughly dissolved, and 

vigorously stirred on a vortex mixer for two minutes to ensure a homogeneous mixture 

before electrospinning. A Harvard Apparatus PHD Ultra was used to electrospin the 

solution onto an aluminum foil current collector in a chamber controlled at 16 % 

relative humidity. A coaxial needle with 12-gauge inner needle and 16-gauge outer 

shell was used. The solution was fed through the inner needle at an infusion rate of 

0.03 mL/min, and 16 % RH dry air was supplied through the outer shell at an air 

pressure of 10 psi. The tip-to-collector distance and applied voltage were 15 cm and 

25 kV, respectively. The resulting fiber mat was peeled from the collector and heat 

treated at 300 °C under air for 3 hours with a 5 °C/min ramp rate. The fiber mat was 
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then punched into 16 mm diameter discs and cold-calendered to about 50 μm in 

thickness before use. 

 

2.2.2 Material Characterization 

Thermal stability of PI was investigated using thermogravimetric analysis (TGA, 

TA Instruments Q500) with a 10 °C/min temperature ramp rate under air flow. Fourier 

transform infrared spectroscopy (FTIR, PerkinElmer Frontier) was performed to 

ensure the removal of the PSSQ acrylate side chains after heat treatment. To study the 

morphology, diameter, and uniformity of the electrospun fibers, field emission 

scanning electron microscopy (FESEM, Tescan Mira3) with an accelerating voltage of 

5 kV was employed. Membrane pore size distributions were determined using a 

capillary flow porometer (CFP-1100-AEHXL, Porous Materials Inc.). 

Dimensional thermal stability of the separators was determined with a shrinkage 

test by placing them in a 150 °C oven for two hours under air with a 5 °C/min ramp 

rate. Flammability of the separator materials was tested by soaking each membrane in 

electrolyte and lighting the excess electrolyte with a butane torch. For this test, a 

standard lithium-ion electrolyte consisting of 1 M lithium hexfluorophosphate (LiPF6) 

in ethylene carbonate/diethyl carbonate/dimethyl carbonate (EC/DEC/DMC, 1/1/1 by 

vol) was used.  

 

2.2.3 Electrochemical Characterization 

The Li-S electrolyte used in this study was 1 M lithium bis(trifluoromethane) 

sulfonimide (LiTFSI) and 1 wt% lithium nitrate (LiNO3) in a 1:1 volume mixture of 
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1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME). Electrolyte uptake was 

determined by soaking the separators in electrolyte for two hours, and calculating the 

mass change with the equation: 

 
𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 𝑈𝑝𝑡𝑎𝑘𝑒 (%) =  

𝑊𝑓 − 𝑊𝑖

𝑊𝑖
 𝑥 100 (2) 

Where Wi and Wf are the masses of the separator before and after soaking in liquid 

electrolyte for two hours, respectively.  

Ionic conductivity was measured using electrochemical impedance spectroscopy 

(EIS, Parstat 4000, Princeton Applied Materials). For these tests, separators were 

soaked with 25 μL of electrolyte to mimic battery cell conditions and sandwiched 

between two stainless steel discs in a CR2032 coin cell. A frequency range from 100 

kHz to 0.1 Hz was applied with an AC amplitude of 10 mV. Ionic conductivity was 

calculated according to the equation: 

 
𝜎 =  

𝑑

𝑅𝑏 𝑥 𝐴
 (3) 

Where d is the thickness of the separator, Rb is the bulk resistance, and A is the surface 

area of the stainless steel electrode (1.96 cm2). Rb is defined as the high frequency 

intercept of the real axis.  

CR2032 coin cells were assembled to tests the electrochemical performance of the 

polyimide/ceramic separators in Li-S. The slurry cathode used in this study was 

prepared by first infiltrating sulfur into porous carbons. Active sulfur material 

(Spectrum Chemical) was mixed with Ketjenblack (KB, EC-600JD, AkzoNobel) at a 

3:1 ratio, then grinded and heated at 155 °C for 12 hours in a hydrothermal reactor to 

melt impregnate the sulfur into the KB. Polyvinylidene fluoride (PVDF) was dissolved 
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in N-methyl-2-pyrrolidone (NMP) at 10 wt% to serve as the binder. Super C65 

(TIMCAL) was used as the conductive carbon. A homogeneous slurry was formed by 

combining NMP with 70 wt% S/KB, 20 wt% Super C65 and 10 wt% PVDF and 

mixing for 3 hours in a ball mixer. This was then cast onto aluminum foil with a 

doctor blade. The slurry was dried at 60 °C under vacuum for 12 hours and punched 

into 15 mm discs. The mass loading of active sulfur material was between 0.95 to 1.1 

mg/cm2. Li-S coin cells were fabricating by placing the separator between the slurry 

cathode and lithium metal foil. An electrolyte ratio of 15 μL/mg S was added to the 

separator. Celgard 2400 was used as the reference separator. Coin cells were cycled 

between 1.8 and 2.8 V vs Li/Li+ using a Landt battery tester. All discharge capacities 

and current densities are based on active sulfur mass. Current densities were set 

according to a sulfur theoretical specific capacity of 1675 mAh/g. 

 

2.3 Results and Discussion 

Polyimides are a class of polymer known for their heat and chemical resistance 

owing to their rigid aromatic backbone structure.37 Since gas-assisted electrospinning 

was employed to fabricate the polyimide nanofiber separators, a soluble form of 

polyimide was used. The thermal stability of polyimide was characterized by TGA, as 

shown in Fig. 2.1. Onset of thermal degradation begins after 400 °C, confirming that 

even though the polyimide used in this work is functionalized to be soluble, it still 

maintains high temperature stability. 
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Figure 2.1. TGA thermogram of PI material. 

 

PSSQ solubility due to the presence of organic functional groups allows for facile 

fabrication of polymer/ceramic nanofibers through the electrospinning method, with as 

high as 20 wt% PSSQ in the fibers presented in this work. The solid nature of soluble 

PSSQs means there is no time-dependability for the spinning process as there is for 

room-temperature curable ceramic precursors, further aiding in the overall feasibility 

of electrospinning these composite fibers. The challenge with these PSSQ materials is 

that due to their solubility in common polar solvents, they are also soluble in battery 

electrolytes. To overcome this, a simple heat treatment method was employed to 

remove the polar acrylate functional group and thus eliminate its solubility in Li-S 

battery electrolyte. Fig. 2.2 shows the FTIR acrylate peaks for PSSQ before and after 

heat treatment at 300 °C for 3 hours in air. The absorption peaks at 1716 and 1637 cm-

1 represent the C=O and C=C bonds of the acrylate functional group, respectively.38,39 

After the heat treatment, the signals for these bonds disappears, confirming the 

effective removal of this polar soluble functional group in the PSSQ structure. Using 
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polyimide allows for this method, as typical electrospun non-woven fiber mats are not 

thermally stable up to the temperatures necessary to remove the functional side chains. 

 

Figure 2.2. FTIR spectra showing removal of the acrylate functional group from the 

Si-O backbone of PSSQ after heat treatment.  

 

Non-calendered fiber morphologies after heat treatment with 0, 5, 10, and 20 wt% 

PSSQ are shown in Fig. 2.1. Thin nanofibers of PI with and without PSSQ have been 

obtained through the gas-assisted electrospinning method. Each membrane consists of 

randomly oriented nanofibers, yielding a highly porous structure. Very similar fiber 

morphologies were obtained with the various ceramic content, with diameters in the 

range of 150 – 300 nm for all except the 95/5 PI/PSSQ fibers. For this case, the fiber 

diameters were smaller, on the order of 75 – 200 nm, and more bead impurities were 

present in the nanofibers. This is likely due to the lower initial PI solution 

concentration (16 wt%) used for electrospinning the PI/PSSQ fibers compared to the 
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pure PI case (20 wt%), while only adding 5 wt% PSSQ relative to the PI. The lower 

overall solution concentration and viscosity makes it harder for the polymer chains to 

properly overlap and form continuous nanofibers, thus leading to more prominent 

bead structures.40 Overall, no ceramic particles were observed on the surface of the 

fibers, indicating successful incorporation of the PSSQ into the structure of the fibers.  

 

Figure 2.3. SEM images of non-woven fiber mats containing: (a) PI only, (b) 95/5 

PI/PSSQ, (c) 90/10 PI/PSSQ, and (d) 80/20 PI/PSSQ. 

 

Membrane properties for the various separators are presented in Table 2.1. 

Electrospun separators exhibit higher porosities than microporous Celgard due to the 

(a) 

2 μm 

(b) 

2 μm 

(d) (c) 
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large tortuous pore structure from overlapping nanofibers. Mean pore sizes measured 

by capillary flow porometry indicate that the pores between fibers of the non-woven 

membranes are small enough to effectively trap electrolyte within the separator. High 

porosity and small effective pore sizes lead to the ability to hold a large volume of 

electrolyte compared to the slit-like pores of dry-laid microporous membranes.  

Interestingly, there is a trend that as the amount of PSSQ is increased, the 

electrolyte uptake decreases. This can be explained by the rigidity of the fibers 

afforded by the addition of PSSQ. Increasing the ceramic content of the fibers reduces 

the swelling induced by electrolyte filling the membrane pores since the fibers have 

higher stiffness and cannot move to accommodate higher amounts of liquid. The Si-O 

backbone of PSSQ materials introduces rigidity into the polymer fiber, as these 

ceramics are known to improve mechanical toughness.39 Electrospun PI mats have a 

much more frayed appearance compared to the higher PSSQ content fibers. Also, the 

other organic moiety present on the pristine PSSQ Si-O backbone is a nonpolar phenyl 

group, which is known to be fully removed at temperatures higher than those used in 

this study.41 The minimal presence of this nonpolar group could introduce non-

favorable electrolyte interactions with the separator.  

Combined effects of superior electrolyte uptake and porosity lead to greater 

electrolyte ionic conductivities compared to Celgard for the electrospun separators. 

The addition of PSSQ causes an increase in average ionic conductivity for the 95/5 

and 90/10 PI/PSSQ cases over PI only. Adding ceramic fillers into the fiber matrix has 

been previously shown to increase the overall amorphous content by preventing 

crystalline domain formation within the fiber during the fast-drying electrospinning 
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process, thus leading to improved ionic conductivity through these regions.42 

Additionally, ceramic inclusions in the polymer matrix can improve ion conduction 

through Lewis acid-base interactions of the terminal surface groups and electrolyte 

salts to increase salt dissociation.43 Too much ceramic present in the fiber structure 

could present marginal benefit or even reduce conductivity due to the generally lower 

ionic conductivity of inorganics, as seen with the 80/20 PI/PSSQ separators.44,45 The 

more aggregated ceramic domains formed through the high ceramic content 

potentially hinder ion transport through the fibers.35 This, in conjunction with lower 

electrolyte uptake, decrease bulk ionic conductivity for the 80/20 PI/PSSQ separators. 

 

Table 2.1 Comparison of separator properties 

Separator 
Mean Pore 

Size (nm) 

Electrolyte 

Uptake (%) 

Ionic 

Conductivity 

(mS/cm) 

Celgard 2400 ----- 174 ± 16 0.56 

PI Only 277 ± 157 1829 ± 48 1.98 ± 0.18 

95/5 PI/PSSQ 225 ± 136 1426 ± 76 2.13 ± 0.05 

90/10 PI/PSSQ 190 ± 142 1415 ± 75 2.17 ± 0.07 

80/20 PI/PSSQ 232 ± 171 1377 ± 41 1.92 ± 0.09 

 

Although PI has been shown to be thermally stable up to temperatures over 400 

°C, for separator applications it is vital membrane does not shrink at elevated 

temperatures possibly encountered in battery operation. For this reason, the hybrid PI-

based separators were subjected to a hot oven test at 150 °C for 2 hours, with Celgard 

included for comparison. Fig. 2.4a shows the pristine membranes before the test, 

whereas Fig. 2b shows the results afterwards. The initially 16 mm Celgard separator 

shrinks and becomes clear after exposure to the elevated temperature. By sharp 

contrast, all PI separators maintain their initial shape without any areal shrinkage. This 
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was to be expected as all PI separators are stable in the 300 °C heat treatment step 

after electrospinning. At elevated temperatures, there would be no issue of battery 

short-circuit with these PI and PI/PSSQ separators due to separator shrinkage and 

electrode contact.  

 

Figure 2.4. Dimensional thermal stability test of the hybrid separators at 150 °C for 2 

hours. Separators from left to right: Celgard 2400, PI Only, 95/5 PI/PSSQ, 90/10 

PI/PSSQ, 80/20 PI/PSSQ. 

 

Polyimides are also known for their non-flammable properties. When exposed to high 

levels of heat and oxygen, a carbon char forms on the polyimide surface, protecting 

the bulk polymer layers and preventing further oxidation.46 To test this, strips of 

Celgard 2400 and 90/10 PI/PSSQ were set aflame with a butane torch after soaking in 

excess electrolyte. Fig. 2.5a-b shows the pristine Celgard and 90/10 PI/PSSQ before 

being soaked with electrolyte. Fig. 2.5c shows the results of Celgard after the test, 

which had severely deformed. The polypropylene separator was not able to handle 

(a) 

(b) 
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intense heat and oxidation, thus completely losing its original dimensions. In stark 

contrast to Celgard, as shown in Fig. 2.5d, the PI/PSSQ composite non-woven 

separator showed good dimensional stability under such extreme conditions. A few 

bubbles formed on the membrane surface, but it was in otherwise good condition. Fig. 

2.5e shows that the composite membrane was able to be handled with tweezers and 

had retained its original integrity. High heat tolerance and non-flammability of the 

polyimide were able to minimize the effect of harsh abuse conditions. In a battery 

system the good dimensional stability of these PI/PSSQ hybrid separators would 

prevent a short circuit from the electrodes contacting each other, even in the event of a 

fire. This could help minimize or isolate failure of individual battery cells at the pack 

level, preventing catastrophic failure of the entire system.  

 

Figure 2.5. Flammability test of the separators. (a) and (b) are Celgard 2400 and 90/10 

PI/PSSQ membranes before the test, respectively. (c) and (d) are the results of Celgard 

(a) (b) 

(c) (d) 

(e) 

Before 

After 
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2400 and 90/10 PI/PSSQ, respectively, after soaking with excess electrolyte and 

ignition with a butane torch. (e) 90/10 PI/PSSQ intact membrane after the test. 

 

To be viable for use in lithium metal battery systems, the separator material must 

be stable against lithium in the voltage operating window. Electrochemical oxidation 

limits of Celgard, PI only, and 90/10 PI/PSSQ separators were investigated with linear 

sweep voltammetry as shown in Fig. 2.6. The electrochemical oxidation limit can be 

defined as the point where current sharply increases as the electrolyte breaks down. It 

is seen that the limit for all three separators falls around 4.6 V, with the PI and 

PI/PSSQ separators shifted closer to 4.7 V. This improvement is marginal but could be 

attributed to the better coordination of electrolyte with the more hydrophilic polyimide 

as opposed to the hydrophobic polypropylene Celgard. Also, the marginal 

improvement in stability of the PI/PSSQ separator over PI only can be explained by 

the Lewis acid-base interactions of electrolyte salts with the ceramic, further helping 

to delay oxidative decomposition.47 Both PI and PI/PSSQ separators exhibited a slight 

increase in current beginning around 4.2 V. This can be attributed to reversible 

oxidation of the aromatic imide group.48 However, all materials are clearly stable in 

the 1.8 to 2.8 V window used for Li-S cells in this study.  
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Figure 2.6. LSV of Celgard 2400, PI only, and 90/10 PI/PSSQ separators showing 

their stability against lithium metal. 

 

The low rate 0.2C cycling performance for PI only and 95/5, 90/10, and 80/20 

PI/PSSQ are shown in Fig. 2.7. Even though these separators have double the 

thickness (50 μm) compared to Celgard (25 μm), they achieve comparable 

performance at low rates due to the high ionic conductivities of the non-woven 

membranes. It should be noted that 50 μm is one of the smallest thicknesses reported 

for non-woven separators in Li-S research at this time. There is enough time for 

lithium ions to diffuse through all separators at these low rates. However, initial 

capacity does increase from 1092 mAh/g for Celgard to 1175, 1171, 1161, and 1164 

mAh/g for PI and 95/5, 90/10, 80/20 PI/PSSQ separators, respectively.  
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Figure 2.7. Cycling behavior for the various hybrid non-woven separators at 0.2C 

charge/discharge. 

 

Differences in the initial discharge capacities can be explained by examining 0.2C 1st 

discharge profiles, shown in Fig. 2.8. For all hybrid non-woven separators, the onset 

of the lower voltage plateau is shifted towards higher capacities. This is due to 

improved sulfur utilization in the higher plateau region where more elemental sulfur 

can be reduced to higher order soluble lithium polysulfides.49,50 High ion conduction 

in the non-woven membranes allows for any soluble sulfur or polysulfides that 

diffused away from the cathode to travel back during the discharge process more 

easily than through the narrow slit-like pores of Celgard. Generating more soluble 

polysulfides translated into longer low-voltage plateaus, as there is more Li2S4 to 

convert into insoluble Li2S species.  
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Figure 2.8. First galvanostatic discharge profiles at a current density of 0.2C. 

 

High rate performance is essential for viable next-generation battery materials. For the 

sulfur cathode employed in this work, even Celgard provides sufficient ion diffusion 

even at high 1C charge/discharge rates, initially delivering 685 mAh/g compared to 

717, 772, 712, and 708 mAh/g for PI only and 95/5, 90/10, and 80/20 PI/PSSQ 

separators, respectively.  At harsher 2C charge/discharge conditions, the narrow 

channels of Celgard cannot deliver the necessary lithium ions to the cathode for proper 

sulfur reduction, and the difference between the separator types is unambiguous. At 

2C, the initial discharge capacity for Celgard drops to a meager 214 mAh/g, whereas 

the PI and 95/5, 90/10, and 80/20 PI/PSSQ separators deliver 618, 683, 631, and 610 

mAh/g, respectively. 95/5 PI/PSSQ outperforms the other hybrid separators at the 

harsher 0.5C, 1C, and 2C rates. This is likely due to a more optimum combination of 

ceramic content, fiber size, and fiber structure. The slightly smaller fibers and 

presence of more beads in the structure likely provide more surface area to influence 
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interactions between the separator and ions present in the electrolyte, with a more 

optimal dispersion of ceramic throughout the fibers. When returning to very mild 0.1C 

charge/discharge after the higher rates, all separators show an initially lower discharge 

capacity from the transition into a fast 2C charge to a slow 0.1C discharge due to 

limited active material being fully converted back into elemental sulfur and lithium 

metal during the fast charge. For the 2nd discharge of the 0.1C recovery cycles, 

Celgard provides a discharge capacity of 799 mAh/g. Cells with PI only and 95/5, 

90/10 and 80/20 PI/PSSQ separators recover to 831, 899, 889, and 849 mAh/g in their 

2nd 0.1C recovery cycles, respectively. These results show that the non-woven 

separators allow for reversible Li-S cell operation at higher cycling rates due to their 

ability to improve redox reaction kinetics with improved ion transport. Similar trends 

have been observed in glass fiber separators, due to their highly porous nature and 

electrolyte affinity not unlike the separators in this work.26   

 

Figure 2.9. Rate capability performance at different current densities.  
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2.4 Conclusion 

Polyimide/polysilsesquioxane hybrid separators were successfully fabricated using 

a gas-assisted electrospinning technique, with up to 20 wt% PSSQ in the fibers 

obtained. These highly porous, nanofiber membranes can uptake significant amounts 

of electrolyte, leading to roughly four times the ionic conductivity of conventional 

microporous Celgard separators. PI only and PI/PSSQ separators are thermally stable 

at 150 °C and can even maintain their structural integrity after being ignited. 

Meanwhile, Celgard readily shrinks when subjected to high temperatures are in the 

presence of a flame. Application of these separators in lithium-sulfur cells provided 

impressive discharge capacities between 600 to 700 mAh/g at harsh 2C cycling 

conditions, owing to their ability to efficiently transport lithium ions between 

electrodes. These separators provide a solid framework for use in Li-S systems, with 

traditional separator modifications such as an interlayer providing potential to improve 

these results even further.  
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Chapter 3. Reduced Graphene Oxide Interlayer for 

Polyimide/Ceramic Composite Non-Woven Separators in 

Lithium-Sulfur Batteries 
 

3.1 Introduction 

Batteries that can provide greater specific energy and energy density than current 

lithium ion chemistry are needed for next generation electric vehicles, grid storage, 

and personal electronics.1–3 Lithium-sulfur (Li-S) has been intensely studied to fill this 

role as it boasts a high theoretical specific capacity of 1675 mAh/g and energy density 

of 2600 Wh/kg.4,5 Furthermore, elemental sulfur is nontoxic, naturally abundant, and 

inexpensive.3 Unlike the intercalation cathodes of lithium-ion, sulfur is converted to 

lithium polysulfides through a series of reactions, providing the high capacity and 

energy output. However, there are several challenges with Li-S preventing its full 

commercialization.  

One of the main issues is that sulfur and the final Li2S discharge product are 

electrically insulating, so a conductive framework is necessary to improve utilization 

of the active material. Another main challenge is that higher order lithium polysulfides 

(Li2SX, 4 ≤ X ≤ 8) are soluble in typical organic electrolytes and tend to diffuse or 

“shuttle” to the lithium metal anode and react, causing significant capacity fading as 

the battery cycles.5–7 One way to mitigate these issues that has been heavily 

investigated is to use nanostructured carbon host materials for sulfur, forming carbon-

sulfur composites.8,9 Carbon nanotubes,10–12 graphene oxide,13,14 reduced graphene 

oxide,15,16 porous carbon particles,9,17 and carbon nanofibers18,19 have all been used as 
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sulfur host materials to improve active material utilization and help trap soluble 

polysulfides in the cathode region.  

An additional layer between the cathode and separator, known as an interlayer, has 

been introduced to help mitigate the polysulfide shuttling issue.5,20,21 This layer 

operates by acting as a physical barrier and/or trapping polysulfides with physical or 

chemical means. Conductive interlayers also can act as a “second current collector” to 

further reduce any polysulfides that get trapped in the layer, as illustrated with the 

pioneering carbon interlayer, a microporous carbon paper.20 Various carbons have 

been also been investigated for this purpose, such as carbon nanotubes,22 carbon 

nanofibers,23 graphene,24,25 and mesoporous carbons.26 Carbons functionalized with 

nitrogen27 or sulfonate28 groups have the additional ability to trap polysulfides through 

chemisorption. Ion conducting polymers such as Nafion29,30 or PEDOT:PSS31 also 

function in this way but need to be mixed with an electronically conductive material to 

reactivate any trapped polysulfides.  

In this work, the previously developed thermally stable and high-rate performing 

polyimide (PI)/polysilsesquioxane (PSSQ) separators serve as the basis for additional 

separator modifications to improve lithium-sulfur battery performance even further. 

Reduced graphene oxide is applied as an interlayer via a facile air-controlled 

electrospraying technique and serves as a physical barrier for polysulfide diffusion 

while acting as an upper current collector and improving overall ionic conductivity of 

the membranes. This in turn leads to lowered charge-transfer resistance in Li-S cells 

and improves battery performance even at lower charge/discharge rates.  
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3.2 Experimental Methods 

3.2.1 Preparation of Polyimide/Ceramic Non-Woven Separators via Gas-Assisted 

Electrospinning 

All materials used in this study were purchased from Sigma-Aldrich unless 

otherwise stated. Polyimide/ceramic hybrid separators were prepared using the gas-

assisted electrospinning method. P84 polyimide (Powder, Evonik) was dissolved in 

N,N-dimethylformamide (DMF) to form a 16 wt% solution, and stirred on a 65 °C 

hotplate overnight. The ladder polysilsesquioxane (PSSQ) ceramic used was PMK (DJ 

Semichem). One hour prior to electrospinning, the solution was removed from the hot 

plate and PMK was added such that it was 10 wt% of the total solid content. The 

solution was then stirred at room temperature until the PMK was thoroughly 

dissolved, and vigorously stirred on a vortex mixer for two minutes to ensure a 

homogeneous mixture before electrospinning. A Harvard Apparatus PHD Ultra was 

used to electrospin the solution onto an aluminum foil current collector in a chamber 

controlled at 16 % relative humidity. A coaxial needle with 12-gauge inner needle and 

16-gauge outer shell was used. The solution was fed through the inner needle at an 

infusion rate of 0.03 mL/min, and 16 % RH dry air was supplied through the outer 

shell at an air pressure of 10 psi. The tip-to-collector distance and applied voltage were 

15 cm and 25 kV, respectively. The resulting fiber mat was peeled from the collector 

and heat treated at 300 °C under air for 3 hours with a 5 °C/min ramp rate. The fiber 

mat was then punched into 16 mm diameter discs and cold-calendered to about 50 μm 

in thickness before use. 
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3.2.2 Reduced Graphene Oxide (rGO) Coated Separators via Air-Controlled 

Electrospraying 

Both Celgard and PI/PSSQ were coated with reduced graphene oxide (rGO) using 

an air-controlled electrospraying method with the same experimental setup as for gas-

assisted electrospinning above. Coated Celgard and PI/PSSQ are referred to as rGO-

Celgard and rGO-PI/PSSQ, respectively. To prepare the rGO dispersion for 

electrospraying, a 6 wt% dispersion of rGO in water (ACS Materials) was diluted to 4 

wt% with distilled water. This solution was placed in a bath sonicator for 30 minutes 

prior to electrospraying to ensure a homogeneous dispersion. A solution flow rate of 

0.05 mL/min was fed through the inner tip of the coaxial nozzle, while 16 % RH dry 

air was supplied to the outer shell with an air pressure of 15 psi. The applied voltage 

was set to 25 kV, and the tip-to-collector distance was 15 cm. The Celgard and 

PI/PSSQ separators were held onto the aluminum foil collector only through static 

forces and the uniaxial air flow. The mass loading of the graphene coatings was kept 

between 0.25 to 0.3 mg/cm2.  

 

3.2.3 Material Characterization 

To study the morphology of the electrosprayed rGO coating, field emission 

scanning electron microscopy (FESEM, Tescan Mira3) with an accelerating voltage of 

5 kV was employed.  
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3.2.4 Electrochemical Characterization 

The electrolyte consisted of 1 M lithium bis(trifluoromethane) sulfonimide 

(LiTFSI) and 1 wt% lithium nitrate (LiNO3) in a 1:1 volume mixture of 1,3-dioxolane 

(DOL) and 1,2-dimethoxyethane (DME). Electrolyte uptake was determined by 

soaking the separators in electrolyte for two hours, and calculating the mass change 

with the equation: 

 
𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 𝑈𝑝𝑡𝑎𝑘𝑒 (%) =  

𝑊𝑓 − 𝑊𝑖

𝑊𝑖
 𝑥 100 (2) 

Where Wi and Wf are the masses of the separator before and after soaking in liquid 

electrolyte for two hours, respectively.  

Ionic conductivity was measured using electrochemical impedance spectroscopy 

(EIS, Parstat 4000, Princeton Applied Materials). For these tests, un-coated and coated 

separators were soaked with 25 and 45 μL of electrolyte, respectively, to mimic 

battery cell conditions. They were then sandwiched between two stainless steel discs 

in a CR2032 coin cell. A frequency range from 100 kHz to 0.1 Hz was applied with an 

AC amplitude of 10 mV. Ionic conductivity was calculated according to the equation: 

 
𝜎 =  

𝑑

𝑅𝑏 𝑥 𝐴
 (3) 

Where d is the thickness of the separator, Rb is the bulk resistance, and A is the surface 

area of the stainless steel electrode (1.96 cm2). Rb is defined as the high frequency 

intercept of the real axis.  

CR2032 coin cells were assembled to tests the electrochemical performance of the 

polyimide/ceramic separators in Li-S. The slurry cathode used in this study was 

prepared by first infiltrating sulfur into porous carbons. Active sulfur material 
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(Spectrum Chemical) was mixed with Ketjenblack (KB, EC-600JD, AkzoNobel) at a 

3:1 ratio, then grinded and heated at 155 °C for 12 hours in a hydrothermal reactor to 

melt impregnate the sulfur into the KB. Polyvinylidene fluoride (PVDF) was dissolved 

in N-methyl-2-pyrrolidone (NMP) at 10 wt% to serve as the binder. Super C65 

(TIMCAL) was used as the conductive carbon. A homogeneous slurry was formed by 

combining NMP with 70 wt% S/KB, 20 wt% Super C65 and 10 wt% PVDF and 

mixing for 3 hours in a ball mixer. This was then cast onto aluminum foil with a 

doctor blade. The slurry was dried at 60 °C under vacuum for 12 hours and punched 

into 15 mm discs. The mass loading of active sulfur material was between 0.95 to 1.1 

mg/cm2. Li-S coin cells were fabricating by placing the separator between the slurry 

cathode and lithium metal foil. Celgard 2400 was used as the reference separator in 

this work. An electrolyte ratio of 15 μL/mg S was added to the uncoated separators, 

whereas 25 and 20 μL/mg S were added to rGO-Celgard and rGO-PI/PSSQ, 

respectively. Coin cells were cycled between 1.8 and 2.8 V vs Li/Li+ using a Landt 

battery tester. All discharge capacities and current densities are based on active sulfur 

mass. Current densities were set according to a sulfur theoretical specific capacity of 

1675 mAh/g. EIS of Li-S cells was completed using the Parstat 4000 in the frequency 

range 100 kHz to 10 mHz with a 10mV AC amplitude.  

 

3.3 Results and Discussion 

Air-controlled (AC) electrospraying provides a facile means to deposit uniform 

coating layers on the surface of substrates. The addition of the coaxial air jet to 

conventional electrospraying helps to break apart the solution jet into even smaller 
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droplets, which deposit in a smooth and uniform layer. This has the added benefit over 

typical dip-coating, vacuum filtration, or slurry casting methods that the drying step 

after deposition is eliminated. Fig. 3.1a shows Celgard before and after being coated 

by rGO. A smooth, uniform gray film was deposited onto its surface, with no visible 

signs of cracks or deformities. Fig. 3.1b similarly shows PI/PSSQ separators both with 

and without the AC electrosprayed rGO coating. The rGO layer on PI/PSSQ 

separators appear to have a darker hue, likely do the rougher surface of the non-woven 

polymer/ceramic separators from their porous and fibrous nature. The coating also 

appears to take the shape of any defects/nonuniformities on the surface. Since Celgard 

is a polypropylene film, it has a uniformly even surface for smooth deposition.  

 

Figure 3.1. Digital photographs of (a) pristine (left) and rGO-coated (right) Celgard, 

and (b) pristine (left) and rGO-coated (right) PI/PSSQ.  

 

(a) 

(b) 
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This is further confirmed by analyzing the coatings at high magnifications. Fig. 

3.2a and b show the rGO layers on Celgard and PI/PSSQ, respectively. Fig. 3.2a 

shows that the Celgard coating is very dense, which makes it more susceptible to 

cracking. On the other hand, the layer on PI/PSSQ has a more loosely packed 

structure, as the fibrous surface prevents close packing of the rGO sheets. This helps 

to explain the color difference between the separators observed at the macroscale. An 

analogous result has been observed for the difference in electrospraying vs. slurry 

casting Li-S cathodes.32 Due to the dense layer formed by conventional slurry casting 

cathode materials, they are susceptible to crack formation during drying and 

processing steps. However, the electrospraying method deposits a dry and more 

porous cathode structure on the current collector, preventing this crack formation 

altogether.  

 

 

Figure 3.2. Top-view SEM images of (a) rGO-Celgard and (b) rGO-PI/PSSQ.  

 

20 μm 20 μm 

(a) (b) 
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As discussed in the previous chapter, PI/PSSQ membranes are able to uptake 

significantly higher amounts of battery electrolyte than microporous Celgard due to 

their highly porous fiber structure and more hydrophilic materials. The effect of rGO 

coatings on the ability of separators to uptake electrolyte was investigated, with results 

presented in Table 3.1. For the Celgard case, the additional rGO serves to improve the 

amount of electrolyte the separator can hold as it serves as an added reservoir to hold 

the liquid. However, for the non-woven separator the addition of the layer decreases 

the amount of electrolyte that could be held in the membrane. There are two possible 

explanations for this. The first is that by adding rGO to the surface, the membrane 

becomes more rigid. This impedes expansion of the fibrous structure to accommodate 

a higher volume of liquid in the pore space, thus lowering the total amount of liquid 

the membrane can hold. The second explanation is that during the electrospraying 

process, rGO sheets partially penetrate the pores between fibers rather than just 

staying on the surface such as for Celgard, and essentially reduce the total pore 

volume. This would then lower total electrolyte uptake as the membrane porosity is 

decreased and the additional rGO layer cannot accommodate as much liquid as the 

non-woven membrane.  

Coating the separators with rGO also has a significant effect on their ionic 

conductivity. In both cases, the additional layer improves ion transport through the 

membrane. For Celgard, the improvement can be attributed to increased electrolyte 

retention in the membrane, allowing more ions present for transport.33 The case for 

PI/PSSQ separators is harder to explain, as the drop in electrolyte uptake does not 

appear to reduce the overall ionic conductivity of the membrane. The more porous 
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rGO layer potentially allows easy transport of ions than the dense layer formed on 

Celgard. A rigid rGO layer limits swelling of the non-woven membrane in the 

presence of liquid electrolyte, improving the coordination of electrolyte solvent and 

salts with the nanofibers.  

Table 3.1. Comparison of separator properties 

Separator 
Electrolyte Uptake 

(%) 

Ionic Conductivity 

(mS/cm) 

Celgard 152 ± 35 0.49 

rGO-Celgard 182 ± 48 0.82 ± 0.05 

PI/PSSQ 1345 ± 52 1.74 ± 0.04 

rGO-PI/PSSQ 962 ± 52 2.19 ± 0.10 

 

Electrochemical impedance spectroscopy was also used to analyze the effects on 

resistance of the added rGO, as shown in Fig. 3.3. For both separators, the additional 

layer increases the high frequency resistance from the bulk electrolyte, since it must 

pass through an additional layer to reach the cathode.31 This resistance was lower for 

both PI/PSSQ separators than the Celgard ones due to their higher ionic conductivities 

and more open, porous structure. rGO coating also lowered the charge-transfer 

resistances of the cells for both types of separators because it essentially acts as a 

second current collector and improves electrical conductivity at the cathode/separator 

interface, thus providing more electron pathways to active sulfur.20 The positively 

sloped tail in the low-frequency region is known as Warburg diffusion, which 

indicates the diffusion of lithium ions and polysulfides at the cathode.34 For both 

PI/PSSQ cells the slope of this region is higher than that of either Celgard cells, 

indicating sulfur reactions are less kinetically limited with the non-woven separators. 
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This should translate into improved performance compared to Celgard at higher 

charge/discharge rates, where overall reaction kinetics are critical.  

 

Figure 3.3. Electrochemical impedance spectra of Li-S cells with the different 

separators.  

 

Cycling performance at different current densities for the various separators is 

presented in Fig. 3.4. rGO-Celgard shows higher discharge capacities than pristine 

Celgard at all rates but 2C, owing to improved ionic conductivity and the ability of 

rGO to provide additional reaction sites for polysulfides by acting as an upper current 

collector. At harsh 2C charge/discharge conditions, the poor performance of the base 

microporous separator limits the improvement a conductive carbon interlayer can 

provide. Fast ion transport through PI/PSSQ separators results in far superior 2C 

cyclability, offering an improved base separator to use for interlayer coatings. rGO-

PI/PSSQ similarly shows higher discharge capacity at rates from 0.1 to 1C compared 
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to pristine PI/PSSQ due to enhanced ionic conductivity and the ability to limit 

polysulfide diffusion into the bulk of the separator, improving sulfur utilization. rGO-

PI/PSSQ show slightly better discharge capacities than rGO-Celgard at 0.1 and 0.2C, 

following the trend that their respective pristine separators display. However, at 2C 

cycling rGO-PI/PSSQ yields a far higher discharge capacity (537 mAh/g) than that of 

rGO-Celgard (204 mAh/g) because non-woven PI/PSSQ separators are superior than 

Celgard for high-rate cycling performance. The additional rGO interlayer does 

however lower discharge capacity at 2C for PI/PSSQ compared to the pristine case. 

This can be attributed to the added layer acting as a physical barrier for lithium ions at 

higher rates, reducing ion transport and hindering reaction kinetics to some extent. 

Interlayer loading and electrolyte ratio could be further optimized to eliminate this 

drop in capacity at 2C for rGO-PI/PSSQ separators. After returning to 0.1 C 

charge/discharge rates, both rGO-coated separators displayed better capacity than the 

pristine separators, indicating better entrapment of polysulfide species in the cathode 

region due to the interlayers. rGO-PI/PSSQ was able to recover to 1010 mAh/g, 

whereas rGO-Celgard recovered to 960 mAh/g, maintaining the better performance 

over Celgard observed at the initial 0.1C cycling. 
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Figure 3.4. Performance of Li-S cells with coated and uncoated separators at different 

charge/discharge current densities.  

 

3.4 Conclusion 

Previously developed non-woven polyimide/polysilsesquioxane hybrid separators 

can serve as a framework for further separator modifications to improve lithium-sulfur 

battery performance, especially at high rates. rGO was applied as an interlayer to these 

PI/PSSQ separators using a facile air-controlled electrospraying technique. Deposited 

rGO layers were more loosely structured on the non-woven membranes than 

microporous Celgard due to differences in their surface roughness. The added coating 

improved ionic conductivity for both separators, while increasing electrolyte uptake 

for Celgard and decreasing it for PI/PSSQ. These rGO interlayers improved electrical 

conductivity at the cathode/separator interface, serving as a secondary current 

collector to enhance rate performance up to 1C for both Celgard and PI/PSSQ 
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separators. However, rGO-PI/PSSQ shows far superior 2C cyclability compared to 

rGO-Celgard due to the improved base separator employed.  
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Chapter 4. Challenges and Future Work 
 

4.1 Challenges of Non-Woven Separators in Lithium-Sulfur 

Over the course of this thesis work, many challenges needed to be overcome that 

were not discussed in the previous chapters, and a better understand and potentially 

better separators can be developed by investigating them further. Two main failure 

modes were commonly observed when applying polymer/ceramic non-woven 

separators to lithium-sulfur (Li-S) and will be first discussed. The methods of 

overcoming these challenges can be categorized into optimizing the electrolyte ratio, 

separator thickness, and separator diameter.  

 

4.1.1 Failure Modes for Polymer/Ceramic Non-Woven Separators in Lithium-

Sulfur 

The first failure mode was that after making cells with PI or PI/PSSQ separators, 

the open circuit voltage (OCV) of the cell would sometimes only be between 0.2 to 0.4 

V, within an hour after making the cell. Consequently, these cells would show odd 

behavior when attempting to cycle them. Upon opening these cells, it was observed 

that the aluminum current collector of the cathode had been corroded, becoming brittle 

and easily broken into flakes as shown in Fig. 4.1a. This phenomenon was not seen for 

Celgard separators at the same electrolyte ratio and was attributed to a higher amount 

of polysulfides being generated after assembly and the higher diffusivity of dissolved 

species from one electrode to the other through the non-woven separators. This was 

confirmed by making Li-S cells without any separator (sulfur cathode and lithium in 
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direct contact, with added electrolyte) that also showed the aluminum corrosion, since 

the polysulfides could freely be generated and shuttle between the electrodes. 

Aluminum corrosion does not seem to be directly caused by the presence of 

polysulfides, as soaking aluminum or a slurry cathode directly in a 4 mM Li2S6 in 1:1 

DOL:DME by volume solution did not lead to corrosion, even after several days. 

Further studies should be completed to understand the corrosion mechanism, as it may 

be an obstacle for designing thinner non-woven separators in Li-S.  

The second was semi-infinite charging in the first charge cycle at low 0.2C rates, 

as shown in Fig. 4.1b. In the cells that did not show low OCV, this other problem was 

persistent. Dissolved lithium polysulfides potentially have faster diffusion through the 

highly porous non-woven separators than the narrow slit-like pores of Celgard. This 

fast shuttling between electrodes could lead to an “infinite charge” where the cell 

voltage cannot reach the upper cutoff due to continuous oxidation of polysulfide 

species.  

 

Figure 4.1. (a) Digital photograph of corroded aluminum foil current collector, and (b) 

example of 1st cycle infinite charge with 90/10 PI/PSSQ separator. 
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4.1.2 Optimal Electrolyte Ratio 

In lithium-sulfur research the electrolyte is typically added in a specific ratio of 

electrolyte to active sulfur amount (e.g. μL electrolyte per mg sulfur). The optimal 

electrolyte ratio depends on the cathode and separator types, as well as the cell 

configuration employed. Too much electrolyte may cause more rapid capacity fade 

due to an enhanced polysulfide shuttle effect. On the other hand, too little may lead to 

premature cell failure from electrolyte degradation as the battery cycles, or higher 

overpotential and lower overall capacity from the cell components not being properly 

wetted. When an electrolyte ratio was first employed, a high 40 μL/mg S was used, 

which exacerbated the failure modes for non-woven separators discussed previously. 

Reducing this ratio helped to minimize the occurrence of these types of failure but did 

not eliminate them completely.  

In Chapters 2 and 3 of this thesis, a ratio of 15 μL/mg S was used for both 

uncoated microporous polyolefin and non-woven composite separators. This ratio was 

optimized for the traditional separator only, so that there was a fairer comparison 

between the separator types by using the same ratio and not diminishing battery 

performance for the reference to enhance the benefits of the non-woven separators. 

The higher electrolyte uptake and enhanced ionic conductivity of PI/PSSQ potentially 

allows an even lower electrolyte ratio to be used, which should be explored further. 

The battery cycling results for PI/PSSQ separators could be further improved with an 

electrolyte ratio optimized for them.  
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4.1.3 Separator Diameter 

To circumnavigate the problem of aluminum corrosion, sulfur cathodes deposited 

onto stainless steel spacers were used to get more reliable battery data and optimize 

the separators further. The details of these cathodes are not important for this 

discussion, and it was shown that they gave similar performance to typical cathodes 

deposited onto aluminum. First cycle infinite charging was still observed for some 

cells, but overall they were able to cycle reliably. It was found that Li-S cells with 

PI/PSSQ showed faster capacity fading than commercial Celgard, as shown in Fig. 

4.2a. Changing the electrolyte ratio and separator density had little effect on this faster 

fading behavior. 

However, using a PI/PSSQ separator with a smaller diameter of 16 mm rather than 

19 mm reduced the capacity fade to that of cells with Celgard, as shown in Fig. 4.2b. 

The non-woven nature of the PI/PSSQ membranes allows lateral diffusion of 

polysulfides through the separator. Since the sulfur cathodes employed in this work 

had a diameter of 15 mm, and the inner diameter of the smaller CR2032 coin cell cap 

is 16 mm, 19 mm separators contains a lot of excess material that can be pushed to 

electrochemically inactive regions within the coin cell. For the slit-like pores of 

Celgard there is minimal lateral diffusion, so polysulfides will not diffuse to the 

inactive regions of the cell by means of the separator, causing both 16 mm and 19 mm 

Celgard separators to yield similar capacity fading behavior. Reducing the diameter of 

PI and PI/PSSQ separators minimizes the inactive regions that polysulfides can diffuse 

into, limiting the capacity fade seen.  
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Figure 4.2. (a) 0.2C cycling of 19 mm Celgard and 90/10 PI/PSSQ separators, and (b) 

0.2C cycling comparison of 16 mm to 19 mm separators 

 

4.1.4 Separator Thickness 

The non-woven separators initially being used were calendered to 25 μm, which is 

the thickness of the reference Celgard used and benchmark for lithium-ion batteries. 

After sorting out the electrolyte ratio and separator diameter and moving back to 

aluminum-based slurry cathodes for better overall performance, the two main failure 

mechanisms were still present. It was thought that by providing a larger barrier 

between the two electrodes, there would be greater resistance to polysulfide diffusion, 

thus minimizing the failure mechanisms. By using separators with areal loadings of 

about 2 mg/cm2 and higher, and cold-calendering them to 50 μm, these types of failure 

were eliminated. As discussed in Chapter 2, these separators are still believed to be the 

thinnest non-woven separators for Li-S.  
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4.2 Polyimide/Ceramic Separators as a Framework for Further 

Separator Modifications 

The polyimide/polysilsesquioxane separators developed in Chapter 2 can serve as 

an improved foundation for the typical separator or electrolyte modifications found in 

lithium-sulfur literature. The reduce graphene oxide (rGO) interlayer investigated in 

Chapter 3 shows the efficacy of one such modification. However, rGO only provides a 

physical barrier to stop polysulfides from shuttling to the anode. Developing 

interlayers that can physically or chemically trap polysulfides in the cathode region as 

well could further enhance the obtained battery performance. Initial work on a few 

such interlayers has been completed, but they need to be developed further. Another 

interesting Li-S modification is the use of gelled electrolyte.  

 

4.2.1 Various Interlayers Applied to Polyimide/Ceramic Separators 

Many different types of interlayers have been developed for Li-S systems, but 

most have been applied to basic microporous membranes. The rGO interlayer for 

PI/PSSQ separators developed in Chapter 3 provided an upper current collector to 

reduce dissolved polysulfides and improve sulfur utilization even at low current 

densities. Various other interlayers have been attempted, on either PI/PSSQ or Celgard 

membranes, but the electrolyte ratio needs to be adjusted for the different coatings to 

obtain optimal Li-S performance. All interlayers were applied using the air-controlled 

electrospray method.  

One potential interlayer is to coat the surface of PI/PSSQ separators with a 

polymer, such as PVDF-HFP, to provide a more solid additional layer to prevent 
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bulky polysulfides from shuttling through the separator. A polymer coating is more 

densely packed than rGO sheets and offers greater resistance to polysulfide diffusion. 

One such coating is shown in Fig. 4.3. At the loading applied, the PVDF-HFP coating 

reveals areas of total (Fig. 4.3a) and partial (Fig. 4.3b) coverage on the non-woven 

membrane. It is not clear which would be more beneficial to block polysulfide 

diffusion while not impeding lithium ion transport and overall cell performance.  

 

Figure 4.3. 90/10 PI/PSSQ separator coated with 0.48 mg/cm2 PVDF-HFP, revealing 

(a) completely coated and (b) partially coated regions.  

 

Another interlayer that has been initially explored on PI/PSSQ was an additional 

PSSQ coating. This layer is shown in Fig. 4.4, where it helps to bind fibers together 

and fill some of the surface pore space of the non-woven membrane, similarly to 

PVDF-HFP in Fig. 4.3b. A ceramic interlayer has the added benefit of Lewis acid-

base interactions with the electrolyte to improve electrolyte affinity of the overall 

separator, and potentially ionic conductivity.  
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Figure 4.4. 90/10 PI/PSSQ separator coated with an initial 0.42 mg/cm2 layer of 

PSSQ, then heat treated at 300 °C for 3 hours under air.  

 

Several carbon/polymer hybrid interlayers were also coated on Celgard separators. 

rGO combined with a polyacrylic acid (PAA) binder increases the strength of the layer 

compared to the roughly stacked rGO sheets shown in Chapter 3 and prevents possible 

crack formation. Using a more ionically conductive polymer in combination with 

electrically conductive rGO should allow the interlayer to more easily allow the 

passage of lithium ions while trapping polysulfides and allowing them to remain 

electrochemically active through the electrically conductive pathways the rGO 

provides. To this effect, interlayers of rGO/Nafion and rGO/PEDOT:PSS have also 

been electrosprayed onto the surface of Celgard. Increased electrolyte needs to be 

2 μm 
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added to with these layers to ensure proper wetting and reduce the overpotential for 

reactions to occur.  

 

4.2.2 Pre-Gelled Polyimide/Ceramic Separators for Lithium-Sulfur Batteries 

 A polymer “cage” can be formed around liquid electrolyte, known as gel polymer 

electrolyte (GPE). These GPEs are an intermediate between liquid electrolyte and 

solid electrolytes, as they combine aspects of both. In lithium-sulfur, GPE can help to 

reduce polysulfide shuttling by lowering their solubility in the electrolyte, suppress 

dendrite formation, and improve overall battery safety.1 However, GPEs tend to suffer 

from reduced ionic conductivity and poor performance at higher charge/discharge 

rates.1 One method to form GPEs is by adding a reactive monomer and an initiator to 

liquid electrolyte, then applying ultraviolet irradiation or heat to crosslink the 

monomers.2,3 Synthesizing the GPE in this manner lowers interfacial resistance with 

the electrodes. 

Higher ionic conductivity of non-woven PI/PSSQ separators could help to balance 

the obstruction caused by gelling electrolyte. The PI/PSSQ separators showed 

improved performance at high rates compared to Celgard, so combining these with 

GPE could show superior high-rate performance against gelled Celgard as well. Using 

GPE with PI/PSSQ separators also has the added safety benefits from reducing liquid 

electrolyte leakage and potentially limiting dendrite penetration. However, the high 

electrolyte uptake of PI/PSSQ may cause a high uptake of polysulfides before the 

liquid electrolyte is gelled, trapping a significant portion of polysulfides in the 
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separator. Therefore, a method of pre-gelling the separator before assembling it in a 

Li-S cell should be explored and compared to the traditional method.  

 

4.3 Use of Alternative Polyimides and Ceramics for Lithium-Sulfur 

Non-Woven Separators 

There are various other combinations of polyimide and ceramics that could be 

explored for electrospun polyimide/ceramic separators. In Chapters 2 and 3, a soluble 

version of polyimide (P84, Evonik) was used. However, other forms of soluble 

polyimide exist with different chemical structures, which may enhance electrolyte 

interactions and affect membrane properties such as fiber size and swelling in liquid. 

One such polyimide has the structure termed Matrimid, and is commercially 

available.4 The most studied route to forming electrospun polyimides is through 

electrospinning the soluble polyimide precursor, known as polyamic acid.5,6 After 

electrospinning, the obtained fiber mats go through a series of heat treatment steps to 

imidize the precursor, resulting in polyimide fibers.  

Other routes to forming electrospun polymer/ceramic composite electrospun fibers 

include adding ceramic particles directly into the solution to be spun,6,7 or adding 

ceramic precursors instead to avoid issues such as particle aggregation and phase 

separation.8–10 Organopolysilazane (OPSZ) is a liquid silicon oxycarbide precursor 

that is readily miscible with polyimide/N,N-Dimethylformamide (DMF) solutions, and 

can form ceramic domains within and on the surface of fibers.9 

In Chapters 2 and 3, P84 polyimide was used with a ladder polysilsesquioxane known 

as PMK (DJ Semichem). Electrospun fiber mats were also made with Matrimid/PMK 



82 

 

and Matrimid/OPSZ (EMD Performance Materials) combinations, using similar 

electrospinning conditions as for P84/PMK that could be further optimized. For 

Matrimid combinations, the initial polymer concentration was set at 17.5 wt% in 

DMF. Up 30 wt% solid content of ceramic in the fibers was attempted for both P84 

and PMK in Matrimid. Issues with either large (approaching 1 μm) fibers or bead 

formation were present at high ceramic concentrations but altering the conditions 

could solve these problems. Examples of 90/10 Matrimid/PMK and Matrimid/OPSZ 

are shown in Fig. 4.5. Using OPSZ improved the ease of spinning, but time sensitivity 

issues were observed because the OPSZ precursor can begin to cure at room 

temperature while electrospinning is ongoing. Different polyimides and ceramic 

combinations should be investigated for use as separators in lithium-sulfur batteries. 

 
Figure 4.5. Digital images of (a) 90/10 Matrimid/PSSQ and (b) 90/10 

Matrimid/OPSZ. 
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