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Abstract 

The breadth and impact of lithium batteries has grown rapidly and will continue to 

increase as energy storage becomes a crucial method of reducing carbon 

emissions, through electrification of transport and the balancing of renewable 

electricity generators. Current state-of-the-art transition metal oxide/graphite-

based batteries are nearing their theoretical limits, therefore new materials and 

technologies will be relied on for the necessary increases in performance and 

safety of future energy storage.  

 

Spray deposition encompasses a range of aerosol-based coating techniques 

which build thin films of material in a layer-by-layer fashion, allowing precise control 

over the through-thickness structure of the electrode.  

 

In this work, a spray deposition-based technique for electrode manufacture is 

developed with the aim of creating through-thickness gradients within battery 

materials to solve critical issues which plague these chemistries. This gradient 

spray technique was applied to three different battery chemistries: lithium sulfur, 

solid-state and silicon anodes, with the intent to demonstrate the importance of 

non-homogenous electrode design in optimising the electrochemical performance 

of a wide-range of materials. Graded electrodes were manufactured, characterised 

and tested to further understand the influence of the gradient on the intrinsic 

properties of the battery. Gold catalyst gradients in lithium sulfur cathodes 

improved capacity retention at high discharge rates when gold content was 

increased towards the electrode surface. Graded cathode to polymer electrolyte 

electrodes reduced resistance and improved battery lifetime and performance in 

solid-state batteries. Finally, grading silicon towards the current collector was 

shown to extend the lifetime of silicon/graphite anodes. Considerations were made 

into the commercial viability of spray deposition as a battery manufacture 

technique, with a focus on reduced manufacture time and cost, through 

combination with traditional slurry-based methods. The goal of this work was to 

explore proof-of-concept designs for a commercially viable electrode manufacture 

method that promoted complex and intricate designs to progress new battery 

technologies.   



   

 

6 

Impact Statement 

The manufacture of battery electrodes is crucial in determining the cost, 

performance and safety of batteries, which hold a key role in the global reduction 

of carbon emissions necessary to prevent further climate change. While current 

manufacturing methods are optimised for state-of-the-art battery materials, new 

developments in battery chemistry and electrode structure require more complex 

designs that can only be achieved with new manufacturing techniques. Novel 

battery technologies can benefit from specific electrode design and the introduction 

of electrode non-homogeneity in influencing key battery performance metrics, thus 

accelerating the technologies and prompting commercial and industrial adoption. 

Many of these novel battery technologies offer reductions in cost, alongside 

increased capacity and lifetime when compared to traditional transition metal 

oxide/graphite lithium-ion batteries which is crucial for the growing EV and energy 

storage market.  

 

Spray deposition is an industrially relevant technique for manufacturing thin films 

on a wide variety of substrates. Adapting the spray process for battery materials 

opens up a wide variety of potential structures and adaptations of typical and new 

battery materials. The layer-by-layer nature of the spray method allows for material 

or structural gradients to be introduced into the electrode, therefore optimising both 

sides of the film for their specific environments and functions. This thesis aims to 

develop a gradient spray technique and apply it to a range of new battery materials 

with the aim of improving performance and remediating key issues. This work 

benefits the battery electrode manufacturing community by demonstrating and 

proving the benefits of a more specific deposition approach and exhibits spray 

deposition as a viable industrial manufacture method for large scale battery 

manufacture. This proof-of-concept work aims to develop an under-researched 

technique and demonstrate the benefits in a wide range of battery materials. It is 

shown that gradient manufacturing can be used to tackle key battery 

characteristics such as rate performance, resistance build-up, and battery lifetime 

in lithium sulfur, solid-state and silicon/graphite batteries respectively. In addition, 

a combination slurry-coating/spray deposition method is demonstrated to further 

reduce manufacturing cost and time while maintaining electrode design specificity, 
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a technique which would not incur much additional cost to current manufacturers 

and could greatly enhance battery performance. While this work covers three main 

battery materials, this is not exhaustive and it is hoped that others find further 

battery chemistries in which greater electrode design specificity is required.  

This thesis contains novel manufacturing techniques, alongside significant battery 

performance improvement through the use of graded materials. This work was 

done in conjunction and collaboration with the UK’s Faraday Institution. The results 

of these collaboration were disseminated through talks and posters at conferences, 

notably at the Materials Research Society and Electrochemical Society annual 

meetings. The methodology created in this work has been utilised to manufacture 

materials that have now been patented, and has been included in published journal 

articles. Much of this work has been conducted in collaboration with other 

institutions, across the UK and abroad, notably with Oxford University and Arizona 

State University.  
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Chapter 1 Introduction 

1.1 Overview 

The twenty-first century faces an unprecedented climate crisis, marked by rising 

global temperatures, extreme weather events, and the depletion of natural 

resources. This urgency calls for transformative approaches across energy 

generation, storage, and consumption to mitigate greenhouse gas emissions. 

Battery technology has emerged as pivotal for achieving a sustainable, low-

carbon energy future. Renewable energy sources such as wind and solar are 

inconsistent, thus energy storage technologies that balance power generation 

with demand can further reduce reliance on fossil fuels. Batteries, as a dominant 

energy storage technology, play a critical role in enabling renewable energy 

systems and supporting resilient energy grids alongside powering the shift in 

transportation towards electric vehicles. 

 

Batteries convert chemical potential energy into electrical energy through 

electrochemical reactions that occur within the device; rechargeable batteries can 

be utilised many times repeatedly to store and transmit energy. Lithium-ion 

batteries have emerged as the key chemistry in this field and are abundant in 

day-to-day life, powering personal electronics and electric vehicles worldwide due 

to lithium’s high energy density.1 The ever-growing need for higher capacity, 

longer lifetime and greater durability of batteries inspires research into new 

technologies and chemistries, often focussing on safety, energy density and 

affordability.2 

 

Current battery technologies, especially lithium-ion, depend on finite and often 

environmentally detrimental resources like lithium, cobalt, and nickel, which are 

associated with mining practices that can cause substantial environmental and 

social harm. The reliance on these expensive and scarce materials keeps prices 

relatively high, and fluctuations in these resource markets can drive up costs 

further. Replacing some of these elements gives more economic stability 

alongside resource longevity and in some cases further improves battery 

capacity.3 Safety is another significant concern as current lithium-ion batteries 

are susceptible to overheating and fires, due to the flammable nature of the liquid 

electrolyte. Early warning systems and monitoring systems provide some 
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reassurance but replacing this liquid electrolyte with a solid one reduces the risks 

and paves the way towards the use of higher capacity materials.4 

 

As demands in lithium-based batteries increases, work into optimisation of 

current and new materials is crucial to compete with and ultimately replace 

existing technologies. Industrial manufacturing methods are built for speed and 

consistency but lack the ability for specific material and thin-film design.5 All 

battery materials require intricate fabrication of thin electrode materials, the 

properties of which affect the performance and lifetime of the cell. Spray 

deposition is a potential industrial manufacture method for battery electrodes 

which unlocks the ability for the manufacture of non-homogenous electrodes, 

therefore specific location-based challenges within the electrode can be tackled. 

Precise control over the through-thickness properties of an electrode can be used 

to optimise electrical and ionic conductivity and has the potential to minimise 

issues which are seen as crucial obstructions in the commercialisation of new 

battery technologies. 

 

This work is focussed on the spray deposition of three battery materials, 

particularly the manufacture of gradients within these materials to further optimise 

both the performance and the lifetime of the cell. The three battery materials 

researched here are: gold catalysed sulfur cathodes for lithium sulfur batteries, 

polymer electrolytes for solid-state batteries and high-capacity silicon/graphite 

anodes. 

1.2 Lithium-ion batteries 

The lithium-ion battery began in the 1970’s with Whittingham’s lithium titanium di-

sulfide rechargeable battery.6 This was furthered by Goodenough’s7 work on 

lithium cobalt oxide cathodes and Yoshino’s work8 on carbon anodes; the metal 

oxide/graphite battery was commercialised by Sony in 1991. The lithium-ion 

battery used today generally consists of a metal oxide cathode (positive) and a 

graphite anode (negative) which act as intercalation hosts for lithium ions which 

move back and forth between them in a ‘rocking chair’-like fashion. The mass 

adoption of lithium-ion batteries is a result of their high capacity and long lifespan 

and thus they have replaced more traditional battery types like nickel metal 

hydride and lead acid in most functions.3 
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 Many metal oxide cathode compositions have been utilised with different 

materials offering alternative benefits such as: LiCoO2; a high capacity cathode 

which is used for lightweight portable electronics and LiFePO4 (LFP); a lower 

capacity but longer lifetime cathode which is used for electric vehicles and grid 

storage,9 see Figure 1-1.   

 

 

Figure 1-1: Comparison of different battery cathode materials in terms of key 

characteristics. Reproduced from Miao et al.9 

 

Lithium-ion batteries function through the movement of lithium ions from one 

electrode to the other via an organic liquid medium termed the electrolyte, see 

Figure 1-2. Upon charging, lithium ions move to the anode where they intercalate 

between the graphite layers and combine with an electron. On discharge they 

lose this electron and move towards the cathode where they intercalate and 

subsequently recombine with the electron. Between the two electrodes is an 

electrically non-conductive separator which prevents internal electron flow 

thereby allowing for energy storage in a chemical form.  
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Figure 1-2: Illustration of a traditional lithium-ion battery. Reproduced from Roy 

et al.10 

 

The electrochemical reactions of a lithium-ion battery involve the movement of 

both lithium ions and electrons from one electrode to the other. Table 1-1 

indicates the reversible electrochemical reactions upon discharge of an 

LFP/graphite battery, demonstrating the movement of Li+ and e- from the anode 

to the cathode.  

 

Table 1-1: The electrochemical reactions of a lithium-ion (LFP) battery 

Electrode Reaction 

Anode 𝐿𝑖𝑛𝐶6 ⇌ 𝐿𝑖0𝐶6 + 𝑛𝐿𝑖+ + 𝑛𝑒− 

Cathode 𝐿𝑖𝑚−𝑛𝐹𝑒𝑃𝑂4 +  𝑛𝐿𝑖+ + 𝑛𝑒− ⇌ 𝐿𝑖𝑚𝐹𝑒𝑃𝑂4 

Total 𝐿𝑖𝑛𝐶6 + 𝐿𝑖𝑚−𝑛𝐹𝑒𝑃𝑂4 ⇌ 𝐿𝑖0𝐶6 + 𝐿𝑖𝑚𝐹𝑒𝑃𝑂4 

 

Due to an ever-growing need for improvements in all characteristics of lithium-ion 

batteries, new electrode materials and chemistries may advance battery safety, 

capacity, cost, and lifetime. For example, silicon-containing anodes increase 
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battery capacity but are hampered by poor cycle life often degrading quickly thus 

slowing their commercialisation. Solid-state batteries replace the flammable liquid 

electrolyte with a safer solid one, this not only improves the safety of existing 

battery chemistries but also promotes research into high capacity electrodes that 

have not yet been adopted due to safety risks. Solid-state electrolytes suffer from 

poor lithium ion conductivity, therefore perform worse at high charge and 

discharge rates. New battery designs that employ different electrochemical 

reactions such as lithium sulfur batteries, which utilises an ultra-high capacity 

cathode that transitions between solid sulfur and lithium sulfide via soluble 

polysulfide intermediates, offer an alternative to traditional mechanisms but 

require more optimisation and analysis of issues that degrade materials and 

shorten battery lifetime.  

1.3 Spray deposition 

Spray deposition has been used to manufacture materials for fuel cells, 

supercapacitors, electrolysers, and solar cells alongside some research into its 

uses for battery electrodes.11 Spray deposition is a thin film manufacture method 

that is used to deposit homogenous, discrete layers of material on a substrate. It 

works by forming an aerosol through atomisation of a suspension of precursor 

material, then directing the droplets towards a substrate, at which point the 

solvent is evaporated leaving the solids behind. In the context of energy device 

manufacturing, spray deposition provides several distinct advantages. Spray 

deposition is compatible with a wide range of materials and can be scaled up to 

large areas, making it a useful tool in the testing and commercialisation of new 

materials. Because of its layer-by-layer deposition method, in contrast to 

traditional slurry coating practices, precise tuning of layer properties such as 

porosity, conductivity, and material type can be achieved, allowing for 

optimisation of electrochemical activity and durability. While there is a great deal 

of research into spray deposition of battery materials, very little of it utilises this 

key impact of layer-by-layer deposition, especially in the context of new battery 

materials.12,13 By harnessing the intricate control over electrode properties 

alongside the compatibility of spray deposition with many materials, several key 

challenges facing new battery materials and chemistries may be tackled, using 

electrode design to elongate battery lifetime and increase performance.  
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1.4 Research motivation 

There is a global push towards new battery chemistries and materials that will be 

crucial in tackling the energy storage requirements of portable electronics, 

renewable energy generation and transport. One method of improving the 

characteristics of existing materials and the development of new materials is 

through precise structuring of electrodes. Control over aspects of an electrode 

such as porosity, conductivity or material choice can improve performance and 

negate the onset of degradation. Spray deposition represents a highly specific 

and targeted manufacture method, it gives through-thickness control of electrode 

structure in a layer-by-layer fashion which is not possible with current slurry-

based manufacture methods. Currently spray deposition has been under-utilised 

in the method, and there is limited research on the properties of thin films made 

in this way.  

This work aims to manufacture battery electrodes using ultrasonic spray 

deposition, studying the effects of non-homogenous films on battery 

performance. Novel spray deposition methods will be used to manufacture 

gradients into battery electrodes to optimise placement of materials to enhance 

performance and lifespan. This proof-of-concept work aims to demonstrate how 

spray deposition can be used to manufacture graded electrodes, which can 

provide benefits towards battery performance. This involves developing a new 

gradient spray manufacturing technique alongside optimisation of the 

manufacture process for materials that have not been spray deposited previously. 

The battery chemistries chosen (lithium sulfur, solid-state and silicon anode) 

represent a broad spectrum of novel battery technologies. It is hoped that the 

effectiveness and impact of graded battery electrodes will be furthered to other 

materials and battery chemistries and the manufacturing approach taken up by 

the energy storage industry as a viable deposition method. 
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1.5 Thesis overview 

This thesis begins with a review of the literature on spray deposition of battery 

materials, comprising all the major themes on the manufacture of anodes, 

cathodes, solid-state electrolytes, and artificial interfaces; focussing on the effect 

of spray parameters such as temperature, air flow, and atomisation type on the 

manufactured electrode architecture. The review concludes with the current 

research into full cell, multiple layer deposition and layered electrodes alongside 

the current literature on spray deposited gradients.  

Following this, a deep dive into the methodology and learnings of the design of 

the gradient spray manufacture process is presented, including studies into the 

effects of lesser-researched spray parameters and their subsequent impact on 

material properties.  

The three results chapters encompass three different material gradients, the 

results of experimental work performed by the author. These comprise of 

manufacturing gold gradients into lithium sulfur cathodes to improve rate 

performance, graded composite cathodes for enhanced performance of solid-

state polymer electrolyte batteries and, optimisation of silicon placement in 

graded silicon graphite anodes. These chapters consist of a wide range of new 

battery materials and chemistries to highlight the effectiveness of graded 

electrode manufacture and spray deposition in combatting specific issues, and 

its relevance to energy materials.  

This work concludes with a summary discussion of the impact of the graded 

electrode structure alongside the efficacy of spray deposition and the potential 

for this methodology in the future, specifically the steps that could be taken to 

ensure industry involvement and commercial uptake of these designs.  
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Chapter 2 Literature Review 

2.1 Introduction 

2.1.1 Overview 

Spray deposition is a proven industrial manufacturing method to coat thin films of 

materials for a wide range of applications; notably in the energy materials field, 

spray deposition has been used for fuel cell manufacturing.14 It has been applied 

to battery materials in a few cases, often for next generation materials or 

technologies, and has been shown to be useful in both aiding the manufacture 

and functionality of these materials. Spray deposition can be used to deposit films 

quickly and easily on a variety of substrates, including existing battery materials, 

with a range of macro and microstructures available to optimise the material and 

chemical properties of the final film. The techniques and precise methods of spray 

deposition vary depending on the desired structure or chemistry of the thin film; 

parameters such as temperature, solvent, atomisation method and air flow rate 

can all be used to influence final film structure. This review covers research into 

spray deposition of battery materials, from cathode and anode to solid-state 

electrolyte and full cell manufacture, discussing the effect of spray parameters, 

processability and versatility of the spray process, and the subsequent coating 

performance.  

2.1.2 Broader context 

Global battery demand is expected to grow by 25% annually, it is expected that 

by 2030 electric vehicles will make up 83% of the predicted 2,600 GWh of battery 

storage by 2030, according to a report in 2019 by the World Economic Forum.15 

The Intergovernmental Panel on Climate Change (IPCC) AR6 report in 2022 

clearly highlights that the steep drop in battery costs have increased electric 

vehicle viability and that batteries could have significant roles to play in rail and 

heavy goods vehicles, although technology advancements are needed. Batteries 

are also critical to renewable energy generation, providing frequency regulation, 

voltage support and smoothing the curve between high peak and low peak usage 

times. The report also concedes that mineral costs, availability, and mining 

issues, as well as battery safety and lifetime are key issues surrounding battery 

technology.16 Many of these issues are key topics of current battery research, 

with new battery chemistries such as lithium sulfur aiming to reduce mineral 
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concerns, solid-state batteries to reduce safety risks and much research aiming 

to improve performance of existing chemistries.   

2.2 Current manufacturing methods of electrodes 

Current lithium-ion battery manufacturing concerns the traditional chemistry of a 

metal oxide cathode paired with a graphite anode coated on metal current 

collectors with a liquid organic electrolyte. Both the cathode and anode films are 

usually coated via a slurry-based method; the most used industry technique for 

this is slot die coating which involves forcing a viscous slurry through a slot onto 

a substrate, then evaporating the solvent. The coating process itself is quick, 

compatible with roll-to-roll processing and gives the ability to control thickness.17  

Slot die coating remains a very fast and cheap method of producing large 

amounts of electrode, therefore it is commonplace in industry, however, there 

remains some issues surrounding both the deposition process and the structure 

of the subsequent film, particularly with solvent evaporation.18  

 

Slurry-based coating methods require a solvent in which to disperse the battery 

materials, in industry this is commonly N-Methyl-2-pyrrolidone (NMP). NMP is a 

good solvent for the binder material polyvinylidene fluoride (PVDF) and is 

excellent at dispersing often hard to work with battery materials. Unfortunately, 

NMP poses significant safety hazards, both toxicity and flammability, due to this, 

manufacturing plants are obliged to implement recovery and reuse procedures 

for NMP which contributes significantly to the cost of manufacturing. NMP has a 

high boiling point (202 °C), therefore the requirement for extended high 

temperature drying steps to evaporate the solvent also increase costs of battery 

manufacture and it is estimated that the recovery process of NMP costs 10 kWh 

per kg of NMP and that for a factory producing 50 million cells annually, the drying 

process is 19% of total energy use.19,20  

2.2.1 Subsequent electrode properties 

The long drying time associated with slurry-based coating methods influences the 

quality of the film; during the evaporation step, components within the slurry can 

settle and reorganise. As the solvent evaporates from the top of the film, it pulls 

the binder and conductive carbon with it, therefore leaving a higher proportion of 

non-active material nearer the electrolyte causing slower lithium diffusion into the 

bulk of the electrode.5 The drying step is often the cause of defects within the 
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electrode as stress develops within the film as the solvent evaporates. This can 

be the cause of cracks, delamination, and curling, which can decrease 

performance and safety and increase cost through material wastage.5 Slot die 

coating is limited in the complexity of the electrode it can produce as generally it 

can only be used to make a homogenous film; although bilayer slot die coating is 

possible it has not been actively researched, and its limitations are unknown.18  

 

The goal of electrode coating would be to remove the solvent entirely, this would 

prevent both the cost of the solvent, recapture, and drying steps as well as 

potential deformations during drying. There are studies demonstrating this in 

principle using spray drying and a heated roller, but it is still far from 

commercialisation.21 

Other options involve replacement of expensive and dangerous organic solvents 

like NMP with less toxic organic solvents or water. This reduces manufacturing 

costs and drying times, however water-based slurries have been proven to form 

electrodes that are more prone to cracks and deformation.20  

2.3 Solid-state electrolytes 

One of the potential objectives for future batteries is the transition away from 

liquid electrolytes; this is partially down to the need for higher energy density 

anodes. Current graphite anodes prioritise safety over energy density, in contrast 

to a pure lithium metal anode. Lithium metal anodes, with their increased 

capacity, present a promising proposition to meet the need for higher capacity 

batteries, but they are hampered by dendrite formation. These dendrites can 

short the cell which causes a spike in temperature and the possibility of fire. 

Current liquid electrolytes are highly flammable and only exacerbate the danger 

when paired with a lithium metal anode. Solid-state electrolytes (SSE) aim to 

remove this safety risk and, alongside their potential to prevent lithium dendrites, 

can help the progression towards lithium metal anodes.  

 

True solid-state batteries are not yet a widespread commercial reality although 

there are a few different materials that are of considerable interest. These include 

thin films, inorganic ceramic materials and organic polymers, Figure 2-1 

demonstrates the main materials used for SSEs and their benefits and 
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drawbacks. The most studied tend to be the oxide, sulfide and polymer types, 

and will be the main types discussed here.22 

 

 

Figure 2-1: Types of SSE material and their properties. Reproduced from 

Manthiram et al,.22 

 

Inorganic solid-state electrolytes (SSEs) such as lithium lanthanum zirconium 

oxide (LLZO) and lithium phosphorous oxynitride (LiPON) boast high Li+ 

conductivity and stability, they suffer from complexities in manufacturing, high 

processing costs and difficulties in device integration, whereas sulfide-based 

SSEs are cheaper and easier to process but have poor electrochemical stability 

when paired with lithium.22 Polymer-based electrolytes or solid polymer 

electrolytes (SPE’s), such as polyethylene oxide (PEO), benefit from cheap 

slurry-based manufacturing methods but have limited electrochemical stability 

windows and poorer Li+ conductivity.23–27 

 

One of the key issues with SSEs is the industrial manufacturing cost and 

feasibility. In research environments, inorganic type SSEs are made by pellet 

pressing and sintering28 and thin film SSEs by vapour deposition29 and atomic 

layer deposition30, all of which are expensive and time consuming. Polymer SSEs 

have the advantage of being both cheap and simple to manufacture.22 For a 

battery material to have an impact it needs to have a cheap, scalable manufacture 
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method and for most current SSE materials, slurry-based processes do not seem 

appropriate.  

2.3.1 Solid-state interfaces 

One of the most notable manufacturing issues with SSB’s is the interface 

between the electrolyte and the cathode. The standard method of assembly 

involves manufacturing the anode, cathode and SSE separately and subsequent 

assembly, which leads to a large interfacial resistance or gaps between the 

layers. There has been work on improving this boundary by adding interlayers 

such as niobium between the electrode and SSE, however this only adds to the 

complexity and cost of an already difficult manufacture process.31 Other methods 

involve co-sintering of the electrode and SSE together to properly fuse the layers; 

while this does improve the interfacial issues, and it significantly reduces the 

sintering temperature required it still requires pellet pressing at high pressures of 

10 MPa.32 Other techniques use vapour deposition to form a well contacted thin 

film of cathode on the surface of the SSE pellet, but this is both costly and slow.33. 

It was found that slurry coating lithium titanate oxide onto a ceramic SSE yielded 

lower impedance and higher capacities than a clearly defined boundary, thus 

showing improved interface interactions, but this still required pellet pressing of a 

ceramic SSE.28 The ability to manufacture both the cathode and SSE layers 

sequentially and in situ would allow for the most industrially scalable process 

2.4 A detailed explanation of spray deposition 

Spray deposition is a broad term that encompasses the use of an air flow to direct 

solid particles, dispersed in a liquid, towards a substrate. Often the substrate is 

heated to evaporate the solvent; the pathway from the nozzle to the substrate 

may also be heated so that the solvent is evaporated before the particles are 

deposited and this is the procedure for spray drying. The material films are built 

up slowly over time so that the structure is manufactured in a layer-by-layer 

fashion which gives significant control over the through-thickness macrostructure 

as well as the thickness of the final film. There are also a wide range of 

parameters that can affect the structure of the film, these include: temperature of 

the substrate or heating method, material flow rate, air flow rate, deposition time, 

and the voltage difference between nozzle and substrate, alongside many more 

parameters based around the material dispersion to be sprayed.  
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In standard solution-based spray deposition, the dispersant in solution is pumped 

through a nozzle where high pressure air ejects it towards a heated substrate. 

When this air flow impacts the solution stream it breaks it apart into small droplets, 

termed atomisation, creating a fine mist of solvent particles containing the 

material to be coated. While high pressure air is the simplest way to achieve 

atomisation, other methods can also be used such as ultrasonic vibrations, 

hydraulic pressure, or potential difference (electrostatic). The droplets then 

deposit onto a substrate where the remaining solvent is evaporated if it has not 

already evaporated in flight. Thin films are built up over many layers giving 

precise control over final film thickness, mass, and area. Because the material is 

deposited sequentially and not in a one step process like doctor blading or slot 

die coating there is more control over the composition of the film throughout the 

thickness of the electrode. However, this also means that spray coating is a 

slower, more expensive process.5 

2.4.1 Potential for spray deposition 

In response to the issues surrounding slurry-based electrode coating such as the 

limitations in electrode design, a lack of control over the definite properties of the 

electrode, cost and issues surrounding solvent evaporation, and difficult 

manufacturing challenges of SSEs, spray deposition offers a method of directly 

forming thin films with minimal evaporation time and good precision.  

Spray deposition comes in many forms including, pyrolysis,34 electrostatic,35 

ultrasonic,36 cold spray,37 spray drying38 and powder spray.21 This review aims to 

cover how each of these can be used to help solve both manufacturing and 

materials-based issues surrounding battery anodes, cathodes and SSEs, as well 

as combinations of these in half or full-cell designs.  

2.4.2 Types of spray deposition 

There are many variations of spray deposition, depending on the materials and 

applications. Many differ in terms of atomisation methods and in the spray 

equipment while other methods rely on changes of material. Figure 2-2 

demonstrates schematics of a few of the main types of spray deposition. 

Furthermore, Table 2-1 compares three types of spray deposition, air spray, 

ultrasonic and electrostatic on their compatibility with different materials and 

substrates, control over particle size and therefore porosity and industrial 

scalability. While air spray is the simplest to scale up and has the broadest 
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compatibility, ultrasonic and electrostatic provide greater control over particle 

size, with ultrasonic spray deposition having greater compatibility and scale-up 

potential than electrostatic.  

 

 

Figure 2-2: Schematics of air spray, ultrasonic spray, and electrostatic spray 

deposition 

 

Table 2-1: A comparison of three spray deposition types. 

Spray type Air Ultrasonic Electrostatic 

Solution 

compatibility 
High 

Medium – 

incompatibly with 

high viscosity 

Low – must be 

able to hold a 

charge 

Substrate 

compatibility 
High High 

Low – must be 

conductive 

Particle size 

control 

 Minimal – broad 

range of sizes based 

on air pressure 

Medium – based 

on ultrasonic 

power 

High – based on 

potential 

difference 

Industrial 

scalability 
High Medium 

Low – more 

difficult set-up 
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2.4.2.1 Ultrasonic spray deposition 

Ultrasonic spray deposition (USD) uses a sonicating nozzle tip to atomise the 

solution, which means a lower air flow is needed to direct the particles to the 

substrate. The sonicating nozzle imparts high frequency sound waves into the 

liquid which creates standing waves on the surface of the tip, these are ejected 

from the tip to form droplets.39 By varying the frequency of the ultrasonic nozzle 

between 25 kHz and 180 kHz it is possible to change the size of the atomised 

particles, with a higher frequency giving larger drop sizes, see Figure 2-3. USD 

gives excellent control over the size of droplet sizes, which can ensure film 

homogeneity alongside removing the necessity for high pressure airflow which 

reduces safety risks and improves the control and focus of the spray shape.39 

 

Figure 2-3: The median droplet size of atomised isopropyl alcohol, at different 

ultrasonic frequencies. Reproduced from the SONOTEK website.39 

 

2.4.2.2 Electrostatic spray deposition 

Electrostatic spray deposition (ESD) uses a voltage difference between the 

nozzle and the substrate to impart a charge to the solution. A DC voltage between 

5-20 kV is applied to induce atomisation at the tip of the nozzle.40 The charged 

solution particles repel each other to form droplets that are then attracted to the 

oppositely charged or grounded substrate, thus forming of an evenly distributed 

film. Altering the voltage difference can also affect the size of the atomised 

droplets.41 The lower limit, or onset voltage of atomisation is usually ~5 kV and 
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depends on the nozzle substrate distance and the electrical conductivity of the 

spray solution.40 

2.4.2.3 Spray drying  

Spray drying is used to manufacture nano and microparticles which can then be 

used directly or separately coated into a film. It follows the same theory as other 

spray methods but instead of depositing the atomised droplets on a substrate, 

the solvent is evaporated entirely in flight, often extremely quickly. The speed of 

evaporation and the size of atomised particles is crucial to control the size and 

internal structure of the spheres and can be utilised to manufacture hollow 

particles.42 Figure 2-4 shows a detailed schematic of a spray dryer.  

 

Figure 2-4: Schematic of spray drying equipment, remade from Nguyen et al.43 

 

2.4.2.4 Other spray methods 

Dry powder spray and cold spray are lesser-used methods, although they have 

great potential for future manufacturing applications. Dry powder spray uses no 

solvent at all, which cuts industrial costs on solvents and heating/evaporation. It 

is seen as an ideal future method for manufacturing all solid-state batteries 

(ASSB’s), with many patents being submitted by Toyota in recent years.44 

Cold spray, or supersonic cold spray, uses high velocity impact of a dispersion 

onto a room temperature substrate. This not only evaporates the solvent but can 
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also be used to sinter ceramics in situ, without the need for high temperatures, 

which may also be crucial for the manufacture of inorganic-type SSEs.45 

 

The various methods of spray deposition cover a large area of the requirements 

for future battery technology such as more intricate design, control over through-

thickness structures, reduced solvent toxicity, removal of solvent and the ability 

to deposit hard to work with materials. The main pitfalls of spray deposition are 

based around manufacturing time and cost. The layer-by-layer deposition 

process is still slow and as the optimisation for battery materials is still immature, 

the cost is higher than traditional slurry coating methods. Hopefully with time and 

industry involvement, spray deposition can rival slurry-based methods on speed 

and cost and the additional benefits of this technology can be utilised on a large 

scale.  

2.5 Manufacturing of electrodes with spray deposition 

2.5.1 Electrode design 

One of the major challenges facing future battery technologies is based around 

increasing performance while also decreasing cost. 18% of the cost decline of 

lithium batteries in the last few decades has been associated with the price of 

cathode materials, alongside a 38% decrease due to better performance and 

cycle life.46 The manufacturing step also contributes a significant cost to the cell, 

with the cost of coating and drying the electrode estimated to be 19% of total cost 

in a factory producing 50 million cells annually, with this figure rising for smaller 

factories.20  New cathode materials tend towards increased surface area, which 

shortens lithium diffusion time, thus allowing for improved rate performance. Slot 

die-based slurry coating offers few options in designing 3D architectures, 

therefore these highly porous structures require a different manufacture 

technique. Spray deposition is an industrially relevant technique which opens up 

the possibility of designed electrode materials therefore providing enhanced 

functionality while maintaining good throughput. While spray deposition is used 

in fuel cell manufacturing and is considered low cost,47,48 battery electrodes tend 

to be thicker and require longer to manufacture therefore the cost of spray 

deposition is likely to be considerably higher than slot die coating, particularly in 

its current optimised state.5   
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New materials for anodes are a promising area of research; graphite is the current 

standard anode for most lithium-ion batteries and acts as an intercalation type 

electrode. It is becoming apparent that the theoretical capacity of graphite of 372 

mAh g-1 is too low to match our future storage requirements. Alongside this there 

are issues related to the solid electrolyte interface (SEI) formation and lithium 

plating which cause capacity loss and safety issues.1 While graphite is the 

industry standard, research into new anode materials aims to raise capacity while 

maintaining long cycle life. These new anode materials often involve an 

alternative alloy-based reaction to store lithium, which can offer increased 

capacity and safety, but requires careful consideration of electrode architecture 

due to volume expansion upon lithiation.  

The literature discussing the manufacturing of anode and cathode materials using 

spray deposition is focussed predominantly on a few small areas, including new 

alloy-type materials for anodes, and new structures for both anodes and 

cathodes. Spray deposition has mostly been used to manufacture novel electrode 

architectures for alloy-type anodes Si, SiO, SnO, MnO, and others, to combat 

issues related to volume expansion, irreversible reactions,49 and poor electronic 

conductivity.50  

There has been substantial work on spray deposition of cathode materials, often 

with an aim similar to the work on anodes; with definable structure51 and 

porosity52 being of key interest. Alongside this there is some literature on the 

manufacture of thin cathodes for use in micro batteries.53  

Although spray deposition is unlikely to compete cost wise with industrial slot die 

coating of current battery electrodes, it can make many aspects of electrode 

manufacturing more controllable, which is of considerable interest especially for 

new materials and structures. By altering parameters such as spray temperature, 

solution flow rate, air flow and deposition time, suitable architectures with 

controlled porosity, surface area and morphology can be manufactured, which 

are crucial properties in controlling volume expansion, irreversible reactions, and 

conductivity.  

2.5.2 Temperature effects on sprayed electrode architecture  

Perhaps the most important aspect contributing to electrode structure is the rate 

of solvent evaporation. During the spray, the atomised particles consist of the 

solid or solvated material inside a small solvent droplet. The dwell time between 
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this particle reaching the substrate and complete evaporation determines the 

level of reorganisation of solid material on the substrate, with slower evaporation 

times allowing the material to move and restructure. The temperature of the 

substrate and the boiling point of the solvent are the main factors that influence 

the solvent dwell time; solvent choice is often more limited as it must still be able 

to effectively disperse or dissolve the material.  

Temperature control is therefore one of the most discussed parameters in spray 

deposition; in work exploring this effect in lanthanum calcium chromite electrodes 

for solid oxide fuel cells (SOFC’s) the influence of on temperature on structure is 

clear. It was found that below 210 °C, a denser cracked structure (a) is seen, 

whereas a web-like reticular structure formed at substrate temperatures between 

210 °C and 240 °C, (b, c and d), with pore wall thickness decreasing with 

increased temperature. Above 300 °C a nanowire structure is seen instead (e).54 

Longer solvent dwell times formed more dense structures that were particularly 

susceptible to crack formation, whereas shorter dwell times formed highly porous 

3D structures. The structure of a material is inherent in its properties, particularly 

electrochemically; surface area, porosity and the 3D macro-architecture all 

influence performance and lifetime of electrodes, and it is clear here that 

shortening solvent dwell times introduces porosity into the film. The ability to 

influence electrode structure with a simple temperature change is of great 

importance for specific and designed manufacture.  
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Figure 2-5: SEM images of LCC thin films deposited on copper substrates at 

different temperatures: (a) 180 °C, (b) 210 °C, (c and d) 240 °C, and (e) 

300 °C. Reproduced from Jiang et al.54 

 

In work on battery materials, temperature effects have been studied for alloy-type 

anode materials to demonstrate a range of different structure that can be 

manufactured. These include tree-like SiO2,
55

 hollow Sn-C nanofibers,56 

hydrangea-like SiO,57pomegranate-like SiO,58  3D nanotube networks59 and 

many other reticular structures34–52. These reticular structures are characterised 

by a web-like network which contain large pores between the network in the 10’s 

of µm size range; often the walls themselves contain smaller pores of up to a few 

µm in size.73 It is thought that the pores are formed by the evaporation of the 

solvent after deposition of the droplet; the material reorganises to the edges of 
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the solvent particles therefore leaving pores in the centre of the droplet. If the 

temperature is increased, more of the solvent has evaporated prior to collision 

with the substrate, thus leaving smaller pores, however if the temperature is 

decreased, the solvent dwells for enough time on the substrate for the solid to 

reorganise into denser structures. This effect can also be taken advantage of by 

using a higher boiling point solvent, and much of the work uses a mix of two 

different solvents to achieve an appropriate boiling point, and therefore a reticular 

structure.60,63,64,66,67,69,71–74 Some work suggests that the surface tension of the 

substrate influences whether the film is reticular. When a copper substrate was 

used instead of aluminium, the reticular structure changed to cage-like particles, 

due to the bigger contact angle which is thought to inhibit the size of solution 

droplets on the substrate.54 The films precursors may also affect whether the film 

is reticular or not, with acetate-based precursors forming reticular films and 

nitrate-based precursors forming denser non-reticular films, however the exact 

cause of this is unknown.65,75 The reticular structure has been found to withstand 

the effects of volume expansion of the alloy material as it allows extra pore space, 

preventing disconnection and destruction of the anode.69 This has been shown 

to improve the cycle life of cells with reports such as 402 mAh g−1 after 100 cycles 

at a current density of 200 mA g−1,70 507.7 mAh g-1 after 100 cycles at a current 

density of 800 mAh g-1,71 and as high as 1466 mAh g-1 after 100 cycles at a 

current density of 400 mAh g-1.63 All of which are above the performance of 

current graphite anodes and provide promising choices for future high capacity, 

purposefully designed alloy-based anodes.  

 

2.5.2.1 Precursor material spray 

Often the material which is sprayed is the same as the one required in the film, 

this is usually the case for standard materials, where lithium iron phosphate 

dispersed in a solvent would be sprayed onto a substrate and subsequently 

assembled in a battery.76 However, in the case of graphite or nickel manganese 

cobalt oxide (NMC), these materials are difficult to disperse in a low viscosity 

solution. The benefit of a heated substrate allows for the formation of the material 

in situ, from the precursor salts. Much of the research into spray deposited 

reticular anodes utilises this method, using metal acetates or nitrates to form the 

final metal oxide compound. Often these precursors are deposited onto stainless 
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steel substrates at temperatures between 200 °C and 400 °C, before subsequent 

higher temperature heating steps.77,78 The additional benefit of this process is the 

removal of binder from the mix. As the material is synthesised in situ, the 

structures that form do not require binder to hold them together, thus increasing 

the active material% and the energy density of the electrode.77–81 There is also 

some suggestion of a reduced amount of required conductive additive, although 

much of the research still includes carbon nanotubes or graphite to enable 

conductivity.77,78  

2.5.2.2 Temperature effects on cathodes 

Much of the research into spray deposited cathode materials relates to the 

manufacture of defined 3D structures of lithium (nickel) manganese oxide 

(LMO82–89, LNMO90–93) from similar nitrate and acetate precursors. Creating high 

surface area electrodes decreases lithium diffusion time and improves rate 

performance, with some pseudocapacitive capability observed, which is useful 

for high power applications.84,89 However, due to the formation of an 

electrochemically inactive film on the surface of LMO and LNMO, higher surface 

area electrodes often have large irreversible capacity loss and large 

impedance.83,94  

It was found that USD could be used to manufacture cathodes with columnar-

type structures, and that the height and prominence of the columns increases at 

higher temperatures. At higher temperatures there is less mobility of the particles 

upon contact with the substrate, so they are more likely to form smaller less 

cohesive structures. This, combined with the shadowing effect, the idea that the 

particles are more likely to hit the top face of a pre-existing column leads to this 

structure formation.84  

There is also a consideration that during ESD, there is preference for particles to 

deposit on the top face of columns to remove their charge as quickly as 

possible.95 Forming structures in this way provides a method of increasing 

surface area, therefore improving the rate performance of the cell without 

changing the chemical composition.  

2.5.3 Air flow 

When using USD or ESD, which have different atomisation methods, an air flow 

may be used a means of directing the droplets towards the substrate. There is 

evidence that this air flow has influence on the final structure of the film. 
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Increasing the rate of air flow of a water-based spray was found to speed up the 

evaporation rate of the droplet, with a rate of 60 m s-1 causing complete 

evaporation before the droplet lands. The surface roughness of polymer films was 

found to decrease between 0 and 15 m s-1, due to the droplet size decreasing as 

evaporation rate increased. However, at 60 m s-1 the roughness was substantially 

increased, due to the chaotic nature of the high airflow.41 This creates another 

avenue for controlling evaporation rate, and subsequently electrode structure, 

when other parameters such as solvent choice or substrate temperature are 

impossible to change. This method has been used to manufacture layered 

graphene oxide electrodes by optimising the airflow rate to ensure each sprayed 

layer has fully dried before the next layer is coated.41 

2.5.3.1 Cold spray 

Cold spray relies on a much higher air flow rate to remove the need for a heated 

substrate entirely; with air flow rates between 300 m s-1 and 1800 m s-1 it is often 

described as supersonic spray.45 The sprayed material has enough kinetic 

energy upon collision to deform the deposited particles and create strong 

physical, chemical, or mechanical bonds to the substrate, thus improving 

adhesion of the film. These kinetic force effects have been utilised in battery 

materials in numerous ways. One example involves using cold spray to induce 

strain in graphene oxide upon deposition which was found to reduce defects in 

the final film and helps the graphene to ‘self-heal’.96 Cold spray with an impact 

velocity of 280 m s-1 was used separate out graphite particles into individual 

graphene flakes upon deposition.97 Similarly, to manufacture homogenous TiO2 

nanoparticle films for use as an anode, the high air flow spray was used to 

separate agglomerated TiO2 which increased the surface area and number of 

active sites when compared to other TiO2 deposition methods.98   

In terms of forming strong mechanical connections, cold spray been used for 

silicon anodes to ensure good bonding of the silicon to the current collector to 

prevent delamination caused by volume expansion; the high air flow deforms the 

silicon and binds the particles to the current collector.99,100 There is also potential 

for using cold spray to manufacture inorganic and ceramic films for solid-state 

electrolytes, thus creating dense well-connected particle structures without the 

need for high temperature sintering.37  
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2.5.4 Other spray parameters 

The type of atomisation process (USD, ESD etc) impacts the droplet size of the 

atomised liquid. Electrostatic atomisation was found to make more consistent 

droplet sizes that decreased in size with increased voltage, whereas air spray 

was less consistent, producing a large range of droplets sizes. Droplets produced 

through air spray were smaller than in ESD and decreased in size with increased 

airflow.41 This means that for deposition processes where homogeneity is crucial, 

or particle size needs to be controlled, ESD can be utilised effectively, but for 

speed and increased evaporation rate, air spray may be more suitable.  

 

The solution flow rate was found to influence crack formation and film quality, if 

the solution flow rate is too high, excess solvent builds up on the film which leads 

to film shrinkage, reorganisation, and crack formation.101 This is similar to the 

effects of low temperature spray, as increased solution flow rate means a longer 

dwell time on the substrate.  

Deposition time/film thickness can influence the films porosity. Throughout the 

deposition, the substrate/landing points of the droplet's changes from bare 

substrate to coated material. When spraying onto a metal foil, evaporation occurs 

quickly and dense layers are formed. This layer is slightly more porous than the 

foil, which allows for more spreading of the incoming droplets and slower 

evaporation; this in turn makes the next layer more porous. The through-

thickness porosity of a spray deposited LiCoO2 film was found to increase from 

the foil current collector to the surface of the film due to this phenomenon.102 

The height of the spray nozzle from the substrate will have some impact, although 

it is not studied in the literature. The further the distance to the nozzle, the larger 

the spray shape will be, therefore the thinner the film. It also allows for more time 

for solvent evaporation, which will affect film porosity and structure. 

2.5.5 Solution parameters 

The solvent must fulfil many roles, primarily, it must effectively disperse or 

dissolve the material or precursors, and it must have a suitable boiling point to 

allow for prompt evaporation. In industrial slurry-based methods, the solvent 

contributes a significant cost to overall manufacturing. In spray deposition 

however, although cost is saved on drying time, the volume of solvent required is 

often much higher to achieve a suitable dispersion and viscosity for effective 
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deposition. This necessity for more dilute slurries also limits spray deposition 

somewhat in the choice of material, with larger particle sizes impacting dispersion 

feasibility. Notoriously hard to disperse materials like graphite or NMC tend to be 

researched less, due to the requirement for additional surfactants or laborious 

dispersion techniques such as constant sonication. In slurry-based methods, due 

to the high viscosity of the slurry, material sedimentation is often much slower 

than in the dilute solutions required for spray deposition, therefore harder to 

disperse materials can be coated more easily.  

Altering the boiling point of the solvent has the same effect as changing the 

temperature of the substrate, as it changes the evaporation rate and thus the 

porosity and structure of the film. Adding more of a low boiling point solvent was 

found to change the structure of an LMO film from dense to highly porous 

reticular, as it reduced the solvent dwell time and the ability for the solid to 

reorganise.103 This effect is used in the majority of spray deposited anode work 

to fine tune the evaporation rate to a particular temperature.60,63,64,66,67,69,71–74 

There is some thought that these bi-solvent systems may impact the structure 

further. When using an aqueous organic bi-solvent mix, the material to be 

deposited may be dispersed better in one solvent than the other. TiO2 nanotubes 

were found to form a porous structure due to their preferential dispersal in 

isopropyl alcohol (IPA); the IPA evaporated first, depositing the TiO2 and leaving 

droplets of water still on the substrate. When this water evaporates it leaves pores 

in the film. Due to preferential deposition on the top of existing columns, these 

pores grow deeper as the film thickness increases.104  

The concentration of the spray solution is also interlinked with the final film 

structure. Increasing the concentration of the solution was found to increase the 

solvent dwell time, therefore requires a higher substrate temperature to prevent 

cracking and delamination. In an atomised droplet with a high concentration of 

solid material, some of the material precipitates at the surface of the droplet and 

thus forms a shell which prevents the contained solvent from evaporating, leading 

to longer dwell times. 101,105,106 It is also noted that different metal salts 

decompose at different temperatures, when this occurs during flight, these salts 

may precipitate at the surface of the droplet, thus causing the same effect.106   

Additives have been shown to impact the final film structure also; when 

performing ESD, an acidic spray solution can form denser structures, due to the 

increased electrical conductivity of the droplet.103 This work suggests that the 



   

 

53 

increased conductivity of the droplets is the reason for a homogenous dense 

coating. This contrasts other research that finds that the charged droplets in ESD 

are the cause for the formation of columnar structures.107 In further research the 

addition of hydrochloric acid (HCL) was found to form a linear tree-like structure 

during a decomposition SiO2 spray, whereas in contrast the addition of ammonia 

formed spherical particles instead.108  

The ideal goal for future deposition methods is to remove solvent entirely, and 

while dry spray has been used for some materials, the technique is in its infancy 

still for battery manufacture.21,44 Overall, the solvent must effectively disperse the 

material to be deposited, in the highest concentration possible to reduce the 

amount of solvent required. Optimisation of the solution parameters can impact 

evaporation time as well as final structure, however each chemical mixture will 

require its own research as these parameters are extremely interlinked and 

complex.  

2.5.6 Spray drying 

Spray drying has a quite different set-up to spray deposition, but the principles 

are similar. Instead of the atomised droplets evaporating on the substrate, the 

solvent is evaporated completely while the droplets are in flight. This method is 

used to manufacture solid or hollow microparticles and nanoparticles, which are 

then coated into a film or used directly. The advantages of using tailored 

microparticles are: better packing efficiency, reduced agglomeration, and in the 

case of hollow particles, the ability to withstand expansion of active materials 

during cycling.109,110 The formation of the hollow particles arises from the 

preferential precipitation of the solid at the surface of the droplet, with the solvent 

encapsulated inside, which evaporates to leave a void. The size of the particle is 

determined by the size of the droplet and the concentration of the solution.111 

Small particles, whether filled, hollow or core-shell, have many uses industrially 

and have started to be utilised in battery material manufacture, however there is 

a generally a need for expensive manufacturing steps such as atomic layer 

deposition (ALD),112,113 chemical vapour deposition (CVD),114–116 thermal vapour 

deposition117 to manufacture them. Although there are other solution-based 

methods of manufacturing these particles,118,119 these methods still require many 

additional processing steps. Spray drying offers a one-step route to hollow 

particle manufacture, with the ability to tailor the internal structure of the particle 
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by varying the temperature, among other parameters, in a cheap and industrially 

relevant method. 

 

There are two critical factors in determining the inner structure of a spray dried 

particle, the time required for the droplet to dry, and the time needed for the solid 

to diffuse through the droplet. If the drying time is slow, dense, filled particles are 

formed as the solid has time to diffuse through the entirety of the droplet; if the 

drying time is fast then hollow particles are made.42,120 Hollow particles increase 

surface area and lithium ion diffusion rates while also providing space for volume 

expansion of materials, reducing the likelihood of deformation and cracking which 

is particularly important for alloy-type anode materials.120,121  

Another key issue with these alloy-type materials is poor electrical conductivity, 

which is exacerbated by loss of contact with conductive additives during volume 

expansion. There are varied approaches in the literature to combat this problem 

while utilising the advantages of hollow particles. Some work involves spray 

depositing hollow nanoparticles and then coating with conductive additive with a 

different method, usually CVD, to ensure adequate conductivity over the entirety 

of the particle.109,110,122–126 These anode materials are proven to improve the rate 

capability of TiO2 anodes116 and silicon/graphite anodes, with capacities such as 

850 mAh g-1 at 0.1 mA cm-2,122 569 mAh g-1 at 0.05 mA cm-2 110 and with some 

authors reporting extremely high capacities at high rates of 1361 mAh g-1 at 3 A 

g-1.121 Unfortunately, the combination of spray drying and a CVD coating removes 

the benefit of spray drying as a one-step, cheap and industrially relevant 

synthesis. Incorporating a two-step spray which involves a second spray 

deposition of a protecting layer removes the need for an additional vapour 

deposition step, this has been demonstrated using a sprayed LiAlO2 layer on a 

spray-dried lithium titanate anode.127 These methods make it possible to 

manufacture hollow bi-layer particles in a one-step process. Hollow spray 

deposited graphene coated, spray-dried silicon particles were found to perform 

better in cycle life and rate tests when compared to similar structures made by 

traditional mixing methods.128 Figure 2-6Error! Reference source not found. 

shows that spray dried hollow silicon particles that have been subsequently spray 

coated with few-layer electrochemically exfoliated graphene Si@FL-GB (purple 

bar), perform better during rate testing than the same materials simply mixed 

together, without spray drying, Si@FL-GM (green bar). Further it demonstrates 
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that the secondary spray deposition of carbon materials onto the spray dried 

silicon particles also improves rate performance, and compares a few different 

carbon types (graphene oxide, red; bi-layer exfoliated graphene, blue and few 

layer exfoliated graphene, purple) against uncoated silicon particles (grey). This 

work demonstrates that spray dried silicon particles perform better than those 

made by other methods, and that the secondary spray coating of carbon also 

improves performance.128 

 

Figure 2-6: The rate capability of different spray dried silicon graphene hollow 

nanoparticles. The materials used are (1) bare Si NPs, (2) Si@rGO-B – 

Graphene oxide, (3) Si@BL-GB – Bilayer electrochemically exfoliated 

graphene, (4) Si@FL-GB – few-layer electrochemically exfoliated graphene 

and (5) Si@FL-GM – few-layer electrochemically exfoliated graphene 

prepared without spray drying method. Reproduced from Jamaluddin et al.128 

 

2.6 Manufacture of artificial SEI and interphase layers 

2.6.1 Solid electrolyte interphase 

Alkali metals in a non-aqueous solvent are always coated in a thin film caused by 

the reaction of the metal with the solvent.129 This solid electrolyte interphase (SEI) 

is electronically non-conductive but ionically conductive. The SEI forms from the 

decomposition of the electrolyte until it reaches a thickness that prevent electrons 

from tunnelling through it. It is beneficial in some ways, as it prevents further 

degradation of both the metal and the electrolyte, however it is probable that the 

ionic conductivity of the SEI will be lower than that of the electrolyte and any 

breakage prompts further degradation of both electrolyte and metal, thus 
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reducing active material and electrolyte content.130 To have a highly efficient 

battery, it is crucial that a stable uniform SEI layer is formed, although this is 

usually not the case. The SEI is formed of a mix of organic and inorganic 

compounds, including lithium salts, organic carbonates and polymeric species, 

based on the composition of the electrolyte. It is quite often inhomogeneous 

which leads to spots of lower and higher ionic conductivity throughout the layer.131 

This promotes uneven deposition of metals upon the electrode surface instead of 

the intended alloying or intercalation reaction. These deposits, termed dendrites, 

form branch-like structures growing slowly through the electrode and can pass 

through the holes of traditional separator material (Celgard). If the dendrites reach 

the opposite electrode, they provide a pathway for internal electron transport 

resulting in a short circuit which heats the battery, potentially expanding the cell 

and bursting it, creating a fire risk.132 In addition, any changes with the shape of 

the electrode surface, occurring from dendrite formation or from volume changes 

during cycling, have the potential to break the SEI layer and expose new anode 

material which subsequently reacts and reduces the amount of active material 

and electrolyte available in the cell.130 The issues related to SEI growth are often 

thought to be the main cause of total capacity loss in batteries.133 

Future anode materials rely on increased capacity compounds such as the alloy-

type electrodes which suffer from volume expansion; therefore a stable SEI is 

significant to maintaining good capacity over multiple cycles.134 Another future 

anode material is pure lithium which offers a superior theoretical capacity and 

energy density and relies on lithium plating and stripping mechanisms during 

charge and discharge. Pure lithium is highly reactive and its combination with 

flammable electrolytes and risk of dendrite formation make it quite unsafe. There 

has been much research into artificially manufacturing or tailoring SEI layers on 

lithium metal in order to manage the lithium plating and prevent dendrite 

formation.  

2.6.2 Artificial SEI – current methods 

Artificial SEI layers target specific properties that promote homogeneity, 

performance, and stability in the SEI. The key properties an artificial SEI must 

have are good ionic conductivity, mechanical stability, and chemical stability. One 

aspect that is often overlooked however is ease of manufacture, the fabrication 

of these thin layers must be cheap and quick to allow for industry application.  
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The simplest way of depositing films is by slurry-based methods such as doctor 

blading, dip coating and drop casting.135–137 Much of the work in the literature 

using these methods focusses on flexible, often polymer-based, materials as they 

are more suited to slurry-based methods than inorganic compounds. These 

flexible artificial SEIs are more suitable for intercalation type anodes, which do 

not suffer from volume expansion and therefore do not require an artificial SEI 

layer with high mechanical strength.138  

For inorganic artificial SEI layers, other manufacture techniques must be used, 

these are often costly and time consuming involving high temperatures, 

pressures, or vacuums. An exception to this is magnetron sputtering, which has 

been used to manufacture 10 nm to 300 nm thick lithium phosphorous oxynitride 

(LIPON) directly onto silicon electrodes, which replaced the natural SEI formation 

and improve the cycle life of the battery.139,140 Magnetron sputtering is a 

commonplace and inexpensive process in industry, but it has been noted that it 

is unlikely to work on thicker, powder-based materials.138  

Other techniques include CVD, ALD, molecular layer deposition (MLD) and 

electrodeposition, alongside many others. Table 1 in Fedorov et al, gives an 

overview of the different techniques that have been used to manufacture artificial 

SEIs and ranks them in terms of cost, scalability performance and more.138  

2.6.3 Spray deposition of artificial SEI  

Much of the research into artificial SEI and interlayer deposition involves coating 

a thin layer of material directly onto the cathode or separator films. Spray 

deposition has the advantage to do this without physically contacting the 

substrate film. Importantly, it allows for deposition of both low and high tensile 

strength materials, having been used for polymers and ceramic coatings, on 

either the anode or the separator.141,142 

2.6.3.1 Spray deposition of stiff artificial SEI 

Spray deposition of artificial SEI layers on pure metal anodes has been done 

primarily to prevent dendrite formation, by improving the properties of the SEI to 

ensure homogenous plating and stripping of the metal during cycling. 

Measurements of the instability in the overpotential of the cell suggest changes 

in the SEI layer; the SEI is not an ideal ionic conductor, therefore higher 

overpotentials are required to induce ionic diffusion.143,144 The thickness of the 

SEI can be linked with increasing overpotentials. Spray deposited MoO3 layers 



   

 

58 

on a lithium film led to overpotentials of 30 mV after 100 hours of cycling 

compared to 45 mV for bare lithium. The overpotential of protected lithium anodes 

was found to decrease over time, whereas in bare anodes it increases 

dramatically.143 CsPbI3 was used in an equivalent way to reduce the overpotential 

from 90 mV to 23 mV, although this study specified spray deposition in an inert 

environment to prevent degradation of the lithium prior to deposition.145 There is 

significant improvement in cycle life and capacity loss due to these protecting 

layers with improvement in coulombic efficiency from 52.1% to 92.8% with a 

carbon fibre layer on zinc foil for zinc ion batteries.146 Furthermore a tripling of 

cycle lifetime was seen with a 5 µm spray deposited stiff layer of Sb2O3 which 

both prevents the nucleation of dendrites and can protect against growth.141 This 

layer is especially interesting as it is self-healing, meaning that if cracking of the 

SEI does occur, it can reseal itself. This is due to a benefit of the layer-by-layer 

spray deposition; as the initial layers of Sb2O3 contact the lithium they are 

decomposed to form a stiff organic-inorganic composite SEI, with unreacted 

Sb2O3 being subsequently deposited on the surface of the SEI. This reserve of 

precursors can help deal with large structure changes by filling in gaps or cracks 

in the formed SEI layer beneath.141 There is also work on manufacturing a more 

natural SEI prior to assembling the battery, by spraying standard electrolyte 

additives such as fluoroethylene carbonate and LiNO3 directly onto molten lithium 

films which gains more control over the initial formation of the SEI layer. This 

would only be possible with non-contact manufacturing techniques.147  

2.6.3.2 Spray deposition of flexible polymer artificial SEI 

The volume of work on spray deposition of polymer interphase layers is small and 

can be divided into two categories. The first is deposition of a layer directly onto 

the current collector, to aid lithium plating and stripping in anode-free cells.148,149 

The aims of anode free cells is to reduce the mass of excess lithium, therefore 

improve gravimetric energy density. As there is no excess lithium in the cell it is 

crucial that minimal SEI growth and dendrite formation occurs during cycling. 

Polyethylene oxide (PEO) and polyacrylic acid (PAA) nanoparticles were 

deposited onto bare copper current collector films which were shown to reduce 

overpotential fivefold. The lithiophilic PEO and abundance of carboxyl groups 

help create homogenous nucleation sites for lithium plating which reduces 

dendrite formation, and therefore SEI growth.149 In a similar method ESD was 



   

 

59 

used to manufacture red blood cell shaped polyether sulfone particles on the 

surface of the current collector; this decreases the overpotential from 63 mV to 

37 mV compared to bare copper. It is thought that this polymer layer helps the 

wettability of the current collector which results in more even lithium plating.148  

The second category of work is in preventing electrode dissolution, and involves 

polymer spray deposition directly onto electrodes. ESD was used to deposit a 40 

nm poly(poly(ethylene glycol) methyl ether methacrylate) or P(PEGMA) on 

LiV3O8 electrodes. This thin layer helps to prevent dissolution of active material 

into the electrolyte, and it was seen to increase capacity retention from 67% to 

85% after 100 cycles.150 The polymer coating acts as an artificial SEI, allowing 

ions through it but preventing material dissolution. Another study using spray 

deposited Nafion found a 73.9% capacity retention compared to 60.7% with a 

bare electrode due to the decreased cathode dissolution.151 While both methods 

are important in improving battery characteristics, spray deposition onto the 

current collector is likely to produce a more uniform film due to the polished flat 

nature of the current collector surface. Manufacturing a film onto an existing 

electrode will be affected by the surface roughness of the material and therefore 

is impacted greatly by the initial deposition method used for the electrode, 

alongside the material chosen. 

2.6.3.3 Spray deposition on separator 

It is possible to spray deposit materials directly onto the separator; this can be to 

alter the properties of the separator, but in most cases, it is a way to form an SEI 

layer on the surface of the electrode upon contact with the separator. Nafion and 

Cl terminated MXene have both been used to form a more stable SEI.142,152 Film 

thickness is crucial with thinner Nafion coatings appearing inhomogeneous, 

leading to breaks in the SEI and subsequently preferential nucleation sites for 

lithium.142 Spray deposition on the separator allows for in situ formation of a 

thicker more even coating which lead to homogeneity in the SEI coating. Spray 

deposition onto the separator removes the requirement for the inert atmosphere 

needed for deposition onto lithium.  

The other benefit of spray depositing directly onto the separator involves 

combining effects of SEI formation with that of preventing diffusion through the 

separator or improving interfacial contact with SSEs.153,154 A MXene-based film 

sprayed onto a single side of a glass fibre separator was shown not only to help 
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prevent dendrite growth in SEI formation but also, due to the attached negative 

groups, help to prevent positive ions from moving through the separator.153 An 

indium tin oxide (ITO) layer deposited on a lithium lanthanum gallium zirconium 

oxide SSE not only helps homogenous lithium plating but also provides good 

contact between the SSE and the lithium.154 

 

A few studies have modified the properties of the separator using aluminium 

compounds for other benefits such as thermal resistance and dendrite 

prevention.155,156 Modification of a standard Celgard separator was done by spray 

deposition of organoaluminium compounds, which formed Al2O3 on the surfaces 

of the separator.155 Interestingly, the thin inorganic layer was formed on both 

sides of the membrane, and the sprayed droplets penetrated through the 

separator to deposit Al2O3 throughout the thickness. These modified separators 

showed higher thermal stability and less shrinkage under high temperature 

conditions, decreasing the likelihood of shorts occurring.155 Similarly, this 

technique can be applied to solid electrolytes which can have a low resistance to 

dendrite formation, particularly in polymer and lower tensile strength materials. 

Applying an Al2O3 film on an interior surface of a PVDF-based SSE, thus forming 

a sandwich style composite electrolyte can help the tensile strength of the SSE 

but crucially would provide some barrier to dendrite penetration.156 This improved 

the thermal stability of the separators, but was also shown to decrease electrical 

resistance from 4.3 Ω to 2.9 Ω.157 When cells were subjected to heat treatment 

at 150 °C, there were found to maintain a stable voltage, whereas standard 

Celgard-based batteries shorted.157 

There is little work on the manufacture of free-standing separators using spray 

deposition, possibly because spray deposition is unlikely to compete on speed 

and cost with slurry coating methods for standard separator manufacture. Spray 

deposition is more suited towards bespoke separator modification for adding 

specific functionality. 

 

Overall spray deposition onto separator materials is an easy way to modify the 

properties of the electrodes, the solid electrolyte and the separator itself, 

depending on which side of the separator is modified. Generally the separator is 

an inert material which means that spray deposition onto it would be easier than 

spraying onto electrodes, which may be air or temperature sensitive. This means 
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that complex and expensive spray deposition requirements such as dry rooms, 

inert gas or low-temperature (therefore slower) spraying can be avoided.  

2.7 Solid-state electrolyte manufacture 

When free standing SSEs are often manufactured in pellet form for research 

purposes, they are then sandwiched between the electrodes and high pressures 

used to form the contact between the three layers. SSEs do not have the ability 

to ‘wet’ the electrode as liquid electrolytes do and rely on physical contact with 

the surface of the electrode. During cycling, volume expansion or changes in 

electrode architecture reduces the interfacial contact, increasing polarisation, 

resistance and the chance of lithium plating.158 Polymer SSEs are more flexible 

and therefore more likely to withstand volume expansion, whereas stiffer SSE’s 

are more resistant to dendrite formation. It has been shown that the deposition of 

a polymer electrolyte directly onto the cathode surface can reinforce the adhesion 

between a composite cathode and the SSE.159  

A fundamental requirement for SSEs is the ability to be manufactured easily and 

cheaply. Most of the research into inorganic type SSEs requires pellet pressing 

and sintering techniques, which are less scalable and more expensive.160 The 

approach is different for polymer-based solid electrolytes / solid polymer 

electrolytes (SPE’s), which can be formed by traditional slurry casting methods, 

therefore are competitive with liquid electrolytes on cost and scalability.  

 

Spray deposition provides an industrially relevant and scalable manufacture 

method for direct deposition of inorganic type SSEs directly onto electrodes, 

which can not only improve interfacial contact, but allow for fewer processing 

steps during manufacture. Alternatively, spray drying offers an inexpensive route 

to SSE particle manufacture, a key step in the synthesis of inorganic, high tensile 

strength SSEs. There are several different inorganic materials that have been 

spray deposited for SSE purposes, either by spray drying for particle 

synthesis,161–163 or direct spray onto electrodes.103,105,164–167 Due to the easy 

manufacture process of SPEs, few studies into spray deposition of these 

materials exist.  

2.7.1 Spray drying of inorganic SSEs  

Spray drying of SSE inorganic precursors can be used to manufacture ordered 

and symmetrical particles that can then be sintered and formed into an SSE. This 
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uniformity of particle size is crucial for good packing density, which in turn affects 

the ionic conductivity through the electrolyte.163 Particle size is influenced by 

solution concentration, solvent boiling point, and temperature of the reactor. In a 

study on the temperature effects of spray drying, the particle size of 

Li3.6Ge0.6V0.4O4 SSE decreased from 10 µm to 0.2 µm as the deposition 

temperature increased from 400 °C to 600 °C.164  

Other spray parameters can have a substantial effect on the composition of the 

SSE particles. The pH of the spray solution was found to affect the crystallinity of 

the final particles of Li1.3Al0.3Ti1.7(PO4)3 (LATP), where a pH value of 6 was found 

to produce the highest intensity X-ray diffraction peaks, implying a highly uniform 

crystal structure; it is likely that a pH of 6 helps to stabilise the precipitating 

crystalline structure.168 One crucial aspect that requires consideration is the loss 

of lithium during spray. This is often a factor during sintering, where lithium loss 

can occur over 900 °C.163 Despite the lower required temperature of spray drying, 

lithium loss may be something to consider; small droplets of quickly evaporating 

solvent could amplify this issue, and the combination of erratic air flow and large 

spray-substrate distances could have an impact.  

2.7.2 Direct to electrode spray of inorganic SSEs 

Spray deposition is useful in manufacturing uniform and order SSE particles but 

can also be used to deposit the SSE layer directly onto the electrode. This is 

particularly important when rough electrodes are used, where any voids may not 

be contacted by a free-standing SSE. Inorganic SSEs often require post sintering 

to either complete the formation of the crystalline structure, or to bind together 

separate particles and increase density. This is also the case with spray 

deposited films, therefore the choice of electrode is limited, as it must be able to 

survive the high sintering temperatures needed for SSE processing. The choice 

of electrode material is then restricted to materials such as NiO165, TiN166, 

LiMn2O4
103

, WO3,167 and yttria-stabilised zirconia,105 which have higher melting 

points than traditional cathode materials of LFP and NMC. This method may be 

more suited to deposition onto anode materials, particular alloy type anodes 

which also require sintering, and often are designed to have rough reticular 

structures. A method of bypassing this issue would be to use cold 

spray/supersonic spray to deposit the SSE, as the high impact force could sinter 
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the particles upon deposition, there may be some damage to the electrode 

structure however.  

Many of the standard parameters of spray coating can be used to optimise film 

characteristics; for example it was found that increasing the solution 

concentration of various ceramic precursors impacted the crack formation of the 

subsequent film.105 In this work, each solution concentration had a minimum 

deposition temperature to prevent cracking, this minimum deposition temperature 

increased with increasing concentration and it was found that there was a limit to 

solution concentration where at the highest concentration there was no suitable 

deposition temperature to prevent crack formation.105 Other work found that when 

the deposition temperature was too high, (600 °C), La0.9Sr0.1Ga0.8Mg0.2O3  formed 

on the surface of a NiO substrate as small islands, that were disconnected from 

each other, this is most likely due to the fast evaporation of the solvent and 

preferential landing of the solid particles. When lowered to 150 °C a denser full 

coverage film was formed.165  

Spray deposition is beneficial in coating rough or 3D electrode surfaces, and can 

compete with vacuum deposition in the manufacture of micro-batteries. Micro-

batteries use 3D electrode structure to reduce internal resistance, and shorten 

the lithium diffusion paths, while remaining lightweight and small. These ‘pillar’ 

electrodes are demonstrated in Figure 2-7. 

.  

Figure 2-7: The methodology of coating TiN / Si microcylinders with lithium 

lanthanum titanate. Reproduced from Ham et al.169 

 

These 3D thin film electrodes tend to consist of pillars in the Z axis, which makes 

coating them effectively to the base of the pillar quite difficult and requires 

expensive vacuum techniques. Spray coating can adequately coat these 
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structures with SSE material if the atomised droplets are small enough to reach 

the base of the pillars.167 When the solution concentration is too high the material 

agglomerates at the top of the pillars, the authors relate this to the size of the 

droplets, claiming higher concentration is equal to larger droplets, however it may 

also be due to the fast evaporation providing preferential landing points for solid 

particles.166 

One method of removing the limitations placed on electrode material choice by 

the high temperature sintering step of the SSE is to deposit the electrode material 

onto the pre-sintered SSE instead.170,171 This offers the existing benefits of using 

a wider range of materials and maintaining the good contact between electrode 

and SSE however it requires the manufacturing of a free-standing SSE layer. 

These techniques of spray deposition onto existing electrodes, electrolyte or 

separator materials are an interesting development in the field of spray 

deposition. The ability to manufacture different layers on top of each other, 

potentially using the same technique, leads to the possibility of half or even full 

cell manufacture in a layer-by-layer deposition method, removing the many 

separate processing steps required for each individual component.   

2.8 Multi-layer spray deposition 

Spray deposition has been used to deposit layers of SSE on top of existing 

electrodes,166,167,172 to deposit both the electrode and SSE sequentially,103 and to 

spray both electrodes onto opposite sides of an existing SSE pellet.170,171,173 

There are some examples of full cell spray deposition, involving consecutive 

deposition of both electrodes and SSE.174–176 This method has been promoted as 

a promising solution for producing unconventional battery shapes, better suited 

for the future of integrated batteries and smart devices as current industrial 

techniques support only a limited range of electrode shapes, restricting their 

integration into next-generation technology.175  

2.8.1 Full cell spray deposition 

There are a few different studies on full cell spray manufacture, but none manage 

to complete the brief of a spray deposition synthesis of all components. The use 

of a solid electrolyte removes the requirement for filling with liquid electrolyte, 

although due to the limitations with SSEs in terms of operational conditions, these 

are not particularly industrially relevant. One study sprays ASSBs using a 

combination of ESD and electrospinning to manufacture LFP/PEOs/Sn 
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multilayers which are then cut and assembled into coin cells, using electrospray 

to deposit the cathode and anode and electrospinning to deposit the PEO SPE. 

They found that it performed favourably compared to other PEO-based cells 

made more traditionally. In post-cycling analysis it is shown that the Sn anode 

has disintegrated, and no clear layer is seen. Although not mentioned by the 

authors, there appears to be no current collector deposited on the surface of this 

Sn electrode, so this disintegration of the Sn into the PEO would be a concern 

with a lack of current collector to provide electrical connection to the entirety of 

the anode.176 When spraying a full electrode/electrolyte/electrode system it is 

easy to ensure one of the electrodes has a current collector, as this is the 

substrate for the spray; manufacturing a current collector on the surface of the 

most recently deposited electrode provides more of a challenge. It would be 

possible to spray a copper-based current collector, however, an aluminium 

current collector which is traditionally used in cathodes would present a challenge 

due to the formation of explosive aerosols with fine aluminium powder.175 A 

solution to this is to use carbon nanotubes as a replacement for an aluminium 

current collector; researchers designed a method to spray deposit an 

LCO/separator/LTO battery onto any surface by first depositing carbon 

nanotubes as a current collector onto the substrate. Substrates they have used 

include glass, stainless steel, glazed ceramic tiles, flexible polymer sheets and 

curved surfaces which promotes the production of integrated batteries which are 

structurally designed for their application.175 This method however does not 

deposit an SSE, but uses a spray deposited separator, therefore they require 

filling with liquid electrolyte and then sealing in situ. The substrate material 

selection is limited due to the need to heat it to at least 90 °C.  

This work shows that it is possible to completely manufacture a full battery 

assembly using spray deposition, which gives the opportunity for specialist 

designs and substrates for future integrated batteries, using a single manufacture 

technique. The limitations concern the poor performance of existing SSE 

technologies thus requiring the need for liquid electrolyte as well as the cell 

casing, which will be determined by size, shape, and substrate of the battery. 

2.8.2 Layered and graded electrodes 

Spray deposition has also been used to manufacture individual electrode and 

SSE films consisting of multiple individual layers or a graduated structure. This 
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gives the ability to optimise the material and chemical properties through the 

thickness and on both sides of the film. An electrode of this type can be made 

using other methods, such as slurry coating, where a doctor bladed bilayer 

NMC/LFP electrode is shown to impact the rate performance of the cell.177 While 

industrially relevant, bi-layer slurry coating has not been studied in detail and also 

runs the risk of re-dispersing previously deposited materials. There is also a 

minimum layer thickness limit to slurry-based techniques that prevents the 

manufacture of many layers in a thin film.  

2.8.2.1 Bilayer spray deposition 

Using bilayers of different materials can alter the porosity,178 thermal stability,88 

chemical stability179 and chemistry180 of the film, depending on the intended use. 

These bi-layers can be even layers,178–180 or thin coatings on top of the primary 

film88 in a similar vein to carbon coating of non-conductive materials, or artificial 

SEIs.  

Control of porosity is crucial to optimise battery electrodes for volumetric capacity 

while retaining high active material utilisation. On this topic a spray deposited 

bilayer TiO2 battery anode with higher porosity material nearer to the current 

collector and denser nanoparticles at the surface of the film was found to help 

electrolyte wetting nearer the current collector without unnecessary sacrifice of 

energy density across the whole thickness.178 This control of porosity could be 

crucial to solving many issues related to liquid electrolyte-based electrochemical 

devices, particularly in lithium sulfur batteries where pore blocking by charge and 

discharge products represents a significant hurdle.181,182  

Thermal stability of a LiCoO2 cathode can be improved by a 3 wt% layer of 

LiMn2O4 on the surface of the electrode.88 This type of surface modification is 

similar to the spray deposition of artificial SEI layers and opens the door to a 

multitude of surface modifications without the need for complex and expensive 

vacuum deposition techniques.  

Chemical properties of materials can be altered using bilayers to impact the 

reactions on each side of the film. In fuel cell manufacture, two catalyst coated 

membranes were sprayed into a bilayer with one modified to be hydrophilic and 

the other hydrophobic to improve the management of water within the cell 

assembly.180 This same bilayer property modification technique can be used to 

modify battery SSE properties which are sandwiched between two different 
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materials. In order to prevent oxidation of a PEO polymer electrolyte by high 

voltage cathodes, and the facile formation of lithium dendrites in a poly(N-methyl-

malonic amide) (PMA) electrolyte, a bilayer SSE was spray deposited so that the 

negative properties of each material could be avoided when the film was in 

contact with both a lithium anode and a LiCoO2 cathode.179 

The ability to use layered structures to change the surface properties to improve 

chemical and structural stability has been taken further. In an effort to modify both 

faces of a film, spray deposition has been used manufacture sandwich structures, 

in which a central primary material has a thin protecting layer of another material 

surrounding it.183,184 In another study on the oxidation of PEO with high voltage 

cathodes, a PVDF ‘skin’ was spray deposited on both sides of the SSE, protecting 

it from degradation due to its low oxidation onset potential.184 This method was 

not done using spray deposition and instead involved the formation of three 

separate SSE films, which then had to be melded together under heat. Spray 

deposition would allow for a layer-by-layer assembly of these sandwich 

electrolytes and potentially give better adhesion between the layers. On work 

related to the volume expansion of silicon anodes, a carbon/silicon/carbon 

sandwich structure was spray deposited and was found to perform better than 

bilayer or mixed electrodes. The carbon near the current collector decreased 

electrical resistance, whereas the carbon at the electrolyte interface protected the 

silicon from extreme volume expansion and degradation.183 

2.8.3 Layer-by-layer spray deposition 

Layer-by-layer (LBL) deposition is the formation of stacked bilayers on top of each 

other to provide a structure that offers synergistic characteristics.185 Much of the 

energy storage research into this field focuses on electrically or ionically 

conductive polymers for use as battery electrodes,186–188 electrolytes189,190 and 

fuel cell membranes.185,191 Each individual bilayer is very thin, often in the 

nanometre range, and full films can be hundreds of microns thick. The use of 

spray deposition in this design approach has been adopted as an alternative to 

the traditional industry method of layer-by-layer dip coating.189 Layer-by-layer dip 

coating is a process where a substrate is repeatedly dipped in a solution of 

material A, rinsed off, dried, and then the process repeated with solution B. The 

residual material that has adsorbed to the substrate forms a thin dense film that 

can be built upon to create the final structure. Spray deposition can be used to 
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replace the dip portion of the process and has been shown to speed up 

manufacture and decrease individual layer thickness.185 The focus of the 

research therefore is on the comparison between spray deposition techniques 

and the resulting materials, to that of dip coating, particularly focussing on the 

speed and scalability of the process as well as the functionality of the film. 

 

Figure 2-8: The process of layer-by-layer dip coating (top) and layer-by-layer 

spin spray coating (bottom) with the time taken for each step. Reproduced 

from Gittleson et al.186 

 

Figure 2-8 shows the time comparison between a single bilayer manufacture with 

spray deposition and dip coating for a spin-spray LBL deposition technique, 

demonstrating the vast improvement in speed.186 Spray coating can lead to a 

quicker deposition of bilayers particularly when combined with a method that 

allows quick in situ draining of excess liquid. This rinsing step removes excess 

material that would lead to thicker films, and shortens drying time, and techniques 

such as the spin spray method186 and a tilted substrate design189 allow for bilayer 

manufacture speed improvements of 115 times and 37 times faster compared to 

dip coating, respectively. Other works suggests that a spray deposition only 

method can provide a growth rate of 70 times faster that dip coating, without the 

need for spinning or tilting, but it must be recognised that the measurement they 
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use is film growth rate, not bilayer manufacture rate; in this case the spray 

deposited films were 46 nm thick, compared to 9 nm for dip coating. The increase 

in thickness of their bilayers is responsible for the growth rate increase and does 

not constitute a significant increase in bilayer manufacture time.187 Conversely, 

the methods using a mechanical spin drainage step found the bilayer thickness 

to be thinner than that of dip coating at 0.8 nm compared to 3.1 nm for dip 

coating.186  

 

This ability to combine spray deposition with other methods, comes from the 

inherent manufacturing differences between dip and spray deposition. Rather 

than moving the substrate around to different large deposition and rinsing baths; 

simply changing the spray solution over a fixed substrate allows for more control 

and decreases time, complexity, and the possibility of cross contamination of 

materials.187 This process has been used to manufacture polymer films such as 

a polyaniline / poly(acrylic acid) bilayer as a doping-type cathode,188 Poly(sodium 

4-styrenesulfonate) / poly(allylamine hydrochloride) as a solid electrolyte,189 and 

various polymer films for anode materials.186,187 It has also been applied to more 

standard commercial battery anode materials such as silicon and graphite, where 

a repeating pattern was found to prevent the agglomeration of silicon 

nanoparticles and improve rate performance.192  

2.8.4 Gradient spray deposition 

Any film that has different material interactions on the top face compared to the 

bottom face, will require different properties to match these. This is evidenced in 

the necessities of the bilayer films, in which the stability and chemistry associated 

with the top and bottom interfaces are quite separate to each other. This bilayer 

work also creates another interface in the centre of the film between the two 

separate layers. Taking this work further requires the removal of this new central 

interface, creating instead a gradual change between the two distinct materials 

at the top and bottom face of the electrode. 
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Figure 2-9: Illustration of a bilayer (a) and gradient (b) structure of two 

different porosity materials. 

 

This method of graduating structures gives even more control over the properties 

of the through-thickness structure, optimising the materials, porosity, and other 

properties in every layer of the film, while removing the potential central boundary 

created by bilayer deposition.193  

2.8.4.1 Templating gradient manufacture methods 

The gradient manufacture technique of battery materials has been demonstrated 

through methods such as ice,193 salt,194 and starch templating,28 usually in the 

pursuit of porosity control. Battery electrodes play two key roles, one in providing 

adequate electrical conductivity, from the current collector, to the active material. 

The other is allowing for ion movement, therefore ionic conductivity, through the 

pores of the electrode. Active material needs to be both electronically and 

ionically connected in order for redox reactions to occur. Generally a battery 

electrode is a homogeneous structure containing optimised porosity and 

conductive additive. These values are optimised for the whole structure, therefore 

are an average of what is required throughout the electrode thickness. It is 

thought that during cycling, due to the anisotropic nature of the batteries electric 

field and electrode tortuosity, the lithium ion mobility (ionic conductivity) varies 

throughout the electrode in a gradient fashion. Furthermore, overpotential 

gradients are thought to occur due to varying electrode conductivities.13,195,196 

These gradient may impact the electrode performance, particularly at high rates 

or in thicker electrodes. One method to improve spatial performance and optimise 

the electrode might be to implement a gradient structure which increases porosity 

on the top face (near the electrolyte) and increases conductivity at the bottom 

face (near the current collector). This should provide enhanced performance both 

electrically and ionically where it is required.  

Using templating methods, the porosity has been controlled to manufacture low 

tortuosity (Li+ pathway resistance) electrodes, this improves cell performance 
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compared to homogeneous electrodes, while also reducing the proportion of 

inactive material and increasing the energy density of the batteries. Graduated 

LiCoO2 cathodes with an average porosity of 36% were found to have a tortuosity 

of 3.92, compared to homogenous cathodes that had a similar porosity of 34% 

and a tortuosity of 6.19. This difference in particularly important at high rates 

where the graded cathodes had a 54% higher capacity density than non-graded 

ones.197  

 

Gradient structures have particular significance on the ability to make thick 

electrodes, with most work focussing on ultra-thick cathodes. This is crucial to 

improving energy density of batteries by increasing the ratio of active material to 

cell casing, separator, current collector, and other inactive elements. Cathodes 

with thicknesses of 230 µm,197 900 µm,193 as well as high mass loading anodes194 

have been manufactured using templating, which would prove difficult with 

conventional slurry casting methods due to the probability of increased crack 

formation with thickness.193 

Although providing promising results, templating methods are not yet industrially 

relevant, many of these techniques require complex methods or equipment, 

particularly for temperature gradient equipment for directional ice templating,193 

pressure and heat bonding of individually casted electrode layers,197 or multiple 

layer slurry coating.194 While many of these methods involve the combination of 

multiple layers of electrodes with different porosity, the thin layer-by-layer nature 

of spray deposited electrode manufacture allows for true gradients to be built 

without the need for post processing.  

2.8.4.2  Spray gradient manufacture methods 

There has been little work in the use of spray deposition to manufacture gradients 

in battery materials, with only the Grant group in Oxford having published on the 

topic.12,13 Using precise control of the flow rate of two separate solution inputs 

they have aimed to grade the conductive content throughout both an LFP cathode 

and a LTO (Li4Ti5O12) anode finding that increasing the ratio of carbon nearer the 

current collector improved rate performance by 520% at 3C in LFP cathodes. This 

was associated with a decreased polarisation and therefore charge transfer 

resistance in the electrode.13  
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Graduated electrodes present a pathway to further optimisation in terms of 

performance and energy density, allowing for thicker electrodes with lower 

porosity and decreased inactive content. These techniques will only be taken on 

board by industry if their benefits can be matched by a cheap and scalable 

manufacture method, while this may be a possibility with multiple layer doctor 

blading, the technology is not there yet for the extremely thin layers needed for 

appropriate gradients. Spray deposition, while not commonly used in battery 

electrode manufacture, has proven itself a viable candidate for the large-scale 

manufacture of functional electrodes that require little post processing or 

additional steps.  

The ability to form bilayers, sandwich structures, repeated bilayer patterns and 

gradients only breaks the surface of what is possible in spatial electrode design. 

Future electrode designs may combine a multitude of these structures, not only 

in one electrode but across the whole cell, with the potential for variations in 

structure across the x, y, and z plane. The requirement for the manufacture of 

such complex materials requires a precise deposition method, of which spray 

deposition is a suitable candidate and with proper scaling and planning, may 

prove to be an industrial competitor for large scale manufacturing. 

2.9  Conclusions 

Spray deposition is a versatile technique with many interesting variations that 

allow a wide range of structures to be made. By modifying basic parameters such 

as temperature, solvent, concentration, air flow etc., the drying time of the 

atomised droplet can be altered thus influencing the final structure of the 

deposited films. Reticular films made this way can be used to combat issues of 

volume expansion in alloy type anodes28,29,58,59–61,88, or columnar structures can 

increase the surface area of cathode materials for increased rate 

performance.84,89 

 

A further increase in droplet evaporation rate gives rise to spray drying which 

increases control over the size,111 shape213 and internal structure of solid or 

hollow micro-particles.120 Most of this research requires further processing of 

these partials into a film, however there is potential for a direct formation of a 

hollow particle film using a repeated bilayer pattern of hollow spray dried particles 

and binder / conductive additives, thus allowing for a one step synthesis.  
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The inherent ability of spray deposition as an aerosol-based technique means a 

wide range of substrates can be used, allowing for the direct deposition of artificial 

SEI layers, separators and SSEs onto cathodes,157,214,215 anodes, 

lithium119,121,122–124 or other battery components.142,144,152–154 This increases 

physical contact of these layers and can be used to add protecting or functional 

interlayers to improve stability and performance of the materials, without the need 

for additional processing steps. Taken further, the work here shows that spray 

deposition has been used to manufacture every component in a battery bar the 

cell casing.174–176 These ‘paintable’ batteries provide a route to new designs of 

cell shape and structure, as well as integrated batteries, specific to their 

application, whether this is microbatteries88 or novel shapes and casing 

structures.175  

Spatial distribution of materials within an electrode or film may be crucial to full 

optimisation of energy density, porosity, and performance. Graduated electrodes 

are proven to outcompete homogenous ones made by traditional slurry-based 

methods and give the ability to manufacture ultra-thick cathodes which vastly 

increase capacity, with a minimal increase in non-active materials. The potential 

for precise deposition techniques that do not involve complex machinery or 

operating conditions to manufacture inherently designed architectures is large, 

and the choice of industrial deposition method will decide the complexity and 

properties of the battery materials of the future. While spray deposition remains 

in its infancy regarding industrial battery manufacture due to speed deficiencies5 

and a lack of commercial standardisation, it remains a promising avenue for 

future materials manufacture, in both energy storage and beyond.  
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Chapter 3 Methods   

3.1 Spray deposition 

Spray deposition is a broad term for thin layer manufacture using aerosol 

particles, this aerosol can either be a liquid or a solid; liquid deposition is more 

common and is used in this work therefore will be one discussed here. After initial 

atomisation of the solution, deposition involves two steps, propelling of the 

particle towards the substrate and evaporation of the solvent. Generally, both 

ESD and USD use some additional air flow, termed shaping air, to direct the 

atomised particles towards the substrate. Evaporation is done usually by applying 

heat to the substrate although in some cases, such as spray drying, the atomised 

particles are directed into a heated chamber and the solvent fully evaporated 

before the particles are deposited.  

The spray deposition equipment used in the work is a SonoTek Exactacoat USD 

system. This technique was chosen due to its broader compatibility in terms of 

both materials and substrate when compared to electrostatic spray, and for the 

greater control in atomisation and particle size when compared to air spray. USD 

uses ultrasonic sound waves which create standing waves in the liquid on the tip 

of the nozzle, as the liquid leaves the nozzle surface it breaks apart into small 

droplets of a size dictated by the frequency of the sound waves, see Figure 3-1 

(a). The droplets are then directed towards a heated substrate which quickly 

evaporates the solvent leaving the solid particles deposited.  

Spray deposition is used to manufacture electrodes in a layer-by-layer fashion. 

Each layer deposits a small amount of mass in a thin film of material and the 

overall thickness is built up slowly. The spray heads therefore must have the 

ability to raster over the deposition area and are often built onto a gantry that 

allows movement in the x, y, and z axis. This means that it is easy to manufacture 

films of specific shape and size.  

In this work, to ensure homogeneity throughout the film manufacture, the spray 

head was rastered over the deposition area 4 times to effectively deposit 1 layer. 

The distance between the raster lines was set to 4 mm; to prevent gaps between 

the patterns a second spray was done at a 2 mm offset. Further to this, to prevent 

raised horizontal lines from occurring two further passes were sprayed again at 

a 90 ° rotation, see Figure 3-1 (b). 
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Figure 3-1: (a) The atomisation of a liquid in an ultrasonic spray nozzle. 

Ultrasonic sound forms standing waves in a liquid on the surface of the nozzle 

which then detach to form small uniform droplets.  

(b) The four raster patterns used to build up one layer of deposited material in 

spray deposition. 

 

The films sprayed in this work vary in thickness from ~10 µm to a few hundred 

µm, as measured by optical and scanning electron microscopy. To spray different 

thicknesses of films automatically a program must be created to run the various 

elements of the spray program in a reproducible yet adjustable way. The general 

elements of the spray coater are shown in Figure 3-2 (a) and consist of two 

syringes that are pushed or pulled at a defined rate by syringe pumps. A refill 

valve controls whether the syringes are connected to a bulk refill solution or to 

the spray nozzles, when connected to the refill solution the syringe plungers can 

be pulled back to load the syringes. To spray, the refill valve is closed, and the 

pumps push liquid towards the isolation valves which act as a stop to prevent 

liquid flowing through accidentally. The liquid is then pushed through to the 

nozzles which atomise the solution into droplets which are then directed towards 

the substrate using the shaping air. The associated parts of the spray coater 

including the syringes, syringe pump, refill valve and nozzles are showing in 

Figure 3-2 (b) and (c).  
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Figure 3-2: (a) The schematic of the Sonotek Exactacoat spraycoater, 

including the flow from the syringes to the refill solutions to the spray nozzles 

and subsequent inputs. (b) Image of the spraycoater showing the syringes, 

syringe pumps and refill valves. (c) Image of the spraycoater nozzles showing 

the solution and shaping air inputs.  

 

The methodology for manufacturing gradients into an electrode involves writing 

a program that varies the syringe pump rates of the two syringes throughout the 

course of the spray.  
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Figure 3-3: The code used to operate the ultrasonic spray coater in 

manufacturing graded films.  

 

Figure 3-3 shows the code used to manufacture a 0% to 100% gradient of two 

different materials, using two nozzles. It consists of setting a loop (line 34) that 

tracks a counter up to a defined number, in this case 20. The total count input 

(line 6) is set to 19 but the loop counter limit is for 20 passes, this is to account 

for the final spray pass, which needs to be 100% solution 2, if it were set to 19, 

the final pass would still have a small input from syringe pump 1. The code sets 

the initial flow rates for each syringe (lines 10 and 11), then sprays the four raster 

patterns (area is shown in lines 15 to 26) described above before calculating the 

new flow rates for each syringe (lines 29 and 30). Before the area code are two 

tool functions to use for that area: isolation valves, syringe pumps, generators 

and shaping air. To spray with two nozzles simultaneously, both sets of these be 
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turned on and off manually before and after the spray patterns (lines 13, 14, 27, 

28). When spraying thicker electrodes that require more than one syringe of 

liquid, the program must also contain refilling instructions which ensures that 

neither syringe empties entirely throughout the course of the spray. The benefit 

of using code to automate the gradient is that it is repeatable but also 

customisable, for example in order to manufacture an 80% gradient rather than 

a 100% gradient, the starting flow rates can be altered as well as the calculation 

to work out the new flow rates to ensure that the correct ratio is reached. 

 

In order to ensure good dispersion of materials throughout deposition, the spray 

coater was fitted with sonicating syringes or stirring syringes where required. The 

sonicating syringes operated on a schedule of 5 seconds on 5 seconds off, at a 

power of 3 W, and the stirring syringe operated at 200 rpm. When a bulk refill 

solution was used the supply bottle was left stirring at 300 rpm.  

3.2 Spray solutions 

For the majority of this work the precursor solutions for spray deposition followed 

the same general principle; this involved dispersing micron sized solid particles 

into a liquid which was then sonicated to prevent sudden sedimentation. The 

solvent was chosen in terms of its ability to disperse or dissolve the solids, as well 

as having a sufficiently low boiling point and viscosity. The viscosity of the solvent 

is crucial when using USD compared to other atomisation methods as higher 

viscosity liquids is not atomised as easily using sound waves and requires power 

higher than that of the generator used here. In most of this work, a bi-solvent 

mixture of IPA and DI-water was used, as there was often solid carbon, graphite 

or LFP particles which dispersed well in IPA, alongside water soluble polymers 

such as CMC and PEO which dissolve effectively in water. This bi-solvent system 

also served to reduce the overall boiling point when compared to water alone 

which speeds up drying time and therefore increases the max flow rate of solution 

that can be achieved. The overall speed of spray deposition is determined by the 

dispersion limits of the solvent alongside its evaporation rate; higher 

concentration solutions mean that more material can be deposited per pass and 

therefore fewer passes are needed to achieve the same thickness and faster 

evaporation rates mean that the total flow rate of solution can also be increased. 

It must be noted that faster deposition has the potential to reduce film 
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homogeneity, however. Initially work was done in the lithium sulfur chapter using 

solution concentrations of 1 mg mL-1 but the long deposition times (~12 h) and 

large solution volumes (~500 mL) proved to be difficult going forward. Eventually, 

using syringes that provided either additional stirring or sonication, and by 

shortening the tubes connecting the syringe to the nozzle, the sedimentation time 

of the solid material was increased beyond that of the time taken for spray 

deposition and solutions of 10 mg mL-1 were used for the remaining work. 

Solution and material choice was key in reliably manufacturing electrodes using 

spray deposition; it was found that particle sizes above a few microns were 

difficult to disperse for longer than a few minutes, and highly viscous liquids 

capable of dispersing them such as Cyrene, a safer NMP replacement, caused 

both pumping and atomisation issues. The decision was taken not to add any 

additional surfactants to the solution mixtures as these would then complicate 

any electrochemical results and analysis.  

3.3 Spray parameterisation 

The key parameters that affect the quality and microstructure of spray deposited 

electrodes are solvent boiling point, temperature of the substrate, solution flow 

rate, shaping air rate and nozzle height. These all relate to the speed of 

evaporation of the solvent, and optimisation of all these parameters leads to 

faster coating times and therefore cheaper manufacturing costs. Solvent boiling 

point and substrate temperature are self-explanatory and have clear boundaries; 

the solvent must be able to effectively disperse or dissolve the active materials 

which limits choice, and the substrate cannot be heated beyond the 

decomposition temperature of the materials to be deposited. The solvents used 

in this work are DI water and IPA, which have low boiling points, which allows low 

substrate temperatures to be used, between 60 °C and 150 °C depending on 

material.  

Shaping air rate, solution flow rate and nozzle height have fewer clear influences 

on the quality of the spray, therefore a study was designed to analyse their effects 

on deposition. A 10 mg mL-1 LFP (lithium iron phosphate 1.5 µm, MSE supplies) 

solution in 1:1 IPA:DI water by volume was sprayed for ten seconds onto 

aluminium foil at 120 °C. Standard parameters were a spray height of 60 mm, 

flow rate of 1 mL min-1 and shaping air of 0.5 psi. Each parameter was altered in 
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turn to look at the effects on the deposited film which was imaged using optical 

microscopy (Keyence VHX 7000 at 20 x magnification), see Figure 3-4.  

 

Figure 3-4: The parameterisation of ultrasonic spray deposition of LFP 

showing the effect of nozzle height, solution flow rate, and shaping air pressure 

on a 10 second dot spray. LFP solution was 10 mg mL-1 and was sprayed onto 

aluminium foil at 120°C. 

 

The quality of the sprayed circle in the nozzle height study shows that at a nozzle-

substrate distance of 30 mm a coffee ring pattern is formed. This is a result of the 

solvent remaining on the surface long enough to be pushed to the edges of the 

spray area by the shaping air. This coffee ring pattern is very clearly seen at a 

nozzle height of 30mm. The short nozzle substrate distance does not give the 

spray enough time to spread out and thin, instead focussing the bulk of the 
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solution on a small area, leading to solvent build up on the substrate. It was seen 

at higher nozzle distances of 60 mm that the influence of the shaping air has been 

reduced, but still some cracks and voids are present in the centre of the dot. This 

is a cause of self-reorganisation of material in the remaining solvent which allows 

for preferential deposition leading to inhomogeneity. At higher nozzle heights of 

70 mm the film appears even and homogenous with no sign of defects, meaning 

that the solvent has evaporated quickly.  

 

When flow rate is varied instead, similar patterns are seen. A solution flow rate of 

0.5 mL min-1 forms a good film, characterised by the homogeneity of the surface. 

Increasing the flow rate causes central voids at 1 mL min-1 and clear redistribution 

of material at 2 mL min-1. The increase in amount of solvent without an increase 

in the evaporation rate means the solvent dwell time is too high and 

reorganisation can occur.  

 

The shaping air pressure was found to have multiple impacts of film quality; firstly, 

it became clear that shaping air can influence the evaporation rate. Poor quality 

films were seen at 0.5 psi, with cracking and delamination evident in the centre 

of the dot spray. Unusually at both 0.1 PSI and at 1 PSI the dot spray shows no 

evidence of material reorganisation. The film manufactured with low shaping air 

pressure (0.1 psi) has less deposited material in a less defined shape. It is 

thought that with a low shaping air pressure, the in-flight droplets are less directed 

and therefore there are large material losses, alongside a greater deposition area. 

This would mean less solvent is reaching the desired target area and therefore 

the slow evaporation rate is sufficient, and no reorganisation occurs. The dot 

sprayed at 1 PSI shows a much larger area of deposited material, although with 

no evidence of cracking. It is hypothesised that high shaping air pressures can 

increase the evaporation rate of solvent through the movement and replacement 

of air and solvent vapour. From these studies it can be concluded that the 

optimum spray parameters would be a nozzle height of 60 mm, flow rate of 1 mL 

min-1 and a shaping air of 1 PSI. These parameter settings optimise speed of 

solution flow while using the increased shaping air to speed up solvent 

evaporation rate.  

In order to study the effects of shaping air further, full films were manufactured 

comprising of 20 spray passes of 10 mg mL-1 LFP in 1:1 IPA:DI water by volume, 
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at a flow rate of 1 mL min-1, substrate temperature of 120 °C and nozzle distance 

of 60 mm. Shaping air pressure was adjusted between 0.1 psi and 2 psi and the 

mass and thickness of the subsequent films was measured, see Figure 3-5. 

It was found that shaping air influences the efficiency of the spray, as expected, 

with lower shaping air pressure resulting in less mass being recorded in the 

desired spray target area. As the shaping air pressure is increased up to 1 psi, 

the film mass reached a maximum of ~10 mg. Interestingly the reverse trend is 

seen with the film thickness, measured using a micrometer, with lower shaping 

areas producing a film with a larger measured thickness, which continues 

decreasing up to at least 2 psi. As has been shown previously, a slow evaporation 

rate leads to inhomogeneity and crack formation within a film, which creates 

areas of raised material that are abnormally high thickness and are not 

representative of the average thickness. It is also possible that higher pressure 

shaping air compresses the material more, which may be the reason for the 

continued decrease in film thickness between 1 and 2 psi, despite both films 

appearing fully homogenous. Shaping air is not a parameter that has been 

studied in the literature before, particularly not for battery materials, but some 

research has found that varying the nozzle/substrate distance, similar effects can 

be seen, with larger distances increasing thickness and decreasing mass and 

vice versa.223 The principle is similar with larger nozzle/substrate distance leading 

to decreased air pressures upon deposition. The film density seen with the 2 psi 

shaping air in Figure 3-5 is around ten times lower than that seen with commercial 

LFP electrodes made using slot die coating which emphasises the increase in 

porosity available when using spray deposition as a manufacture method. 
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Figure 3-5: The mass and thickness of LFP films sprayed with different shaping 

air pressures.  

 

Although the quality and structure of films manufactured by spray deposition is 

primarily dependent on the solvent evaporation rate, due to material 

reorganisation, the number of factors that influence the solvent evaporation mean 

that spray deposition of new materials requires detailed optimisation to ensure 

film quality alongside speed of manufacture. All the materials in this work are not 

common spray deposition materials, therefore they also required optimisation of 

spray parameters alongside dispersion properties and solvent before sufficient 

quality films could be manufactured.  

For each of the three battery chemistries studied in this work the list of parameters 

that needed optimising includes: solvent choice, solution concentration, 

sonicating method and time, additional dispersion techniques (stirring or 

sonicating syringe), flow rate, nozzle distance, shaping air, substrate 

temperature, spray shape (raster gap), raster speed, dwell times (additional 

pause to aid evaporation) and pass count (thickness). This is on top of battery 

performance optimisation parameters such as: active material/binder/conductive 

carbon ratio, electrode thickness, conductive carbon type and substrate material. 

An ideal spray deposition was one that created a good atomisation, without 

sedimentation of material in the syringe or tubes, created a homogenous film of 

adequate size, while remaining a relatively quick process <8 hours. In order to 

optimise all of these parameters a great deal of trial and error manufacturing work 

took place for each battery chemistry, and as many of these materials had not 
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been sprayed previously, or not on a similar USD device, the parameterisation 

had to be done without estimated values.   

3.4 Electrode characterisation 

Characterisation of the gradients was done either using a scanning electron 

microscope (SEM), with energy dispersive X-ray spectroscopy (EDX) or with X-

ray computed tomography (X-ray CT). SEM EDX was used when gradients were 

manufactured using a material vastly different from the host material in terms of 

its characteristic X-rays, discussed further in Section 3.4.1 below, and when 

particle sizes were too small for X-ray CT, i.e. gold in the graded lithium sulfur 

cathodes, and silicon in the graded silicon graphite anodes. EDX was performed 

on through-thickness cross section samples to capture the full gradient, this 

process comprised cutting the electrode, sealing in epoxy resin and the polishing 

using a polishing wheel. Where EDX did not show good detail, or there was 

significant overlap in characteristic X-rays, i.e. for the LFP/PEO solid-state 

composite cathodes, X-Ray CT was used to demonstrate the difference in density 

through the thickness of the electrode. 

3.4.1 Scanning electron microscopy with energy dispersive X-ray analysis 

SEM combined with EDX is an analytical technique for simultaneously examining 

surface morphology and elemental composition of materials. SEM utilises a 

focused electron beam to scan the sample surface, producing high resolution 

images by detecting secondary and backscattered electrons. Secondary 

electrons are a result of inelastic scattering and primarily originate from the 

surface of the materials providing detailed surface topography, while 

backscattered electrons are a result of elastic scattering from a broad region with 

the material resulting providing good compositional contrast, enabling 

differentiation based on atomic number. 

 

EDX, when integrated with SEM, allows for the elemental analysis of the sample 

by detecting X-rays emitted as the electron beam interacts with atoms in the 

sample. Each element produces characteristic X-ray peaks, enabling precise 

elemental identification and quantification. SEM EDX offers comprehensive 

insights into both the structure and composition of materials allowing for precise 

characterisation and analysis of complex structures.  
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In this work, secondary electron measurements were performed using an SEM 

EVO MA10; all samples were dried and mounted onto carbon tape before loading 

into the SEM. If samples were non-conductive, they were gold sputtered to add 

a conductive coating of a few nanometres thick. Samples were cut and mounted 

along the same plane as the electron beam. EDX was utilised over a diagonal 

line that covered the thickness of the electrode and current collector. The hit count 

related to each element can then be plotted in relation to the distance along the 

measurement line. The line was chosen to be diagonal rather than perpendicular 

to the electrode to increase the total number of measurements across the 

thickness and therefore reduce the noise.  

3.4.2 X-ray computed tomography 

X-ray Computed Tomography is an imaging technique that provides high 

resolution, three-dimensional (3D) representations of the internal structure of a 

sample. X-ray CT works by rotating an X-ray source and detector around the 

sample, capturing a series of two-dimensional (2D) radiographs from multiple 

angles. These images are then computationally reconstructed into a 3D model, 

which can then be analysed further.  

 

The technique requires differences in X-ray attenuation across materials, with 

denser structures absorbing more X-rays and appearing with higher contrast in 

the final image. X-ray CT is particularly useful for characterizing 3D structures 

without the need for disassembly, therefore is a good option for in-situ 

characterisation. It is used in the battery electrode field for the study of porosity 

or defects prior to and during battery cycling, as well as post-failure studies. 

 

The X-ray CT used here was a lab-based micro-CT X-ray instrument (Zeiss 

Xradia 620 Versa, Carl Zeiss). Further analysis and segmentation were done 

using Avizo3D 2023.2 software (ThermoFischer) and ilastik software. 

3.5 Electrochemical analysis 

3.5.1 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is an analytical technique used 

to investigate the impedance of an electrochemical cell over a range of 

frequencies by applying a small sinusoidal voltage and recording the resulting 

current response. The impedance data provides insight into various processes 
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occurring at the electrode/electrolyte interface, such as charge transfer, diffusion, 

and capacitive behaviour. 

In an EIS analysis, the resulting impedance spectra are typically displayed as 

Nyquist or Bode plots, where different regions correspond to distinct 

electrochemical phenomena. The standard Nyquist plot usually contains a 

semicircle profile alongside a steep gradient tail, these give information about the 

charge transfer resistance of the electrochemical cell. By fitting the experimental 

data to an equivalent circuit model, quantitative information about resistance, 

capacitance, and diffusion processes can be extracted, and applied to specific 

processes occurring within the cell. EIS is a valuable, non-destructive technique 

widely applied in the characterisation of batteries, although it suffers from being 

quite sensitive to the experimental design, alongside the subjective nature of 

equivalent circuit fitting. 

The DRT (Distribution of Relaxation Times) transformation and analysis of the 

real and imaginary impedance was performed using RelaxIS 3 (RHD 

Instruments). A Gaussian function was applied for data discretization, with a 

second-order regularization fitting parameter (λ) of 0.0001, and a shape factor of 

0.5 used. The software facilitated the determination of peak positions and shifts 

across cycles during charge and discharge. 

 

In this work, EIS was used simply to determine the overall charge transfer 

resistance inside the electrochemical cell. In this way, no equivalent circuit is used 

to deconvolute the plot and the total resistance is used as a comparative tool. 

 

Specific electrode and electrolyte manufacturing methods, alongside coin cell 

assembly and testing differ for the different battery chemistries and materials 

researched in this work, therefore will be discussed separately in each chapter.  
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Chapter 4 Gradient Catalyst Structures in Carbon 

Cathodes for High-Rate Lithium Sulfur Batteries 

4.1 Abstract 

Lithium sulfur batteries offer increased capacity and gravimetric density when 

compared with current Li-ion batteries. They currently suffer from a range of 

issues which are hindering commercial uptake; these include poor cycle life, rate 

performance and low active mass loading. Sulfur is non-conductive and exists in 

the final charged and discharged states as solid S8 or Li2S. These sulfur 

containing deposits can often block electrolyte access to unreacted sulfur 

contained within in the electrode; this effect is worsened at high current 

densities.224 Gold catalysts embedded within the sulfur have been proven to 

enhance the rate performance and sulfur utilisation, this is thought to be due to 

an impact on the electronic and lithium conductivities of the electrode.225 The 

addition of gold raises the cost and mass of inactive material inside the electrode, 

therefore ensuring the minimum possible gold amount is optimum for 

commercialisation; it is thought that the blocking effect of solid sulfur species 

occurs mainly on the surface of the film therefore the location of gold should be 

optimised to the electrode surface only.182 To test the location dependence of 

gold catalysts on the deposition and removal of solid sulfur charge and discharge 

products, carbon-based cathodes were manufactured with 5.5 wt% gold added 

in different gradient formations. Gradient cells with gold either predominantly near 

the surface or the base of the electrode were tested for rate capability with 

different sulfur% loadings between 10 wt% and 70 wt%. It was found that the gold 

catalyst had little effect at lower sulfur loadings, but at 70 wt% sulfur a gradient 

structure with increased gold at the surface of the electrode was found to reduce 

capacity loss at higher C-rates and showed higher concentrations of polysulfides 

in the electrolyte, suggesting better conversion between solid and soluble sulfur 

compounds.   

4.2 Background 

Lithium sulfur (Li-S) batteries are a next generation battery technology that is 

expected to have a large contribution to the clean energy transition. Li-S batteries 

move two electrons per sulfur atom between the cathode and anode, compared 

to ≤1 electron per transition metal in Li-ion which greatly increases the potential 
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charge transfer per mass, particularly when battery mass is a crucial metric 

towards commercial use.226 Because of this, sulfur offers a theoretical capacity 

of 1672 mAh g-1, which is a vast increase on current lithium-ion cathode materials 

which have a limit of ~300 mAh g-1.226 Sulfur is also very naturally abundant and 

non-toxic, which makes it cheaper and safer to work with, and removes many 

issues related to mining and human rights that are associated with other 

chemistries such as LiCoO2.227 Despite these promises, commercial uptake of 

lithium sulfur has been slow due to sulfurs low-conductivity, high self-discharge 

and poor rate performance issues that plague the chemistry. While many 

companies are researching the technology with an aim of commercialisation, 

there are no companies that currently sell them.  

4.2.1 Lithium sulfur electrochemistry 

Lithium sulfur batteries contain a sulfur-containing cathode (positive electrode) 

and a lithium metal anode (negative electrode) in an organic lithium salt 

containing electrolyte. They differ from traditional intercalation-based Li-ion 

batteries in the redox reactions that occur during charge and discharge. The main 

Li-S reaction is shown in Equation 4-1, which demonstrates that each individual 

sulfur combines reversibly with two lithium ions to form lithium sulfide. Pure 

elemental sulfur exists as the cyclic octatomic molecule S8 and the sequence of 

reactions from solid S8 to solid Li2S8 forms intermediate soluble polysulfides with 

varying chain length.228 

 

𝑆 + 2𝐿𝑖+ + 2𝑒−  ⇄  𝐿𝑖2𝑆 Equation 4-1 

 

During discharge lithium ions move from the metal anode to the sulfur containing 

cathode through the electrolyte, while electrons pass through an external circuit 

to the cathode. The solid S8 progresses through longer chain polysulfides to 

shorter chain ones and eventually to the discharge product Li2S; the reverse 

occurs during the charging process. The charge-discharge curve in Figure 4-1 

shows two voltage plateaus in the discharge process at 2.3-2.4 V and 2.1 V, 

which are thought to account for the reduction of solid S8 and the formation of 

solid Li2S which are kinetically slow reactions.229  
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Figure 4-1: The charge discharge curves of a lithium sulfur cell, showing the 

associated voltage plateaus and polysulfide intermediates. Reproduced from 

Bruce et al.228 

 

4.2.2 Limitations and issues surrounding lithium sulfur 

There are a range of issues preventing commercialisation of lithium sulfur 

batteries, these relate to the solubility of the polysulfides and the conductivity of 

the solid sulfur and its compounds.  

The solubility of the polysulfide intermediates means that they can get trapped in 

the electrolyte and become disconnected from the cathode, leading to active 

material loss and lowered capacity. This may be taken further with the polysulfide 

shuttle effect which occurs when longer chain polysulfide intermediates in 

solution diffuse to the lithium metal anode where they are reduced to shorter 

chain polysulfides, thus reducing the coulombic efficiency, and causing capacity 

fade. The parasitically formed short chained polysulfides can then shuttle back to 

the cathode where they oxidised back into long chained species. This shuttle 

effect can cause self-discharge, degradation of the anode, cycle life disruption 

and capacity fade.230,231   
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Elemental sulfur and Li2S are both non-conductive, therefore, to ensure that 

electron movement within the sulfur containing cathode is not hindered, a large 

amount of conductive additive is needed. This conductive additive is usually 

carbon, and the final composition of the cathode contains sulfur, conductive 

carbon, and a binder. At the beginning of charge or discharge the solid S8 or Li2S 

at the surface of the electrode in closest contact with the electrolyte will be the 

first to undergo a solid-liquid transition into soluble polysulfides. This then allows 

electrolyte access further through the thickness of the cathode to interact with the 

next available solid sulfur-based material. All sulfur inside the cathode must 

maintain access to both the conductive carbon and to the electrolyte to be 

considered active material, and any inactive sulfur will decrease the energy 

density of the material. Addition of large amounts of carbon and optimisation of 

cathode porosity can help to ensure effective sulfur utilisation but also risks 

lowering the energy density of the material by reducing overall active material 

content. A cathode containing at least 70% active sulfur is considered a 

reasonable goal to retain a high enough energy density for commercialisation.231 

There is also an issue of volume expansion during discharge. During discharge 

there is a volume change of ~80% during the conversion from S8 to Li2S, this has 

the potential to crack microstructures and destroy active material and conductive 

carbon connections.226  

4.2.2.1 Rate capability 

The discharge end point, i.e. the maximum capacity of discharge, should be 

determined by the maximum quantity of active material available for discharge. It 

is thought that a large lithium diffusion resistance caused by a build-up of non-

conductive Li2S can block electrolyte access to the remaining active material and 

terminate the discharge prematurely thus reducing the real capacity of the 

battery.182 This pore blocking effect, caused by build-up of Li2S on the surface of 

the cathode, happens on the discharge due to the volume/density differences 

between S8 and Li2S.  

Lithium sulfur batteries suffer from poor rate capability, that is, the capacity 

significantly reduces as the rate of charge and discharge increases. This is 

caused by a low sulfur utilisation, and is potentially due to this pore blocking 

effect, which is worsened at high rates.  
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Figure 4-2: Diagram of the proposed pore blocking effect of high discharge 

rates. 

 

Li2S has been shown to cover the surface of the cathode, and to increase charge 

resistance, but there are debates as to the exact structure of the Li2S deposition 

at different rates. 181,182 It is true that Li2S will deposit preferentially on the surface 

of the cathode at higher rates due to a higher polarisation, but the structure of 

this deposition will determine whether it is pore blocking or not. There are studies 

demonstrating a thin full coverage across the surface of the cathode at fast 

discharge rates and larger intermittent particles at slow rates,232 and another 

showing the opposite.233 Another theory suggests that poor rate capability is an 

aspect of polysulfide mass transfer through the electrolyte rather than a pore 

blocking effect.234  

4.2.3 Catalysts for improved rate capability 

The deposition of Li2S and S8 are kinetically slow reactions, requiring large 

overpotentials to proceed. This slow deposition of the soluble polysulfides can 

cause non-uniform deposition of solid sulfur species on the surface of the 

cathode, which can disconnect or block pores. Control of this deposition is crucial 

to obtaining ordered and more uniform S8 and Li2S products, thus maintaining 

capacity across cycles. Catalysts can be used to both adsorb the soluble sulfur 

species to prevent diffusion and the shuttle effect, and to lower the activation 

energy for deposition. Potential catalysts need to have high electrical 

conductivity, numerous active sites, structural stability, low cost and, the ability to 

adsorb the polysulfides, to be effective.224 Conductive carbon additives cover a 

lot of these points, but lack the ability to adsorb the polysulfides, instead relying 
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on mechanical trapping of the polysulfide species. This requires good control of 

porosity to manufacture a cathode with large enough pores to prevent pore 

blocking and to counteract the shuttle effect. Many studies exist on hierarchical 

carbon structures with a range of pore sizes to allow for good electrolyte wetting 

while retaining high surface area containing mechanically trapping micro and 

nanopores.235–237 These carbons can be further doped with nitrogen or 

phosphorous which allow them to adsorb polysulfides.238 Alternatively, metal 

oxides form thiosulfate groups in situ which also adsorb the polysulfides and 

lower the activation energy of the reduction process thus fulfilling the 

requirements for an effective catalyst.239 

The experimental research in this chapter is based on work done by Marangon 

et al., who incorporated 3 wt% gold nanopowder into sulfur prior to manufacturing 

of the electrode.225 This was a development of an idea that gold enhances the 

reaction kinetics of S8 deposition and potentially for Li2S8 also.240 The 3 wt% gold 

doped sulfur electrodes studied by Marangon et al., were shown to have a 

decreased sheet and Warburg resistance and a corresponding increase in 

capacity, see Error! Reference source not found.. The gold nanopowder was f

ound to increase the electronic and ionic conductivities with a small amount of 

additive compared to the 15 wt% used previously in tin and nickel additive 

studies.225,240 The previous work on nickel and tin had shown that the tin, which 

formed large metal clusters, was beneficial to rate capability, whereas the nickel, 

which was more homogenous, improved cycle life.240 Gold catalysts allowed for 

a reduced catalyst content while providing both benefits.  

 

Table 4-1: The resistance and discharge values of different wt% loadings of 

gold in sulfur. Reproduced from Marangon et al.225 

Material 
Sheet resistance 
(Ω/□) 

Warburg resistance 
(O) 

Discharge capacity 
(mAh gS

-1) 

S 56.6 ± 0.9 25.1 ± 0.5 920 ± 90 

S:Au 97:3 w/w 34.8 ± 0.8 24.2 ± 0.5 1000 ± 100 

S:Au 85:15 w/w 25.2 ± 0.7 15.1 ± 0.6 1200 ± 100 
 

 

The study incorporated X-ray CT to observe the movement of sulfur and gold 

during cycling and this clearly shows the agglomeration of the gold nanopowder 
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which forms clusters inside the electrode. Figure 4-3 shows the X-ray CT cross 

sections and volume rendering of these electrodes before and after one cycle. 

The agglomeration of the gold (magenta) can clearly be seen. One additional 

interesting note is that these cathodes were coated onto a thick carbon felt current 

collector to aid X-ray imaging. It is clear from (c) and (d) that the current collector 

contains sulfur and is therefore acting as an additional carbon matrix. This will 

improve the sulfur utilisation and reduce the energy density of the electrode. The 

addition of gold also increases the cost and weight of the lithium sulfur battery 

which conflicts the benefits of the technology.  

 

Figure 4-3: X-ray CT imaging of 3 wt% gold electrodes before (a,b) and after 

(c,d) one cycle. (a,c) showing cross sectional four phase segmented slices 

showing gold in magenta, sulfur in yellow and carbon in grey. (b) and (d) show 

the four-phase segmented volume rendering. Reproduced from Marangon et 

al.225 

 

The work in this chapter aims to study the effect of fixed gold particles and the 

impact of their location within the cathode on the rate capability of lithium sulfur 

batteries. By using a novel gradient spray approach for manufacture of Li-S 

cathodes, a gold gradient can be incorporated into the through-thickness axis and 

the effect on rate capacity studied. This gives the ability to optimise the amount 

and placement of catalysts and prevent the agglomeration to increase the 

coverage.  
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4.3 Methodology 

Carbon and binder containing electrodes were manufactured by spray deposition 

followed by a sulfur impregnation using a polysulfide solution. Sulfur was 

impregnated post carbon-based cathode manufacture due to concerns of 

contamination of the spray coater due to the low sublimation temperature of 

sulfur, and the need for a heated substrate in the spray deposition method. Sulfur 

content was calculated as a % of total coating mass, with common wt% used of 

10%, 50% and 70% sulfur. Where standard electrodes were used these were 

Nanomyte BE-70 (NEI). A gradient spray system was used to manufacture gold 

catalyst gradients into the carbon matrix. Polysulfide solution was either drop 

casted onto the cathode or added into the electrolyte. Post sulfur impregnation 

the cathodes were constructed into coin cells and tested for rate capability.  

4.3.1 Spray solution methodology 

The materials used for cathode manufacture were carbon black (Super C65, C-

NERGY Imerys), CMC binder (sodium carboxymethylcellulose, Sigma-Aldrich), 

sulfur (Sigma-Aldrich) and 60 wt% gold supported on Vulcan XC-72 (Fuel Cell 

Store). 

The CMC binder was dissolved in water to a solution of 1 wt% and stirred 

overnight. The binder solution was added dropwise to a stirring solution of carbon 

black in 1:1 deionised water:isopropyl alcohol (IPA). A 1:1 DI water:IPA solution 

was chosen based on the dispersion tests shown in Figure 4-4, which 

demonstrate that a 1:1 DI water:IPA solution, labelled as 5 showed greater 

dispersion based on the darkness of the solution; it also maintained dispersion 

for longer/had a slower sedimentation time, which matches previous literature.104 

The final solution was 1 mg mL-1 in total solid concentration with a 5:1 ratio of 

carbon to CMC binder. For electrodes containing gold, some carbon black was 

substituted for gold carbon to give 5.5 wt% of gold to carbon. The solids were 

dispersed prior to spray deposition using a sonic horn (Fisherbrand 505) at a 

power of 40% and a pulse of five seconds for 10 minutes. During spray, the refill 

bottle was under continuous stirring, and a sonic syringe was used to keep the 

material in the tubes well dispersed.  
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Figure 4-4: Dispersion test of 1 mg mL-1 carbon black in different ratios of water 

and IPA. Each number on the vials represents a 10 wt% increase in IPA. 

 

4.3.2 Polysulfide solution 

A 10 M (in terms of atomic sulfur) solution of Li2S8 polysulfide solution was used 

for both drop casting and electrolyte impregnation of sulfur into the pre-prepared 

carbon matrices. The methodology employed is based on that by Dibden et al.241 

In an Ar-filled glovebox, 0.574 g of lithium sulfide (Alfa Aesar) and 2.81 g of 

elemental sulfur (Sigma Aldrich) were added to 10 mL mixture of 1,3-dioxolane 

(DOL, anhydrous, Sigma-Aldrich) and 2-dimethoxyethane (DME, anhydrous, 

Sigma-Aldrich) at a ratio of 1:1 DOL:DME by volume. This was left stirring at 60 

°C for 72 hours, the heat then removed, and stirred for a further 48 h. The as 

used polysulfide solution was then separated from the powder cake (excess 

material).  

4.3.3 Electrolyte manufacture 

Electrolyte manufacture was done according to the Lithium Sulfur Technology 

Accelerator (LiSTAR) guide, which is the Faraday Institution work program for 

lithium sulfur batteries and has written a standardised methodology for electrolyte 

manufacture based on the work by Agostini et al.242 Molecular sieves were dried 

at 220 °C and transferred to a glove box while still hot; once cooled they were 

added to DOL and DME (anhydrous, Sigma Aldrich) and left for 3 days. 

Bis(trifluoromethane)sulfonimide lithium (LiTFSI, Sigma Aldrich) and lithium 

nitrate (Sigma Aldrich) were dried under vacuum at 120 °C for 3 days and added 

to a 1:1 by volume mix of DOL:DME to make a 1M LiTFSI and 0.8 M LiNO3 

solution. 

4.3.4 Spray methodology 

The solution was sprayed onto carbon coated aluminium foil (MTI) at 120 °C over 

an area of 25 cm2 using a raster pattern. The flow rate of the solution was 
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1 mL min-1 with a shaping air of 1.2 PSI and a nozzle sonication power of 2 W. 

The sonic syringe used a power of 2 W for 5 seconds every ten seconds. The 

spray head used was an AccuMist (SonoTek) nozzle with spray diameter of ~2 

cm. Initial studies used an Impact nozzle (SonoTek) which allowed for a spray 

diameter of up to 15 cm, but this produced an inhomogeneous coating that 

increased the amount of wasted material.  

To manufacture a gradient, two solution inputs are required; to prevent 

contamination of the second nozzle, the two syringe inputs were connected to a 

single nozzle and the solutions mixed a few seconds prior to atomisation, as 

opposed to using two individual nozzles. This made the programming of the spray 

coater more difficult, and a complicated program was written which manually 

operated the valves, nozzle power, shaping air, syringe pump rate and refill 

programs separately.  

For non-gold, and non-graduated gold containing electrodes, a single solution 

was sprayed with 100 spray passes comprising each film. For gold containing 

graduated electrodes, two syringes were used, one comprising only carbon and 

binder and the other with 11 wt% gold compared to carbon. Gradient spray 

manufacture was achieved by altering the flow rates of the syringes throughout 

the spray process. 

4.3.5 Polysulfide deposition 

Electrodes were cut into 15 mm diameter disks and dried under vacuum overnight 

at 40 °C then transferred into an Ar-filled glovebox. For removal of sulfur from 

standard NEI cathodes, the cathode disks were heated under vacuum at 120 °C 

for a week and weighed regularly until no further mass change was seen. 

Polysulfide solution was used to impregnate sulfur into the electrodes by drop 

casting and evaporation or by direct addition to the electrolyte. For drop casting, 

the required ratio of polysulfide solution was dropped onto the carbon matrix and 

left to evaporate in the glovebox; for electrolyte impregnation, some of the 

electrolyte was substituted with the required ratio of polysulfide solution which 

was introduced between the separator and cathode layers.  

4.3.6 Coin cell manufacture 

The construction of the coin cells differed slightly to other battery chemistries 

discussed, the CR2032 coin cell parts used were from MTI, and two 0.5 mm thick 

spacers used, see Figure 4-5. Polysulfide solution was added between separator 
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and cathode (positive electrode), and electrolyte added on to the separator. The 

total volume of electrolyte and polysulfide solution was 80 µl. A 16 mm diameter 

Celgard 2400 separator and a 0.12 mm thick 14 mm diameter lithium disk 

(Goodfellow) anode were used.  

 

Figure 4-5: Schematic of coin cell construction for Li-S cathode testing. 

 

4.3.7 Cell testing 

Cells were tested on a BCS-805 battery cycler (BioLogic) and were first left to 

rest for 2 hours, then subjected to two formation cycles at C/50 with charge and 

discharge limits of 2.6 V and 1.8 V vs open circuit voltage (OCV) respectively; 

cells were rested for 1 hour between each charge and discharge. The real 

capacity from these formation cycles was used to dictate the C-rate for rate 

testing. Cells were then subjected to rate testing with 5 cycles each at C/20, C/10, 

C/5, C/2, 1C and C/20.  

Repeats of all lithium sulfur batteries were manufactured and cycled using the 

same methodology each time. It was found that for sulfur loadings of 50 wt% and 

above there was a high failure rate with cells either failing in the initial discharge, 

or at higher rates. This failure was due to the cells inability to pass the required 

current, likely due to prohibitively high resistance caused by the non-conductive 

nature of S8 and LisS. This is further supported by the increased failure rate of the 
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50 wt% and 70 wt% sulfur loading batteries, which represent comparatively high 

active material loadings. This prevented substantial complete repeats from being 

obtained and in these cases only one battery is presented for analysis.    

4.3.8 Characterisation  

SEM EDX was performed for electrode characterisation to determine the 

presence of a gold gradient. The accelerating voltage was set to 20 kV to ensure 

that it was suitably above the required level needed for gold X-ray emission (Lα1 

of ~10 keV). However, it was found that the hit count for gold was still too low, 

therefore the Mα emission line at 2.12 keV was chosen instead. The magnification 

was 1476 x.  

4.4 Results 

Li-S cathodes were manufactured as described in the methodology, using carbon 

black and CMC binder to make the conductive carbon matrix prior to sulfur 

impregnation. To determine the optimal sulfur impregnation method two different 

techniques were tested: (1) drop casting of a polysulfide solution and (2) addition 

of polysulfide solution to the electrolyte. Method (1) was quickly abandoned due 

to a curling of the electrode when THF was used as the solvent, and a DOL 

polymerisation reaction occurring when a 1:1 DOL:DME solution was used 

leading to solidification of the drop casted solution on the surface of the electrode. 

To compare the effects of method (2), standard sulfur containing cathodes (NEI 

Nanomyte BE-70) were heated under vacuum at 120 °C until all the sulfur had 

been removed, they were then assembled into coin cells with a partial 

replacement of the electrolyte by a polysulfide solution and the cycling profile 

compared to unmodified electrodes. 

 

Figure 4-6 shows that the unmodified NEI cathode had a higher initial capacity at 

low C-rates, and this decreased over the five cycles at each rate, which suggests 

a loss of sulfur to the electrolyte.231 The addition of the sulfur in the electrolyte 

gave a lower capacity at C/20, which was due to the loss of sulfur instantly to the 

electrolyte, capacity drop across the five cycles at each rate was reduced 

compared to the unmodified electrode. It is likely that the sulfur in this instance 

was deposited only in places that are accessible to the electrolyte, therefore it 

remained active throughout the duration of cycling. Despite the poorer 

performance at lower C-rates the 1C and C/2 cycles appear similar, if not better 
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than the standard NEI cathode in terms of discharge capacity, therefore it was 

concluded that this sulfur impregnation method was suitable and would not 

interfere with experimental results going forward. The reasoning behind the use 

of this sulfur loading method was due to issues with contamination of the spray 

coater, which would affect the material composition of other films manufactured 

using it. Industrially it could potentially benefit the speed and cost of manufacture 

to spray deposit the sulfur as there would be no risk of cross-contamination for a 

spray machine that is solely used for Li-S cathode manufacture.  

 

Figure 4-6: Capacity per gram of sulfur at different rates of a standard NEI 

electrode with sulfur in the cathode, and with the sulfur removed and re-added 

in the electrolyte.  

 

The addition of polysulfide solution into the electrolyte adds some additional 

variables; one being whether an initial charge or discharge would better deposit 

the sulfur into the carbon matrix. The polysulfide solution used contained Li2S8 

chains specifically, so the cell overall was closer to being charged than 

discharged upon assembly. It was assumed that charging first would allow less 

time for diffusion of the highly soluble longer chain polysulfides through to the 

anode and that this would retain more active material, although upon testing, no 

real difference was found between the two.  



   

 

100 

Another factor that must be considered is the effect of the change in concentration 

of the electrolyte. The mass of sulfur added into the electrolyte is proportional to 

the mass of conductive carbon in the film, which varies from sample to sample. 

Therefore, as the polysulfide solution does not contain the additional lithium 

nitrate and LiTFSI salts, the concentration of these varies between different sulfur 

wt% electrodes.  

4.4.1 Effect of sulfur loading on rate capability of spray deposited cathodes 

The sulfur loading of cathodes is crucial to the commercial viability of the Li-S 

chemistry but higher sulfur loading often leads to more inactive sulfur and a lower 

sulfur utilisation. The spray deposited cathodes were tested for rate performance 

at different sulfur loadings to examine this phenomenon.  

Spray deposited conductive carbon electrodes were manufactured with different 

volumes of polysulfide solution in the electrolyte, from 10 wt% to 70 wt% sulfur 

with respect to the mass of the electrode, see Figure 4-7 (a). When a lower sulfur 

wt% was used, a higher sulfur utilisation was seen, represented as a higher 

capacity per gram of sulfur. This is particularly significant at lower C-rates; at C/20 

10 wt% sulfur loadings obtained almost twice the capacity per gram of sulfur of 

70 wt% electrodes, ~700 mAh g-1 compared to 400 mAh g-1. This increased 

capacity at lower sulfur loadings is due to the higher ratio of conductive carbon to 

sulfur, which allows more surface area for the conversion between the charge 

and discharge products. It is clear however that this increased sulfur utilisation 

caused by low sulfur loadings does not last long, as the final C/20 cycles at all 

three sulfur loadings showed a much smaller spread of capacities. There was a 

significant capacity drop for the 10 wt% loading from ~800 mAh g-1 in the initial 

C/20 cycles to ~ 500 mAh g-1 in the final ones, whereas the 50 wt% loading 

remained the same at ~500 mAh and the 70 wt% loading increased from ~400 

mAh g-1 to ~450 mAh g-1. This convergence of all three mass loadings to between 

400 and 500 mAh g-1 suggests that the carbon black used in this study cannot 

reliably utilise sulfur loadings above 50 wt%, likely due to limited volume of 

surface area or areas of inactive electrode which are not contacted by electrolyte.   
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Figure 4-7: The discharge capacity per cycle of the three different sulfur 

loadings during rate testing (a) and the discharge curves of three different wt% 

loadings of sulfur cathodes. (b) 10 wt%, (c) 50 wt%, (d) 70 wt% 

 

A capacity drop is seen for all the sulfur loadings as the rate increases. This is 

thought to be the result of pore blocking due to a high proportion of sulfur in the 

electrolyte and a strong polarisation caused by the high current. Between C/10 

and C/2 the capacity drops by similar amounts for all the electrodes. At 1C the 70 

wt% sample drops significantly more than the other sulfur loadings, to ~230 mAh 

g-1 compared to 10 wt% sulfur at ~400 mAh g-1. This is likely due to the increase 

in Li2S surface coverage and therefore pore blocking at the cathode, with higher 

currents promoting surface deposition and higher sulfur loadings increasing 

coverage.  The difference in actual current density in the testing due to the use 

of relative C-rates may also have an impact; rather than setting a consistent 

current for all wt% electrodes the cells were tested at a C-rate appropriate to their 

theoretical capacity, therefore a 1C discharge for the 70% loading cell had a 

current 7 times higher than that of the 10% cell, which increases the polarisation 

effect. Testing with proportional current rates, i.e. 1 mA cm-2, was considered but 

this would make it difficult to compare sulfur utilisation between different sulfur 

loadings as 1 mA cm-2 may be the equivalent of C/15 for the 70 wt% loading and 
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2C for the 10 wt% loading. Additionally using C-rate as a method of determining 

rate capability ensures that the insights are more industrially relevant, as this is 

generally the terminology used in commercial applications.  

 

Figure 4-7 (b-d) show the discharge curves of the same three cells: (b) 10 wt% 

sulfur, (c) 50 wt% sulfur and (d) 70 wt% sulfur. The extra capacity in the first few 

cycles of the 10 wt% cell was seen as long tails at low voltage. There are a few 

possible explanations for this: one is that the tails are due to the full utilisation of 

sulfur; the end of discharge is determined not by the pore blocking of the cathode 

but from the full utilisation of sulfur in the cell. These tails may be caused by the 

slow but complete utilisation of sulfur as it diffuses across the cell.  

 

Another explanation is that the long tails are caused by the reduction of lithium 

nitrate, which is added to help form a stable SEI layer on the anode.243 This 

reduction of lithium nitrate would show up as extra capacity especially in slower 

cycling. The cause of this effect in the 10 wt% only cells may be down to the final 

composition of the electrolyte; the same total electrolyte content was kept 

consistent between all electrodes but the amount of electrolyte that was 

substituted by polysulfide solution varied between electrodes, meaning that the 

actual concentration of LiTFSI and LiNO3 was not consistent, see Table 4-2 for 

estimated LiNO3
 and LiTFSI values.  
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Table 4-2: Showing the estimated LiNO3
 and LiTFSI concentrations at 

different sulfur loadings 

Sulphur loading % LiTFSI (M) LiNO3 (M) 

10 0.96 0.77 

30 0.86 0.69 

50 0.69 0.55 

70 0.32 0.26 

 

A higher sulfur loading requires more substitution of electrolyte with polysulfide 

solution and therefore creates a lower lithium nitrate and LiTFSI concentration, 

with the actual concentration of LiNO3 dropping to 0.26 M at 70 wt% sulfur 

loadings. Due to the saturated nature of the polysulfide solution, it was not 

possible to dissolve the lithium salt and additive alongside the polysulfides. It was 

found that this lower dilution of electrolyte salts did not impact the rate 

performance, but this was only tested using standard NEI cathodes, which are 70 

wt% sulfur. It may be that at lower sulfur loadings, and therefore a higher lithium 

nitrate concentration, the reduction of lithium nitrate is the cause of the long tails. 

The fact that these tails are shorter in the final C/20 cycles of the 10 wt% cell 

supports this as there would be a lower concentration of lithium nitrate remaining 

in the electrolyte after cycling.  

Another clear observation is the large dip in voltage at the end of the first plateau 

occurring at ~100 mAh g-1 of sulfur. The first plateau is associated with the 

formation of soluble polysulfides from solid S8, therefore, at the end of this plateau 

all the active sulfur is in the electrolyte. The solvation of polysulfides causes an 

increase in viscosity of the electrolyte which in turn increases the resistance by 

reducing ionic mobility. This increase in resistance is seen as a decrease in 

voltage at the end of the first plateau.244 In Figure 4-7 (d), 70 wt% loading, this 

effect is most visible, and the voltage drop exacerbates as the rate, and sulfur 

loading, increase. The 70 wt% sulfur loading results on a high sulfur concentration 

electrolyte, leading to an increased viscosity and therefore higher resistance and 

a larger voltage drop.  

4.4.2 Graduated catalyst cathodes 

As shown previously by Marangon et al, metal catalysts can aid the deposition 

and removal of solid charge and discharge products by decreasing interphase 

resistance and increasing electronic and ionic conductivity.225 
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Figure 4-8: The cross section EDX and corresponding SEM of graduated gold 

carbon electrodes. (a) a homogenous mix of gold, (b) a gradient of increasing 

gold from the current collector to the top, (c) a gradient of gold increasing 

towards the current collector. (d) The SEM image for the homogenous gold 

electrode demonstrating the line in which EDX measurements were taken. 
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To optimise and test this theory further, gold coated carbon was introduced into 

the spray deposited conductive carbon electrodes, at a ratio of 5.5 wt% compared 

to the mass of the carbon and binder. Gold coated carbon was used as a method 

to prevent agglomeration which clearly occurs in the work done by Marangon et 

al.225 Gold gradients were manufactured into the electrode to optimise the 

placement of gold and further test the theory that catalysts can improve the 

deposition and removal of solid sulfur charge and discharge products.  

Figure 4-8 shows the EDX and associated SEM cross section images of the non-

graduated (a), and graduated electrodes, (b) and (c). Two gradients were 

manufactured: one with gold content increasing away from the current collector 

towards the surface of the electrode (b) and, one with increasing gold towards 

the current collector (c). The EDX of all the electrodes show a layer of aluminium 

current collector and then differences in the hit count of gold. (a) shows an 

unchanging gold hit count, while (b) shows a steady increase towards the surface 

of the electrode; (c) shows the opposite behaviour with high gold hit counts at the 

current collector which decreases towards the surface of the electrode.  

Cells containing different sulfur loadings were made from these gold containing 

cathodes. Figure 4-9 shows the cycling data of some of the gold gradient 

electrodes, specifically, the electrodes where the gold content is highest near the 

electrode surface at sulfur loadings of 50 wt% and 70 wt%. At most discharge 

rates, the gold electrodes had a lower capacity than the control. This is because 

the sulfur loading is based on the total film mass, including both carbon and gold, 

meaning the gold electrodes therefore had a higher sulfur to carbon ratio, 

lowering the carbon surface area available to the sulfur. Sulfur loading was 

calculated this way as lowering sulfur content goes against the motivation behind 

this work and is not industrially relevant, if sulfur loading were reduced for these 

electrodes, any comparison to control electrodes would be biased. 
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Figure 4-9: The discharge capacity at different rates of (a) 50 wt% sulfur 

cathodes with and without a gold gradient and (b) 70 wt% sulfur cathodes with 

and without a gold gradient. The gold gradient is specifically with increasing 

gold content towards the electrode surface. 

 

There seems to be no other obvious differences in capacity with 50 wt% sulfur 

loading, with and without gold, and both had similar drops in capacity as rate 

increased. With 70 wt% loading (b) however, the gold gradient sample showed 

higher or the same capacity than the control at 1C and C/2, therefore rate induced 

capacity loss is reduced. This is likely due to the influence of gold catalysts 

promoting more active material utilisation under high current loads and sulfur 

loadings. The exact influence of the gold on the electrochemical behaviour can 

be observed further from the voltage capacity curves of the two 70 wt% sulfur 

electrodes, see Figure 4-10. 

The voltage versus capacity discharge curves of the 70 wt% sulfur cathodes 

showed a bigger first plateau voltage dip with the gold gradient, (b), compared to 

without (a). This suggests a more saturated electrolyte solution which would 

occur from a greater conversion of solid sulfur to polysulfides. The improved 

capacity seen in the gold gradient electrode is evident in the extended length of 

the second plateau, where most of the capacity is usually seen. This improvement 

is seen more clearly in (c) where the first derivative of the capacity curve showed 

an increased second plateau length but a decreased first plateau length for the 

gold graded cathode. The extended second plateau explains the capacity 

increase as it is associated with the formation of solid discharge products, which 

may be being catalysed by the gold. The decreased first plateau length however 

remains a mystery; it can only be assumed that the large voltage dip, caused by 

the increased viscosity of the electrolyte is impacting the shape of the discharge 

curve, and making the first plateau appear shorter. Alternatively, due to the high 
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sulfur concentration of the electrolyte in the 70 wt% loading cells, the dissolution 

kinetics may be reduced thus minimising the proportion of S8 that can be 

dissolved.  

 

Figure 4-10: The rate capability discharge curves of 70 wt% sulfur electrodes 

with increasing gold gradient away from the current collector (b) and without 

(a). (c) shows the first derivative of a 1C cycle from (a) and (b).  

 

The ungraded gold electrodes and opposite gradient electrodes (gold content 

increasing towards the current collector) discharged at lower capacities than the 

control electrodes at all rates, see Figure 4-11 which shows the rate performance 

of both gradients and the ungraded cathode at 70 wt% sulfur loading. The 

difference in performance at 1C is clear with the ‘Gold bottom’ and ‘Gold mix’ 

electrodes delivering less capacity than ‘Gold top’ and ‘No gold’.   
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Figure 4-11: The capacity per gram of sulfur per cycle of 70 wt% loading sulfur 

carbon cathodes with and without gold gradients at different C-rates. Gold top 

refers to a gold gradient increasing towards the top surface of the electrode, 

gold mix refers to a homogenous ungraded gold catalyst mix, gold bottom 

refers to a gold gradient that increases towards the bottom surface of the 

electrode.  

 

This suggests that the effects of gold are only relevant near the surface of the 

electrode. Comparable results were seen for the 10 wt% and 50 wt% sulfur 

loadings for both gradients and mixed electrodes. This suggests that the gold 

only has a catalysing effect under high sulfur loadings when the risk of pore 

blocking is highest. This work acknowledges golds activity as a catalyst of the 

deposition and re-dissolution of solid products, helping to prevent the pore 

blocking which occurs under high rate, high loading, cycling conditions. 

Unfortunately, the difference seen is minimal, and only makes a difference in 

extreme circumstances. Gold electrodes were also consistently lower capacity at 

all other sulfur loadings and rates; therefore, gold does not counteract the loss of 

conductive carbon. The increase in mass and cost of the electrode when using 

gold must also be considered when considering the method for commercial use.  

The results seen here differ to those in Marangon et al., in which low sulfur 

loadings were used and large increases in capacity seen when using gold 
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catalysts. It was hypothesised that the difference in these results to those of 

Marangon et al. were due to the type of gold used; gold carbon was used here 

versus gold nanoparticles in their study. The methodology of this study was 

repeated for gold nanoparticle clusters, but it was found that a working 70 wt% 

sulfur cell could not be manufactured due to the prohibitively high resistance. The 

methodology was also repeated for ruthenium-based catalysts, and similar issues 

were found.  

4.5 Conclusions 

The methodology for manufacturing catalyst gradients in carbon matrices for 

lithium sulfur batteries was proven to be successful, with clear gradients of low 

mass ratio gold and proven impacts of gradients on the electrochemistry of the 

cell. The use of spray deposition opens possibilities of intricate through-thickness 

electrode design which can be easily transferred to other battery electrodes, 

energy storage devices or thin films in general. It has been shown that while a 

gold gradient towards the surface of the electrode does increase polysulfide 

concentration in the electrolyte and can improve sulfur utilisation at high sulfur 

loadings and current loads, it does not improve the overall energy density of the 

chemistry, and would ultimately increase the cost of production, both in materials 

and method. This research showed that the only instance that gold improved the 

capacity of the cathode was when gold was graded towards the top of the 

electrode, and tested at high rates (1C) and at high sulfur loadings 70 wt%, see 

Table 4-3. 

This raises questions about the work shown by Marangon et al. as either the type 

of gold, integration method or cell assembly must be the reason for the differing 

results.225 As the work by Marangon et al. was intended to be imaged via X-ray 

CT, the 70 wt% sulfur film was coated onto a carbon felt current collector, as a 

metal current collector would impact the quality of the scan. Figure 4-3 (c and d) 

show the thin (~50 µm) film coated onto a thick (~150 µm) carbon felt; even after 

one cycle some sulfur can already been seen integrated into the carbon felt 

current collector, which is not intended to be a sulfur host. This means that the 

real sulfur wt% of the overall electrode is lower than intended. This could be a 

reason for the higher capacity seen in their studies (920 mAh g-1 of sulfur) and 

the reason for the significantly higher increase in capacity with the addition of 

gold, between 80 and 200 mAh g-1. Thicker electrodes may benefit more from the 
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increase in conductivity of gold, especially near the surface of the overall 

electrode (current collector + coating) which is where the gold is located. While 

thick electrodes would be beneficial for future lithium sulfur batteries, they need 

to be concurrent with a high sulfur loading.  

Table 4-3: Comparison of capacity at 1C of different gold gradients with 

different sulfur loadings.  

Cathode type Capacity at 1C / mAh g-1 

50% S no gold ~330  

50% S gold top ~220  

70% S no gold ~240 

70% S gold top ~260 

70% S gold mix ~200 

70% S gold bottom ~215 

 

4.5.1 Future work  

This research would greatly benefit from additional characterisation of both the 

gradient and the specific structure of the gold carbon. Although the EDX data 

shown in Figure 4-8 does clearly show a gradient, the data is quite noisy and EDX 

data is can vary across the sample. Further gradient characterisation could 

involve X-Ray Photoelectron Spectroscopy (XPS) depth profiling, which utilises 

an ion beam to remove the surface layer of a sample each time XPS is performed, 

therefore gaining insight into the chemical composition of a sample throughout 

the thickness.  

Gaining a greater insight into the specific structure of the gold carbon is crucial to 

determining the mechanism of the gold in improving the electronic or ionic 

conductivity of the electrode. Transmission electron microscopy could be used to 

determine the size of the gold particles, both before and after cycling, which would 

be useful in determining any degradation or reorganisation of the gold. This could 

be combined with sheet resistance and impedance studies which would give the 

conductivities of the samples throughout cycling.  

The potential for lithium sulfur cathodes is great enough that solving the issues 

surrounding it remains an important topic of research. With conductive cathode 

structures the optimisation of the porosity, structure, placement, and quantity of 

additives is vital to help bring down inactive material content, allow for thicker 
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cathodes and improving the energy density, rate performance and cycle life of 

the chemistry, past that of current lithium-ion cells. Spray deposition may provide 

a route to manufacture of these bespoke designed electrodes, perhaps in terms 

of specifying porosity or pore size throughout the thickness; manufacture of 

hierarchically porous carbon matrices could issues surrounding Li-S, particularly 

those related to the polysulfide shuttle effect. Ultimately both Li-S and spray 

deposition have great potential for optimisation and commercial viability with the 

right direction, and work should continue on new electrode designs.  
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Chapter 5 Gradient Deposition of Composite 

Cathodes for Improved Performance of Solid Polymer 

Electrolyte Batteries 

5.1 Abstract 

In solid-state batteries, planar interface resistances can occur from the boundary 

between composite cathode and solid electrolyte. Graded composite cathodes 

were manufactured to increase the proportion of solid electrolyte near the surface 

of the electrode to remove this interface boundary. Graded LFP/PEO composite 

cathodes were compared with ungraded homogenous LFP/PEO electrodes in 

rate and cycle life testing. It was found that graded electrodes reduced impedance 

which led to increased cycle life and enhanced rate performance when compared 

to ungraded electrodes. It is thought that the gradient removes or reduces the 

planar boundary between cathode and electrolyte which increases contact and 

removes areas of high resistance thus preventing further degradation of this 

interface and subsequent capacity loss.  

5.2 Background 

The ether or carbonate-based electrolyte commonly used in Li-ion batteries is 

highly flammable and if heated and exposed to air can catch fire or explode. This 

can happen during a short-circuit or with damage to the cell casing. As battery 

technology improves with the adoption of lithium metal anodes, high capacity 

cathodes or new chemistries, the safety of the electrolyte only becomes more 

important. Solid-state electrolytes (SSEs) are less flammable and significantly 

reduce the risk of explosion and fire. SSEs also pave the way towards high-

capacity electrodes, ultra-thin electrolytes and new shapes and designs of cell 

architecture. SSEs currently suffer from issues that are hampering their wide-

scale commercialisation including manufacturing complexity, low material 

stability, poor ionic conductivity, limited cycle life and high cost and much of the 

research goes towards resolving these issues.22  

There are different materials that are actively researched as SSEs, and these can 

be categorised as inorganic SSEs and polymer-based SSEs. Inorganic SSEs for 

lithium-ion batteries were born from the discovery of LiPON and the category now 

contains various other materials such as ceramic, perovskite, sulfide and garnet 

type.22 Meanwhile, the realisation of poly(ethylene oxide) (PEO) as a functional 
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electrolyte led to the field of solid polymer electrolyte (SPE) research.245 These 

two material types have differences in their manufacturing methods, functionality, 

and properties. Inorganic SSEs are usually dense hard structures, often requiring 

sintering of small particles to form a strong and dendrite resistant material160 and 

lithium mobility is due to defects throughout the crystalline structure. SPE’s are 

often much more flexible, providing better interfacial contact with the cathode but 

are softer and have less resistance to dendrite formation. Lithium-ion mobility in 

SPE’s occurs through the non-crystalline portions of the polymer chain, where 

lithium ions can move to different coordinating sites using polymer chain 

movement.160  

5.2.1 Polymer solid electrolytes 

There are three main forms of SPE: gelled, solvent free and composite. The 

standard form of SPE is solvent free, consisting of only the polymer or polymers 

and a lithium containing salt. The first and most researched polymer is 

polyethylene oxide, which conducts lithium ions using coordination from the ether 

groups in PEO. A ratio of 6:1 of ether groups to lithium ions shows the highest 

ionic conductivity due to the formation of a double helix structure which 

coordinates the lithium cation in a tunnel-like structure separately (without the 

anion), using the ether groups, see Figure 5-1. Other ratios like 1:1 and 3:1 form 

zigzag and single helix structures with lower numbers of coordinating ether 

groups.246 
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Figure 5-1: (a) Vertical view of the PEO6:LiAsF6 structure showing rows of Li+ 

ions perpendicular to the page. Blue spheres, lithium; white spheres, arsenic; 

magenta, fluorine; light green, carbon in chain 1; dark green, oxygen in chain 

1; pink, carbon in chain 2; red, oxygen in chain 2. (b) View of the structure 

showing the relative positions of the chains and their conformations. Thin lines 

indicate coordination around the Li+ cation. Reproduced from MacGlashan et 

al.246 

 

PEO remains the most prominent material in SPE research, due to its reasonable 

electrochemical stability against lithium, good solubility towards lithium salts and 

its low glass transition temperature, which is crucial to the ionic conductivity of 

the polymer as lithium-ion movement only occurs in the amorphous regions of the 

polymer. PEO with a molecular weight of 5 x 106 has a glass transition 

temperature (Tg) of ~60 °C and a bulk crystallinity of 70-84% at room temperature, 

therefore much of the research with PEO electrolytes is done at temperatures 

between 50 °C and 100 °C in order to decrease the crystallinity and improve ionic 

conductivity.247 
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Figure 5-2: (a) The ionic conductivity of (PEO)n.MeClO4 electrolytes. a is pure 

PEO; b is M = Li; c is M = Pb; d is M = Cu; e is M = Hg. (b) The impedance 

spectra of an Li/PEO8.LiClO4/Li cell at increasing temperatures. Reproduced 

from Magistris et al.247  

 

Due to the high crystallinity at room temperature the ionic conductivity can be as 

low as 10-9 S cm-2, whereas it needs to be closer to 10-3 S cm-2 to compete with 

liquid electrolytes. The ionic conductivity is therefore very dependent on 

temperature, see Figure 5-2, and increases rapidly with temperature up to the Tg 

of the polymer; above this point it remains more stable at ~10-4 S cm-2 (a). There 

are methods of improving the ionic conductivity of solvent free SPE’s such as 

crosslinking, hyperbranching, co-polymerisation and blending with another 

polymer with the aim of reducing the crystallinity.248  

Gelled polymer electrolytes (GPE)’s utilise a polymer matrix filled with liquid 

electrolyte, often called a plasticiser. This retains the benefit of a solid electrolyte 

and an ionically conductive liquid electrolyte. Unfortunately, a high quantity of 

plasticiser is often needed for GPE’s to compete with liquid electrolytes, and this 

reduces the safety and strength of the GPE.249  

5.2.1.1 Composite polymer electrolytes 

Composite polymer electrolytes (CPE’s) combine multiple different materials; the 

most defining of these is the inorganic/organic CPE which contains a bulk 

polymer alongside an inorganic material. The addition of inorganic solids to 

polymer electrolytes disrupts the polymer chains and can increase the 

amorphous fraction of PEO thus raising the ionic conductivity, this is especially 
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important in reducing the necessary operating temperature of SPE’s.250 These 

inorganic filler materials can be inert or ion conducting. Inert fillers include small 

particles of metal oxides such as SiO2 and TiO2
251 and, in general, a 10 wt% 

loading of particles smaller than 10 µm in size provide the highest increase in 

ionic conductivity, see Figure 5-3.252 

 

Figure 5-3: The ionic conductivity of a PEO electrolyte with increasing LLZO 

filler content. Reproduced from Li et al.253 

 

Ion conducting fillers such as LLZO also create this effect while providing extra 

pathways for lithium movement although the exact method of this movement is 

debated; some research suggests the cause is the amorphous polymer shell that 

forms around the filler,254 while others suggest it is through the particle itself.255 

The addition of inorganic filler not only increases ionic conductivity, but it also 

increases the material strength of the electrolyte, which offers extra protection 

against dendrite formation.256 Pure PEO has a low mechanical strength of 

between 1 MPa and 15 MPa, whereas Al-doped LLZO SSEs have a strength of 

~150 GPa,257 which makes them much more dendrite resistant. Techniques such 

as crosslinking, blending and the addition of filler can be used to increase the 

strength of the polymer.258 

5.2.1.2 Composite cathodes 

SPE’s and CPE’s are not wetting electrolytes; they do not fill the pores of the 

cathode and therefore can only contact the surface of the electrode. This limits 
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the ionically active portion of the electrode to the area in contact with the 

electrolyte. To resolve this issue, composite cathodes are often manufactured 

with the electrolyte combined into them, to ensure full contact throughout the 

thickness of the film. This decreases the energy density of the cathode but 

increases the utilisation of active material, therefore a balance must be found to 

optimise both.  

5.2.2 Issues with PEO-based SPE’s 

For PEO-based SPE’s, a majority of work is focussed on the degradation of the 

polymer at high voltages, which is crucial when working with cathode materials 

like NMC which have an upper voltage limit of around 4.2 V. Most studies suggest 

that the decomposition of PEO takes place above 3.8 V although the actual 

voltage limit is debated. It is thought that the lithium salt can impact the oxidation, 

therefore the voltage limit may vary with composition which may be the reason 

for a variety of reported oxidation voltages.23–26  

For inorganic type SSEs the electrode-electrolyte contact is crucial; due to the 

rigid nature of the inorganic films good contact with the electrode is not assumed 

and any changes in the electrode structure, through volume expansion or 

architecture degradation, can worsen this contact.259 This, alongside the 

formation of SEI layers can increase interfacial resistance with prolonged cycling. 

Polymer electrolytes are more flexible to electrode structure changes although 

any oxidation of the polymer at high voltages can form highly resistive interfacial 

layers.260 The total resistance of an SSE or SPE battery is made up of individual 

interface and bulk combinations. The interfaces that can contribute to the 

resistance are between the current collector and composite cathode, between the 

active material particles and the electrolyte inside the composite cathode; 

between the composite cathode and the electrolyte layer, and the interface 

between the electrolyte and the anode. Figure 5-4 (b) shows the location of all 

potential interfaces throughout a PEO-based composite cathode cell and the 

contribution of the cathode and anode interfaces on the impedance profile of a 

full cell (a), thus demonstrating how the total cell resistance is built up by 

individual SPE interfaces.261 
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Figure 5-4: (a) The Nyquist EIS plot of an LFP composite cathode/PEO/Lithium 

cell showing the contributions from cathode and anode. (b) Diagram of full 

composite cathode/SPE/lithium cell showing the locations of interfaces. 

Reproduced from Wurster et al.261 

 

5.2.3 Literature summary 

The research discussed in this chapter aims to improve the performance of a 

PEO-based SPE and elucidate mechanisms that occur at the interface between 

the composite cathode and the electrolyte. Composite cathodes have only been 

manufactured as homogenous mixes of electrolyte and active material. To 

optimise both ionic and electrical conductivity throughout the composite cathode 

it follows that an increase in conductive material at the base of the film alongside 

higher electrolyte content nearer the top of the film would be beneficial. 

Specifically, lower interfacial resistance should be seen with improved cathode / 

electrolyte contact, and cathode / current collector contact.249 A gradient-based 
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spray approach is used to manufacture graduated LFP/PEO composite cathodes; 

the cycle life, rate performance and electrochemical properties provide evidence 

of improved performance and reduced degradation when compared to ungraded 

electrodes. 

5.3 Methodology 

Ultrasonic spray deposition was used to manufacture LFP/PEO composite 

cathodes, ungraded and graded, and a PEO-based SPE. The composite cathode 

was sprayed directly onto stainless steel disks placed on a heated bed with the 

SPE layer deposited on top immediately afterwards. Gradients were 

manufactured by altering the flow rates of two different solutions sprayed out of 

two nozzles. The composite cathode/SPE films were then incorporated into coin 

cells and tested for rate performance, cycle life and impedance. Characterisation 

was performed with X-Ray CT and optical microscopy.  

5.3.1 Spray solutions 

The solution for spray deposition of inorganic type SSEs was a 10 mg mL-1 

solution of Al-doped lithium lanthanum zirconium oxide (500 nm Ampcera) in DI 

water. 15 wt% CMC (sodium carboxymethylcellulose, Sigma-Aldrich) was added 

for the binder studies. 

For PEO-based composite cathodes the overall composition of the films is shown 

in Table 5-1 and is based on previous literature work, where the active material 

to electrolyte ratio has been optimised.261 

 

Table 5-1: The expected weight % of the final composition of both graded and 

ungraded composite cathodes.  

LFP Carbon black PEO LiTFSI 

66.8% 3.4% 18% 11.8% 
 

 

For the manufacture of LFP/PEO composite cathodes, two solutions were 

manufactured; 14.04 mg mL-1 LFP (lithium iron phosphate 1.5 µm, MSE supplies) 

and carbon black (Super C65, C-NERGY Imerys) in 1:1 ratio of IPA and DI water 

by volume; a 5.96 mg mL-1 of PEO (100,000 MV Sigma Aldrich) and LiTFSi 

(Bis(trifluoromethane)sulfonimide lithium salt, Sigma Aldrich) in a 1:1 ratio of IPA 

(isopropyl alcohol, Sigma Aldrich) and DI water by volume. These solutions were 

used to manufacture both graded and ungraded composite cathodes.  
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The PEO-based SPE layer was manufactured using a 13.15 mg mL-1 solution of 

PEO, LiTFSI and optional LLZO (Al-Doped Lithium Lanthanum Zirconate Garnet, 

500 nm, Ampcera) in DI water in the quantities shown in Table 5-2, which gives 

a [Li+]:[EO] ratio of 1:10, which is optimal based off literature studies.262 

 

Table 5-2: The weight % of the final composition of the SPE electrolyte 

PEO LiTFSI LLZO 

76.0% 15.6% 8.4% 
 

 

The solids were dispersed prior to spray deposition using a sonic horn 

(Fisherbrand 505) at a power of 40% and a pulse rate of five seconds for 10 

minutes. During the spray, a 300 rpm stirring syringe was used to maintain 

dispersion within the syringe. 

5.3.2 Spray deposition 

To manufacture the composite cathodes, the LFP and PEO solutions were spray 

deposited using two AccuMist (SonoTek) nozzles and stirring syringe inputs 

according to the methodology described previously. The nozzles were rotated to 

-24 ° and 24 ° respectively at a height of 60 mm to ensure overlap of the two 

spray shapes, see Figure 5-5 for an image and schematic of the rotated nozzles.  
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Figure 5-5: Image and schematic of the bi-nozzle spray system with nozzles 

rotates to 24° and -24° respectively. (a) Image of the two rotated nozzles, (b) 

schematic of the two rotated nozzles.  

 

The heated bed was set to 60 °C and the films were sprayed onto 1 mm thick 

stainless-steel disks at a combined nozzle flow rate of 0.25 mL min-1 with flow 

rates of the LFP and PEO solutions being kept consistent at 0.125 mL min-1 for 

the ungraded electrodes and a program to vary the flow rates between 0 and 0.25 

mL min-1 used for the graded electrodes. The shaping air was limited to 2 psi to 

ensure the spacers did not move and to improve atomisation; 80 sets of 4 spray 

passes comprised each cathode.  

The SPE layer was sprayed directly onto the previously coated composite 

cathode at the same conditions using one AccuMist nozzle over 80 sets of 4 spray 

passes. After spray deposition the films were cooled and dried under vacuum at 

room temperature overnight before being transferred to an Ar-filled glovebox.  

5.3.3 Coin cell manufacture 

Coin cells were manufactured according to Figure 5-6 using CR2032 coin cell 

parts (Hohsen). An additional 1 mm thick stainless spacer and a 0.12 mm thick 

14 mm diameter lithium disk (Goodfellow) anode were used.  
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Figure 5-6: The schematic of coin cell construction for SPE composite cathode 

testing 

 

5.3.4 Cell testing 

Coin cells were tested on a Biologic VMP-300 (Biologic) at 60 °C in a Binder KB23 

cooling incubator (Binder); this temperature was chosen due to the need for 

higher temperatures for acceptable ionic conductivity with PEO and the concerns 

of damage to cell holders and the coin cell gasket above 65 °C. Theoretical 

capacities were calculated from mass measurements of the stainless-steel disks 

before and after spray deposition; quoted C-rates are proportional to the cells 

theoretical capacity. Cells were tested for cycle life performance at C/10 and for 

rate performance at rates between C/10 and 2C; initially all cells were formed for 

two cycles at C/20. All cycling was performed between 2.5 V and 3.65 V, and no 

voltage hold was used. EIS was performed after every charge and discharge post 

a one-hour OCV rest period. EIS was performed between 10 mHz and 7 MHz, 20 

points per decade and an amplitude of 10 mV. 

5.3.5 Optical microscopy and X-ray CT 

For characterisation, composite cathodes with and without an SPE layer were 

deposited onto Al foil of ~20 µm thickness and cut and sealed perpendicularly in 

an epoxy block. After drying under vacuum the cross-section epoxy samples were 

polished using a polishing wheel (SMARTLAM 2.0, Kulzer Technik) and imaged 

using a Keyence VHX-7000 optical microscope.  
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X-ray computed tomography (X-ray CT) was performed on a lab-based micro-CT 

X-ray instrument (Zeiss Xradia 620 Versa, Carl Zeiss). 1601 projections were 

taken with an exposure time of 5 seconds, magnification of 20 x, a source 

operating voltage of 80 kV and source current of 125 µA with a tungsten emission 

and a pixel size of 381 nm. Reconstruction was done using a cone beam filtered 

back projection algorithm using commercial software (Reconstructor Scout-and-

Scan, Zeiss, Carl Zeiss). The data was cropped using Avizo3D 2023.2 software 

(ThermoFischer) and segmented using ilastik software using the methodology in 

Dawson et al.263,264 

5.4 Results 

5.4.1 Inorganic type SSEs 

Initially an inorganic type of SSE was chosen for study for its higher ionic 

conductivity, however it was found that while films could be manufactured, no 

ionic conductivity could be measured. The gradient composite cathode was 

intended to enhance the cathode/SSE contact, particularly during volume 

expansion over cycling, which is a major problem in stiff inorganic type SSE 

material. LLZO was chosen as a suitable inorganic material due to its better 

stability in air than other SSE materials.265 LLZO was difficult to disperse in 

solution, possible due to its high density, although the addition of 15 wt% CMC 

binder dispersed the material better. Although LLZO films could be spray 

deposited, no ionic conductivity was obtained, despite the film being sufficiently 

electronically resistive. It was concluded that without sintering the particles of 

LLZO were not in adequate contact to transfer lithium ions. Due to the direct on 

cathode spray deposition any sintering process would involve sintering a 

combined cathode/SSE system which would damage the LFP. This was still 

attempted and the LFP was seen to change colour from black to red, a clear 

degradation of the material, see Figure 5-7. Due to the need for sintering with 

inorganic type SSEs a suitable polymer was chosen instead, and gradient 

composite SPE type cathodes were studies for the remainder of this project. 
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Figure 5-7: The colour change of LLZO coated LFP after 600 oC sintering. Red, 

LFP; White, LLZO.  

 

5.4.2 Optimisation of PEO spray 

PEO was chosen as a suitable SPE as it is the most widely researched and 

understood, can be easily dispersed in water, and has adequate ionic conductivity 

at higher temperatures.  

The molecular weight of PEO affects its melting point and glass transition 

temperature (Tg), Table 5-3 indicates the PEO available for purchase and its 

subsequent melting point. 

 

Table 5-3: showing the molecular weight and melting point of different PEO 

polymers, all information sourced from Sigma Aldrich.  

Molecular Weight Melting point (°C) 

Mn 300 15  

Mn 400 4 – 8 

Mn 600 20 – 25 

Mn 1,305-1,595 43 – 46 

Mn 2,050 52 – 54 

Mv ~8,000 60 - 63  

Mv 100,000 65 

Mv 600,000 65 
 

 

It was found that when dispersed in DI water at 1 mg mL-1 the 600,000 Mv 

polymer, which is closer in mass to those normally used in literature, made a 

solution that did not seem viscous but when atomised by the sonicating nozzle it 

did not form discrete small droplets (~ 13 μm); instead a sputtering spray was 

seen with large droplets (~ 1 mm) formed at all flow rates and nozzle power which 

did not lead to a homogenous film. 
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To evaporate the solvent the substrate needs to be heated; higher temperatures 

allow for faster flow rates and therefore shorter overall spraying times. Lower 

molecular weight PEO films did not have sputtering issues but were likely to melt 

after deposition due to the heated substrate. A balance was found with the 

100,000 Mv PEO, which could be sprayed at sufficient flow rates without 

sputtering while maintaining a substrate temperature of 60 °C which was below 

the melting point of the polymer.  

5.4.3 Optimisation of PEO electrolyte 

LLZO was included in the PEO electrolyte mix as it has been proven to increase 

ionic conductivity and provide resistance to dendrite formation.256 

The ionic conductivity of PEO was measured with and without 10 wt% LLZO at 

different temperatures, see Figure 5-8. These values fitted well with similar 

structures in literature, and the log of the ionic conductivity was seen to increase 

linearly with temperature.262 Above the melting point of PEO the ionic conductivity 

plateaus, therefore, with limits of temperature dictated by the cycling equipment, 

a temperature of 60 °C was used for all experiments. Interestingly the addition of 

LLZO did not show an increase in ionic conductivity as expected, perhaps LLZO 

would have more of an impact above the melting point of the PEO, where the 

crystallinity of the polymer chains is at a minimum and no longer the main factor 

in determining ionic resistance.253  
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Figure 5-8: The ionic conductivity of PEO/LiTFSI SPE’s with and without 10 

wt% LLZO at increasing temperatures. 

 

5.4.4 Effect of LLZO on cycling performance 

LFP composite cathodes were manufactured with an 

LFP/PEO/LiTFSI/carbon black ratio of 66.8/18/11.8/3.4 by mass. To study the 

effect of LLZO on cycling behaviour, LFP/PEO/Lithium cells were cycled with and 

without the addition of 10 wt% LLZO. Figure 5-9 shows the charge curve of three 

variations of these cells at 20 µA of current. The use of single layer of PEO (80 

counts of 4 spray passes at 0.25 mL min-1 flow rate), causes the voltage to drop 

after ~10 hours and reach 0 V after ~40 hours suggesting that an internal short-

circuit has occurred. While shorting is a known consequence of dendrite 

formation, which is a common issue with PEO-based batteries due to their low 

mechanical strength26, a dendrite-induced failure on the first charge is unlikely. 

Instead, it is possible that upon heating to near the melting point of PEO, the 

polymer no longer has the structural integrity to withstand the internal cell 

pressure resulting from the wave spring and is displaced, allowing the two 

electrodes to touch. When a PEO electrolyte that is twice as thick (160 passes) 
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was used, the cell drops in voltage after ~20 hours and reaches 0 V after 60 

hours. The increase in thickness therefore delays the pressure induced 

displacement of PEO but not sufficiently enough to operate the cell. The addition 

of LLZO however, even in the single layer PEO, shows no voltage drop even after 

the full 60 hours of charge and as is shown for the remainder of this work, allows 

for repeated cycling even at high current rates. The harder LLZO material is 

thought to prevent internal short-circuiting through physical blocking, and even 

though there was no significant improvement in ionic conductivity, is a valuable 

additive to the SPE mix.  

 

Figure 5-9: The voltage vs time plots of spray deposited LFP 

composite/PEO/Lithium cells charging at 20 µA for 60 hours.  

 

5.4.5 Gradient composite cathodes 

Gradient composite cathodes of LFP and PEO were manufactured using the 

gradient spray system as previously described, using one solution of PEO and 

LiTFSI and one of LFP and carbon. To manufacture a gradient from 100% LFP 

at the current collector to 100% PEO at the top of the film, while maintaining a 
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total PEO ratio of 66.8 wt% two different concentration precursor solutions were 

required (LFP: 14.04 mg mL-1, PEO: 5.96 mg mL-1). Figure 5-10 shows the 

expected solution and mass flow rates of the two solutions through the spray 

coater: (a) demonstrates the change in flow rate of the two solutions over the 

course of 80 passes (~9 mL). The total flow rate remains consistent at 0.25 mL 

min-1 which means that the spray shape and evaporation rate remains 

unchanged, despite the two changing inputs. (b) shows the solid mass flow of the 

two different concentration solutions, where a higher mass flow of LFP is seen 

for much of the spray, and the total mass flow lowers as the spray progresses. 

The impact of this can be seen in (c) where the plot of cumulative mass deposited 

shows the gradient of each material through the thickness of the film is a curve 

and not a straight line. This is an effect of using two different concentration 

solutions and requiring a material ratio that is not 1:1. This effect could be 

resolved by reprogramming of the flow rates in (a), using a curved program rather 

than a linear one although this was deemed to be unnecessary as the actual 

change in structure would be minimal.   

 

Figure 5-10: Showing the spray parameters and estimated solution and mass 

flow rates of the LFP and PEO solutions. (a) The solution flow rates through 

the spray coater over the course of the full spray. (b) The associated mass flow 
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of the two different concentrations solutions. (c) The cumulative deposited 

mass of each material.  

 

5.4.6 Characterisation of graded composite cathodes 

Characterisation of the graded films was done with optical microscopy and X-ray 

CT. Figure 5-11 shows the cross section optical microscopy image of the 

ungraded and graded composite cathodes, coated with a layer of PEO SPE.  

 

Figure 5-11: The cross-sectional optical microscopy images of composite LFP 

cathodes with PEO electrolyte on top, coated onto foil. (a) An ungraded 

composite cathode and (b) a graded composite cathode from LFP to PEO. Both 

have the same thickness of PEO electrolyte on top.  

 

There is a clear difference between the two structures; the ungraded sample (a) 

shows three distinct layers; the aluminium current collector, the composite 

cathode and the SPE. Whereas in (b), the composite cathode layer varies from 

bottom to top; the middle similar to the ungraded composite cathode which is 

expected. The graded PEO SPE layer appears thicker, but this would be because 

it blends in with the top of the composite cathode, hence demonstrating a 

gradient.  

 

Figure 5-12 shows the X-ray CT characterisation of graded and ungraded 

composite cathodes. (a) shows a demonstration of the graded spray 

manufacture. Figure 5-12(b) shows the through-thickness LFP % of the ungraded 

and graded composite cathodes from the current collector to the surface of the 
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electrode as calculated from the segmented X-Ray CT scans in Figure 5-12(c), 

using image analysis of the X-Ray CT slices to determine the LFP ratio. 

 

Figure 5-12: The manufacturing methodology and characterisation of graded 

and ungraded LFP/PEO composite cathodes. (a) Schematic of the rastering 

two spray nozzle set-up and the subsequent gradient film. (b,c) The 

characterisation of graded and ungraded composite cathodes using X-ray CT 

with (b) experimental results showing the % of LFP measured throughout the 

thickness of the electrodes as calculated using the segmentations shown in (c) 

which shows three of the raw X-ray CT slices and corresponding 

segmentations at different distances from the current collector, in the 

segmented column white indicates PEO and black indicates LFP. 
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There is a clear steady drop in LFP % in the graded composite cathode from 

~100% to 0% over the 30 µm thickness, whereas the LFP % in the ungraded 

cathode remains stable at ~60%. The slight increase in LFP % in the graded 

cathode between 0 and 10 µm is thought to be due to some settling of the molten 

PEO during spraying which displaced some LFP. The raw X-Ray CT slices and 

associated segmentations shown in Figure 5-12(c) demonstrate the density 

difference of the materials at distances from the current collector of 0 µm, 12.5 

µm and 25 µm in an electrode of ~30 µm thickness. The associated segmentation 

was done based on the greyscale value of the raw slices, with highly dense LFP 

appearing lighter in the raw slices and darker in the segmented ones. The change 

in density throughout the graded electrode is clear with the 0 µm slice of the 

graded cathode appearing as a dense LFP structure and the 25 µm slice 

containing mostly polymer. By contrast, the ungraded electrode shows the same 

ratio and structure of LFP and PEO at 0 µm, 12.5 µm and 25 µm, thus 

demonstrating the effectiveness of one-step spray deposition in manufacturing 

true gradients in electrodes.  

5.4.7 Cycle life performance of graded composite cathodes 

The graded and ungraded composite cathodes were tested for capacity loss 

during long term cycling at a rate of C/10. At cycling temperatures of 25 °C the 

cells functioned poorly with charge and discharge cut-off voltages often hit within 

a few seconds of applied current thus proving the necessity for an amorphous 

polymer for lithium-ion movement. At 60 °C both composite cathode structures 

cycled normally without shorting at C/10. The graded and ungraded composite 

cathodes were tested for capacity loss during long term cycling at a rate of C/10 

and graded composite cathodes suffered less capacity loss over 80 cycles than 

ungraded ones. Figure 5-13 (a) displays the capacity per cycle of the graded and 

ungraded cathodes. Here and across multiple repeats, see Appendix Figure 

8-1(a) and (b) the graded electrodes maintained capacity after extensive cycling 

significantly better than the ungraded even though the ungraded electrodes had 

higher initial discharge capacity (~100-120 mAh g-1) than the graded ones (~80 

mAh g-1). The initial lower capacity for the graded composite cathode is thought 

to be due to the reduced amount of PEO near the current collector which limits 

ionic conductivity near the base of the electrode and creates areas of less active 

LFP. Capacity loss in the ungraded cathode is quite significant, decreasing from 
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~100 mAh g-1 to almost zero after 80 cycles; by contrast, the graded cathodes 

retained high capacity remaining at ~80 mAh g-1 after 80 cycles, thus negating 

the impact of the lower initial capacity.  

 

Figure 5-13: The cycle life performance and charge and discharge EIS of 

graded and ungraded composite LFP/PEO cathodes against lithium metal at 

C/10. (a): the discharge capacity per gram of LFP. (b-e): EIS of graded and 

ungraded cathodes every 10th cycle in either the charged or discharged state 

with: (b) ungraded charged, (c) ungraded discharged, (d) graded charged, (e) 

graded discharged. 
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The electrochemical impedance spectroscopy shown in Figure 5-13(b-e) 

demonstrates the difference in the charge transfer resistance across the cell for 

the two different structures throughout cycle life testing. The total resistance can 

be observed by the size of the semicircle along the x-axis and is made up of 

overlapping semicircles of the bulk PEO ionic resistance and two main planar 

interface resistances, one for the cathode/electrolyte interface and the other for 

the anode/electrolyte interface.261 The graded composite cathode had a lower 

initial resistance on the first cycle (~20 Ω in both states) compared to the 

ungraded cathode (160 Ω in the charged state and 50 Ω discharged). The 

impedance of the ungraded composite cathode after the first charge, Figure 5-13 

(b), of ~160 Ω is much higher than that of the discharge (c) ~50 Ω. It has been 

shown that the resistance of the discharged state should be lower than that of the 

charged, partially due to the intrinsic differences in lithium-ion diffusion coefficient 

in LiFePO4 and FePO4.261,266 Furthermore, throughout the 80 cycles, the graded 

composite cathode has a smaller increase in resistance than the ungraded one, 

particularly in the charged state with resistance after the final charge of ~1400 Ω 

for the ungraded composite cathode and ~40 Ω for the graded. The initial lower 

resistance alongside the smaller increase in resistance of the graded composite 

cathode suggests that the charge transfer in either the bulk PEO or the planar 

interfaces of the graded composite cathode is improved and suffers less damage 

with cycling. The higher increase in resistance after 80 cycles with the ungraded 

composite cathode may explain the significant deterioration in capacity, due to 

degradation of the cathode/electrolyte interface. As the material composition of 

the bulk PEO is the same in both composite cathodes it is assumed that the 

graded composite cathode provides and maintains better interfacial contact with 

the SPE layer due to the lack of a clear boundary between the surface of the 

composite cathode and the PEO based SPE. This is also thought to be the reason 

for minimal capacity loss or resistance increase during cycling as separation of 

these two layers is much more unlikely to occur as there is no clear plane in which 

disconnection can occur. To resolve greater detail in the EIS analysis, distribution 

of relaxation times (DRT) analysis of the spectra was performed, allowing 

overlapping relaxation processes to be resolved into a series of local maxima 

linked to specific time constants (τ).267 In the DRT analysis, the charge transfer 

peak in the charged ungraded composite cathode, Figure 5-14(a), can be seen 
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to have grown in size and shifted from ~10-3 s-1 to ~10-1 s-1 over 80 cycles, 

suggesting that charge transfer both increased in resistance and became slower 

with cycle induced degradation; this would account for the distinct loss in 

capacity. By contrast, there was very little change in the charge transfer peak 

over the course of cycling in the graded composite cathode, Figure 5-14(c). As 

the material composition of the bulk PEO is the same in both SPE layers, it is 

assumed the charge transfer resistance between the composite cathode and the 

bulk PEO SPE is the primary cause of degradation. With the graded composite 

cathode, capacity loss or resistance increase during cycling is more unlikely to 

occur as there is no clear plane between the two layers in which disconnection 

can take place.  
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Figure 5-14: EIS distribution of relaxation times (DRT) of graded and ungraded 

composite LFP/PEO cathodes against lithium metal. (a-d): EIS DRT spectra of 

graded and ungraded cathodes measured every 10th cycle at C/10 in either 

the charged or discharged state with (a) ungraded charged, (b) ungraded 

discharged, (c) graded charged, (d) graded discharged. 

 

5.4.8  Rate performance of graded composite cathodes 

Graded and ungraded composite cathodes were tested for rate performance 

between C/10 and 2C and the typical corresponding discharge capacity and EIS 

plots are shown in Figure 5-15. While ungraded cathodes had higher capacity at 

C/10, similar to cycle life testing, at all rates above C/10 the graded composite 

cathodes performed better. The capacity of the ungraded composite cathodes  



   

 

136 

 

Figure 5-15: The rate performance and charge and discharge EIS of graded 

and ungraded composite LFP/PEO cathodes against lithium metal. (a) voltage 

vs capacity plot at increasing rates of both graded and ungraded cathodes. (b 

–d) EIS of graded and ungraded cathodes per cycle in either the charged or 

discharged state with (b) ungraded charged, (c) ungraded discharged, (d) 

graded charged, (e) graded discharged. 
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dropped from ~100-120 mAh g-1 in the initial C/10 to 50 mAh g-1 at C/5 and then 

to ~0 mAh g-1 at C/2, 1C, and 2C. Based on the recovery of the capacity in the 

final C/10 cycles back to ~80 mAh g-1, this significant capacity loss can be 

attributed to poor rate performance and not solely to cycle life degradation. The 

graded composite cathodes maintained a relatively stable capacity up to 1C of 

between 50 and 80 mAh g-1, ~30-40 mAh g-1 at 1C and, then to ~10 mAh g-1 at 

2C.  Graded cathodes consistently achieved higher capacity than the ungraded 

cathodes at rates above C/10 across repeats, see Appendix Figure 8-1 (c) and 

(d), demonstrating improved rate performance despite the initially lower capacity. 

 

Similarly to cycle life testing, the total resistance of the graded cathodes was 

substantially lower than ungraded cathodes at all points (graded between 20 Ω 

and 60 Ω and ungraded between 170 Ω and 1600 Ω), see Figure 5-15 (b-e). In 

all cases except for the ungraded charged EIS (b), the measured resistance 

increased with rate and the final C/10 cycles show around twice the resistance of 

the initial C/10 cycles. This suggests that there was some permanent degradation 

that occurred with high rate cycling. The DRT analysis of the charged states in 

Figure 5-16(a, c) shows that the charge transfer resistance peak for the final C/10 

cycles was higher than for the initial C/10 cycles with a higher increase in 

resistance for the ungraded composite cathode which further suggests 

permanent degradation of the PEO SPE/composite cathode interface.  

 

The ungraded charged EIS showed slightly different behaviour as the resistance 

decreased with rate from C/2 onwards and then increased by a significantly larger 

proportion for the final C/10 going from ~300 Ω to ~1600 Ω. The 2C resistance 

value of ~400 Ω and EIS profile showing a longer diffusion tail was similar to that 

of the discharged state which suggests that at high C-rates full lithiation had not 

taken. The DRT analysis in Figure 5-16(a) shows a high diffusion peak (~102 s-1) 

during 1C and 2C testing for the ungraded charged state which confirms that 

there was minimal lithiation due to the lack of diffusion throughout the PEO 

structure. This was confirmed by the low capacity recorded for the ungraded cells 

between C/2 and 2C and may also explain the high capacity seen in the final C/10 

cycles. At high rates, limited lithiation has occurred therefore there is minimal 

cycling-induced degradation to the structure and the capacity remains abnormally 

high, although in repeats the recorded capacity of the final C/10 cycles varies, 
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see Appendix Figure 8-1(c) and (d). This phenomenon was not present in the 

graded cathodes which indicates that a more complete lithiation has occurred at 

high C-rates. The DRT peak at ~102 s-1 associated with lithium diffusion in the 

charged graded composite cathode, Figure 5-16(c), follows an opposite trend to 

the charged ungraded composite cathode as peak height decreased with 

increased C-rate. This demonstrates that in the graded composite cathode, 

diffusion does not contribute as significant a proportion of impedance at higher 

rates, unlike the graded composite cathode in which the increase in diffusion-

based impedance prevents any real lithiation from occurring. The improved 

lithium diffusion in the graded composite cathodes is therefore thought to be a 

major factor in their superior rate performance and must be due to the changes 

in the PEO SPE/composite cathode interface. 

 

Overall, the graded cathodes have lower resistance than the ungraded cathodes 

with smaller resistance increases at higher rates demonstrating the stability of the 

graded composite cathode structure to maintain good lithium mobility under high 

current densities. This could be due to the improved electrolyte pathways through 

the cathode created by the gradient which are less constricted with lower 

tortuosity and therefore promote fast lithium movement and reduce charge 

transfer resistance which manifests as superior rate performance and the ability 

to pass higher current loads. Alongside this, the lack of a distinct 

electrolyte/electrode boundary promotes ionic contact and reduces rate-based 

degradation of the interface. 



   

 

139 

 

Figure 5-16: EIS distribution of relaxation times (DRT) of graded and ungraded 

composite LFP/PEO cathodes against lithium metal during rate performance. 

(a-d): EIS DRT spectra of graded and ungraded cathodes measured at each 

rate in either the charged or discharged state with (a) ungraded charged, (b) 

ungraded discharged, (c) graded charged, (d) graded discharged. 

 

5.4.9 Charging issues 

A well-documented and crucial drawback of PEO is its small oxidation window. 

There are contrasting upper voltage limits that have been reported for PEO-based 

electrolytes up to a maximum of 5 V vs Li/Li+.23–27 The accepted voltage of PEO 

degradation is 3.9 V vs Li/Li+,23,25,27 this is the value seen with a carbon-based 

high surface area electrode, whereas a flat blocking electrode raises the oxidation 

voltage.27 It is thought that above 3.9 V the chain of PEO is oxidised to form 
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esters, which still provide acceptable Li+ conductivity; above 4.2 V however the 

polymer breaks down further and this significantly impacts the performance of the 

electrolyte. The oxidation voltage in turn is affected by the oxidising nature of the 

cathode material with highly oxidising cathodes such as LiCoO2 exacerbating 

PEO degradation.25 Altogether this promotes the idea that stable cycling, without 

electrolyte oxidation, can be obtained by using low voltage and less oxidising 

cathodes such as LFP.  

 

The graded composite cathodes manufacture here revealed unexpected charge 

profiles, see Figure 5-17; while the discharge profiles maintain consistency in the 

general shape, the charge profiles exhibit two additional behaviours. The first is 

seen in the cycle life testing (a) as a noisy voltage profile, only appearing after 

~40 cycles. The second is seen in rate testing (b) at rates above C/2 as a flat line 

infinite charge at ~3.45 V. This behaviour was not seen in the ungraded cathodes, 

which suggests that the cause is due to the nature of the composite cathode. 

There are two potential explanations for this charge behaviour: electrolyte 

oxidation below that of the literature voltage limit and dendrite formation/shorting, 

these effects are summarised below.  

  

 

Figure 5-17: The charge and discharge profiles of graded composite cathodes 

showing every 5th cycle in (a) cycle life studies at C/10 and (b) rate testing. 
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5.4.9.1 Electrolyte oxidation 

Despite the consensus that PEO oxidation occurs above 3.9 V which is well 

above higher voltage limit in this study of 3.65 V, there is some literature that 

supports this hypothesis of degradation. An in-depth study of PEO oxidation by 

Seidl et al. highlights flaws in cyclic voltammetry experiments used previously to 

determine the upper voltage limit and uses EIS to study resistance increases from 

PEO degradation. They found that oxidation initially occurs at 3.2 V with the 

terminal OH groups, and further degradation of the chain begins at 3.6 V which 

was supported by infrared spectroscopy studies.24 This means that the infinite 

charge seen at high rates may be due to electrolyte oxidation as the voltage of 

3.45 V is in this range. Most of the research into PEO use long chain length 

(600,000 Mw and above) whereas Seidl et al. use 200,000 Mw and the work 

reported here uses 100,000 Mw which increases the ratio of terminal OH groups 

and therefore the significance of the oxidation at 3.2 V. This does not explain the 

difference in charge profiles between the graded and ungraded composite 

cathodes, however. It is possible that the gradient structure places fewer LFP 

particles on the surface of the electrode and that this impacts the spatial 

distribution of the electrochemical reactions within the electrode. It is known that 

there is a reaction rate gradient in an electrode, based on lithium-ion diffusion, 

with the surface of the electrode closest to the electrolyte experiencing faster 

reaction rates than the material adjacent to the current collector.268,269 When this 

effect is combined with the gradient of active material within the cathode it places 

a large current density on the few LFP particles near the surface which would 

raise the potential difference in these localised areas to a point at which the 

oxidation of PEO ensues. This effect is intricately linked to current density 

therefore would be amplified at higher rates; this is evident by Figure 5-17 (b) in 

which the effect did not appear in the cycling behaviour until C/2 when a noisy 

voltage profile was seen. At rates above C/2 the voltage profile changed further, 

and an infinite charge was recorded, this suggests that oxidation is interminable 

with higher current densities, due to localised potential differences.  In ungraded 

cathodes the high Li+ flux at the electrode surface is more evenly distributed 

across more particles therefore the localised potential difference may remain 

below the oxidation limit.  

To determine the onset voltage of PEO oxidation, linear scan voltammetry studies 

were done on gradient composite cathode cells post rate testing, see Appendix 
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Figure 8-2, and no significant peaks were observed in the range of the normal 

battery cycling. The LSV showed a gradual increase in current from 20 mA to 500 

mA between 2 V and 4 V; similar LSV studies in literature show current ranges of 

less than 1 mA, even at higher voltages, therefore this high current suggests a 

potential short in this cell despite its ability to discharge after the LSV was 

performed. This suggests instead that the infinite charge is not due to PEO 

oxidation but instead a micro-short that appears on charge; it is also possible that 

the high current seen here is masking any potential oxidation peaks.  

5.4.9.2 Dendrite formation and micro-shorts 

When manufacturing the graded and ungraded composite cathode coin cells, a 

considerable proportion of the graded cells shorted during the initial heating step 

prior to the formation cycles, this behaviour was not seen in the ungraded cells. 

Homann et al. study ‘voltage noise failure’ which they find occurs with LFP and 

NMC cathodes and only on charge.26 They eliminated the possibility of electrolyte 

oxidation by studying the voltage that an ‘infinite’ plateau was observed; tests on 

multiple cathode materials and different PEO chain lengths found that all the cells 

had a significant oxidation plateau at 4.6 V vs Li/Li+. The failure of the cells they 

reported on occurred randomly and at various voltages with all types of cathode 

material. They determined therefore that the source of the noisy charge profile is 

micro-shorts or soft shorts, dendrites that form weak connections between the 

lithium metal anode and the cathode during charge and allow for excess current 

to be passed without de-lithiating the cathode or raising the voltage past the 

experimental limits. As separating the cell to search for physical proof of dendrites 

is difficult, they concluded that increasing the thickness of the PEO or trading the 

lithium metal anode for a graphite one less likely to form dendrites would prove 

the existence of these micro-shorts.26 These methods, along with others were 

attempted in resolving the charging issues, see Table 5-4 for the fixes and results. 

Table 5-4: The attempted fixes and subsequent results on resolving the 
charging issues in graded LFP/PEO composite cathodes.  

Attempted fix Result 

2 x thick PEO SPE No change 

3 x thick PEO SPE No change 

Graphite anode Instant short 

50% gradient Noisy voltage, no infinite charge 
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2 x LLZO % in SPE No change 

Celgard Separator Poor performance, similar to that of ungraded 

 

In the graded composite cathode, both a thicker PEO layer and a graphite anode 

did not prevent the infinite charge or noisy voltage profile, with thick PEO cells 

performing similarly to standard thickness cells and graphite anodes shorting on 

manufacture. Other fixes were attempted such as a 50% gradient (reducing the 

intensity of the gradient by half), increasing the amount of LLZO in the electrolyte 

(this was a proven fix for shorting with pure PEO SPE’s), and the addition of a 

Celgard separator as a block for dendrite formation, see Appendix Figure 8-3 for 

cycling results. The 50% gradient showed the same characteristics as the fully 

graded composite cathode, with noisy voltage profiles at rates above C/2, 

although no infinite charge was seen which suggests a minor improvement. 

Increasing the LLZO fraction showed both infinite charging alongside noisy 

voltage profiles and the addition of a Celgard separator merely raised the 

resistance to a level that prevented any usable discharge capacity at rates above 

C/5, showing similar results to that of the ungraded cathode with poor rate 

performance but no infinite charge.  

 

The charge profile at high rates in Figure 5-17 (b) does not resemble a noisy 

voltage curve as seen in Homann et al. therefore it is not due to micro-shorts or 

dendrite formation, the long plateau is more like the oxidation profiles seen at 4.6 

V vs Li/Li+ seen in the same work. Alongside this, the inability of thicker SPE 

layers or additional LLZO in resolving these issues also suggests that they are 

not due to dendrite formation. However, many more of the graded composite 

cathodes shorted during or before the formation cycles and the high current seen 

in LSV scans on post rate testing cells suggests that the cells have shorted at 

least during and post charge. Both PEO oxidation and dendrite formation are 

issues which plague the performance and adoption of SPE-based electrolytes 

and have been studied in detail, and it is assumed that both effects are impacting 

the charge processes of the graded composite cathodes. It is interesting to note 

that none of these effects were seen with ungraded cathodes; it may be that 

partial grading of the cathode, either grading only the cathode/electrolyte 

interface, or the cathode/current collector interface may reduce the occurrence of 
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noisy and infinite charge profiles, and this may be an interesting research 

direction in the future.  

Overall, while this is impractical for implementation of these battery types the 

decreased resistance and improved LFP/PEO contact are desirable qualities 

which lead to greater performance on discharge in both cycle life and rate-

performance studies. While electrolyte oxidation and dendrite formation are 

issues related to the PEO system, there are potential solutions such as adding 

protective interlayers or coatings or by adaptation of the SPE by substitution of 

the terminal groups of PEO.23 Alongside this there is much research in the 

literature23–27,270–272 on other prevention methods such as adding fillers,270 

sacrificial electrolyte additives271 and cathode coating.272 

5.5 Conclusions 

Graded composite cathodes of LFP and PEO were manufactured using spray 

deposition and shown to perform better than ungraded composite cathodes in 

both cycle life and rate performance studies. The resistance of graded cathodes 

was consistently an order of magnitude less than that of ungraded cathodes and 

it is thought that this is due to the improved cathode/SPE interface. Graded 

cathodes maintained good capacity after 80 cycles at C/10 whereas ungraded 

cathodes failed to provide any significant capacity. Graded cathodes functioned 

at all rates whereas ungraded cathodes provided no capacity at any rate higher 

than C/5.  

While PEO has a limited electrochemical stability window and is hampered by 

dendrite formation and oxidation the gradient technique here is not limited to PEO 

as a material choice. This technique could be employed to a range of solid-state 

materials with which solid-solid interfaces are of crucial importance in optimising 

battery performance and lifetime. Gradient structures can remove these physical 

interfaces and improve connection between active material and electrolyte thus 

improving ion conductivity and adding resilience to volume changes within the 

cathode.  
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Chapter 6 Optimisation of Silicon Location in 

Through-Thickness Gradient Silicon Graphite 

Anodes 

6.1 Abstract 

Silicon boasts a high theoretical capacity and is commonly added in small 

quantities to commercially available graphite anodes. Upon lithiation, silicon 

forms an alloy and experiences substantial volume expansion, this can crack or 

dismantle the electrode architecture leading to loss of active material through 

disconnection and loss of electrolyte though SEI formation. Recent research has 

found that layering silicon and graphite in an attempt to contain silicon within the 

bulk of the electrode helps to prevent capacity degradation.273,274 Spray 

deposition can therefore be used to manufacture both layered and graded silicon 

graphite anodes in greater detail to determine the specific location dependencies 

of silicon in composite anodes.  

Graded silicon graphite anodes were manufactured using spray deposition to 

study the effect of through-thickness silicon location on cycle life. It was found 

that prioritising silicon placement closer to the current collector extended the 

lifetime of the anodes through buffering of the volume expansion of the silicon 

particles. To further optimise speed and cost of the manufacturing process, 

layered silicon graphite anodes were manufactured using a combination of slurry-

based doctor blading and spray deposition. This dual technique manufacturing 

approach to electrode production sped up production 10 times while also 

providing the precision required for novel electrode design.  

6.2 Background 

Graphite anodes represent a low cost, conductive and long-lasting electrode for 

lithium-ion batteries; graphite’s low surface area and chemical stability is crucial 

to stabilising SEI formation and extending the lifespan of the electrode. The need 

for higher capacity batteries and subsequent push for new cathode materials has 

necessitated an increase in the lithium storage capacity of the anode to match. 

Among the potential new anode materials are alloy-type anodes, which, unlike a 

graphite-type intercalation storage mechanism, form a metallic alloy with lithium 

upon discharge. Silicon is the most heavily researched of these alloy-type anodes 

and has a theoretical capacity of ~3579 mAh g-1 at room temperature with around 
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4 lithium atoms per silicon atom and a final discharge structure of Li15Si4; in 

comparison graphite can only hold 1 lithium atom per 6 carbons, leading to a 

theoretical capacity of 372 mAh g-1.275 Alongside this, it’s abundance, ecological 

properties, and low redox potential276, make silicon an ideal candidate for future 

anode materials.277  

6.2.1 Challenges with silicon 

Pure silicon anodes would provide the highest theoretical energy density, but they 

suffer from extremely poor cycle life; this is primarily due to the issue of volume 

expansion although the low conductivity of silicon is also a factor. Silicon, like 

many alloy-type anodes suffers from a large volume expansion on lithiation, up 

to 300%; this can cause cracks and microstructure breakdown leading to isolation 

of active material and subsequent capacity loss.277 Alongside this, any change in 

structure would cause the formation of new electrically insulating SEI, which 

further isolates active material and decreases the lithium and electrolyte stock.278 

This issue can be lessened by using silicon oxides, which decreases the volume 

expansion to 160% but also brings down the theoretical capacity. Figure 

6-1Error! Reference source not found. shows the crack formation of a silicon 

electrode during cycling, and it is clear from (c) that after just 50 cycles the 

electrode structure has been destroyed.  

 

Figure 6-1: SEM images of cracking of silicon(100) electrodes cycled between 

2 V and 0.01 V at (a) 3 cycles, (b) 8 cycles and (c) 50 cycles. Scale bar = 20 

µm. Reproduced from Shi et al.279 

 

As a result of the volume expansion of silicon, a composite cathode is required 

to withstand particle swelling and maintain the electrode structure. Silicon or 

silicon oxides are often combined in small ratios with carbon or graphite with a 

10% mass ratio of silicon giving theoretical capacities of ~twice that of graphite 

alone. A balance needs to found between the capacity and the cycle life as higher 
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mass ratios of silicon give higher capacities but degrade faster, see Figure 6-2. 

Conductive carbon materials such as carbon black have a higher surface area 

than graphite which in turn means more area for SEI formation and therefore 

greater electrolyte decomposition, it also is an inactive material, whereas graphite 

has the benefit of contributing to the capacity while also improving the properties 

of the silicon. For these reasons, the use of graphite as a composite in silicon 

batteries remains the optimal target. 

 

Figure 6-2:  The capacity per gram of active material per cycle of different 

silicon/graphite ratios, SiG00 is 0 wt% silicon, SiG03 is 3 wt% silicon etc. 

Reproduced from Moyassari et al.280 

 

6.2.2 Methods for improving silicon performance 

While composite cathodes help mitigate the destructive effects of the volume 

expansion, they do not prevent them entirely; often the increased capacity of 

silicon is only obtainable for a few cycles before the capacity drops to either the 

same level or below that of just graphite. In some cases, the capacity can 

decrease well below that of graphite alone; Figure 6-3 shows how the capacity of 

a 15 wt% silicon graphite electrode decreases below that of a stable graphite 

electrode after ~100 cycles. This is due to a destruction of the graphite 

architecture with repeated expansion of silicon particles.281 
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Figure 6-3: Comparison of 15 wt% silicon in graphite and graphite electrodes 

in terms of capacity per gram of active material per cycle. Reproduced from 

Son et al.281   

 

Within silicon graphite anodes there are additional methods of stabilising silicon 

particles, these include: changing the design of the silicon, whether forming 

nanostructures or utilising silicon oxides282; protective coating of silicon either in 

core shell structures276,283,284 or full electrode coating274; careful selection of 

binders in terms of strength and flexibility285; electrolyte additives to form more 

stable SEI layers286 and artificial SEI manufacture.287 When considering 

mitigation strategies for volume expansion, ease of manufacture must be 

considered as techniques that require complex methodology are unlikely to be 

industrially relevant.  

6.2.2.1 Impacts of conductive additive 

Simply mixing with graphite is not enough to ensure good cycling stability of 

silicon as there is poor interface adhesion between silicon and graphite which 

becomes particularly significant with smaller silicon particles due to a size 

incompatibility.277 Carbon can act as an interface between the graphite and 

silicon, and, with a vast number of different carbon structures and pore sizes 

available the carbon additive can influence the porosity, conductivity, and 

flexibility of the electrode. A good example of one such structure is a Si/graphite/C 

particle formed by spray drying,283,284,288 of which the methodology is shown in 
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Figure 6-4; this structure disperses small SiO particles in a graphite and carbon 

microsphere matrix. 

Common carbon additives are carbon black or carbon nanotubes, which promote 

a decrease in electrical resistivity when compared to electrodes without added 

carbon.289 The carbon type plays a crucial role dependent on its structure with 

carbon nanotubes found to increase electrical conductivity, whereas larger 

carbon black materials create porosity for electrolyte wetting and room for volume 

expansion.283  

Often the carbon additive is introduced in the form of a pitch which is a material 

which is pyrolysed into a carbon source in situ; in the case of Figure 6-4 the pitch 

is asphalt.288 The benefit of using pitch, or in some cases a sugar, is that it acts 

as a binder and conductive additive, and importantly, pitch is also generally much 

cheaper than other carbon sources.283  

 

Figure 6-4: The spray drying methodology for manufacturing Si/C/graphite 

particles. Reproduced from Long et al.288 

 

6.2.2.2 Impacts of binder 

The binder plays a crucial role in the interconnectedness of silicon and graphite, 

holding the particles together and retaining the structure of the electrode despite 

repeated volume expansion and contraction. A binder must possess good 

mechanical strength, flexibility and adhesion, while also remaining compatible 

with current manufacture methods. While PVDF is the most common binder in 

traditional graphite anodes, a comparative study of four binders found that the 

PVDF had the lowest ultimate tensile strength and Young’s modulus which 

translates to irreversible deformation upon silicon expansion.285 Binder elasticity 
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is crucial to long lasting electrodes with the highest elastic recovery seen with low 

Young’s moduli binders such as poly(amide imide).285 This suggests that a binder 

that is both flexible and strong is needed to tackle the extreme volume expansion 

of silicon which has led to research into hybridisation and co-polymerisation of 

binders with different properties to create the optimal mechanical 

characteristics.285,290 This discussion of the binder’s structural and mechanical 

properties is disputed however with some authors claiming the binder’s chemistry 

as the crucial aspect for long lasting silicon. Figure 6-5 shows a comparison of 

CMC and PVDF-based binders in graphite and silicon graphite anodes. Whereas 

PVDF performs better in graphite only anodes, when silicon is introduced a 

severe loss of capacity is seen in the first few cycles, representing a destruction 

of the anode, CMC on the other hand shows a greater stability in silicon 

containing anodes; this is thought to be due to a chemical bond between the CMC 

and the silicon.291 

 

Figure 6-5: A comparison of PVdF and CMC binders in Si-C and graphite 

anodes in terms of discharge capacity per cycle. Reproduced from 

Hochgatterer et al.291 
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6.2.2.3 Impacts of the electrolyte  

With repeated expansion and structure change comes constant SEI disruption 

and exposure of new electrode surface; the formation of new SEI consumes 

lithium and electrolyte and causes increased electrical resistance in the electrode 

leading to isolation of active material. Electrolyte additives such as fluorinated 

ethylene carbonate (FEC), propylene carbonate (PC) and vinyl carbonate (VC) 

can assist the formation of a more stable SEI layer.292 The SEI is formed of a mix 

of organic and inorganic compounds, but it is thought that the inorganic 

compounds adhere more weakly to silicon, therefore making them less likely to 

sustain damage during volume expansion. LiPF6 was found to reduce into a LiF-

based SEI more readily in ether-based solvents which reduced overpotentials 

during cycling, which are a sign of a more stable SEI, and cells with ether-based 

electrolyte retained 80% capacity after 100 cycles compared to 4.5% capacity 

retention with traditional EC/DMC-based electrolyte.293 Whether silicon is directly 

in contact with the electrolyte is crucial to SEI formation; coating of silicon 

particles with carbon showed different differential capacity curves compared with 

bare silicon due to the separate SEI reactions. These carbon coated silicon 

electrodes had 12% less irreversible capacity loss in the first cycle due to 

improved SEI formation.294 Other methods of SEI stabilisation include the 

formation of artificial siloxane networks which form directly on the silicon surface 

to protect it.293   

6.2.3 Electrode structure 

The ionic and electronic conductivity throughout an electrode is not homogenous; 

the electronic conductivity reduces with increased distance from the current 

collector, and poor electrolyte wetting and long lithium diffusion pathways further 

from the surface of the electrode decreases ionic conductivity.295 Because of this, 

the local lithium-ion concentration varies throughout the electrode and is highest 

at the electrode-electrolyte interface. For silicon on the surface of the electrode, 

this implies that both the SEI formation and volume expansion will be faster, 

causing disintegration of the silicon particles alongside an unstable SEI. Silicon 

that is set in the bulk of the graphite should be more protected as the graphite 

helps to buffer the volume changes and limit the electrolyte contact. Simply 

removing the silicon from the surface would decrease the overall capacity of the 

cell, whereas a gradient throughout the electrode would offer the benefit of 
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retaining maximum silicon content while removing the ‘at risk’ silicon particles. 

This idea has been realised in the form of layered structures which manufacture 

different regions of either Si-graphite or graphite on top of each other. These 

studies found that the optimal performance was with a sandwich structure in 

which the middle of the electrode, containing silicon, was sandwiched between 

two graphite or carbon only layers.273,274 These studies differ in the manufacture 

approach using either thin-layer doctor blading273 or spray deposition274 but show 

comparable results. Figure 6-6 shows the rate and cycle life performance of spray 

deposited (a) and doctor bladed (b,c) layered Si-C electrodes. The clear 

difference between the two is the capacity at low C-rates/current densities; the 

doctor bladed electrodes are a composite of silicon and graphite whereas the 

spray deposited ones are silicon and carbon black which have a much lower ratio 

of active material and therefore a lower capacity. Homogenous/blended 

electrodes show the poorest performance in both capacity and rate capability and 

sandwich structures show the best performance. In (a) however, the sandwich 

structure starts with the highest capacity but then drops below that of the Top C 

structure after ~70 cycles; therefore, the optimal layer orientation is not entirely 

clear.273,274  

 

Figure 6-6: Comparison of layered silicon-C electrodes in rate capability and 

cycle life studies. (a) spray deposited layered electrodes of silicon and carbon 
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black at different current densities, the legend refers to the location of the 

carbon only layer, with sandwich indicating a silicon containing layer between 

two carbon layers. Reproduced from Huang et al.274; (b, c) doctor bladed 

layered silicon-graphite electrodes with UD-Si/Gr representing a homogenous 

mix of silicon and graphite; LG-Si/Gr representing silicon layer near the surface 

of the electrode; PG-Si/Gr representing the sandwich structure with silicon in 

the middle. (b) is the rate capability of these cells, and (c) the cycle life at 0.2C.  

 

6.2.4 Literature summary 

The research in this chapter aims to further the concept of layered silicon/graphite 

electrodes by spray depositing true gradients into the anode in different 

combinations, building on the layered Si/C electrodes manufactured previously 

by Huang et al.274 The concept of containing the silicon within the bulk of the 

electrode shows promise in extending the life of the silicon while the use of 

graphite rather than carbon as a silicon host allows for maximised active material 

content and a lower surface area for SEI formation. Spray deposition can be used 

to manufacture full true gradient anodes without the need for toxic chemicals or 

multi-step manufacture. By elucidating the optimal silicon configuration in the 

electrode, current high performing silicon nanomaterials can be improved further 

through a simple change in manufacturing process thus pushing the technology 

forwards towards high capacity, long lasting silicon containing anodes.  

6.3 Methodology 

Graphite dispersion and binder-related film properties were studied using optical 

microscopy. Silicon graphite anodes were manufactured using a combination of 

spray deposition and doctor blading. Coin cells were then assembled and tested 

for cycle life performance. Silicon graphite electrodes were characterised using a 

combination of optical microscopy and SEM EDX.  

 

Ultrasonic spray deposition was used to manufacture graded silicon graphite, to 

add thin silicon layers onto doctor bladed graphite anodes as well as in graphite 

dispersion mass measurements. In all cases, dispersions of graphite and/or 

silicon in a water/IPA solvent was spray deposited onto a substrate, this was 

either copper foil for anode manufacture, commercial or in-house slurry casted 
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graphite anodes when manufacturing layered silicon graphite anodes or a small 

petri dish when performing mass measurements.  

 

Chemicals and materials used in the manufacture of silicon graphite electrodes 

were: 15 µm graphite (Artificial graphite for battery anode, MTI), 5 µm graphite 

(xGnP M-5 graphene nanoplatelets, XG sciences), silicon nanopowder (<100 nm, 

>98% trace metals basis, Sigma Aldrich), CMC binder (sodium 

carboxymethylcellulose, Sigma-Aldrich), styrene-butadiene rubber (SBR, BM-

451B, TOB Machine),  IPA (isopropyl alcohol, Sigma Aldrich, carbon black (Super 

C65, C-NERGY Imerys) and DI water. Additional binders used for the binder 

study were tannic acid (Sigma Aldrich), polyvinylpyrrolidone (PVP, Mw 

~1,300,000, Sigma Aldrich), Poly(3,4-ethylenedioxythiophene) polystyrene 

sulfonate (PEDOT:PSS, high conductivity grade, 3.0-4.0% aqueous dispersion, 

Sigma Aldrich), Polyacrylic acid (PAA, MV 1,250,000, Sigma Aldrich) and 

polyvinylidene difluoride (PVDF, Solef, Solvay Specialty Polymers). Additional 

chemicals used for doctor blading of graphite anodes were battery grade graphite 

(S360 E-3, BTR) and Super C45 carbon black (C45, MSE supplies). 

 

Electrodes for the binder study were manufactured using a single solution and 

single nozzle spray using a mixed silicon/graphite/carbon black/binder solution. 

The ratio of materials in the solution were: 15 µm graphite; 0.7, silicon; 0.1, carbon 

black; 0.1, binder; 0.1. Solutions were 1 mg mL-1 and were sprayed onto copper 

foil (10 µm thick, Targray) over 100 passes at a flow rate of 1 mL min-1, shaping 

air of 1 psi and substrate temperature of 150 °C.  

 

To manufacture graded silicon anodes, two spray solutions were used alongside 

two nozzles and associated syringe pumps: a 10 mg mL-1 5 µm 

graphite/carbon/binder solution and a 1 mg mL-1 silicon/carbon binder solution. 

Both solutions were manufactured to be 0.8/0.1/0.1 ratio by mass of active 

material/binder/conductive carbon, respectively. These were sprayed 

simultaneously onto the same area using rotated nozzles. The total flow rate of 

the two solutions was 0.5 mL min-1; for mixed/homogenous silicon graphite 

electrodes the flow rates of the two solutions were fixed at 0.25 mL min-1 for the 

duration of the spray, for graded silicon graphite electrodes the flow rates 

increased/decreased in a stepwise fashion between 0 mL min-1 and 0.5 mL min-



   

 

155 

1. Solutions were spray deposited onto copper foil at an area of 25 cm2 shaping 

air of 1 psi and substrate temperature of 150 °C.  

 

Graphite dispersion studies were performed using 10 mL of 1 or 10 mg mL-1 

graphite (5 µm and 15 µm) in different solvents: DI water/IPA, acetonitrile (ACN, 

99.9%, Sigma Aldrich), N-Methyl-2-pyrrolidone (NMP, 99.0%, Sigma Aldrich). 

Prior to spray deposition and some graphite dispersions studies, solutions were 

sonicated using a sonic horn (Fisherbrand 505) at a power of 40% and a pulse 

rate of five seconds for 10 minutes. 

 

For combined spray and slurry coating layered silicon graphite studies, 1 mg mL-

1 silicon/binder/carbon solution was spray deposited onto either commercial 

graphite-based anode sheets (LiFUN), or homemade graphite anodes. For 

deposition onto commercial anodes, the silicon solution was spray deposited at 

0.5 mL min-1 for between 10 and 40 passes at a substrate temperature of 150 °C 

and shaping air of 1 psi. For manufacture of graphite anodes a 49.5 wt% slurry 

with materials ratios of BTR graphite; 0.9525, C45; 0.01, CMC (3 wt% in water); 

0.015, SBR; 0.0225 and DI water, was mixed in a non-planetary centrifugal mixer 

(Thinky ARE-250, Intertronics) at 500 rpm for 7 minutes and 2000 rpm for 15 

minutes. After mixing the slurry was doctor bladed onto copper foil using an 

(Elcometer 3600/4) and draw down coater (Elcometer 4340) and dried on a 

hotplate at 60 °C for at least 1 hour.  

 

All anode films were cut into 12 mm diameter electrodes and dried under vacuum 

at 80 °C before being transferred into an Ar-filled glovebox. 

Coin cells were manufactured according to Figure 6-7 using CR2032 coin cell 

parts (Hohsen). One 1 mm thick stainless spacer and a 0.12 mm thick 14 mm 

diameter lithium disk (Goodfellow) anode were used alongside a 19 mm diameter 

Celgard separator. 100 μL of electrolyte (1 M LiPF6 in a solvent consisting of a 

30 : 70 wt% ethylene carbonate : ethyl methyl carbonate mixture with 2 wt% 

vinylene carbonate, E-Lyte) was added onto the separator and the cells were 

crimped using a hand crimper (Hohsen). 
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Figure 6-7:  Schematic showing the construction of the coin cells used for 

silicon graphite anode experiments.  

 

Cells were tested on a BCS-805 battery cycler (BioLogic) and were first left to 

rest for 2 hours, then subjected to two formation cycles at C/20 or at a current of 

100 µA with charge and discharge limits of 1.5  and 0.01 V vs OCV respectively; 

cells were rested for 1 hour between each charge and discharge. Cells were then 

tested for cycle life at C/10 or at a current of 200 µA.  

 

Characterisation of the graded silicon electrodes was done using SEM EDX. The 

magnification was set to 1056 x and the accelerating voltage was 10 kV. Graphite 

dispersion studies were performed using a Dino-Lite AM7515MT1A Digital 

Coaxial Illumination Microscope at a magnification of 115 x. Binder studies optical 

microscopy was done using a Keyence VHX-7000 at a magnification of 80 x.  

6.4 Results 

6.4.1 Binder studies 

Multiple different binders have been suggested as beneficial for silicon stability; 

these include tannic acid296, PVP297–299, CMC297,300, PEDOT:PSS297, SBR301, 

PAA302 and PVDF303. As so many studies differ on which binder is optimal for 

silicon graphite electrodes, it is likely that the manufacture method is crucial in 

determining the binder's functionality. Spray deposition is not a common method 

of graphite electrode manufacture therefore the optimal binder material is even 
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more uncertain. To elucidate this, some of the commonly used binders were 

tested with 10% silicon graphite electrodes manufactured using spray deposition. 

The electrodes were all manufactured using battery grade graphite of size 15 µm 

and nanosize silicon, with either 10 wt% or 20 wt% of binder. It is clear from the 

optical microscopy of the films in Figure 6-8 that the binder effects the 

macrostructure of the electrode. Figure 6-8 shows varying structures from 

cracked and peeling electrodes with CMC and PVDF binders, to pitted structures 

with CMC/Sbr, PAA and tannic acid. Only PVP and PEDOT:PSS binder-based 

electrodes showed fully homogenous film structures. The cracking and peeling of 

CMC and PVDF-based electrodes suggest poor adhesion of the binder to both 

the silicon/graphite mix and the current collector, whereas the pitted structures 

may be due to the bi-solvent effect of preferential binder solubility in either water 

or IPA which can cause the formation of through-thickness pores.104 In this case 

the binder may be localised to IPA and the remaining water droplets deposit 

disconnected material which can be blown away by the next spray pass. 

 

Figure 6-8: Optical microscopy images of 10 wt% silicon graphite anodes with 

different binders and binder ratios.  
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Figure 6-9 shows the cycling data of the 10% silicon graphite anodes with the 

different binders. The theoretical capacity of graphite is 372 mAh g-1 and the 

sample with no silicon remains steady at ~300 mAh g-1 for 100 cycles after an 

initial higher capacity in the first cycle due to SEI formation. Most of the silicon 

containing anodes have an initial capacity that is exceptionally high (up to ~1200 

mAh g-1) when compared to its theoretical capacity of (512 mAh g-1), suggesting 

good utilisation of silicon and potential side reactions such as SEI formation 

during formation. Within 100 cycles all the silicon containing electrodes lose 

capacity to a point much lower than pure graphite, due to silicon expansion and 

destruction of the electrode framework.281 The only binders to show capacity 

higher than that of graphite after 10 cycles were 10% tannic acid and 10% 

CMC/Sbr which both showed a pitted structure. 10% CMC/Sbr shows an unstable 

capacity that rose from ~400 mAh g-1 to ~800 mAh g-1 after 25 cycles which is a 

behaviour seen in multiple studies and is assumed to be due to reorganisation of 

material within the electrode which randomly reconnects silicon particles with the 

conductive matrix thus initiating a heightened capacity. A subsequent 

degradation of the electrode structure is seen between cycles 25 and 50 which 

demonstrates the destruction of the electrode architecture. Based on the 

performance of the electrodes in the binder study, 10% CMC/Sbr was taken to 

be the optimal binder for studying gradient silicon graphite anodes and is the 

binder used in all further studies.  

 

Figure 6-9: The discharge capacity per gram of active material of 10% silicon 

graphite anodes with different binders, cycled at C/10 of the theoretical 
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capacity. Sample with no silicon has 10% CMC/Sbr binder. The first two cycles 

are at C/20.  

 

6.4.2 Graphite dispersion 

A key feature of the capacity seen in Figure 6-9 is that many of the silicon 

containing electrodes failed to provide any significant capacity even in the first 

few cycles, this is unusual as if the silicon is not active, and the graphite should 

still provide a baseline capacity of ~300 mAh g-1. This lack of active graphite 

cannot be blamed on destruction of the electrode architecture due to silicon 

expansion either, as the silicon has also remained inactive. This suggests that 

there was an issue with the graphite in spray deposited electrodes. To test this, 

each component was spray deposited individually into a petri dish and the mass 

of deposited material was compared to the expected mass. The first 5 dual bars 

of Figure 6-10 (as indicated by the blue square) demonstrate the expected versus 

actual deposited masses of the graphite (15 µm size), conductive carbon, silicon, 

and binder. While there are some small losses of material with the silicon and 

binder due to disrupted spray shape and large nozzle-substrate distance, there 

is almost no graphite being deposited which cannot be explained away by normal 

manufacturing losses. Graphite is particularly difficult to disperse in solutions, and 

often researchers resort to exfoliating graphite into graphene in order to suspend 

it.304 On further inspection it was found that the graphite was sedimenting in the 

syringe input and was therefore not entering the spray system, leaving films of 

only silicon, carbon and binder which would have a theoretical capacity of 3579 

mAh g-1 of active material. To study this further a microscope system was used 

to study the settling of graphite in different solvents. 
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Figure 6-10: Bar chart of expected and actual mass of anode components after 

spray deposition. Blue square showing the individual components and total 

used for the binder studies. Total indicates all components (carbon, silicon, 

graphite, and binder).  

 

Figure 6-11 shows the sedimentation of graphite in different solvents; it is clear 

from (a) and (b) that in 1:1 DI water:IPA by volume a 1 mg mL-1 dispersion of 

graphite settles very quickly with the sediment layer growing from 0 mm to 

0.7 mm in 4 minutes. For slurry-based coating methods the solvent of choice is 

usually NMP or acetonitrile (ACN), (c) shows the sediment build-up of 1 mg mL-1 

graphite in these solvents and in low concentrations they form worse dispersions 

of 15 µm graphite. When sonicated it was found that the sedimentation layer 

formed at the same speed or quicker which was unexpected, but the solution 

remained black after leaving for an hour, whereas without sonication it became 

clear and fully sedimented. This is due to sonication induced graphite exfoliation 

which forms more easily dispersible graphene. Methods of better dispersing 

graphite include exfoliation into graphite or the addition of surfactants, however 

this would both reduce the effectiveness of lithium intercalation between 

individual graphene layers and incorporate additional non-active materials into 

the electrode structure.305 
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Figure 6-11: The sedimentation of 15 µm graphite in different solvents with: 

(a), (b) showing the growth of the sediment layer of 15 µm graphite at 1 mg 

mL-1 in 1:1 DI water:IPA by volume after 30 seconds and 4 minutes, 

respectively. (c) shows the growth over time of 15 µm graphite sediment in DI 

water, ACN and NMP.  

 

The graphite used in this study is 15 µm diameter which is particularly large for 

dispersion in solution, from practice it has been noted that particles above 1-2 µm 

diameter cannot be dispersed. To study the effect of particle size, 5 µm graphite 

particles were tested in the same dispersion tests. It was found that the density 

of these particles was so low that at higher concentrations of 10 mg mL-1 the 

solution forms an equilibrium of partially sedimented graphite; although this does 

compact over time it was a significantly lower sedimentation speed than with large 

diameter graphite. Figure 6-12 shows the syringe and tubing of with different 

concentrations of 5 µm graphite. (b-d) show the tubing with 1, 3 and 10 mg mL-1 

graphite concentrations, respectively. These show that clearly the graphite is now 

dispersed well enough to enter the tubing more easily than the 15 µm graphite, 

and the 10 mg mL-1 (d) tubing clearly showed movement of the graphite particles 

at a flow rate of 0.5 mL min-1 and minimal deposition of graphite inside the tubing. 

This is thought to be due to the low density of the graphite which allows it to flow 

with the solution even with low flow rates. Figure 6-10 shows the expected and 

actual mass recorded after spray with 5 µm graphite; there is a marked increase 

in actual mass recorded of graphite in both the graphite only and total studies, 

demonstrating the better dispersive properties of the smaller graphite particles.  
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Figure 6-12 (a) shows the syringe during the total (5 µm graphite, carbon, silicon, 

and binder) study, and a separation of the materials can clearly be seen with a 

lighter brown colour appearing nearer the top of the syringe and more black 

material near the bottom. The silicon (lighter brown material) disperses very well 

in water/IPA whereas the graphite settles causing the two materials to separate 

out in the syringe. When a stirring function was added to the syringe the actual 

mass of graphite deposited was increased again, see the final bar in Figure 6-10. 

For these reasons, for all experiments involving the spray deposition of graphite 

onwards, 5 µm graphite was used, alongside a stirring syringe, to ensure that the 

actual mass deposited is as close to the expected as possible.  

 

 

Figure 6-12: (a) The separation of silicon and carbon without stirring in the 

syringe. (b-d) The solution flow tubes at different concentrations of 5 µm 

graphite at different concentrations and a flow rate of 0.5 mL min-1. (b) 1 mg 

mL-1, (c) is 3 mg mL-1, (d) is 10 mg mL-1. 

 

6.4.3 Gradient silicon graphite electrodes manufactured using spray deposition 

Using the methodology explained previously, silicon gradients were 

manufactured into graphite electrodes using a one-step spray deposition 

process. The specific placement of silicon within the electrode may provide 

protection of the electrode macrostructure by prevention of architecture 

breakdown due to the expansion of silicon. In order to study the optimal 
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placement of silicon within the electrode, three different structures were 

manufactured: a homogenous 10 wt% mix of silicon nanoparticles in a graphite 

electrode, a gradient from 20 wt% of silicon at the base of the electrode to 0 wt% 

at the surface, and a gradient from 0 wt% silicon at the base of the electrode to 

20 wt% at the top. Figure 6-13 shows the EDX and associated cross section SEM 

image of these three structures. The EDX in (a) and (c) show clearly an increase 

in silicon at the base/surface of the electrode respectively, with peaks between 

30 and 40 hits, whereas (b) shows a relatively consistent hit count for silicon of 

around 20 throughout the thickness of the electrode. SEM EDX is a very precise 

measurement, with the line in the SEM images showing the location of EDX 

measurement, due to this the results can be quite dependent on the specific 

points chosen, therefore the EDX plots shown here do not show a perfect gradient 

but do show the general trend of the entire electrode.  
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Figure 6-13: The EDX hits and associated SEM image with EDX measurement 

line of silicon, carbon and copper through the thickness of graded silicon 

electrodes with (a) bottom graded silicon, (b) ungraded silicon and (c) top 

graded silicon. 

 

6.4.4 Performance of graded silicon graphite and silicon carbon electrodes. 

Spray deposited graded silicon graphite electrodes were tested at a rate of C/10 

of their estimated theoretical capacity. Two different thicknesses were 

manufactured, thin electrodes comprised of 10 spray passes and were 50 µm 
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and thick electrodes comprised of 20 spray passes and were 100 µm. To further 

study the effect of placement of silicon, electrodes were manufactured replacing 

the graphite with carbon black, which is inactive in terms of lithium intercalation 

and therefore removes the additional capacity of graphite from the results and 

allows for less convoluted analysis. Figure 6-14 shows the mean capacity per 

cycle of graded silicon/graphite and silicon/carbon electrodes in three different 

silicon configurations: silicon content increased near the base of the electrode – 

Bottom, a homogenous mix of silicon throughout the electrode – Mixed, and 

silicon content increased towards the surface of the electrode – Top, as 

demonstrated in Figure 6-13. 

In all three electrode designs, the Si Bottom electrode recorded the highest 

capacity with Si Top performing the worst over 80 cycles. The thin Si/graphite 

electrodes provided higher capacity per gram of active material, suggesting that 

increasing the thickness of the electrode reduces the silicon/graphite utilisation, 

which is a well-known issue for battery electrodes. The silicon/carbon electrode 

removes the influence of the graphite on the cycling performance, and the Si 

Bottom configuration remains the best performing, indicating that the placement 

of silicon is key in determining both utilisation and stability during cycling. It is 

thought that the Si Bottom structure prevented the internal stress/strain caused 

by silicon volume expansion which minimised cracking and disintegration of the 

electrode architecture.273 The surface covering of carbon above the silicon acts 

as a mechanical buffer preventing full disconnection of silicon and breakdown of 

the carbon/graphite matrix.274  

The capacities of the first few cycles is especially high, reaching ~ 1200 mAh g-1 

in the Si/graphite electrodes and ~ 800 mAh g-1 in the Si/carbon electrodes. This 

is primarily due to solid electrolyte interface formation on both the graphite and 

silicon material surfaces, consuming electrolyte and lithium in an electrochemical 

reaction.306,307 Alongside this, irreversible reactions during the oxidation of silicon 

can elongate the first few discharge profiles.308 The discharge plots of the 1st, 2nd 

and 5th cycle in Appendix Figure 8-4 demonstrate a long plateau at ~0.2 V that 

shortens as the cycle number increases, indicating the effects of these two 

influences on the initial cycling behaviour of silicon/graphite anodes.  
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Figure 6-14: The mean cycle life (C/10) performance of spray deposited 

graded silicon graphite and silicon carbon electrodes. Each plot shows the 

mean performance of cells that have been graded with either silicon near 

bottom of the electrode, a homogenous mix of silicon throughout the electrode, 

or silicon near the top. The three plots are indicated as to whether the 

electrodes were thick or thin, and whether the electrode was silicon/graphite or 

silicon/carbon.     

 

There was considerable variety in the repeatability of the cycling results seen with 

the graded silicon/graphite electrodes, particularly with the thin electrodes. Figure 

6-15 shows the minimum, maximum and mean capacities recorded over 5 

repeats of the thin and thick graded Si/graphite electrodes. There is a disparity of 

~400 mAh g-1 between the minimum and maximum capacities in the thin Si 

Bottom anode, and ~200 mAh g-1 difference in the thick Si Bottom anode. Similar 

differences occur in both the Si Mixed and Si Top anodes, demonstrating that 

with a thin electrode of 50 µm and large graphite particle sizes (5 µm) there is 

less certainty and reliability in the designing and manufacturing of a graded 

electrode. It is likely that due to the large size of graphite particles, the thin 

electrodes varied considerably in structure and specific placement of silicon, 

therefore there was a wide range of useable capacity and degradation. When 

thickness was increased to 100 µm this variability was reduced, the thick 

electrodes were manufactured using 20 spray passes compared to 10 passes for 

the thin electrodes; each pass may not be entirely even therefore homogeneity is 

built up by manufacturing electrodes over many passes, this is most likely the 

explanation for differences in reproducibility between the thin and thick 

electrodes. There were variations in the repeatability of electrodes between the 

three gradient structures also, with the homogenous mix design providing the 
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smallest range, and Si Bottom providing the largest. It is likely that the high 

concentration of silicon (20 wt%) near the current collector is the cause for this 

variability in capacity, these areas will be much more dependent on graphite 

architecture and more sensitive to subtle changes between electrodes. The 

homogenous mix electrode has a consistent 10 wt% of silicon, therefore there is 

more resilience to electrode differences. 
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Figure 6-15: The minimum, maximum and mean capacities recorded for 

graded silicon/graphite cells during cycle life testing at C/10. The two columns 

indicate whether the electrode was thin or thick, and the rows dictate the type 

of gradient. 

 

This work demonstrates the location specific nature of silicon performance, which 

is a known phenomenon in the literature.273,274,295 While previous research has 
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focussed on the deposition of discrete silicon layers, here, true gradients are 

manufactured throughout the electrode in a one-step deposition process. It is 

shown that, much like in layered films, embedding silicon deeper into an electrode 

protects the silicon from the high Li+ concentrations seen at the anode surface, 

preventing degradation upon excessive volume expansion.274 This work builds 

upon the layered Si/C spray deposited anodes manufactured by Huang et al. by 

demonstrating the performance of graded rather than layered electrodes, and by 

successfully spray depositing graphite, thus increasing the overall energy density 

of the anode.  

6.4.5 Combining spray deposition with slurry coating for Si/graphite electrode 

manufacture 

Spray deposition is not commonly used in industry for manufacturing battery 

electrodes due to the time and cost associated with layer-by-layer deposition.5 

Manufacturing layered or graded materials is challenging with current slurry 

coating methods, therefore in order to commercialise these new electrode 

designs industrial manufacturing methods must be taken into account.18 With the 

desire for greater energy density comes increased electrode mass loading and 

thickness. When this is combined with a slow layer-by-layer deposition method, 

manufacture time is increased thus inflating the total cell cost. The thick 20 pass 

silicon/graphite electrode manufactured here was ~100 µm thick, and took ~1 

hour to manufacture a 25 cm2 electrode, whereas industry is currently targeting 

manufacturing speeds of 90 m min-1, showing clearly that spray deposition has a 

long way to go to compete.  

In order to further improve the manufacture speed of location specific silicon 

electrodes, spray deposition was combined with more traditional slurry coating 

methods. As the combination with slurry coating makes gradient manufacture 

deposition difficult, layered silicon/graphite electrodes were manufactured 

instead. While some literature research has focussed on entirely slurry coated, 

or spray deposited silicon/graphite anodes, there is little research into combined 

spray/slurry coating methods.273,274  

To study the viability of this bi-technique manufacturing method, commercial 

graphite anodes were used as a substrate for silicon spray deposition, thus 

producing layered silicon/graphite electrodes.  
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Figure 6-16: The capacity of batteries made with Li-FUN graphite electrodes 

with different amounts of spray passes of silicon on top. 10 spray passes is 

roughly equal to 0.22 mg cm-2 electrode.  

 

Commercial Li-FUN graphite anodes were used as a substrate for silicon 

deposition, and coated with different mass loadings of silicon nanoparticles, 

combined with binder and conductive carbon. Figure 6-16 shows the capacity per 

cycle of these silicon/Li-FUN graphite cells. The mass of silicon deposited over 

ten passes is roughly 0.22 mg cm-2, although due to fluctuations in the mass of 

the Li-FUN graphite electrode the total mass of silicon per electrode is difficult to 

quantify. What is initially clear is the capacity difference during the initial 25 cycles 

that coincides with increased pass number of silicon deposition. Cell capacity 

increased with silicon pass number; on the fourth discharge the respective 

capacities were: No silicon; 2.59 mAh, 10 pass; 3.09 mAh, 20 pass; 3.23 mAh, 

30 pass; 3.41 mAh and 40 pass; 3.89 mAh. This demonstrates that a thin layer 

of silicon coating on a slurry coated electrode can be used to increase electrode 

capacity.  

The cycling data of the bare Li-FUN electrode, indicated as ‘No silicon’, shows 

typical graphite behaviour during the early stages of cycling, with capacity 

increasing steadily for the first 25 cycles. This is due to the combined effects of 

SEI formation, which takes place over multiple cycles and artificially extends 

cycling profiles, as well as increasing utilisation of the electrode, with parts of the 

graphite that were previously not ‘wetted’ by the electrolyte or were inactive 

becoming useable for lithium ion intercalation.306–309 This effect was replicated in 
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all the silicon coated electrodes, with peaks in discharge capacity occurring 

between cycle 15 and 30 due to more complete electrode activation. After 25 

cycles however there is a decrease in capacity seen in all the tested electrodes, 

and after 100 cycles there is <0.1 mAh seen with all electrode configurations. 

This dramatic decrease in capacity is unusual in graphite electrodes, especially 

commercial Li-FUN electrodes, which suggests an issue with cell manufacture or 

cycling parameters for the sudden deterioration in performance. Despite this the 

promising increase in capacity for the initial 25 cycles of cells with spray deposited 

silicon coatings suggests potential for bi-technique manufacture of layered 

silicon/graphite anodes. While spray depositing thin silicon layers onto 

commercial cathodes provides a route to surface coated graphite electrodes, 

previous results have indicated that silicon location within the thickness of the 

electrode is important in determining silicon’s longevity and cycle life 

performance. In order to study this, slurry coated graphite electrodes were 

manufactured in-house with silicon layers sprayed before and after graphite 

deposition.  

 

Three different combinations of layered silicon graphite electrodes were 

manufactured in order to study the effect of silicon location. Each electrode 

comprised 40 passes of silicon (0.88 mg cm-2
 of silicon). ‘Silicon bottom’ 

comprised of 40 passes of silicon directly onto the copper current collector, the 

graphite electrode was then coated on top. ‘Silicon top and bottom’ comprised of 

20 passes of silicon onto the current collector, then doctor bladed graphite, and 

finally a further 20 passes of silicon on top. ‘Silicon top’ involved spraying 40 

passes of silicon on top of a doctor bladed graphite electrode. Figure 6-17 shows 

the mean capacity per cycle of the layered silicon graphite electrodes compared 

to a control graphite-only electrode. All the silicon-containing electrodes have a 

higher initial capacity of 4-5 mAh per cell than the control electrodes (~3 mAh). 

The ‘silicon top’ electrode has the highest initial capacity, likely due to the reaction 

rate gradient that exist inside electrodes which means that material near the 

surface of the electrode is lithiated first, and any inactive material is more likely 

to be near the current collector.268,269 As expected from previous results the 

‘silicon top’ electrode capacity drops quickly from ~5 mAh to 4 mAh within 10 

cycles, whereas the ‘silicon top and bottom’ and ‘silicon bottom’ electrodes 

maintained a more stable capacity of ~4 mAh for 20 cycles, with silicon bottom 
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electrodes performing marginally better out of the two over the 20 cycles. Both 

‘Silicon top’ and ‘Silicon bottom’ graphite electrodes degraded in performance 

towards the control ‘no silicon’ electrode eventually dropping below it after 37 

cycles while ‘Silicon top and bottom’ retained capacity better. Unexpectedly the 

‘silicon bottom’ electrode performance deteriorated quickly after ~cycle 15 and 

the ‘silicon top and bottom’ electrode showed the highest capacity from cycle 20 

onwards. This suggests that the degradation in the layered ‘silicon bottom’ 

electrode is worse than a graded silicon bottom electrode. This may be due to 

the distinct boundary which exists between the sprayed silicon layer and the 

doctor bladed graphite which could be a source of disconnection with repeated 

volume expansion during cycling. Furthermore spray deposition of a pure silicon 

layer onto the current collector prior to doctor blading may impact the stability of 

the electrode, increasing the risk of delamination. The ‘silicon top and bottom’ 

electrode has a thinner layer of silicon between the graphite and current collector 

which may prevent delamination or disconnection with cycling. In the same 

manner, grading silicon graphite electrodes reduces the existence of a silicon 

graphite boundary thus minimising the chance of planar disconnection due to 

volume expansion.  

 

 

 

Figure 6-17: Mean capacity per cycle of combined doctor bladed-spray 

deposited layered silicon graphite anodes with different locations of silicon. 3 

repeats make up each line. 
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6.5 Conclusions 

Spray deposition was used to manufacture silicon graphite electrodes for use as 

lithium-ion battery anodes. Graphite dispersion was optimised finding that 15 µm 

graphite precipitated too quickly for spray deposition, but 5 µm graphene flakes 

gave the highest spray efficiency. Binder studies concluded that 10 wt% 1:1 

CMC:SBR silicon graphite anodes gave the highest capacity. Graded silicon 

graphite anodes were manufactured in order to study the effect of silicon location 

on electrode cycle life and stability. Bottom graded silicon graphite electrodes 

(with higher silicon content near the current collector) gave the highest capacity, 

and thicker (100 μm) electrodes produced more repeatable cycling results. Table 

6-1 shows the average capacity of the different gradients, both thin and thick, of 

the silicon/graphite and silicon/carbon electrodes, taken from Figure 6-14 and 

demonstrates that a gradient that prioritises silicon near the base of the electrode, 

has a higher average capacity than other gradients and of pure graphite (286 

mAh g-1) over 70 cycles. 

A combination spray deposited/doctor bladed method was studied as a method 

of improving the commercial viability of spray deposition, allowing for shorter 

spray times. A simple silicon spray deposition step either before or after slurry 

coating methods reduced spray deposition time by at least 10 times, from ~2 hour 

to 20 minutes, while maintaining the benefit of precise location-based silicon 

placement. It was found that spraying silicon on the surface of the electrode had 

the highest initial capacity loss, likely due to the fast degradation of the silicon 

particles. Interestingly, in comparison to graded electrodes spray deposition of 

silicon underneath a graphite electrode also showed fast degradation, it is thought 

that this is due to delamination of the electrode. The exact placement of layered 

silicon on commercial electrodes is not clear, a study using commercial silicon, 

graphite electrode material would be useful in further examining the impact of 

silicon location. 

  

Table 6-1: The average capacities of graded silicon/graphite and silicon 

carbon electrodes at different thicknesses. Thin is 50 μm and thick is 100 μm 

Experiment type Average capacity mAh g-1  
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Si 

Bottom 

Si Mix Si Top 

Si/Graphite - thin 532 482 413 

Si/Graphite – 

thick 

480 392 366 

Si/Carbon – thick 373 249 235 

 

6.5.1 Future work 

Further characterisation of both the gradient and the specific sulfur/graphite 

particles would be useful in determining the method of degradation in these cells. 

X-Ray Photoelectron Spectroscopy (XPS) depth profiling, would give a more 

specific, volume-focussed, insight into the silicon graphite gradient. In situ X-ray 

CT would further help to characterise the gradient, and would also be useful in 

analysing the degradation mechanisms of the electrode, whether this is through 

particle cracking and architecture destruction or delamination. In order to 

characterise the exact nature of the silicon graphite mix, TEM could be utilised to 

examine particle morphology, again both before and after testing. This insight into 

the exact particle structure might help explain some of the poorer performance, 

as the silicon and graphite may not be appropriately mixed and may require 

further preparation before electrode deposition, such as ball milling. Furthermore 

future work should focus on methods of combining spray deposition with roll-to-

roll coating methods such as doctor blading, see Figure 7-2. Alongside this, 

repetition of this work but more non-standard and state-of-the-art materials might 

help to bring the capacity of the batteries closer to industrially relevant ones. 

Similar layered electrode work using lab-made Si/SiOx nanoparticles in Si/carbon 

electrodes produced batteries which achieved a peak of 511 mAh g-1
 which is 

significantly higher than the 373 mAh g-1 average achieved with silicon/carbon 

electrodes here.183 
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Chapter 7 Conclusion and Recommendations 

7.1 Conclusions 

Spray deposition is a new manufacture technique for battery electrode production 

which has potential to be useful for multiple different aspects. The introductory 

chapters demonstrate the different fields in which spray deposition has been 

utilised for the manufacture of battery anodes and cathodes, solid electrolytes, 

interphases and finally for novel layered and gradient structures. A requirement 

for more intricate design in battery materials in tackling chemistry specific issues 

which impact battery performance prompts the use of layer-by-layer spray 

deposition as a manufacture method to influence and optimise final material 

structure. The work here demonstrates one potential electrode design using 

spray deposition to manufacture gradients into three separate battery 

chemistries: lithium sulfur, solid polymer electrolyte and silicon graphite anodes.  

 

In Chapter 4, gold catalysts were introduced into a carbon-based cathode for 

lithium sulfur batteries using a gradient spray deposition process. Gold was 

graded throughout the electrode structure in order to optimise the placement of 

gold throughout the thickness, thus reducing the overall quantity of gold required 

without compromising on performance. It was discovered that gold had the most 

effect when graded towards the top surface of the electrode, with increased rate 

performance seen when compared to other gradients and non-catalyst containing 

electrodes. Gold near the surface of the electrode was found to increase the 

concentration of polysulfides in the electrolyte during discharge, suggesting 

greater conversion of solid sulfur therefore a higher sulfur utilisation. These 

effects were only seen under extreme circumstances of high sulfur loading (70 

wt%) and high rate (1C), and in all other instances the impact of gold was negated 

by the loss of conductive, high surface area carbon, which reduced the overall 

sulfur utilisation. This study demonstrates one use for the gradient spray 

manufacture technique in location-specific deposition of small wt% catalyst 

materials, and illuminates how optimisation of often expensive catalyst materials 

could be used to minimise catalyst content thus decreasing cost and increasing 

energy density of battery materials.  

Chapter 5 discusses the potential for spray deposition in solving 

electrode/electrolyte contact issues in solid-state batteries. With repeated cycling, 
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resistance of a solid-state battery can increase due to SEI growth or loss of 

contact between the composite cathode and SSE layer. Spray deposition was 

used to manufacture graded LFP/PEO composite cathodes which are designed 

to remove the planar boundary at the electrode/SSE interface. Graded composite 

cathodes were found to have greater capacity retention and lower resistance than 

ungraded cathodes in cycle life testing. Furthermore during rate testing, graded 

composite cathodes functioned at all C-rates up to 2C whereas ungraded 

composite cathodes failed to deliver any usable capacity at rates higher than C/5. 

This work is one of the only demonstrations of the spray deposition of a polymer 

electrolyte and paves the way towards more design in graded composite 

cathodes for SSB’s. Spray deposition also allowed for a one step synthesis of 

these composite cathodes alongside further facile deposition of the subsequent 

SPE layer. This process is also easily scalable to larger electrode designs and 

other materials, providing a method of direct deposition of SSE and SPE 

materials onto electrodes, ensuring good contact between the two. This promotes 

the easy manufacture of designed SSB’s which is crucial to the full commercial 

deployment of safer, higher capacity batteries.   

 

Chapter 6 applies the gradient electrode manufacture process to silicon graphite 

anodes which are hampered by the poor cycle life and stability of silicon. 

Furthering current research of layered silicon carbon electrodes, and the 

understanding that the silicon location influences its stability, graded silicon 

graphite anodes were manufactured in order to optimise this placement and 

compare with layered electrodes. Despite difficulties in spray depositing graphite, 

it was found that gradients that increased silicon placement near the current 

collector led to improved capacity retention. One major issue for 

commercialisation of this manufacturing technology is the speed of electrode 

fabrication, with current slurry coating techniques achieving high throughput of 

material. A combined slurry coating/spray depositing approach was designed and 

the results generally matched those of the spray-only electrodes, with silicon 

placement near the surface of the electrode performing the worst. This chapter 

not only highlights another battery chemistry which can be improved/optimised 

using spray deposited gradients but also demonstrates the combination of slurry 

deposition techniques with spray deposition for greater commercial 

implementation.  
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7.2 Future perspectives 

7.2.1 This work 

To further improve and build on this work, a greater array of characterisation tools 

should be employed to study both macro and microstructure. In order to explore 

the gradient in greater detail, methods such as X-ray Photoelectron Spectroscopy 

(XPS) depth profiling, which can be used to remove surface material while also 

performing elemental analysis would provide data on gradient homogeneity and 

coverage. Furthermore, if the densities of the graded materials are suitably 

different, X-ray CT could be used to get a comparison of the material ratio slice-

by-slice through the electrode thickness. These characterisation methods would 

help remove noise and uncertainty that arises during the line-scan EDX cross 

section measurement used in Chapters 4 and 6.  

 

Other characterisation would help to investigate the electrochemical and material 

reasons behind the improved performance. Techniques that can be used to 

examine particle or interface microstructure, before and after cycling would be 

beneficial in determining exact methods of degradation, or changes in electrode 

architecture. These techniques could include transmission electron microscopy 

(TEM) and X-ray CT (either ex situ or in situ through use of a synchrotron). 

Chapter 4 would benefit from detailed examination of LiS and S8 deposition. This 

would help to characterise the effects of the gold catalyst. Operando Atomic 

Force Microscopy (AFM) would be useful in observing the size and location of 

deposited sulfur particles, thus further supporting the idea of pore-blocking, 

particularly at high charge rates. Chapter 5 would benefit from in situ X-ray CT, 

as this may provide further evidence towards the disconnection of the composite 

cathode and SPE layers. Examining the difference between these interfaces in 

graded and ungraded composite cathodes may help to clarify the benefits of 

gradient electrode. Chapter 6 would benefit from TEM studies of the silicon 

graphite composite particles, both before and after cycling to compare the 

difference in architecture breakdown between the different gradient electrodes. 

TEM would help show the volume expansion of silicon particles, and therefore a 

comparison between surface or bulk silicon could be made, thus exploring the 

bulk carbon’s role in protecting and accommodating the silicon expansion.   



   

 

178 

7.2.2 Applications of graded spray deposited materials 

The work in this thesis shows the extent of applications in which graded 

electrodes can be used to solve real issues within existing and next generation 

battery chemistries. The materials and topics shown here were chosen in order 

to demonstrate this breadth of potential implementation, from catalysis to battery 

performance and safety, across liquid-state and solid-state batteries. This does 

not represent the limit of applications of this technique and work done by this 

author using this method has been undertaken on proton exchange membrane 

fuel cells and membranes for active CO2 pumping. Therefore there are a multitude 

of potential applications for gradient spray deposition both within energy storage 

and materials engineering collectively. Future research into this method should 

continue to demonstrate the efficacy of gradient spray deposition for other 

materials, utilising gradient structures to help resolve material issues in other 

battery chemistries. 

7.2.3 Enhanced graded structures with spray deposition 

The work in this thesis demonstrates the development and implementation of a 

spray deposition manufacture method that creates gradients within thin films. 

This gradient is generally quite simple: either increasing the wt% of a single 

material through the thickness of the electrode, or inversely changing the wt% of 

two materials through-thickness. This technique has the potential to be taken 

further, this is demonstrated with the subsequent spray deposition of a PEO SSE 

layer directly onto a graded composite cathode in Chapter 5. In future research, 

methods which involve increasing the complexity of the gradient could be 

attempted, such as an ABA structure or an ABC structure, similar to the bi-layer 

or sandwich structures discussed in 2.8.2 but with the added benefit of graded 

interfaces which could provide substantial benefit to electrode design. The ABA 

structure could be achieved easily with the current experimental design in this 

work and is demonstrated in Figure 7-1 (a, c) where (a) shows the necessary flow 

rates and subsequent material deposition per spray pass required to manufacture 

an ABA structure and (c) shows the schematic of the currently used bi-nozzle 

spray coater. Taking this further, an ABC structure could be achieved through the 

addition of a third spray nozzle and solution input, this would create a graded tri-

layer structure which could be useful for battery electrodes that require different 

surface and bulk properties but suffer from poor adhesion of these layers. Figure 
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7-1 (b, d) represent the required solution flow rates and subsequent deposition 

alongside a schematic of the tri-nozzle spray machine required for the 

manufacture of ABC graded electrodes.  

 

Figure 7-1: Future perspectives for graded spray deposition with ABA spray 

(a,c) and ABC (b,d) showing the solution flow rates and cumulative mass plots 

of the ABA (a) and ABC (b) graded films. (c,d) demonstrate the schematic of 

the bi-nozzle and tri-nozzle spray coaters needed to manufacture these graded 

films.  

 

7.2.4 Combining spray deposition with industry manufacture methods 

Some of the work in Chapter 6 of this thesis focuses on increasing the commercial 

viability of spray deposition in battery electrode manufacture. This work uses a 

layered two-step doctor blading-spray deposition manufacture approach in order 
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to retain some electrode design while speeding up fabrication. The gradient work 

contained here in this thesis focuses on electrode design throughout the entire 

thickness of the electrode, however in most cases this is not necessary and 

specific electrode design is often only needed on the surfaces. Combining an 

industry slurry-based technique such as slot-die coating and a fast processing 

method (roll-to-roll) printing with spray deposition means that the bulk of the 

electrode can be manufactured quickly but specific spray deposited design can 

remain on the surfaces of the film. Figure 7-2 demonstrates a schematic of what 

this could look like; applying a thin spray coated film to a slurry coated electrode 

before drying has occurred would ensure some mixing of the two layers, 

increasing adhesion and also blurring the planar boundary between them, 

introducing some form of gradient. If this is not required the spray step could be 

enacted post electrode drying, this would ensure specificity in the two layers and 

not add some level of unknown into the boundary structure. This would be an 

excellent introduction into the use of spray deposition as an industrial 

manufacture technique, providing a level of complexity in electrode design, 

without constricting speed or cost of manufacture.   

 

 

Figure 7-2: Schematic of a combined roll-to-roll slot-die coater/spray 

deposition industrial technique with and without drying chamber.  

 

 

   



   

 

181 

Chapter 8 Appendix 

8.1 Appendix A Information Sheet 

 

Figure 8-1: The repeats of ungraded and graded LFP/PEO composite 

cathodes in C/10 cycle life and rate capability measurements. (a) ungraded 

cycle life (b) graded cycle life (c) ungraded rate performance (d) graded rate 

performance 
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Figure 8-2: Linear scan voltammetry of a graded LFP/PEO composite cathode 
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Figure 8-3: The capacity/cycle number and voltage/capacity graphs of graded 

LFP/PEO composite cathodes with: (a-b) 50% graded LFP/PEO cathodes, 

(c,d) triple LLZO cathodes, (e) cells with celgard separator. 
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Figure 8-4: The 1st, 2nd and 5th discharge plots of a 10% silicon graphite 

anode/lithium cell.  

 

 

Figure 8-5: Left: The author of this work with every coin cell used for these 
studies. Right: Close-up of the coin cells, estimated ~500 of them.  
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