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Abstract 

In this thesis, the tunability of ionic liquids was explored to design a series 

of ILs and evaluate the impact of different IL-based electrolytes on metallic Na 

electrode cells. This was done by performing a comprehensive investigation 

involving Na+ plating/stripping and electrode surface resistance over time 

(resting and cycling time). In addition, a novel study of solid-electrolyte 

interphase (SEI) structure and composition was carried out with 3D OrbitrapTM 

secondary ion mass spectroscopy (3D OrbiSIMS) in depth profiling mode. The 

unique sensitivity and mass resolution of the 3D OrbiSIMS, and the use of an Ar 

cluster primary ion beam as a sputtering and analysis beam allowed us to obtain 

vast and detailed information relating to the nature and distribution of the 

SEI-products in the interphase. Consequently, we were able to accurately 

determine the effects of anion and cation variation on the SEI structure. This 

allowed us to identify key structural features to design high performing stable 

electrolytes for use in Na-electrode cells. It was demonstrated that the 

distribution of SEI-products into an organised structure is critical to achieve a 

stable SEI. In addition, low overpotential during Na symmetrical cycling, and 

stabilisation of surface resistance was achieved with the IL that demonstrated 

the most organised SEI structure. Furthermore, the impact of the commonly 

used [PF6]-based salt as an additive was also investigated. It was found that the 

presence of [PF6] additive improves SEI stability and cycling time of symmetrical 

cells. 3D OrbiSIMS studies of the SEI with the [PF6] additive revealed that the 

organisation of the structure of the SEI has a greater influence on the improved 

performance of cells than the presence of fluoride products in the SEI itself.  

The designer aspect of ILs was further used to obtain electrolytes aiming 

for application in Na-O2 cells. The fundamentals of the oxygen reduction 

reaction (ORR) in the ILs were thoroughly studied, and O2 concentration and 

diffusion coefficients in new series of ILs were determined as well. It was found 

that [C1(C2OC1)Pyrr][NTf2] and [C1(C2OC1)Pyrr][C2F5COO] displayed high O2 
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solubility, whilst the higher O2 diffusion coefficients were found for  

ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ and ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ. 

In the presence of Na+, both the IL used and the concentration of Na+ 

seemed to influence the nature of the ORR product. It was found that with low 

Na+ concentration O2
.- interacted with both Na+ and IL cations in 

ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ, [C1(C2OC1)Pyrr][C2F5COO] and [C1CdmaPyrr][NTf2].  

Furthermore, multiple oxidation peaks and/or shift of the oxidation peaks over 

cycling were found for  ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ, [C1CdmaPyrr][NTf2], 

[C1(C2OC1)Pyrr][NTf2] and [C1(C2OC1)Pyrr][C2F5COO]. With the aid of rotating ring 

and disc (RRDE) studies, these peaks were suggested to be associated with 

formation of NaxOy product in solution or at the electrode surface. This was 

found to be significantly impacted by the H-bond ability of the IL, and 

[C1(C2OC1)Pyrr][C2F5COO] displayed soluble products even at high Na+ 

concentration. 

Finally, following the step-by-step approach of this thesis based on 

studies of IL electrolytes with metallic Na, O2 and Na+/O2, a full Na-O2 cell was 

assembled. Assembly of a full Na-O2 cell was challenging, and a brief overview is 

given considering the difficulties and solutions for the cell preparation. 

Preliminary charge and discharge profiles were obtained, and the post discharge 

carbon electrode was analysed by scanning electron microscopy. It was 

suggested that O2 diffusion in the IL electrolytes is one of the major challenges 

in applying IL-based electrolytes to full Na-O2 cells. 

 

  



 

vii 
 

Acknowledgments 

I remember one of my last meetings with Pete during my undergrad year abroad 

back in 2015 when he offered me to return to England to take on a PhD. I left his 

office feeling over the moon and I will be forever grateful to Pete for this 

opportunity. I also must say thanks to Darren for accepting me in his group as 

well and for being very welcoming. I am also grateful for the support of both my 

supervisors throughout my PhD, and to Darren for also teaching me what on 

earth an oxford comma is. 

A huge thanks to Conrad, Coby and Neelam for taking their time to proofread 

chapters of this thesis and providing me with super helpful feedback. A big 

thanks to the Walsh/NAMI and Licence groups for their support throughout my 

project, and for making the past three years more fun. A special thanks to Astrid 

for her help and discussions about electrochemistry and ILs, Aki for his help with 

multivariate analysis, proofreading docs, and the daily early morning coffees, 

Calum for helping me with Matlab, Dan for the super helpful discussions and 

feedback, Sean for his help around the lab and the always knowledgeable 

discussions, Kostas for his help setting up the symmetrical cells and for sharing 

my frustration in preparing Na electrodes, Rory and Conrad for their help setting 

up Na-O2 cells and the very useful discussions, Patrick, Aki and Coby for trying to 

keep me sane in my last months in the lab, Ze for the usual annoyance and help 

whenever I needed to work in the chemistry building, and Luiz for the insightful 

discussions and for bringing treats from Brazil. I also must thank Clive and 

Connor for helping me with my not so easy glassblowing requests. Thanks to 

David and Julie as well for embracing the challenge of running SIMS on my 

samples, and I am also very grateful to Dr. Gustavo Ferraz Trindade, for being so 

helpful with my questions about MVA. 

I must also thank everyone in the Energy Storage team at Dyson, for teaching 

me and inspiring me so much during my placement. A special thanks to my line 

manager Dr. Matthew Roberts for being such an encouraging and present 

leader, to Dr. Liyu Jin for his guidance and input throughout the placement, and 



 

viii 
 

to Dr. Alex Mansen and Dr. Duncan Smith for the excellent discussions and 

support. 

A huge thanks also goes to my Dad, who has always fully supported me to pursue 

my dream of completing a PhD abroad. And most importantly, for understanding 

my absence in so many important days. My deepest gratitude also goes to Tio 

Zeca, Elenise and Tia Mirian for looking out for my Dad and giving me peace of 

mind despite being so far away from home.  

There are still so many people that helped me in their own unique way 

throughout my PhD that I must also say thanks. A special thanks to those who 

make cold England feel like home, Jenny, Camila, Tom, Una, Meia, Steph, Ellie, 

Sandro, Odette and Aki. Thanks to my friends and family from home as well, 

Rayana, Jessica, Lucas, Marcelo e Carmen for keeping in touch despite my 

absence, and for being the same loving people as always. I must also thank Chloé 

Pissini for helping me to self-develop in uncountable ways, and for helping me 

to believe in myself, making sure I got to the end of this PhD. 

My most special thanks go to Matt. Thank you for being my rock, for reassuring 

me during the toughest times, and for bringing the best out of me. And finally, 

thank you for proof reading so many pieces of my work, for your very logical 

engineering inputs, for listening to my practice talks, and not falling asleep every 

time I started out with that Ψway too deep chemistry chatΩ on a Friday night. 

 

  



 

ix 
 

Abbreviations and acronyms 

ὅ  Concentration of Na+species  

Ὥ  Mass transport limited current 

Ὧ Standard electrochemical rate constant  

Ὧ  Effective rate constant 

Ὧ Rate constant for a given process p 

ά  Mass transport coefficient 

‘Ӷ Electrochemical potential 

Ɫ╔ Overpotential 

[A]0 Concentration of A at the electrode surface 

[A]bulk Concentration of A in the bulk 

ЎὋ Gibbs energy barrier por a given process p 

3D OrbiSIMS 3D OrbitrapTM secondary ion mass spectrometry 

A Area of electrode 

Ap Arrhenius constant for a given process p 

Ar3000
+ Argon cluster (3000 atoms in cluster) primary ion source 

Br- Bromide 

Cdl Double layer capacitor 

CE Counter electrode 

CV Cyclic voltammogram 

DME Dimethoxy ethane 

dmFc Decamethylferrocene 

DN Donor number 

DOL 1-3 dioxolane 

E Potential 

E0 Standard solution potential 

EлΩ Formal potential 

EIS Electrochemical impedance spectroscopy 

Eonset,red Onset potential for reduction reaction 

ESW Electrochemical stability window 



 

x 
 

F Faraday constant 

FTIR Fourier-transform infrared 

GC Glassy carbon 

GCIB Gas cluster ion beam 

IL Ionic liquid 

j Flux of species 

k0 Reaction rate constant 

MCR Multicurve resolution 

MVA Multivariate analysis 

n Number of electrons exchanged 

NCA Lithium nickel cobalt aluminium oxide 

NMF Non-negative matrix factorisation 

ocv Open circuit voltage 

Ox+ Oxidised species 

PCA Principal component analysis 

PTFE Polytetrafluoroethylene 

qRE Quasi-reference electrodes 

R Ideal gas constant 

Rct Charge transfer resistance 

RDE Rotating disc electrode 

RE Reference electrode 

Red- Reduced species 

Relectrolyte Bulk electrolyte resistance 

RRDE Rotating ring disc electrode 

Rsurface Electrode surface resistance 

SEI Solid-electrolyte interphase 

SIMS Secondary ion mass spectroscopy 

SS Stainless steel 

T Temperature  

TEGDME Tetraethyleneglycol dimethylether  

WE Working electrode 



 

xi 
 

WE2 Second working electrode 

XPS X-ray photoelectron microscopy 

Z Electrical charge 

½Ω  Real impedance 

½έ Imaginary impedance 

 h Charge transfer coefficient 

 ̡ Kamlet-taft hydrogen bond donating ability parameter 

 ɻ Diffusion layer 

 ́ Dynamic viscosity 

 ˎ Kinematic viscosity 

 Electrical potential  

M Electrode potential 

S Solution potential 

‘ Chemical potential 

• Phase shift 

Rotation speed ‫ 

 

 

  



 

xii 
 

  



 

xiii 
 

Table of structural abbreviations of IL cations and anions 

Abbreviation Structure Nomenclature 

[EMIM] 
 

1-ethyl-3-methyl-imididazolium 

[Ac] 
 

Acetate 

[FSI] 
 

Bis(fluoromethanesulfonyl)imide 

[NTf2] 
 

Bis(trifluoromethanesulfonyl)imide 

[DCA] 
 

Dicyanamide 

[PF6] 
 

Hexafluorophosphate 

ώb/мΣ/мΣ/нΣό/нh/мύϐ  

N-(2-methoxyethyl)-N,N-dimethyl-

N-ethyl-ammonium 

ώb/мΣ/мΣ/нΣ/пϐ  

N,N-Dimethyl-N-ethyl-N-butyl-

ammonium 

[C1(C2OC1)Pyrr] 
 

N-methyl-N-(2-methoxyethyl)-

pyrrolidinium 

[C1CdmaPyrr] 
 

N-methyl-N-dimethylacetal-

pyrrolidinium 

[C2F5COO] 

 

Pentafluoropropionate 

[P6,6,6,14] 

 

Trihexyltetradecylphosphonium 

 

  



 

xiv 
 

  



 

xv 
 

Acknowledgments ............................................................................................... vii 

Abbreviations and acronyms ................................................................................ ix 

Table of structural abbreviations of IL cations and anions ................................ xiii 

1. Introduction ............................................................................................ 21 

1.1. Energy storage challenges and emerging alternatives ................................ 21 

1.2. Sodium metal electrodes ............................................................................. 22 

1.3. Na-O2 batteries ............................................................................................. 25 

1.4. Electrolytes for electrochemical applications .............................................. 27 

1.4.1 Ionic liquids ................................................................................ 29 

1.5. Aims and thesis outline ................................................................................ 32 

1.6. References .................................................................................................... 33 

2. Review of techniques and experimental methodology .......................... 38 

2.1. Fundamentals of Electrochemistry .............................................................. 38 

2.1.1 Electrochemical equilibrium, electron transfer and the Nernst 

equation ................................................................................................... 38 

2.1.2 Electrochemical cells and electrodes: three electrode systems

 42 

2.1.3 Mass transport in electrochemical cells ................................... 43 

2.1.4 The Cottrell equation ................................................................ 46 

2.1.5 Kinetics of electrochemical reactions ....................................... 47 

2.1.6 Electrochemical reversibility ..................................................... 48 

2.1.7 Battery cells ............................................................................... 49 

2.2. Electrochemical Techniques ......................................................................... 51 

2.2.1 Cyclic voltammetry .................................................................... 51 

2.2.2 Voltammetry using microelectrodes ........................................ 53 

2.2.3 Chronoamperometry ................................................................ 55 



 

xvi 
 

2.2.4 Hydrodynamic techniques: rotating disc electrode and rotating 

ring-disc electrode .................................................................................. 56 

2.2.5 Electrochemical impedance spectroscopy .............................. 58 

2.2.6 Galvanostatic cycling ................................................................ 60 

2.3. Secondary-ion mass spectrometry .............................................................. 61 

2.3.1 The OrbitrapTM detector ........................................................... 63 

2.4. Multivariate analysis and the rationale for the process adopted for analysis 

of 3D OrbiSIMS dataset ...................................................................................... 66 

2.5. Characterisation techniques of ionic liquid properties .............................. 73 

2.5.1 Viscosity .................................................................................... 73 

2.5.2 Donor Number ......................................................................... 74 

2.6. Materials ...................................................................................................... 74 

2.7. Synthesis and characterisation of ionic liquids ........................................... 75 

2.7.1 Synthesis of [C1(C2OC1)Pyrr]Br ................................................. 75 

2.7.2 Synthesis of  ώb/мΣ/мΣ/нΣό/нh/мύϐ.Ǌ ....................................... 76 

2.7.3 Synthesis of [C1CdmaPyrr]Br ...................................................... 77 

2.7.4 Synthesis of ώb/мΣ/мΣ/нΣ/пϐ.Ǌ ................................................. 78 

2.7.5 Synthesis of [C1(C2OC1)Pyrr][NTf2] ........................................... 78 

2.7.6 Synthesis of  ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ ................................ 79 

2.7.7 Synthesis of [C1(C2OC1)Pyrr][C2F5COO] .................................... 80 

2.7.8 Synthesis of [C1CdmaPyrr][NTf2] ................................................ 81 

2.7.9 Synthesis of ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ .......................................... 81 

2.8. References ................................................................................................... 82 

3. Electrochemical performance and stability of Na metal electrode with 

IL-based electrolytes .......................................................................................... 84 

3.1. Introduction ................................................................................................. 84 



 

xvii 
 

3.2. Experimental ................................................................................................. 89 

3.2.1 Electrolyte preparation ............................................................. 89 

3.2.2 Cyclic voltammetry .................................................................... 90 

3.2.3 Electrochemical impedance spectroscopy and symmetrical cell 

plating/stripping experiments ................................................................. 91 

3.2.4 SEI composition study with 3D OrbiSIMS ................................. 92 

3.2.5 Multivariate analysis ................................................................. 94 

3.3. Electrochemical studies of electrolyte effect on Na0/Na+ redox reactions . 94 

3.3.1 Rationale for IL selection ........................................................... 94 

3.3.2 Cyclic voltammetry of Na+ containing ILs ................................. 96 

3.4. Solid-electrolyte interphase studies with electrochemical impedance 

spectroscopy ........................................................................................................ 99 

3.5. Na|Na symmetrical cell cycling using selected IL-based electrolytes ...... 106 

3.6. Na-IL solid-electrolyte interphase studies with depth profiling 3D OrbiSIMS

 .......................................................................................................................... 120 

3.6.1 Multivariate analysis of 3D OrbiSIMS depth profile of Na-IL 

interphase ............................................................................................. 125 

3.6.2 MVA study remarks, correlation to other analysis and to the 

original dataset. .................................................................................... 139 

3.7. Evaluating the role of Na[PF6] as an additive in IL-based electrolytes: 

electrochemical and 3D OrbiSIMS studies ....................................................... 143 

3.7.1 Effect of Na[PF6] additive on the solid electrolyte interphase 

evaluated by electrochemical impedance spectroscopy ..................... 146 

3.7.2 Effect of Na[PF6] additive on Na|Na symmetrical cell 

galvanostatic cycling ............................................................................. 148 

3.7.3 3D OrbiSIMS and MVA study of effect of Na[PF6] additive on the 

Na-IL electrolyte interphase ................................................................. 151 



 

xviii 
 

3.8. Conclusions and future work .................................................................... 158 

3.9. References ................................................................................................. 160 

4. Fundamental studies on the oxygen reduction reaction in ionic liquids

 167 

4.1. Introduction ............................................................................................... 167 

4.2. Experimental .............................................................................................. 169 

4.2.1 Electrolyte preparation .......................................................... 169 

4.2.2 Cyclic voltammetry and chronoamperometry ....................... 170 

4.2.3 Hydrodynamic voltammetry .................................................. 171 

4.3. Results and discussion ............................................................................... 172 

4.3.1 Key properties of the ILs studied in this chapter ................... 172 

4.3.2 Oxygen reduction reaction in ILs ........................................... 173 

4.3.3 ORR studies with microdisc electrodes and determination of O2 

solubility and diffusion coefficients in ILs ............................................. 178 

4.3.4 Cyclic voltammetry under hydrodynamic conditions and study 

of electrode kinetics .............................................................................. 185 

4.3.5 Comparison of coefficients determined with Shoup-Szabo to 

Levich slope values ................................................................................ 191 

4.4. Conclusions and Future Work ................................................................... 192 

4.5. References ................................................................................................. 194 

5. Oxygen reduction reaction in the presence of alkali metal cations, and an 

application in Na-O2 cells ................................................................................. 199 

5.1. Introduction ............................................................................................... 199 

5.2. Experimental .............................................................................................. 202 

5.2.1 Electrolyte preparation .......................................................... 202 

5.2.2 Cyclic voltammetry ................................................................. 203 

5.2.3 Hydrodynamic voltammetry .................................................. 203 



 

xix 
 

5.2.4 Na-O2 cells and galvanostatic charge/discharge experiments

 204 

5.3. Oxygen reduction reaction in the presence of alkali metal cations ......... 205 

5.3.1 Hydrodynamic voltammetry to investigate the type of ORR 

product in the presence of Na+ salts .................................................... 220 

5.4. Evaluating a potential application in Na-O2 cells ...................................... 226 

5.5. Conclusions and future work .................................................................... 231 

5.6. References ................................................................................................. 233 

Final remarks and future work ......................................................................... 238 

References ........................................................................................................ 240 

Appendices ....................................................................................................... 242 

 

 

  



 

xx 
 

 

  



21 
 

1. Introduction 

1.1. Energy storage challenges and emerging alternatives 

According to the data published in 2017, more than half of the 

greenhouse gas emissions in the UK and the USA came from transportation and 

energy supply.1, 2 This clearly shows that there must be a move towards greener 

and renewable sources of energy to reduce greenhouse gas emissions, and to 

widespread electrification of transport. Nevertheless, the advancement of both 

these areas strongly relies on the development of energy storage systems.  

Since the first Li-ion battery (LIB) was commercialised in 1991, 

substantial progress  has been achieved, with LIBs displaying cycle life in the 

order of thousands and production expected to reach hundreds of GWh/year.3 

LIBs also power the electric vehicle (EV) with the longest driving range currently 

on the market, the Tesla Model S Long-Range4. Despite the remarkable progress, 

LIBs are not predicted to attend the demands of future battery packs with high 

energy content at low cost.3, 5 For this reason, several battery alternatives have 

been developed, including alkali metal negative electrodes and S-based and 

O2-based positive electrodes.6 

LIB cells are formed by a graphite negative electrode and a variety of 

metal oxides as the positive electrode and are based on the insertion and 

extraction of Li+ into the electrodes. Although the graphite electrode allows 

outstanding cycling life, the weight and volume of this material considerably 

limit the specific energy and energy density of LIBs.3 Replacing the graphite 

electrode with metallic lithium is expected to increase the specific energy of the 

cells by approximately 35% and more than double the energy density of the 
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cells.3 Furthermore, metallic lithium is also the negative electrode of other 

emerging technologies such as Li-S and Li-O2.6  

Na batteries have also been developed as an alternative technology to 

Li-ion. Metallic Na is a promising long-term electrode material with higher 

abundance and lower costs than Li.6 This is particularly attractive as it could 

potentially decrease the cost of batteries. Moreover, Li reacts with Al at the 

negative electrode, thus in Li-metal batteries Al can only be used as the current 

collector at the positive electrode, whilst Cu is the current collector in the 

negative electrode. However, Al and Na do not react under the battery cell 

conditions, thus Al can also be used as the negative electrode current collector. 

This is remarkably advantageous from an economic and specific energy point of 

view, given the lower density and price of Al compared to Cu.7 Similar to metallic 

Li, Na is the negative electrode of choice of many next generation batteries.8 

Therefore, the development of alkali metal electrodes is an essential step to 

advance next generation batteries. 

1.2. Sodium metal electrodes 

Metallic Na, and indeed metallic Li, are highly reactive electrode 

materials which rapidly react with atmospheric air, moisture, or the majority of 

solvents they are placed in. This is due to the strong tendency of these metals to 

oxidise and release an electron according to  

ὔὥᴼὔὥ  Ὡ   (1.1) 

 The products of the reaction of Na electrode with electrolytes form the 

solid-electrolyte interphase (SEI). In Li-ion batteries this interphase is typically 

formed electrochemically on the graphite electrode during the first charge cycle. 

This is a consequence of the potential of the electrochemical process at the 

graphite electrode being outside the electrochemical stability window of 

electrolytes, hence causing electrolyte degradation.9 Because metallic Na tends 

to release electrons according to equation 1.1, SEI forms even when the cell is 
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at open cell conditions.7 Ideally, the SEI is a protective layer which prevents the 

flux of electrons, thus stopping further electrolyte degradation reactions, whilst 

having high ionic conductivity, allowing Na+ flux. Moreover, the SEI must be able 

to withstand volume changes, due to Na+ plating and stripping, without cracking 

and exposing fresh Na. Therefore, the chemical and mechanical properties of 

the SEI are of extreme importance for a long and stable cycling life of Na 

electrodes, given its importance in controlling electrolyte consumption as well 

as dendrite formation and growth.  

 The spontaneous electron transfer from Na electrodes to the electrolyte 

can be understood by analysing the energy of the lowest unoccupied molecular 

orbital (LUMO) and the highest occupied molecular orbital (HOMO) of the 

electrode and electrolyte. Whenever the electrode chemical potential is at 

higher energy than the LUMO of the electrolyte, electron transfer can take place, 

leading to reactions that form the SEI.7 There is no established understanding of 

the SEI formation, however, it is believed to form via a surface growth 

mechanism, in which insoluble species form on the electrode surface. A study 

using isotope-assisted time-of-flight secondary ion mass spectrometry (SIMS) 

has suggested that the SEI formation occurs initially with degradation of organic 

components of the electrolyte, followed by reactions forming more inorganic 

compounds.10 The authors also demonstrated that the SEI formation occurs via 

a bottom-up mechanism. In this mechanism, as the SEI reactions proceed, the 

initially formed organic layer is pushed outwards towards the bulk electrolyte as 

the more inorganic layer forms at the vicinity of the electrode.10 Nevertheless, 

the study analysed SEI formation on polarized Cu electrodes, in a Cu|Li half-cell, 

thus some differences could be expected in the SEI formation on Na electrodes. 

 Another aspect that still needs further investigation is the mechanism of 

dendrite growth on Na electrodes. It is understood that dendrites are formed 

due to uneven Na plating when charging Na metal cells, more specifically when 

Na deposits accumulate at a single spot instead of spreading evenly across the 

electrode surface. Nevertheless, it is particularly difficult to avoid uneven plating 

and stripping reactions at the electrode because the uniformity begins on the 
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electrode itself, or even on the current collector. It is possible that the small 

protuberances in the irregular surface leads to the formation of uneven SEI and 

increases the ion flux towards these particular areas. Another factor that also 

influences dendrite growth is the morphology of the SEI layer. It is believed that 

in Na metals, dendrite growth occurs from the bottom of the dendrite, rather 

than at the tip. Consequently, dendrites are more likely to grow through parts 

of the SEI which are perhaps softer (mechanically), less dense or thinner.7 

Schematics of plating and stripping process leading to formation of dendrites 

and pits are shown in Figure 1.1. 

 

Figure 1.1. Schematic of plating and stripping processes in a Na electrode: a) shows 

uneven electrode and SEI surface, b) shows dendrite growth (Na+ plating) on the 

preferred electrode spots, c) shows Na metal stripping and formation of pits, showing 

the presence of dead dendrites and d) shows Na+ plating preferentially on pits. 

The dendrite formation starts with the nucleation step, and once nuclei 

are formed, dendrites are more likely to grow from those nuclei than to continue 

nucleation. This may be attributed to the lower impedance of the thinner SEI at 

the nuclei compared to the already stablished SEI on the bulk electrode.11 Hence 

it is easier for Na+ to cross the nuclei SEI and deposit instead of the bulk metal 

SEI. Moreover, the current density at the nuclei may be higher than at the bulk 

electrode, increasing ion flux towards these spots.  
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When discharging Na metal batteries, Na+ is stripped from the Na 

electrode, either from the bulk metal, or from the dissolution of dendrites. 

When stripping occurs directly from the bulk, pits are formed on the surface 

where Na+ is stripped (see Figure 1.1c). The size and distribution of pits are 

particularly important, as on the subsequent cycle dendrites are likely to 

nucleate on the pits first and then on the bulk metal (see Figure 1.1d).11 If 

dendrites are already formed at the electrode surface, Na+ stripping occurs 

initially from the dendrites. Uneven stripping from the dendrites causes parts of 

the dendrite to disconnect from the Na electrode, forming the so-called dead 

dendrite, or dead Na (see Figure 1.1b and c).12, 13 This has also been referred to 

as orphaning of dendrites.13 Besides losing active material, the formation of 

dead dendrites can hinder ion transport across the cell due to accumulation of 

dead dendrites at the electrode surface.14 

Several strategies have been described in literature to tackle the 

challenges associated with dendrite formation and unstable SEI when using Na 

metal electrodes, and these have been reviewed by several authors in the past 

year.7, 8, 15-20 In summary, remarkable effort has been put into finding a suitable 

electrolyte that leads to stable SEI formation, which will be further discussed in 

Section 1.4. In addition, other methods involve the formation of an artificial SEI 

and modification of the surface area of the electrode, thoroughly described in 

the reviews mentioned above. 

1.3.  Na-O2 batteries 

Among the emerging battery technologies using alkali metal electrodes, 

O2 batteries draw significant attention because of their high theoretical energy 

densities. Li-O2 batteries for instance, have theoretical specific energy of 

approximately 3505 Wh/kg (based on mass of Li2O2),21-23 much higher than the 

typical 150 Wh/kg of a typical Li-ion cell or even 250 Wh/kg of a prospective 

Li-metal cell.3 Remarkable progress has been achieved in Li-O2 systems, and this 

has been recently reviewed.5, 23 Considerable research effort has also been put 
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into Na-O2 cells.20, 24, 25 Na-O2 are particularly interesting not only because of the 

lower cost and higher abundance of Na metal as mentioned above, but also 

because of the lower cell overpotential compared to Li-O2, and potentially higher 

coulombic efficiency.24  

 A schematic of a Na-O2 battery cell is displayed in Figure 1.2. Na-O2 

batteries are composed of a metallic Na negative electrode and a positive 

electrode typically consisting of a conductive porous carbon material. As 

described in the previous section, during the discharge of the cells Na+ is stripped 

from the Na electrode and Na plating takes place during the charge cycle. The 

positive electrode reactions are based on the oxygen reduction reaction (ORR), 

which in the presence of Na+ rich electrolyte, forms NaxOy discharge products. 

The opposite reaction occurs during cell charging, with oxidation of NaxOy and 

O2 evolution. 

 

Figure 1.2. Schematic configuration of Na-O2 cells: a) discharge step showing Na 

oxidation at the negative (-ve) electrode, and O2 diffusion into the cell followed by O2 

reduction and formation of NaxOy species at the positive (+ve) electrode; b) charge step 

showing O2 evolution at the +ve electrode and Na plating at the -ve electrode.  

Unlike Li-O2, in Na-O2 cells NaO2 is the discharge product reported in the 

majority of the studies in literature.26 This is due to the higher stability of NaO2 

compared to LiO2, in which the very hard acid Li does not form a stable 

compound with the softer O2
.- base. Thus, the softer character of Na+ forms a 

stable NaO2 with the softer O2
.-, and NaO2 does not necessarily undergo 
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chemical disproportionation to Na2O2. NaO2 is formed via a one-electron 

reduction of O2, and it is believed that NaO2 is formed via a solution-mediated 

mechanism, in which NaO2 is found in solution as contact ion-pairs and 

precipitates at the electrode surface when the solution reaches saturation, 

according to: 

ὕ  Ὡ  ὔὥᴼ ὔὥὕ  ᵶ ὔὥὕ Ȣ   (1.2) 

This has recently been observed via operando transmission electron microscopy 

using a microbattery setup.27 Moreover, the authors suggested that there is an 

equilibrium between NaO2 in solution and NaO2 at the electrode surface, and 

during charge the oxidation of NaO2 in solution shifts the equilibrium towards 

formation of the product in solution. Consequently, the charge process does not 

occur directly via an electron transfer to the solid NaO2, but instead via a solution 

mechanism.27 

Despite the promising improved cycling ability of Na-O2 batteries due to 

lower overpotentials than Li-O2, significant capacity losses have been observed 

over long-term cycling.27 This is believed to be associated with parasitic reactions 

involving the discharge products and the electrode or electrolyte. Therefore, 

research effort must focus on optimising these cell components, and some 

strategies have been reviewed recently.20 This includes improved design of 

porous electrodes, in terms of materials and morphology, use of additives and 

development of more stable electrolyte systems. The latter is further discussed 

in the following section. 

1.4. Electrolytes for electrochemical applications 

The development of an electrolyte that has led to formation of a stable 

SEI and with minimum degradation over cycling was a crucial step in the 

advancement of Li-ion batteries. As discussed in the sections above, finding an 

electrolyte suitable for application in emerging battery technologies is still an 

ongoing challenge. Although promising reports have been published, which are 
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described in the following paragraphs, the long list of requirements that these 

electrolytes must meet makes it very challenging to find a suitable candidate. In 

Na-O2 batteries, for instance, the electrolyte must not only form a protective, 

uniform and ion conductive SEI layer on Na, but also display high O2 diffusion, 

promote NaO2 formation preferably via a solution mechanism, and be stable 

against parasitic reactions with Na-O2 discharge products. The next paragraphs 

highlight a few reports in electrolyte design, however a comprehensive overview 

of the developments to date can be found in several reviews.15, 19, 20, 24, 28  

Typical electrolytes used in Li-ion technologies, as carbonate solvents, 

have long been described to be unstable in O2 cells due to O2.- nucleophilic 

attack,29 meaning electrolytes based on other solvents must be developed.  

Previous work described the effect of the solvent donating ability on the 

discharge mechanism and capacity of Li-O2 cells.30 The authors suggested that 

solvents with high donor number (DN) promote the growth of the Li2O2 

discharge product in solution, leading to cells with higher capacity than solvents 

with low DN. Likewise, the DN of the solvents also has an impact in the 

mechanism of discharge and on the discharge product in Na-O2 systems.31 

Aldous and Hardwick observed Na2O2 formation using low DN electrolytes, and 

suggested that in the absence of Na+ solvation by the solvent (low DN), discharge 

occurs via a surface mechanism through which O2 is further reduced forming 

Na2O2. When using high DN solvents, the authors found that NaO2 was formed 

via a solution mediated process.31 

Furthermore, in Na-O2 cells, dimethoxy ethane (DME) has demonstrated 

superior discharge capacity compared to tetraethylene glycol dimethyl ether 

(TEGME), despite higher solubility of NaO2 in TEGME. This has been attributed 

to the formation of surface confined NaO2 in TEGME caused by a higher 

desolvation barrier in this electrolyte.32 However, a later study27 suggested DME 

suffers parasitic reactions during cell cycling, forming a parasitic layer around 

the NaO2 discharge product. Because this layer persists in the electrode surface, 

it significantly decreases the capacity of the subsequent cycles. 
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Regarding SEI formation in Na electrodes, a previous study using DME 

with various types of salts found superior SEI stability with NaPF6, whilst Na[NTf2] 

displayed high electrolyte consumption and degradation.33 The authors 

associated this finding to a higher concentration of fluoride in the SEI layer when 

using Na[PF6], and this has been described to improve the SEI stability. In fact, 

other studies have highlighted the positive impact fluoride has on the formation 

of a stable SEI.12, 15, 34, 35 Despite several studies suggesting that high fluoride 

content is essential for a stable SEI, other authors have found better cell 

performance with fluoride-free electrolytes. Doi et al 36 compared the cell 

performance of Na[PF6]-containing electrolytes with electrolytes containing 

sodium tetraphenylborate (Na[BPh4]). The authors found that the 

Na[BPh4]-based electrolyte displayed high coulombic efficiency over 300 cycles 

of plating and stripping in Na|Na symmetrical cells, with lower overpotential 

than Na[PF6] equivalent electrolytes. Therefore, this demonstrates that although 

fluoride content seems to be beneficial to achieve a stable SEI, there must be 

different alternatives to achieve a stable Na cycling, other than simply a 

fluoride-rich SEI.  

Interestingly, many ionic liquids (ILs) are based on the ions discussed in 

the paragraph above. ILs are a very particular type of electrolyte which have also 

been evaluated for application in emerging battery technologies. This will be 

discussed further in the following section. 

1.4.1 Ionic liquids 

Ionic liquids (ILs) are a class of salts with low melting point, with 100 oC 

being a typical melting temperature to differentiate ILs to molten salts. An 

extensively studied class of ILs are room temperature ionic liquids (RTILs) which 

display melting points below 25 oC. Unlike conventional salts, RTILs are mostly 

comprised of unsymmetrical and bulky ions. Consequently, ILs display lower 

coulombic interaction and lower lattice energy than typical salts, hence lower 

melting points.  
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ILs have unique physicochemical properties which attract attention from 

researchers in a range of fields.37 Undoubtedly one of their most outstanding 

properties is the negligible volatility. This is the reason ILs have been referred as 

green solvents, avoiding the use of volatile organic compounds in certain 

applications.38 The low volatility and non-flammability of ILs are particularly 

attractive properties from a safety point of view. In battery applications, typically 

used organic electrolytes increase the risk of fires/explosions due to 

short-circuits and thermal runaways. This is especially important considering 

large battery packs and electric vehicles applications. The use of non-flammable 

electrolytes like ILs can have a significant contribution to the overall safety of the 

cell.39   

 Another remarkable characteristic of ILs is their tunability, a 

consequence of the innumerable choice of cation and anion pairs, as well as the 

possibility of attach different side chains to the cations. For this reason, ILs are 

often called designer solvents, as small changes in the IL structures may lead to 

distinct solvent properties. This has been explored in several fields such as 

electrosynthesis,40 analytical chemistry,41 and heavy metal extraction.42 

 The ORR has been extensively studied in ILs, and more recently the effect 

of adding alkali metal cations has also been evaluated.43-51 Abraham and 

co-workers have studied the ORR in the presence of Li+, Na+ and K+, in 

pyrrolidinium and imidazolium ILs. With the aid of electrochemical techniques 

and a NMR study on the Lewis acidity of cations in solutions, the authors 

suggested that the ORR products can be understood in terms of hard soft acid 

base theory.52  

 Tena-Zaera and co-workers have thoroughly investigated Na+ and O2 

electrochemical reactions in [C1C4Pyrr][NTf2].53 The authors suggested that the 

salt concentration in the ILs can determine whether the reaction occurs via a 

solution mechanism or via a surface mechanism. The authors found that the 

potential of the anodic peaks varied as the salt content was modified. The 

position of the anodic peaks was associated with the type of reaction 

mechanism, with the less positive potentials related to oxidation of NaO2 in 
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solution, whilst the oxidation of surface NaO2 products occurred at more 

positive potentials.53 

  Forsyth, Pozo-Gonzalo and co-workers have been pioneers in 

developing full Na-O2 cells with purely IL based electrolytes.54, 55  The authors 

evaluated the impact of Na salts in the discharge capacity and cycling ability of 

Na-O2 cells with [C1C4Pyrr][NTf2]-based electrolyte. It was suggested that 

different salt concentrations affect the O2
.- solvation structure,54 and that 

concentrated electrolytes enhance the performance of Na-O2 cells.55 

 To the best of our knowledge, studies of Na electrodes and IL electrolytes 

are scarce in literature.35, 39, 56, 57 Nevertheless, a previous study evaluated the 

stability of Na metal in ILs.  X-ray photoelectron spectroscopy (XPS) over a range 

of etching times was used to study the stability of the Na SEI, and the authors 

suggested that the SEI formed with [C1C2Im][NTf2] was thicker than in 

[C1C2Im][FSI]. This was also confirmed by a higher surface resistance observed 

by electrochemical impedance spectroscopy studies.57 In addition, another 

study35 demonstrated that IL electrolyte with Na[FSI] displayed the lowest 

overpotential during Na|Na symmetrical cycling. The study evaluated the impact 

of the type of salt in a [C1C4Pyrr][DCA]-based electrolyte on cell cycling, 

electrode surface resistance over time, and on the structure of the SEI.35 

 Finally, an insightful report using atomic force microscopy recently 

evaluated the structure of the interphase of concentrated Na-[C1C3Pyrr][FSI] 

electrolyte with a gold electrode.56 With the aid of molecular dynamics, the 

study successfully demonstrated that as the Na concentration is increased, Na+ 

aggregates replace ILs at the innermost layers, creating an organised structure 

of Nax[FSI]y species located at the vicinity of the electrode. 

 Despite the reports described above, there are innumerable 

cation-anion combinations yet to be explored as electrolytes in emerging battery 

technologies. Furthermore, finding a suitable electrolyte for both Na-O2 and 

other Na-metal based technologies is still an ongoing challenge, given the 

requirements described throughout this introduction. Therefore, we aim to 
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investigate whether different cation and anion combinations could be suitable 

candidates for electrolytes in emerging battery technologies. 

1.5. Aims and thesis outline  

Considering the unique properties of ILs described in the sections above, 

the overall aim of this thesis is to explore whether the tunability of ILs can affect 

the performance of electrolytes for emerging battery technologies with Na 

metal electrodes, with emphasis on Na-O2 systems. The approach taken in this 

thesis is to study each element individually due to the complexity of Na-O2 

systems, This is detailed as follows: 

¶ Chapter 3 discusses the Na-IL system, evaluating whether ILs can form a 

stable SEI with Na metal, and whether Na cells can be cycled with low 

overpotentials. This chapter also studies the composition and structure of 

the SEI using a novel methodology; 

¶ Chapter 4 evaluates the fundamental aspects of the O2 electrochemical 

reaction in ILs, obtaining mass transport information using a range of 

electrochemical techniques. This includes determination of solubility and 

diffusion coefficients of O2 in the synthesised ILs, and hydrodynamic 

studies using rotating disc electrodes; 

¶ Chapter 5 studies the ORR in the presence of Na+ in the range of ILs 

discussed in Chapters 3 and 4. The type of IL and the concentration of Na+ 

salts are evaluated, as well as the impact of these two variables in the 

solubility of the product of the ORR in the presence of Na+. This chapter 

also displays preliminary results of full Na-O2 cells using selected IL 

electrolytes. 

In addition, each chapter described above offers a brief introduction 

highlighting the fundamental aspects and the state of art of each individual 

system. The techniques used in this thesis and the synthesis of the studied ILs 

are thoroughly described in Chapter 2. 
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2. Review of techniques and 

experimental methodology 

2.1. Fundamentals of Electrochemistry  

2.1.1 Electrochemical equilibrium, electron transfer and the Nernst equation 

From thermodynamics, it is known that the minimal Gibbs energy for a 

given chemical reaction is achieved at its equilibrium. By minimising the Gibbs 

energy of a chemical system (ὨὋ π, the gain in energy by forming the 

products is equal to the loss in energy by consuming the reactants. If this were 

not true, then the energy of the system could still be lowered by either 

consuming more reactants or reacting the products back. In addition, under 

constant pressure and temperature, the changes in the Gibbs energy (ὨὋ) are 

dictated by the chemical potential of each species in the system, Therefore, a 

generic chemical reaction such as: 

ὥὃ ὦὄ ᵶὧὅὨὈ  (2.1) 

achieves equilibrium when:  

ὧ‘Ὠὲ Ὠ‘Ὠὲ  ὥ‘Ὠὲ ὦ‘Ὠὲ (2.2) 

ǿƘŜǊŜ ˃ ƛǎ ǘƘŜ ŎƘŜƳƛŎŀƭ ǇƻǘŜƴǘƛŀƭ ƻŦ !Σ .Σ / ƻǊ 5 όǿƛǘƘ ǘƘŜƛǊ respective 

stoichiometric coefficients a, b, c or d). 

 Similarly, equilibrium is also attained in electrochemical systems by 

minimising the Gibbs free energy, however it takes place at the electrode 

surface, and includes not only the species in solution, but also the electrode. 
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Considering a solution composed of oxidised species (Ox) and reduced species 

(Red-) in contact with a metal electrode: 

ὕὼ Ὡ  ᵶὙὩὨ  (2.3) 

 When an equilibrium is achieved, the rate at which the Red- releases an 

e- to the metal electrode (m), is the same rate at which the electrode gives an e- 

to the Ox. The relative charge at the metal electrode and the solution will vary 

depending whether the equilibrium is accomplished when the reaction above 

lies to the left or to the right. For instance, if the equilibrium lies towards the 

right (forming Red-), the solution will be negatively charged, compared to the 

positively charged electrode. Therefore, a charge separation is likely to take 

place between the solution and the metal electrode, and consequently, a 

difference in electrical potential.  

 The electron transfer discussed above for a system formed by Ox, Red- 

and the metal electrode, can be understood by looking at the energy levels in 

both the electrode and the species in solution. The electronic structure of metals 

is formed by continuous bands of electrons, with the highest energy level called 

the Fermi level. Looking at the solution phase Ox, for example, has atomic or 

molecular orbitals in its electronic structure, with an unfilled orbital which can 

receive an e- to form Red-. Considering that the Fermi level of the metal 

electrode is at a higher energy than the unfilled orbital of Ox, it is energetically 

favourable for the metal electrode to transfer electrons to the species in solution 

to decrease the energy of its Fermi level, as demonstrated in Figure 2.1. On the 

other hand, the increase in electrons in the solution raises the energy level of 

the ǎƻƭǳǘƛƻƴ ǎǇŜŎƛŜǎΩ orbitals. A dynamic electrochemical equilibrium is reached 

when the energy of the orbitals of the solution species and the electrode 

balances out. The energy level of the metal conducting band is such that the rate 

at which the electrode transfers an e- to the solution is the same as the rate at 

which Red- transfers an e- to the metal. It is worth  mentioning that the Fermi 

level of metal electrodes in electrochemical cells can be manipulated by applying 

different potentials to the electrode, which will be further discussed in section 

2.2.1. 
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Figure 2.1. Energy of metal electrode and species in solution before and during an 

electron transfer; the narrows on the second quadrant indicate that a dynamic 

equilibrium has been reached, so that the rate at which electrons are transferred from 

(or to) the electrode to (or from) the solution are the same. 

 Considering the discussion above, one can realise that both the chemical 

potential of the species in solution, and the electrical energy of the electrode 

and the species in solution affect the electrochemical equilibrium. This can be 

demonstrated with the concept of electrochemical potential ‘Ӷ as described in 

the following equation: 

‘Ӷ  ‘ ὤὊ‰  (2.4) 

where ‘Ӷ is the electrochemical potential composed of the chemical potential ()˃ 

and the electrical energy of either the electrode or the species in solution          

(ZF  = electrical energy per mol, Z the charge, F the Faraday constant and  the 

potential of the solution or solid phase). 

  As per a chemical equilibrium, an electrochemical equilibrium is achieved 

when ὨὋ π, and consequently: 

‘Ӷ ‘Ӷ  ‘Ӷ   (2.5) 

 As the chemical potential (˃) of a given species can be described by the 

activity of the species (ὥ:  

‘  ‘ ὙὝ ÌÎ ὥ  (2.6) 
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 Thus, the electrochemical equilibrium for a generic redox reaction such 

as: 

ὕὼ Ὡ  ᵶ ὙὩὨ  (2.7) 

can be described by:  

‘ ὙὝὰὲὥ ὤὊ‰ ὤὊ‰ ‘ ὙὝὰὲὥ ὤὊ‰  (2.8) 

where S and M are the solution and electrode potentials, respectively.  By 

replacing Z with the corresponding charge of the species and rearranging the 

equation, the relationship between the electrode-solution potential difference 

( M ς S) and the species concentration can be observed: 

‰  ‰
 

 ὰὲ  (2.9) 

 The relationship shown in the equation above summarises how the 

electrochemical system would rearrange to reach dynamic equilibrium.  

 However, the measurement of the potential difference of a single 

electrode in solution is not viable. For this reason, the practical potential is 

measured and given by: 

Ὁ ‰  ‰ ‰  ‰    (2.10) 

where ‰  ‰  is the electrode-solution potential difference of the 

reaction to be studied and  ‰  ‰  is the potential of a reference 

electrode (reference electrodes will be further described in the following 

section). Finally, the chemical potentials are incorporated into a new variable 

called standard reduction potentialὉ  
 

, which is the potential 

for when ὥ=1. This gives rise to the Nernst equation: 

Ὁ Ὁ ὰὲ  (2.11) 

 which describes the relationship between the measured potential and the 

activity of the active species in solution. As the activities of species in solution 

are often unknown and expressed in terms of concentrations, a more practical 
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way of expressing the Nernst equation is replacing Ὁ  by the formal potential 

Ὁ : 

Ὁ Ὁ  ὰὲ  (2.12) 

 The Nernst equation describes the changes occurring in an 

electrochemical reaction in equilibrium, if any of the system properties (e.g. 

potential or concentration of species) are altered. Electrochemical reactions that 

obey the Nernst equation in the equilibrium are said to attain Nernstian 

equilibrium. 

2.1.2 Electrochemical cells and electrodes: three electrode systems 

Section 2.1.1 introduced the use of a reference electrode to determine 

the electrode potential. In practice, when studying electrochemical cells, a 

potential is applied between the electrode where the reaction of interest takes 

place at the working electrode (WE), and the reference electrode (RE). The 

potential of the RE should be constant throughout the experiment, so the 

potential at which the reactions occur can be determined accurately.  

REs should display the behaviour of an ideally non-polarisable electrode, 

which means that a flow of current does not affect the potential of this 

electrode. Practically, there is no such a thing as a non-polarisable electrode, so 

reference systems should have highly reversible and very fast reactions taking 

place at its surface. This minimises the changes in the RE potential, hence 

approaching ideal behaviour.  

Nevertheless, if enough current passes through a RE, the potential is 

likely to change. Consequently, three electrode systems are often used to 

minimise the amount of current passed through the RE. A third electrode is 

introduced in the system, the counter electrode (CE). The CE is connected in 

parallel to the RE, meaning that the current flow from the WE will be split 

between CE and RE. The current flow through the RE can be minimised by 

placing a resistor of high resistance in series with RE, so that the current reaching 
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the RE is very low. Therefore, the potential in a three-electrode cell is measured 

between the WE and the RE, whereas the resulting current flows (mostly) 

between the WE and CE.  

 Ag/AgCl is a typical example of RE used in cells with aqueous solutions. 

This electrode is composed of a silver wire covered in AgCl inside an aqueous 

solution containing Cl- anions. This electrode displays behaviour close to an 

ideally non-polarisable electrode for the following reasons. According to the 

Nernst equation for this system, the electrode potential is only dependent of the 

activity coefficient of Cl- (Ag and AgCl activity = 1). When small currents pass 

through this electrode, Cl- will be rapidly formed or consumed, because of the 

high kinetics and reversibility of this electrode reactions. Therefore, if the 

concentration of Cl- does not vary significantly, the overall potential will also not 

vary, making it an almost ideal non-polarisable electrode. 

 However, RE for non-aqueous systems are more difficult to find. 

Consequently, many electrochemical cells with non-aqueous solutions use 

quasi-reference electrodes (qRE). The potential of qRE is not as stable as in RE 

and is likely to change with changes in the cell environment. qRE can be 

calibrated by using internal references, whose redox potential should be 

minimally affected by the cell solution. Decamethylferrocene (dmFc) is an 

example of internal reference, which has been demonstrated to be slightly more 

stable than ferrocene (IUPAC recommended internal reference).58 The increased 

stability comes from the lower interactions with species in solution, caused by 

the steric effect of the methyl groups on the cyclopentadienyl ring.58 

2.1.3 Mass transport in electrochemical cells 

For electrochemical reactions to occur in an electrochemical cell, active 

species must move from the bulk solution to the electrode surface. Mass 

transport of species in solution is observed in three modes: migration, diffusion, 

and convection. Briefly, migration is the movement of species caused by a 

charge gradient. For example, positively charged species are likely to migrate 
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towards negatively polarised electrodes. In practice, this type of mass transport 

is supressed using concentrated electrolytes, which populate the solution with 

an excess of other charged species, minimising such migration effects. Diffusion 

is the most common mode of transport of active species to the electrode and is 

further discussed below. Mass transport by convection in electrochemical cells 

are observed via forced convection, which is the movement of species in 

solution by mechanical means (e.g. stirring). Convection is observed when using 

hydrodynamic techniques, such as Rotating Disc Electrodes, which are further 

discussed in section 2.2.4.  

For undisturbed electrochemical cells, diffusion is the dominant mode of 

transport of active species in solution to the electrode surface. According to 

CƛŎƪΩǎ ŦƛǊǎǘ ƭŀǿ ƻŦ ŘƛŦŦǳǎƛƻƴΣ ǘƘŜ ŦƭǳȄ ƻŦ ǎǇŜŎƛŜǎ όj) in one dimension, through a unit 

area in a unit time, is proportional to the negative of the concentration gradient 

, summarised by: 

Ὦ  Ὀ   (2.13) 

where D is the diffusion coefficient (expressed in cm2/s). The negative sign 

demonstrates that the flux of species will be given by the diffusion of species 

from higher to lower concentration within a distance x. 

Taking as an example a generic solution of species A, with bulk 

concentration [A]bulk in an electrochemical cell. If the electrode is polarised in 

such a way to promote the electrochemical reduction of A to B: 

ὃ Ὡ  O ὄ  (2.14) 

and assuming this reaction occurs promptly (fast kinetics), then the 

concentration of A at the electrode surface ([A]0) will be equal to zero ([A]0=0), 

since all of A at the electrode surface is instantly reduced to form B. This forms 

a concentration gradient of species A, between the electrode surface to the bulk. 

Thus, a flux of species A from the bulk solution to the electrode surface takes 

place in the electrochemical ŎŜƭƭΣ ŦƻƭƭƻǿƛƴƎ CƛŎƪΩǎ ŦƛǊǎǘ ƭŀǿ ƻŦ ŘƛŦŦǳǎƛƻƴΣ ŀǎ ǎƘƻǿƴ 

in Figure 2.2b. In addition, Figure 2.2c shows that as time passes and A is 



Chapter 2 
 

45 
 

consumed, the concentration gradient of A becomes smaller. Consequently, the 

flux of species to the electrode decreases, according to equation 2.13 shown 

above. The ‬ὼ distance in which this concentration gradient develops is called 

the diffusion layer ( )ɻ, and it is shown in Figure 2.2d). 

 

Figure 2.2. Mass transport in electrochemical cells: a) Cell before any potential has been 

applied, b) Potential applied such that A promptly reduces to B, c) Solution composition 

after time a certain time t, d) Concentration profile of A as a function of the distance 

from electrode showing the diffusion layer ( )ɻ, and e) concentration profile of A over 

time, across distance x from the electrode).  

The practical current developed at the electrode during a generic 

reaction of A forming B, is given by: 

Ὅ ὲὊὃὮ  (2.15) 

where n is the number of electrons involved in the electrochemical reaction, F 

is the Faraday constant, A the area of the electrode and j the flux of species. 

CƛŎƪΩǎ ŦƛǊǎǘ ƭŀǿ ǎǘŀǘŜǎ ǘƘŀǘ ǘƘŜ ŦƭǳȄ ƛǎ ǇǊƻǇƻǊǘƛƻƴŀƭ ǘƻ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƎǊŀŘƛŜƴǘ 

, however, as discussed in the above paragraph, the concentration changes 

only within the diffusion layer of thickness ,ɻ being constant in the rest of the 
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solution ([A] = [A]bulk, when ȄҔʵ ). Therefore, the current at the electrode can be 

described as follows: 

Ὅ ὲὊὃ  (2.16) 

A new term called the mass transport coefficient (ά ) can be introduced 

and it is the ratio of the diffusion coefficient and the thickness of the diffusion 

layer. Additionally, as A reacts as soon as it reaches the electrode surface, the 

surface concentration of A is zero ([A]0=0), thus the current is described by: 

Ὅ ὲὊὃὃ ά   (2.17) 

2.1.4 The Cottrell equation 

The previous section discussed the decrease of the flux of species over 

time caused by an increase in the diffusion layer formed at the electrode surface. 

The scenario displayed in Figure 2.2 can be observed when a potential step is 

applied to the electrode. Cottrell introduced an equation showing the current 

response when a potential step is applied to a disc electrode:  

Ὅ
Ѝ

Ѝ
  (2.18) 

where [i]bulk is the bulk concentration of species i in solution. The current 

response over time estimated by the Cottrell equation is shown in Figure 2.3. 

 

Figure 2.3. Current transient resulting from a potential step according to the Cottrell 

equation (in blue), also showing the current before and when the potential step is 

applied (in grey).  
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2.1.5 Kinetics of electrochemical reactions 

The previous sections discussed generic reactions with high reversibility 

that occur very quickly, so that no kinetic limitations needed to be considered. 

Nevertheless, the rate of heterogenous electron transfer affects the rate of 

electrochemical reactions, and it will be discussed in this section. For a generic 

redox reaction between species A and B: 

ὃ Ὡ ᵶὄ  (2.19) 

the flux (j) of species A undergoing electrochemical reduction, assuming a first 

order heterogeneous reaction, is given by: 

Ὦ Ὧ ὃ   (2.20) 

with Ὧ being the rate constant for the reduction reaction, and ὃ  the 

concentration of species A at the electrode surface. As seen in the previous 

section, the current developed at the electrode is given by Ὅ ὲὊὃὮ, hence: 

Ὅ ὲὊὃὯ ὃ   (2.21) 

Considering the overall process, the net current can be written 

Ὅ ὲὊὃὯ ὄ  ὲὊὃὯ ὃ   (2.22) 

with Ὧ  being the rate constant for the oxidation process. As per homogeneous 

rate constants for chemical reactions, Ὧ and Ὧ  are temperature and pressure 

dependent. In addition, Ὧ and Ὧ  are also dependent on the potential 

difference between the electrode and solution. The manipulation of ‰  and ‰  

alters the energy level of the oxidised and reduced species (A and B in the 

generic reaction above), triggering a reduction or oxidation reaction which is 

more thermodynamically favorable. Consequently, the dependence of  Ὧ and 

Ὧ  on potential can be expressed in the Arrhenius form below, with the potential 

difference (‰  ‰  expressed in Ὁ Ὁ , as discussed in section 2.1.1. 

Ὧ Ὧ Ὡὼὴ    (2.23) 
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Ὧ Ὧ Ὡὼὴ  (2.24) 

with h  being the electron transfer coefficient.  

For a dynamic equilibrium, reductive and oxidative currents balance each 

other and Ὧ = Ὧ Ὧ, with Ὧ being the standard electrochemical rate 

constant. Replacing Ὧ in the rate constant equations above we obtain: 

Ὧ Ὧ Ὡὼὴ    (2.25) 

Ὧ Ὧ Ὡὼὴ   (2.26) 

and the net current can be written as: 

Ὅ ὲὊὃ Ὧ ὄ  Ὡ
  

! Ὡ
  

  (2.27) 

This is known as the Butler-Volmer equation.  

The standard electrochemical rate constant is an important parameter 

to evaluate the reversibility of electrochemical reactions. Reactions with high 

values of Ὧ display fast electrode kinetics, are said to be reversible and will obey 

the Nernst equation described in section 2.1.1. Reactions with low values of Ὧ 

are said to be irreversible because of their slow electrode kinetics. However, 

high and low values are relative words, which in this context are with reference 

to the mass transfer coefficient introduced in section 2.1.3.  

2.1.6 Electrochemical reversibility 

The concept of reversibility in chemistry in very simple terms can be 

thought as a reaction that can proceed in both the forward and the backward 

direction, with stable products in both directions. In electrochemistry, a reaction 

can be said to be reversible whenever the electrode kinetics are fast enough so 

that a Nernstian equilibrium is attained.  
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Sections 2.1.3 and 2.1.5, showed that the net flux of species towards the 

electrode is determined by both how fast the species approach the electrode 

(mass transport), and how fast they react (kinetics). These two variables can be 

summarised into the mass transport coefficient (ά , section 2.1.3) and the 

standard electrochemical rate constant (Ὧ, section 2.1.5). The thermodynamic 

reversibility of electrochemical reactions is based on the relationship between 

the values of Ὧ and ά .  The reaction is said reversible if:  

Ὧ ḻά  (2.28) 

And so, the active species promptly react at the electrode surface, and the 

reaction will obey the Nernst equation. In thermodynamics, a process is 

reversible if infinitesimal changes in one of the variables of the system causes 

the process to reverse direction. In electrochemical reactions, potential is a 

variable in the system that can be altered and, under Nernstian equilibrium, 

modify the concentration of oxidising and reducing species. For such reactions, 

these changes can be predicted by the Nernst Equation.  

 Reactions are said to be electrochemically irreversible if  

Ὧ Ḻά  (2.29) 

and consequently, the electron transfer reaction is very slow, and more extreme 

potentials (than those predicted by the Nernst equation) need to be applied to 

observe a modification in the system.  

2.1.7 Battery cells 

Batteries are formed by a combination of electrochemical cells, which 

consists of a positive and a negative electrode separated by an electrolyte within 

a separator material (glassfibre for example). During usage and discharge of a 

battery, the electrochemical cells operate as a galvanic cell, in which chemical 

energy is converted into electric energy. In a galvanic cell, the positive electrode 

is the cathode, at which reduction reactions take place, whilst the negative 

electrode is the anode, at which oxidation reactions occur. Unlike galvanic cells, 
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an electrolytic cell converts electrical energy into chemical energy. Moreover, 

the cathode and anode nomenclature changes, and the reduction reactions 

occurs at the negative electrode (anode in galvanostatic mode, cathode in the 

electrolytic mode), whilst oxidation reactions occur in the positive electrode 

(cathode in galvanostatic mode and anode in electrolytic mode).  

Batteries can be classified in primary or secondary batteries. Primary 

batteries are composed only of galvanic cells. In other words, they cannot be 

recharged. The electrochemical cells in secondary batteries can operate either 

as a galvanic cell, or as an electrolytic cell, allowing the battery to be 

rechargeable. 

Besides the electrodes and electrolyte, the electrochemical cells also 

include current collectors adjacent to the electrodes, and in the case of liquid 

electrolytes it also includes a separator (a membrane soaked with the 

electrolyte). The cell is placed within a casing, which can be made into different 

shapes to accommodate the cell format. The most common geometries of cells 

include cylindrical, coin, and prismatic. 

There are a few parameters that characterise battery cells, including cell 

voltage and cell capacity. The theoretical cell voltage is simply the difference in 

potential between the positive and the negative electrodes. When not in use, 

the cell has an open circuit voltage (ocv) which is usually close in value to the cell 

theoretical voltage. During discharge the cell voltage decreases up to a cut-off 

limit, likewise, the voltage increases during charge. The average voltage during 

ŘƛǎŎƘŀǊƎŜ ƛǎ ƻŦǘŜƴ ŘŜǎŎǊƛōŜŘ ŀǎ ǘƘŜ ōŀǘǘŜǊȅΩǎ ƴƻƳƛƴŀƭ ǾƻƭǘŀƎŜ ōȅ ǘƘŜ 

manufacturer. 

Cell capacity is the total charge available in a specific period when the 

battery is discharged at a certain rate. In practice, it is the product of the time it 

takes to discharge a battery cell by the current density at which the battery is 

discharged. Usually, the faster the discharge rate, the lower the capacity.  

Energy and power are other parameters typically used to describe 

electrochemical cells. The energy of an electrochemical cell is defined as the 



Chapter 2 
 

51 
 

amount of useful work the cell can execute until reaching the cut-off limit. The 

energy can be calculated as the product of the cell voltage and capacity of the 

cell at a certain time. The rate at which the cell energy can be delivered is the 

cell power.  

The specific energy of a cell is the cell energy per weight unit. This is at 

times reported with relation to the weight of the active materials (electrodes) 

or the weight of the non-active materials as well (current collectors, separator, 

casing, etc). As the name says, the volumetric energy is the cell energy per unit 

of volume, and similar to specific energy can be described with relation to active 

or non-active materials.  

Analysis methods typically used to study battery cells include 

galvanostatic cycling to understand the performance of the electrochemical cells 

and cyclic voltammetry to obtain information about the different 

electrode-electrolyte reactions. Electrochemical impedance spectroscopy is also 

a commonly used technique to study electrode reactions, the state of the cell 

and degradation processes. 

2.2. Electrochemical Techniques 

2.2.1 Cyclic voltammetry 

Cyclic voltammetry is the most used voltammetric technique to study 

electrochemical reactions. A three-electrode electrochemical cell (see section 

2.1.2) is the usual set up for this technique. In cyclic voltammetry, the potential 

of the working electrode is scanned within an upper and a lower limit, at a 

certain scan rate, with reference to the RE. The current response is recorded and 

displayed as function of the applied potential and this is shown in a plot called 

cyclic voltammogram (CV). During cyclic voltammetry, an initial potential E1, at 

which (usually) no redox event takes place, is scanned towards a limit potential 

E2, followed by a switch in the scanning direction, scanning from E2 towards E3, 
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which may or may not be equal to E1, as displayed in Figure 2.4a. For a typical 

reversible redox couple, the current response is shown in Figure 2.4b.  

Considering a generic reaction as an example: 

ὃ Ὡ ᵶὄ  (2.30) 

 Section 2.1.1 introduced that the Fermi level of electrodes may be 

manipulated by the voltage applied by a potentiostat. Assuming Figure 2.4b is 

the correspondent CV for the generic reaction above, when the potential is 

scanned from E1 to E2, the fermi level of the electrode is elevated. It then 

becomes favourable for the electrode to transfer this electron to the empty 

orbital of A, which will then be reduced to B. When the potential is scanned from 

E2 back to E1, the Fermi level of the electrode is lowered and is favourable for B 

to transfer electrons back to the electrode, forming A again. 

 

Figure 2.4. Cyclic voltammetry: a) Potential cycle applied to a generic electrochemical 

cell; b) Resulting voltammogram of potential cycle displayed in (a): As the potential is 

scanned from E1 to E2, a generic reduction from A to B takes place at the reduction 

potential Ered resulting in a current response ired. Species B are oxidised to A when the 

potential is scanned from E2 to E1, with a current response ioxi. 

For each electrochemical process taking place in Figure 2.4b as the 

potential is scanned from E1 to E2 and back to E1, a corresponding current 

response is developed. As the potential is scanned from E1 towards E2, we 

observe an increase in the current response to a maximum point at Ered, followed 

by a decrease to a level close to the current at the start of the experiment. As 
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the potential is scanned towards E2, at point X for example, some A has been 

reduced forming B, but the applied potential is not reductive enough to promote 

a significant reduction of A yet. As the potential approaches Ered, it is negative 

enough for large quantities of A to be reduced, thus the cathodic current reaches 

a maximum. However, as the potential continues to be scanned towards E2 and 

A is consumed, the concentration gradient of A drops. Thus, despite the 

favourable electrode kinetics, the flux of A towards the electrode decreases, 

causing a decrease in the current response. When the potential is reversed and 

scanned towards E1, B formed at the forward scan is then oxidised at the 

electrode surface. The anodic current reaches a maximum at Eoxi, followed by a 

decrease in the current response due to a decrease in the flux of reactant B to 

the electrode.  

 Figure 2.5 shows a typical CV for a thermodynamic irreversible redox 

process. The sluggish electrode kinetics mean that very large overpotentials 

need to be applied to promote a reduction/oxidation, hence the large peak 

separation. 

 

Figure 2.5. Typical voltammogram of an electrochemically irreversible redox couple 

2.2.2 Voltammetry using microelectrodes 

Microelectrodes are electrodes with at least one dimension in the order 

of microns. In a microdisc electrode this dimension is the radius of the disc. 

Several parameters change when moving from macroelectrodes to 
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microelectrodes. In large electrodes, the mass transport is predominantly one-

dimensional, considering the large flux of species normal to the electrode 

compared to the flux of species at the edge of the electrode (see illustration in 

Figure 2.6a). Given the smaller dimension of microdisc electrodes, the flux of 

species towards the edges of the disc cannot be neglected. Thus, because of the 

significant contribution of flux of species at the edges of the electrode, mass 

transport in microdisc electrodes can be said to be three-dimensional (Figure 

2.6b).  

 

Figure 2.6. Side view of mass transport towards macrodisc electrodes (a) and microdisc 

electrode(b). Arrows show direction of mass transport towards the electrode and 

yellow dashed lines show changes on the diffusion layer over time. 

In the previous section, it was described that as the electrochemical 

reaction is made kinetically favoured by increasing the overpotential, reducing 

species are consumed to the extent that the concentration gradient stablished 

between electrode and bulk solution decreases. This is accompanied by a 

decrease in current response, hence a peak in a CV. When using a microdisc 

electrode, the rate at which the reducing species are consumed is slower than 

in a macroelectrode, given the small dimension of the microelectrode. Thus, no 

significant changes can be observed in the concentration gradient in the time 

scale of the vast majority of the experiments. Consequently, the current 

response does not decrease, but instead reaches a steady-state current. The 

steady-state current achieved during voltammetry in a microdisc electrode is 

described by the following equation, where r is the radius of the microdisc:  

Ὥ τὲὊὈὅὶ  (2.31) 
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2.2.3 Chronoamperometry 

Chronoamperometry is a potential step technique, in which the current 

response is plotted against time. The potential is stepped from a value at which 

no redox event take place with the active species in solution, to a potential at 

which a reduction or oxidation reaction occurs, as demonstrated in Figure 2.7.  

 

Figure 2.7. Potential and current response in chronoamperometry showing the 

potential step at time t (a) and the current response to the potential step, from a region 

where no redox events take place (time < t) to an electroactive region. 

For electrochemical reactions under diffusion control the current 

observed can be defined by the Cottrell equation, presented in section 2.1.3. 

The Cottrell equation introduced in section 2.1.3 describes the changes in 

current for a planar electrode, in which the diffusion of species can be 

considered one-dimensional. This is the case for chronoamperometry in 

macroelectrodes. In microdisc electrodes, mass transport is three-dimensional, 

and the current response can display different regimes with time. In a very short 

period of time the dimension of the diffusion layer is small compared to the 

radius of the disc. In this short period, the three-dimensional mass transport is 

still not as significant, and the current response can be described by the Cottrell 

equation. However, as time passes and the dimension of the diffusion layer 

becomes comparable to the radius of the disc, the current response in 

microelectrodes differs to the current predicted by the Cottrell equation. Shoup 

and Szabo developed an equation that describes the variation of current as a 

function of time for potential steps at microdisc electrodes: 
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Ὅ τὲὊὈὅὶὪ†  (2.32) 

where  

Ὢ† πȢχψυτπȢψψφσ † Ȣ πȢςρτφ Ὡ Ȣ  Ȣ
 

and  

†
τὈὸ

ὶ
 

The empirical relationship of current and time described by Shoup and 

Szabo allow the simultaneous determination of diffusion and solubility of the 

electroactive species of interest. 

2.2.4 Hydrodynamic techniques: rotating disc electrode and rotating ring-disc 

electrode 

In hydrodynamic techniques, the mass transport of active species to the 

electrode surface takes place not only by diffusion, but also by forced 

convection. Typically, a rotating disc electrode (RDE) is composed of a disc of the 

material of interest surrounded by a cylinder made of an insulating material. The 

electrical connection is made by a set of carbon/silver brushes at the top of the 

cylinder. 

The RDE is mechanically rotated in solution, making it act as a pump, 

pulling fresh electrolyte towards the electrode. The electrolyte flows upwards 

towards the electrode, spins around the electrode surface and is thrown 

outwards, as shown in Figure 2.8a. This movement is critical for the mass 

transport in these experiments, as fresh active species are constantly being 

delivered to the electrode through forced convection. The diffusion layer in RDE 

under well stirred solutions is considerably smaller than for stationary 

electrodes. Therefore, if the electrode potential is set to a certain value to induce 

electrochemical reactions with rate limited by mass transport, the current 

response will reach a steady state current, contrary to the peak shape seen with 
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stationary electrodes. The mass transport limiting current is described by the 

Levich equation below: 

Ὥ πȢφςπὲὊὃὈȾ‡ Ⱦ ὃ ‫Ⱦ  (2.33) 

where ilim is the current at which the rate of electron transfer is determined by 

mass transport to the electrode; ˎ is the kinematic viscosity of the electrolyte in 

cm2/s and ̟  is the rotation speed of the RDE, in rad/s.  

A rotating ring disc electrode (RRDE) follows the same principle as a RDE, 

however it has a ring second WE2 around the disc electrode (WE), separated by 

an insulating material (see inset in Figure 2.8b). RRDE experiments can, for 

example, give information about the product formed at the WE, reducing or 

oxidising it as it is moved outwards the disc electrode. Figure 2.8b, shows a 

typical example of a RRDE in operation, where the oxidation of [Fe(CN)6]4- can 

be observed by the disc current, whereas the reduction of [Fe(CN)6]3- can be 

observed by the ring current. 

 

Figure 2.8. a) Mass transport in the RDE showing electrolyte flow pattern towards the  

RDE caused by rotation (top) and electrolyte flow pattern at the electrode surface, 

viewed from below (bottom).59 Typical linear sweep voltammetry of 5mM [Fe(CN)6]4- in 

1 M KCl aqueous solution using RRDE; Disc current in blue referent to [Fe(CN)6]4- 

oxidation and ring current in orange referent to [Fe(CN)6]3- reduction. WE=GC disc, 

WE2=Pt ring, CE = Pt coil and RE = Ag wire qRE; inset: a GC disc and Pt ring RRDE. 
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2.2.5 Electrochemical impedance spectroscopy 

In an electrochemical impedance spectroscopy (EIS) experiment, an 

oscillating potential bias with a small amplitude is applied to the electrochemical 

cell. Consequently, an oscillating current response develops in the cell, which is 

phase shifted with relation to the applied voltage. The sinusoidal potential and 

the sinusoidal current response are represented by: 

Ὁ  Ὁ ίὭὲ‫ὸ (2.34) 

Ὥ Ὥ ίὭὲ‫ὸ •  (2.35) 

in which ̟  is the frequency of the oscillating potential, and • is the phase shift.  

Similar to resistance in an ideal resistor, impedance is the ability of a 

circuit to resist the flow of electrical current, however, it is not limited by the 

properties of an ideal resistor. Therefore, the impedance (Z) of the 

electrochemical cell upon application of the sinusoidal potential is described as: 

ὤ‫  (2.36) 

ὤ‫ ὤ ὩὼὴЍ ρ•  (2.37) 

!ƴŘ ŦǊƻƳ 9ǳƭŜǊΩǎ ǊŜƭŀǘƛƻƴ ǿŜ ƻōǘŀƛƴΥ 

ὤ‫ ὤ ὧέί• ίὭὲ•  (2.38) 

As shown in the equations above, the impedance as a function of the frequency 

can be described by an imaginary part and a real part. These parts can be plotted 

in a Nyquist plot, in which the imaginary impedance (y axis) is plotted as a 

function of the real impedance (x axis). A typical Nyquist plot is shown in Figure 

2.9a.  

An electrochemical cell can be seen as an electric circuit, in which 

capacitors may represent non-faradaic processes and resistors may represent 

the resistance to charge transfer at the electrode. Thus, different regions in the 

Nyquist plot represent different processes during the passage of current in the 

cell. The Nyquist plot shown in Figure 2.9a can be represented by the typical 
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Randles equivalent circuit shown in Figure 2.9b. At very high frequencies of 

potential oscillation, the only resistance in the cell is due to the electrolyte 

resistance (Relectrolyte), which is read from the real impedance axis (x axis). As the 

oscillation frequency decreases (in the middle of the semi-circle), a more 

capacitive response is obtained, associated with the non-faradaic processes in 

the electrochemical cell as the double layer formation (represented by Cdl). 

Finally, at low frequencies, at the end of the semi-circle, the electrons may flow 

to and from the electrodes, and the charge transfer resistance (Rct) can be read 

from the real impedance axis (x axis). Nyquist plots often display a tail at low 

frequencies, which is associated with diffusion limited electrochemical 

processes (Dprocess). This is typically represented by the Warburg impedance (W) 

in the equivalent circuits. 

 

 

Figure 2.9. Typical Nyquist plot obtained in an EIS experiment, showing the electrolyte 

resistance at high frequencies and the charge transfer resistance at lower frequencies 

(a), and the Randles equivalent circuit for the Nyquist plot (b).  

 EIS can be used in a vast range of analyses, including determining the 

conductivity of electrolytes, changes at the electrode surfaces by monitoring Rct, 

and to determine the internal state of battery cells. The charge transfer 

resistance is a particularly insightful parameter to study solid-electrolyte 

interphase formation. EIS measurements overtime during resting and cell cycling 
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can reveal the resistive or conductive character of the SEI, aiding comprehension 

of cell performance.  

2.2.6 Galvanostatic cycling 

Galvanostatic cycling is based on the application of a constant current 

density and measurement of the voltage developed across the cell over time. 

Voltage profiles are the output of a galvanostatic experiment, which show the 

changes in the electrochemical cell performance during discharge and charge 

procedures. A typical discharge and charge voltage profile is shown in Figure 

2.10. It is one of the most commonly used methods to evaluate battery cells, 

both at new material discovery level, and advanced long-term degradation 

studies.  

 

Figure 2.10. Voltage profiles from galvanostatic cycling, showing discharge profile in 

blue, and charge profile in orange. 

 A two-electrode cell setup can be used in galvanostatic cycling 

experiments, which is either a full cell or a half cell. A half cell is typically used in 

early research and development states, thus one electrode can be studied at a 

time.60 A half cell is composed of the electrode to be studied and an electrode 

with a well-known potential as the counter electrode. Full cells as the name 

suggests, are composed of both battery electrodes. Whilst half cell cycling gives 

explicit information about the reactions and performance of each individual 

electrode, full cells shows how these two electrodes and reactions perform in 
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conjunction.60 Furthermore, galvanostatic cycling can be used in symmetrical 

cells, which are commonly used to study plating and stripping reactions in 

metallic electrodes. 

2.3. Secondary-ion mass spectrometry 

Secondary-ion mass spectrometry (SIMS) is a technique based on the 

bombardment of a primary ion beam on the sample, and the detection of the 

secondary ions formed during the sputtering process. The impact of the highly 

energetic primary ion beam (in the order of keV) leads to sputtering of the 

sample surface and emission of sample fragments (secondary fragments). The 

fragmentation occurs as a consequence of the cascade of collisions trigged by 

the bombardment of the primary ions on the sample, when direct (primary ion 

collides with atoms of the sample surface causing atomic motion) and non-direct 

(collision between atoms in motion) collisions take place. Molecular ions and 

part of the emitted fragments become ionised and are directed by an electric 

field into a mass analyser.  

In depth profile mode, extended sputtering caused by continuous 

primary ion bombardment erodes the sample and information from deeper 

layers into the sample is obtained. Thus, sputter time is an indirect measure of 

depth of analysis, as shown in Figure 2.11. Figure 2.11 displays schematics of a 

depth profile analysis of a generic sample that is structured in clearly separated 

layers, and the respective depth profiles and mass spectra for the analysis. In the 

depth profile mode, the final mass spectrum is an accumulation of the spectra 

acquired throughout the whole sputter time, and each assignment has a 

respective intensity profile over time, which is shown in the depth profile plots 

(see the schemes shown in Figure 2.11 on the right). 
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Figure 2.11. Schematics of SIMS in depth profile mode showing: on the left, a generic 

layered sample being continuously sputtered over a time t (in which t0 is at the 

beginning of the sputter time and t3 is at the end of the sputter time); on the left, the 

respective depth profile plot and mass spectra. Note the relation between depth of 

analysis and sputter time, and how the intensity varies in both mass spectra and depth 

profile plot over time (the colour scheme in each layer of the generic sample on the left 

is only for intuitive representation of the assignments shown in the mass spectra and 

depth profile on the right). 

The extent of the secondary ionisation is conditional to the sputter yield 

and the ionisation probability of each sample fragment. The sputtering yield is 

the ratio between the atoms removed from the sample (sputtered) and the 

atoms bombarded onto the sample (primary ion beam). The sputtering of 

sample material is highly dependent on the intensity of the primary ion beam as 

well as the sample material properties such as the binding energy of the atoms, 

lattice energy and crystal orientation. Typically, the higher the energy of the 

primary ion beam, the higher the sputtering yield and the greater the degree of 

fragmentation. Whilst this may increase the sensitivity of the analysis, higher 

fragmentation means that information pertaining to larger molecules is 

compromised. In addition to the energy of the primary ion beam, there are other 

aspects that influence fragmentation, such as ion size and the ion source. For 
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example, the use of ion clusters causes less fragmentation and penetration 

through the sample due to lower energy/ion ratio.61 The individual ions separate 

and disperse over the surface when the cluster hits the sample, thus the energy 

carried by the cluster spreads through each individual ion. With respect to 

ionisation, the source of primary ion beam may increase the ionisation yield. 

Oxygen and caesium are primary ion sources known to increase positive and 

negative secondary ion yield, respectively. 

Thus, considering that only a small portion of the fragments are ionised 

(up to 10 %), high sputtering yield does not directly translate into high ionisation. 

Consequently, direct correlation of ion (or molecule, or fragment) intensity with 

element abundance in the sample can be problematic, as an element may be 

more likely to ionise than another, thus a greater quantity of ions is detected. 

However, a sensible analysis strategy may include comparison of the same 

assignment across multiple samples of the same matrix, as a particular 

assignment will display very similar ion yield across samples of the same matrix. 

Other strategies for correct interpretation of SIMS depth profile data include 

normalisation to the total ion counts, or normalisation to common ions. This 

excludes any differences across samples due to surface roughness or length of 

the experiment. 

2.3.1 The OrbitrapTM detector 

The most commonly used mass analyser in SIMS is time-of-flight (tof). 

Tof analysers separates the ions according to the time the ions take to travel 

from the acceleration zone, through a flight tube of known length to the 

detector. Ions of same charge display the same kinetic energy, thus the velocity 

of ions with same charge depends on the mass of the ion. Likewise, the overall 

velocity of the ions depends on the mass-to-charge (m/z) ratio. Despite being a 

powerful technique, SIMS using tof mass analyser have limited mass accuracy 

and mass resolving power.61 This makes particularly challenging to deconvolute 

data from organic samples with complex chemistry.  
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The OrbitrapTM detector is the newest addition to the mass analysers 

employed in SIMS.61 The latest SIMS technology, the 3D OrbiSIMS, uses a hybrid 

mass analyser comprising an OrbitrapTM and a tof analyser as fully described by 

Passerili et al.61 This considerably improves the mass measurement accuracy of 

SIMS, given the superior mass resolution of the OrbitrapTM. The hybrid system 

allows nine different mode of operations, with different choices of primary ion 

beam, as well as a choice of mass analyser.  

Like tof, the OrbitrapTM is also based on the ion motion in an electrostatic 

field, but the ions follow a complex trajectory which is summarised as follows. 

The OrbitrapTM is composed of an inner and an outer electrode as shown in 

Figure 2.12, which create an electrical field in the cavity between them. This 

electrical field causes ion motion and rotation around the inner electrode. In 

addition to this rotation, there is also movement along the axis of the inner 

electrode, with the ions going back and forward along the axis. The frequency of 

the ion motion along of the inner electrode axis is dictated by the m/z of the 

ions.62   

 

Figure 2.12. Schematics of the OrbitrapTM mass analyser showing the ion movement (in 

red) within the inner and outer electrode of the OrbitrapTM.62 

 To ensure a stable ion trajectory inside the OrbitrapTM, the kinetic energy 

carried by the ions when entering the OrbitrapTM must be such that it is not too 

low so that the ions are sucked in by the inner electrode, neither too high where 

the ions might collide with the outer electrode. To stabilise the kinetic energy of 

the ions before entering the OrbitrapTMΣ ǘƘŜ ƛƻƴǎ ŀǊŜ άŎƻƻƭŜŘ Řƻǿƴέ ƛƴ ŀ 
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damping trap, the C-trap. Thus, the C-trap injects ions by pulses with controlled 

kinetic energy into the OrbitrapTM, as shown in Figure 2.13. 

 

Figure 2.13. Schematics of the OrbitrapTM mass analyser showing a cross section of the 

c-trap.62 

 One of the factors responsible for the improved sensitivity of the 

OrbitrapTM analyser is the amount of information processed by this mass 

analyser in comparison to tof analyser in depth profiling studies.  In a typical 

SIMS depth profiling analysis with tof mass analyser, data is extracted at discrete 

times, whilst information during sputtering is discarded, as shown in Figure 

2.14a. However, depth profiling analysis using the OrbitrapTM mass analyser 

means there is no loss of information, as all sputtered ions are analysed by the 

OrbitrapTM as shown in Figure 2.14b.61 This substantially increases the sensitivity 

of the OrbitrapTM in comparison to tof analyser. Furthermore, by using Ar 

clusters as the sputtering and analysis beam, large molecules can be detected 

more intact. This is due to the softer sputtering process provided by ion clusters, 

which causes less sample fragmentation from the high energy collisions and 

removes ambiguity in assigning peak identities. 
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Figure 2.14. a) Data obtained with tof-sims analysis (colourful layers) and information 

lost during sputtering (in grey) in comparison to information obtained with OrbiSIMS 

(b) of the entire depth of the layers. 

2.4. Multivariate analysis and the rationale for the process 

adopted for analysis of 3D OrbiSIMS dataset 

Multivariate analysis (MVA) are a series of methods for statistical analysis 

of complex datasets with multiple variables, which can be correlated to one 

another by a shared characteristic. In the SIMS community, MVA has become a 

very popular tool for a large range of applications, from surface imaging to depth 

profiling.63 

SIMS data was analysed using non-negative matrix factorisation (NMF), 

a type of a multivariate curve resolution technique (MCR). This analysis aims to 

resolve mixture problems, by grouping the constituents into endmembers that 

ǊŜǇǊŜǎŜƴǘ ΨǇǳǊŜΩ ŎƻƳǇƻǳƴŘǎΦ Lǘ ƛǎ ŀ ƳŜǘƘƻŘƻƭƻƎȅ Ǿŀǎǘƭȅ ǳǎŜŘ ƛƴ ŎƘǊƻƳŀǘƻƎǊŀǇƘȅ 

studies by de Juan, Tauler and co-workers, and has been previously reviewed.64 

NMF simplifies the complex data into a simpler model of pure contributions from 

the original data matrix. It is a bilinear fit that results in a compressed version of 

the original data set. The outputs of NMF analysis on SIMS data are the intensity 

plot of the endmembers and the characteristic spectra. Schematics of an NMF 

analysis of a generic example is demonstrated in Figure 2.15.  
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Figure 2.15. Schematics showing NMF analysis for the generic example from Figure 

2.11: a) depth profile (left) and mass spectrum (right) of a generic example; b) intensity 

plot of endmembers; c) characteristic spectra of each endmember. 

In NMF, each endmember is a meaningful representation oŦ ŀ ΨǇǳǊŜΩ 

ŎƻƳǇƻǳƴŘΣ ƻǊ ŀ ΨǇǳǊŜ ƛƴǘŜƴǎƛǘȅ ǇǊƻŦƛƭŜΩ ƛƴ ǘƘƛǎ ŎŀǎŜ ƻŦ {La{ ŘŜǇǘƘ ǇǊƻŦƛƭŜ ŘŀǘŀǎŜǘΦ 

Figure 2.15b shows the intensity plot of the endmembers which is a very 

intuitive representation of the data in Figure 2.15a. Each one of these 

endmembers is formed by a combination of assignments that display similar 
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intensity profiles. These assignments may be visualised in the characteristic 

spectra output of NMF, which is shown in Figure 2.15c. The NMF characteristic 

spectra of each endmember, as the name suggests, is a representation of the 

mass spectra showing only the assignments that are part of that endmember. In 

other words, it is the mass spectrum of assignments with depth profiles that 

display features represented by that endmember in the NMF intensity plot. The 

higher the intensity of an assignment in the characteristic spectra, the greater 

the contribution of that assignment to the endmember. Finally, a comparison of 

the original generic data (Figure 2.15a) with the NMF results (Figure 2.15b and 

c), shows that NMF is a powerful exploratory tool, that facilitates data 

interpretation, and helps to organise and visualise the data in a much clearer 

manner.  

It is important to bear in mind that NMF is a representation, a bilinear fit 

of complex data and therefore, does not have a definitive solution. In fact, to 

perform a NMF the user must input the expected number of endmembers and 

the number of iterations, in other words, the number of times the algorithm 

Ǌǳƴǎ ǳƴǘƛƭ ƛǘ ǊŜŀŎƘŜǎ ŎƻƴǾŜǊƎŜƴŎŜΦ ¢ƘŜ ΨŀŎŎǳǊŀŎȅΩ ƻŦ ǘƘŜ baC ǊŜǇǊŜǎŜƴǘŀǘƛƻƴΣ ŀƴŘ 

the number of iterations that actually have an impact on the analysis output can 

be visualised by the lack-of fit plot, shown in Figure 2.16. Regarding the user 

inputs, the number of iterations is easily determined by trial and error and 

analysis of the lack-of-fit plot, however the number of expected endmembers is 

more challenging to determine. For a simple dataset such as the example shown 

in Figure 2.15a, it is relatively simple to determine the presence of four main 

intensity profiles, however for large SIMS datasets this is not as straightforward. 

Indeed, the lack-of-fit plot may be an indication of the number of endmembers 

that best represents the dataset. However, the lack-of-fit plot should be 

carefully interpreted, as a large number of endmembers may display very low 

lack of fit and yet not be a realistic approximation of the different intensity 

profiles in the sample, as demonstrated in the comparison shown in Figure 2.16.  
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Figure 2.16. NMF analysis for Na-ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ interphase demonstrating variations 

in the lack of fit for a range of expected endmembers, maintaining a fixed number of 

iterations (a), and intensity plot of NMF analysis with four (b) and ten (c) endmembers. 
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Another approach to determine the number of expected endmembers, 

is by performing principal component analysis (PCA). PCA is a method of 

reducing the dimension of a dataset by focusing on the variability of the dataset, 

grouping strong variation patterns into PCs. Thus, each PC is not representing a 

feature (an intensity profile) of the data as the endmembers in NMF does, but 

instead each component represents specific variations within the data. A very 

common variation in a depth profile plot is an increase in intensity for some 

assignments and decrease in intensity of others. Figure 2.17a demonstrates a 

few potential regions of variance represented by PCs. 

 Unlike NMF, PCA has an exact solution, hence, there is a certain number 

ƻŦ ŎƻƳǇƻƴŜƴǘǎ όŎƻƳƳƻƴƭȅ ƴŀƳŜŘ t/мΣ t/нΣ ΧΣ t/ƴύ ǘƘŀǘ Ŧǳƭƭȅ ǊŜǇǊŜǎŜƴǘ ǘƘŜ 

variance in the sample. The first few components explain the most relevant 

information of the dataset, and typically for SIMS datasets only a few 

components are sufficient to represent over 95% of the variance within the 

sample. The other components are often related to inherent noise present in 

the analysis.  

PCA gives positive and negative scores to variances within the dataset by 

grouping the data by its variance. The scores plot over time (Figure 2.17b) might 

display features that resemble the original intensity plot. However, because PCA 

is an analysis of variance, with positive and negative scoring, the scores plot does 

not seem an intuitive method of summarising and understanding surface layers 

and composition. Nevertheless, PCA is still a very helpful tool to start grouping 

and understanding SIMS data. The assignments responsible for the main 

variances within the data are displayed in the loading plot of each PC. When 

performing PCA of SIMS data, the loading plot of a PC resembles a mass 

spectrum but showing only the assignments that are part of that PC, as shown 

in Figure 2.17c-e, similar to the NMF characteristic spectrum described above. 

The loading plot shows how strongly each assignment influences that PC, thus 

the higher the loading (either positive or negative) of an assignment, the more 

relevant this assignment is for that PC.  
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Whenever PCA aims to categorise the sample by the types of 

assignments, or size of SIMS fragments, the loadings plot is a very useful tool. 

However, when PCA is used to determine the number of endmembers for NMF, 

the loadings plot can be used to obtain information about the most relevant 

assignments for each PC. By looking at the depth profile of the main assignments 

of each PC, it becomes easier to visualise how many different intensity profiles 

there might be within the sample. This is demonstrated in Figure 2.17f-h. 

 Interpretation of the PCA results (Figure 2.17) of a generic example (from 

Figure 2.11) for determination of the number of endmembers for NMF is 

described as follows. The depth profile of the most relevant assignments of PC1 

(Figure 2.17f), shows two very distinct intensity profiles, with two very distinct 

maxima, thus two endmembers for NMF. Depth profile of the main assignments 

of PC2 also shows two very distinct intensity profiles, however one profile is 

ΨŀƭǊŜŀŘȅ ǊŜǇǊŜǎŜƴǘŜŘΩ ōȅ t/мΣ ǎƻ о ŜƴŘƳŜƳōŜǊǎ Ŏŀƴ ōŜ ŜȄǇŜŎǘŜŘ ŦƻǊ baC ŦǊƻƳ 

analysis of the depth profile of PC1 and 2. Finally, PC3 demonstrates small 

variations that represent another distinct intensity profile, and it is concluded 

that NMF analysis should be performed with four expected endmembers. This 

analysis could be carried on for all the components found by PCA (not shown in 

this example in Figure 4.24), but as mentioned previously, usually a few 

components are sufficient to explain most of the variation within a sample. In 

fact, analysis of the remaining PCs (PC4, PC5, etc) for the SIMS datasets in this 

chapter found that the remaining PCs describe other small variances of the 

dataset, but not necessarily a variance that represents a new intensity profile.   
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Figure 2.17. Schematics showing principal component analysis (PCA) of example from 

Figure 2.11: a) depth profile plot with shaded areas demonstrating regions of variance 

that can be represented by principal components (PCs); PCA outputs: b) scores plot of 

PCA showing three PCs; c-e) loadings plot for PC 1, 2 and 3 respectively; f-h) depth 

profile of main constituents (assignments) described by PC1, 2 and 3 respectively. 
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2.5. Characterisation techniques of ionic liquid properties 

2.5.1 Viscosity  

In a nutshell, viscosity is the resistance of a fluid to flow. It can be 

classified into dynamic viscosity and kinematic viscosity. The dynamic viscosity is 

a measure of the forces that a fluid must overcome to flow, for example, the 

friction between the fluid and the internal walls of a tube. The kinematic 

viscosity measures the rate of the flow, how quickly the fluid can get from point 

A to point B in a tube. In practical terms, the kinematic viscosity can be 

determined by dividing the dynamic viscosity by the density of the fluid.  

On a molecular level, a liquid flow when the molecules in the liquid move 

past one another, and the lower the resistance the molecules must overcome to 

move, the lower the viscosity of the liquid. Consequently, intermolecular forces, 

the structure, and the size of the molecules, are factors that affect the viscosity 

of molecular liquids. The Hole Theory has been the most widely accepted theory 

to describe viscosity in ionic liquids (ILs).65 In summary, it assumes that at any 

point in time a fluid will have a given distribution of voids, and the 

ions/molecules are able to move if those cavities have a size compatible with the 

molecule allowing the movement. Thus, the distribution of hole size determines 

the likelihood of movement. Typically, the higher the temperature, the larger 

the hole size, and so with an increase in temperature, the probability of finding 

larger holes is higher and consequently a decrease in viscosity is observed. The 

high viscosity of room temperature ionic liquids (RTILs) can be explained by the 

low probability of finding holes of the right size to allow movement of the large 

ions present in ILs at low temperatures (room temperature). 
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2.5.2 Donor Number 

Donor number (DN) is an approach to express the basicity of solvents. In 

other words, a measure of the tendency of solvents to donate electron density 

to acceptors. It was originally determined by measuring the interaction of the 

solvent with SbCl5. In this method, the experiment was performed 

calorimetrically, and the DN was determined as the change of enthalpy was 

attributed to the solvent interaction with the SbCl5 probe, with values varying 

from 0 to 38.8 kcal/mol. Another method was proposed by Popov and Erlich, 

which linearly correlates the 23Na NMR shifts of the NaClO4 probe with the DN 

of the solvents. Schmeisser et al has used the 23Na NMR method to determine 

the donor number of imidazolium-based ILs. 66 

2.6. Materials 

N,N-dimethylethylamine (Merck, >99%), N-methylpyrrolidine (Acros Organics, 

>99%), 2-bromo-1,1-dimethoxy ethane (Alfa Aesar, 97%) and 2-bromoethyl 

methyl ether (Acros Organics, 95%), 1-bromo-butane (Sigma, >99%) were 

distilled before use. Lithium trifluoroacetate (Fisher scientific, >97%), sodium 

dicyanamide (Acros Organics, >97%), sodium trifluoroacetate (Alfa Aesar, >98%) 

and sodium perchlorate (Acros Organics 99%) were dried under vacuum όҖ мл-3 

mbar) at 100 oC before use. Lithium bis(trifluoromethanesulfonyl)imide (3M, 

battery grade) and sodium bis(trifluoromethanesulfonyl)imide (Strem 

Chemicals, >97%) were also recrystallised from 1,4-Dioxane and dried under 

ǾŀŎǳǳƳ όҖ мл-3 mbar) at 120 oC before use. Amberlite ion exchange resin IRA-

402(OH) (Alfa Aesar) was washed with methanol three times before use. 

2,2,3,3,3-Pentafluoropropionic acid (Sigma Aldrich, >97%), were used as 

received. Oxygen was passed through a drying column before bubbled into 

electrolytes (BOC, 99.95%). All solvents used in the synthesis were anhydrous, 

and ultrapure water is miliQ 18.2 Mohm/cm. 
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2.7. Synthesis and characterisation of ionic liquids 

All ILs were synthesised by modified procedures from literature67-69, with 

the exception of [C1C4Pyrr][DCA] (Iolitec, >98%). All synthesised ILs were 

characterised by 1H, 13C, 19F NMR Spectroscopy (recorded at room temperature 

on a Bruker DPX-400 Spectrometer), ESI-MS (Bruker Micro TOF Spectrometer) 

and CHN Elemental microanalysis (Exeter CE-440 Elemental Analyser). For 

syntheses which involved anion metathesis, the complete exchange was 

confirmed via ion chromatography (Dionex ICS-3000 machine fitted with AS20 

analytical column and AG20 guard column).  

The viscosity and density of the ionic liquids was measured with a 

stabinger viscometer (Anton Paar, SVM 3000) from 15 to 45 oC. The ILs were 

dried before the analysis and kept in a sealed flask. The viscometer injection and 

analysis tubing were fluxed with Argon prior to the analysis and kept sealed 

during the measurements to avoid moisture uptake. The Arrhenius plots of 

viscosity can be found in Appendix A.1, and the values at 25 oC are displayed for 

each individual RTIL in the synthesis description. 

The DN of ILs was determined according to methods described 

previously.66 NaClO4 was dissolved in the ILs as the DN probe, and the 23Na 

chemical shift was measured. A D2O solution of NaCl was used as the reference 

in a coaxial insert. The calibration line used to determine the DN in the ILs was 

obtained with solvents of known DN using the same methodology described 

above.  The calibration line can be found in Appendix A.1, and the DN values for 

the RTILs are displayed in the synthesis description. 

2.7.1 Synthesis of [C1(C2OC1)Pyrr]Br 

In a typical procedure, 2-Bromoethyl methyl ether (14.88 g, 107.07 mmol) was 

slowly added to a stirring mixture of N-methylpyrrolidine (7.60 g, 89.23 mmol) 

and ethyl acetate (30 mL). The resulting mixture was heated to 60 oC and left to 

react for three to four days. The dark solid raw product was filtered and 
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recrystallised from acetonitrile/ethyl acetate 2-3 times. The resulting solid was 

filtered, further washed with ethyl acetate and dried at 60 o/ ǳƴŘŜǊ ǾŀŎǳǳƳ όҖ 

10-3 mbar) yielding a pale yellow solid (18.23 g, 91% yield). 

 

1H NMR (400 MHz, (CD3)2SO):   ppm 2.05 ς 2.15 (m, 4H), 3.03 (s, 3H), 3.31 (s, 

1H), 3.48 ς 3.51 (m, 4H), 3.56 ς 3.59 (m, 2H), 3.72 ς 3.76 (m, 2H); 

13C NMR (101 MHz, (CD3)2SO):  ppm 20.54, 47.81, 57.93, 61.76, 63.89, 65.80; 

ESI-MS (+ve) for [C8H18NO]+: calcd 144.14, found 144.1392;  

Elemental Analysis: calcd ([C1C2o1Pyrr]Br.H2O) C 39.68, H 8.33, N 5.78, found C 

39.79, H 8.46, N 5.70. 

2.7.2 Synthesis of  ώb/мΣ/мΣ/нΣό/нh/мύϐ.Ǌ 

In a typical procedure, N,N-dimethyl-N-ethyl-amine (6.90 g, 94.28 mmol) was 

slowly added to a stirring mixture of  2-Bromoethyl methyl ether (15.73 g, 113.14 

mmol)  and acetonitrile (30 mL). The resultant mixture was raised in 

temperature to 35 oC and left to react for five days. The solvent was evaporated, 

and the crude product, a yellow solid, was recrystallised from acetonitrile/ethyl 

acetate 2-3 times. The solid product was filtered and dried at 60 oC under 

ǾŀŎǳǳƳ όҖ мл-3 mbar) yielding a white solid (18.56 g, 92.8% yield). 

 

1H NMR (400 MHz, CD3OD):  ʵ ǇǇƳ мΦоу όǘǘΣ WҐтΦнуΣ нΦмо IȊΣ о IύΣ оΦмо όǎΣ с IύΣ 

3.40 (s, 3 H), 3.49 (q, J=7.28 Hz, 2 H), 3.55 - 3.58 (m, 2 H), 3.79 - 3.84 (m, 2 H); 



Chapter 2 
 

77 
 

13C NMR (101 MHz, (CD3OD): ɻ  ǇǇƳ 8.67, 51.70 (s, 2 C), 59.31 (s, 1 C), 62.30 (s, 

1 C), 64.21 (s, 1 C), 67.22 (s, 1 C); 

ESI-MS (+ve) for [C7H18NO]+: calcd. 132.14, found 132.1391; 

Elemental Analysis: calcd. C 39.63, H 8.55, N 6.60, found C 42.12, H 9.15, N 7.20. 

(GC-MS confirmed impurity to be acetonitrile, drying time and temperature to 

adjusted for next synthesis). 

2.7.3 Synthesis of [C1CdmaPyrr]Br 

In a typical procedure, N-methyl-pyrrolidine (14.88 g, 174.69 mmol) was slowly 

added to a stirring mixture of 2-Bromo-1,1-dimethylacetate (24.60 g, 145.57 

mmol) and acetonitrile (50 mL). The resultant mixture was heated to 40 oC and 

left to react for three to four days. The solvent was evaporated, and the crude 

product,a yellow solid,  was recrystallised from acetonitrile/ethyl acetate. The 

solid product was filtered and dried at 60 o/ ǳƴŘŜǊ ǾŀŎǳǳƳ όǇǊŜǎǎǳǊŜ Җ мл-3 

mbar) yielding a white solid (28.34 g, 76% yield). 

 

1H NMR (400 MHz, CD3OD):  ɻ  ǇǇƳ нΦмф ς 2.26 (m, 4 H), 3.15 (s, 3 H), 3.48 (s, 6 

H), 3.56 (d, J=5.02 Hz, 2 H), 3.61 ς 3.64 (m, 4 H), 4.90 (t, J=5.02 Hz, 1 H); 

13C NMR (101 MHz, (CD3)2SO): ɻ  ǇǇƳ нлΦссΣ пуΦмм, 54.06, 62.94, 64.56, 98.84; 

ESI-MS (+ve) for [C7H18NO]+: calcd. 174.15, found 174.1491; 

Elemental Analysis: calcd. C 42.53, H 7.93, N 5.51, found C 42.63, H 8.04, N 5.50. 
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2.7.4 Synthesis of ώb/мΣ/мΣ/нΣ/пϐ.Ǌ 

In a typical procedure, N,N-dimethyl-N-ethyl-amine (6.96 g, 95.17 mmol) was 

slowly added to a stirring mixture of  1-bromobutane (15.6475 g, 114.20 mmol)  

and acetonitrile (40 mL). The resultant mixture was heated to 35 oC and left to 

react for five days. The solvent was evaporated, and the crude product, a yellow 

solid, was recrystallised from acetonitrile/ethyl acetate 2-3 times. The solid 

product was filtered and dried at 60 o/ ǳƴŘŜǊ ǾŀŎǳǳƳ όҖ мл-3 mbar) yielding a 

white solid (19.3 g, 96.5% yield). 

 

1H NMR (400 MHz, (CD3)2SO):  ʵ ppm 0.93 (t, J=7.34 Hz, 3 H), 1.22 (tt, J=7.30, 

1.90 Hz, 3 H), 1.31 (sxt, J=7.34 Hz, 2 H), 1.56 - 1.68 (m, 2 H) 2.97 (s, 6 H) 3.17 - 

3.25 (m, 2 H) 3.31 (q, J=7.30 Hz, 2 H) 

13C NMR (101 MHz, (CCl3D): ɻ  ǇǇƳ 8.50, 13.68, 19.61, 24.59, 50.67, 59.31, 

63.25. 

ESI-MS (+ve) for [C8H20NO]+: calcd. 130.16, found 130.1579; 

2.7.5 Synthesis of [C1(C2OC1)Pyrr][NTf2]  

Li[NTf2] (12.18 g, 42.42 mmol) was dissolved in ultrapure water (20 mL) and 

added to a stirring solution of [C1C2o1Pyrr]Br (6.35 g, 35.35 mmol) and ultrapure 

water (10 mL). The mixture was left to react overnight. The resultant biphasic 

solution was separated and the aqueous phase was washed with 

dichloromethane (3 x 10 mL) to extract the remaining [C1C2o1Pyrr][NTf2]. The 

combined organic phases were washed with ultra-pure water (10 x 5 mL). 

Solvent was evaporated and the resulting IL was dried under vacuum (pressure 

Җ мл-3 mbar) at 60 oC, yielding a yellow liquid (12.20 g, 81.33 % yield). 
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1H NMR (400 MHz, CD3OD):  ʵ ǇǇƳ нΦмф - 2.24 (m, 4 H), 3.10 (s, 3 H), 3.39 (s, 3 

H), 3.54 ς 3.60 (m, 6 H), 3.78 ς 3.83 (m, 2 H); 

13C NMR (101 MHz, (CD3)2SO): ɻ  ǇǇƳ нлΦ69, 47.88, 57.89, 61.96, 64.06, 65.85, 

119.24 (q, JC-F = 320 Hz). 

19F NMR (377 MHz, (CD3)2SO): ɻ  ǇǇƳ -78.74 

DN: 10.2 

2.7.6 Synthesis of  ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ 

Li[NTf2] (16.71 g, 58.2 mmol) was dissolved in ultrapure water (20 mL) and added 

to a stirring solution of  ώb/мΣ/мΣ/нΣό/нh/мύϐ.Ǌ (10.29 g, 48.5 mmol) and ultrapure 

water (10 mL). The mixture was left stirring overnight. The resultant biphasic 

solution was separated and the aqueous phase was washed with 

dichloromethane (3 x 10 mL) to extract the remaining  ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ in 

water. The combined organic phases were washed with ultra-pure water (10 x 

5 mL). Solvent was evaporated and the resulting IL was dried under vacuum 

όҖ 10-3 mbar) at 60 oC yielding a yellow liquid (17.2 g, 86.0 % yield). 

 

 

 

1H NMR (400 MHz, CD3OD):  ʵ ǇǇƳ 1.36 (tt, J=7.28, 2.01 Hz, 3 H), 3.10 (s, 6 H) 

3.37 - 3.39 (m, 3 H), 3.46 (q, J=7.28 Hz, 2 H), 3.51 - 3.54 (m, 2 H), 3.78 - 3.82 

(m, 2 H) 
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13C NMR (101 MHz, CD3OD): ɻ  ǇǇƳ 8.58, 51.69, 59.26, 62.32, 64.15, 67.10, 

121.31 (q, JC-F=300.77 Hz)  

19F NMR (376 MHz, CD3OD): ɻ  ǇǇƳ -80.63; 

DN: 9.1 

2.7.7 Synthesis of [C1(C2OC1)Pyrr][C2F5COO]  

[C1(C2OC1)Pyrr][C2F5COO] was synthesised via acid-base reaction of 

[C1(C2OC1)Pyrr][OH] and pentafluoropropionic acid. A solution of 

[C1(C2OC1)Pyrr]Br (4.46 g, 30.92 mmol) in methanol (10 mL) was eluted through 

a column of Amberlite ion exchange resin IRA-402(OH) (190 g), at a drop rate of 

one drop every three seconds into a solution of pentafluoropropionic acid 

(3.25 mL, 30.92 mmol) in methanol. At the end of the [C1(C2OC1)Pyrr]Br elution, 

the column was flushed with methanol. The solvent in the resulting 

[C1(C2OC1)Pyrr][C2F5COO] solution was evaporated and the product was dried 

under vacuum for several days (approximately 10 days for water content below 

50 ppm), resulting in yellow-brown liquid (8.9 g, 93.7% yield) 

 

 

 

1H NMR (400 MHz, (CD3)2SO):  ʵ ǇǇƳ 2.02 - 2.14 (m, 1 H), 3.03 (s, 3 H) 3.29 - 

3.34 (m, 3 H), 3.47 - 3.54 (m, 4 H), 3.54 - 3.61 (m, 2 H), 3.72-3.78 (m, 2 H); 

13C NMR (101 MHz, D2O): ʵ ǇǇƳ 20.99, 48.39, 58.14, 62.69, 65.13, 66.16, 

106.85, 119.52, 163.37 

19F NMR (376 MHz, (CD3)2SO): ɻ  ppm -118.19, -81.55;  

DN: 23.5 
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2.7.8 Synthesis of [C1CdmaPyrr][NTf2] 

Li[NTf2] (13.9 g, 48.42 mmol) was dissolved in water (20 mL) and added to a 

stirring solution of [C1CdmaPyrr]Br (11.19 g, 44.01 mmol) and water (15 mL). The 

mixture was left to react overnight. The resultant biphasic solution was 

separated and the aqueous phase was washed with dichloromethane (3 x 15 mL) 

to extract the remaining [C1CdmaPyrr][NTf2] in water. The combined organic 

phases were washed with ultra-pure water (10 x 5 mL). Solvent was evaporated 

ŀƴŘ ǘƘŜ ǊŜǎǳƭǘƛƴƎ L[ ǿŀǎ ŘǊƛŜŘ ǳƴŘŜǊ ǾŀŎǳǳƳ όҖ мл-3 mbar) at 60 oC yielding a 

yellow liquid (17.6 g, 88.0 % yield). 

 

 

 

1H NMR (400MHz, CD3OD):  ɻ  ǇǇƳ 2.19 - 2.26 (m, 4 H), 3.13 (s, 3 H), 3.47 (s, 6 H), 

3.52 (d, J=5.02 Hz, 2 H), 3.56 - 3.64 (m, 4 H), 4.87 (t, J=5.02 Hz, 1 H); 

13C NMR (101 MHz, (CD3)2SO): ɻ  ǇǇƳ 20.65, 48.14, 54.04, 63.05, 64.66, 98.90, 

119.48 (q, JC-F = 323.10 Hz); 

19F NMR (377 MHz, CD3OD): ɻ  ǇǇƳ -80.56; 

DN: 8.0 

2.7.9 Synthesis of ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ 

Li[NTf2] (23.04 g, 80.25 mmol) was dissolved in water (30 mL) and added to a 

stirring solution of ώb/мΣ/мΣ/нΣ/пϐ.Ǌ (15.33 g, 72.95 mmol) and water (10 mL). The 

mixture was left stirring overnight. The resulting biphasic solution was separated 

and the aqueous phase was washed with dichloromethane (3 x 20 mL) to extract 

the remaining ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ in water. The combined organic phases were 

washed with ultra-pure water (10 x 5 mL). Solvent was evaporated and the 
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ǊŜǎǳƭǘƛƴƎ L[ ǿŀǎ ŘǊƛŜŘ ǳƴŘŜǊ ǾŀŎǳǳƳ όҖ мл-3 mbar) at 60 oC yielding a yellow liquid 

(28.1 g, 93.7% yield). 

 
1H NMR (400MHz, CD3OD):  ʵ ǇǇƳ 0.93 (t, J=7.40 Hz, 3 H), 1.22 (t, J=7.22 Hz, 

3 H), 1.31 (sxt, J=7.40 Hz, 2H), 1.57 - 1.67 (m, 2 H), 2.96 (s, 6 H), 3.17 - 3.24 (m, 

2 H), 3.30 (q, J=7.22 Hz, 2 H); 

13C NMR (101 MHz, (CD3)2SO): ɻ  ǇǇƳ тΦтоΣ моΦпнΣ мфΦмуΣ ннΦсоΣ поΦофΣ руΦпфΣ 

62.22, 119.48(q, JC-F = 325 Hz); 

19F NMR (377 MHz, (CD3)2SO): ɻ  ǇǇƳ -78.74 

DN: 7.4 
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3. Electrochemical performance and 

stability of Na metal electrode with 

IL-based electrolytes 

3.1. Introduction 

Li-ion batteries have revolutionised the electronics and transportation 

sector, and although development dates back to the 1990s, they are still the 

leading commercially available electrochemical storage technology in terms of 

life cycle, specific energy and energy density.3, 70 However, Li-ion batteries are 

not predicted to meet the future demands of energy storage, particularly to 

enable the widespread electrification of transport. Current Li-ion battery cells 

primarily use graphite sheets as the negative electrode, a variety of metal oxides 

as the positive electrode (LiCoO4, LiFePO4, etc), and its high cyclability relies 

upon the intercalation of Li cations into the electrodes. The specific energy of 

these materials is typically below 400 mAh/g for graphite and 200 mAh/g for 

LiNi0.8Co0.15Al0.05O2 (NCA), which is one of the positive electrodes with the 

highest capacity. This leads to the belief that the cathode side is the limiting 

factor in current battery capacity, encouraging the development of very 

distinctive battery concepts, such as Li-O2
29

 and Li-S.71 However, Albertus et al 

clearly discussed the impact on cell capacity of replacing graphite electrodes 

with lithium metal, and demonstrated that actually the weight and volume of 

graphite imposes the upper limit in Li-ion energy metrics3. Li metal batteries are 

estimated to have nearly twice the specific energy and three times the energy 

density of Li-ion batteries, as shown in Figure 3.1.3 Hence Li metal is often 

ǊŜƎŀǊŘŜŘ ŀǎ ǘƘŜ άholy grailέ of battery negative electrodes, as it would not only 



Chapter 3 
 

85 
 

ǊŜǾƻƭǳǘƛƻƴƛǎŜ άbeyond Li-ionέ ōŀǘǘŜǊƛŜǎΣ such as Li-S or Li-O2, but also much 

improve the capacity of current technologies. 

 

Figure 3.1. Typical Li-ion cell (top) and projected Li-metal cell (bottom), demonstrating 

differences in volume and weight by replacing graphite anode with Li metal.3 

Na based batteries promise to be a more sustainable long-term energy 

storage alternative, due to higher Na natural abundance compared to Li, and its 

geographic distribution throughout the globe.6, 57, 72-74 Similar to Li, Na is the 

negative electrode of choice of several Na based batteries,8, 21 such as Na-O2, 

Na-S, and Na-ion. However, several challenges still prevent the use of alkali 

metal electrodes in any of the battery technologies mentioned above, such as 

low coulombic efficiency and safety concerns due to dendrite growth.3 In fact, 

dendrite formation is the main failure mechanism of Li metal. Lack of uniformity 

at the electrode surfaces is the greatest trigger for dendrite formation and 

growth.9 This non-uniformity can be intrinsic to the electrode material itself, due 

to cell assembly/preparation process9 and/or due to a non-stable and non-

protective solid electrolyte interphase (SEI) layer, which will be discussed in the 

following paragraphs. During the charge process, plating occurs with Li+ or Na+ 
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being reduced at the electrode surface. The lack of homogeneity mentioned 

above causes non-uniform current density across the electrode, and 

consequently, a non-uniform plating process. This is the first step towards the 

formation of dendrites, which due to the constant surface modification during 

cycling (plating/stripping process) are likely to grow.8 The dendrites can 

disconnect from the electrode and move through the electrolyte, causing 

significant loss of active material.13 Dendrites may also continue to grow, 

crossing the separator and causing short circuit by contacting the opposite 

electrode. Short circuits are one of the main triggers for thermal runaways which 

are likely to be disastrous, especially for large battery packs with highly 

flammable electrolytes.9 Hence research towards developing alkali metal 

electrodes is crucial to safely advance several battery technologies, from more 

complex alternatives involving S and O2 to more common ion-based batteries.  

Methods of stabilising the highly active surface of alkali metal electrodes 

have been studied and revised previously,7, 8, 15, 17 including mechanical 

treatment used to strategically control dendrite development, use of protective 

layers, and design of electrolytes to promote the formation of a stable SEI. SEI is 

a layer formed at the electrode surface by electrolyte decomposition products.8, 

21, 75  The formation of SEI is crucial for the performance of lithium ion batteries 

and, in fact, finding electrolytes that would form a stable SEI on graphite 

electrodes strongly supported the breakthrough of li-ion cells in the 1990s.9 In 

Li-ion cells, the potential of the graphite electrode during lithiation lies outside 

of the electrochemical stability window (ESW) of most electrolytes. 

Consequently, during the first cell cycle, the electrolyte decomposes, forming a 

SEI layer at the electrode.76, 77 Stable SEIs form across the entire graphite 

electrode, protecting it from further react with the electrolyte, allowing stable 

cell cycling.76  

When using alkali metal electrodes, such as Li and Na, the same SEI 

formation pathway may be observed, as Li and Na plating/stripping reaction 

occurs at potentials more negative than the cathodic limit of the ESW of the 

electrolytes. In addition, the strong reducing characteristic of alkali metals leads 
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to electrolyte breakdown even during open cell potential and SEI can be formed 

simply by having the alkali metal in contact with the electrolyte. Similar to Li-ion 

cells, a stable SEI layer is beneficial to the cell by protecting the bare metal from 

further reacting with the electrolyte.8 The SEI formation mechanism, growth and 

composition have significant impact on cell performance.11, 12, 78, 79 Unstable SEIs 

can lead to metal and electrolyte overconsumption and depletion in the long 

term.33 An unstable SEI may also crack during cell cycling, exposing bare metal, 

leading to formation of dendrites.8, 11 Therefore, deep understanding of SEI 

layers is crucial in advancing the use of alkali metal electrodes. Ideally, an SEI 

should display high ion conductivity to allow uniform diffusion of Li or Na cations 

through the layer. In addition, the SEI layer should have a homogeneous surface 

ŀƴŘ ŎƻƴŘǳŎǘƛǾƛǘȅΣ ǘƻ ŀƭƭƻǿ ǳƴƛŦƻǊƳ ƛƻƴ ŦƭǳȄ ŀƴŘ ǇǊŜǾŜƴǘ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ άƘƻǘ 

ǎǇƻǘǎέ ŦƻǊ ŘŜƴŘǊƛǘŜ ƎǊƻǿǘƘΦ ¢ƘŜ {9L ǎhould also be stable in the presence of the 

electrolyte, to inhibit further reaction over time. Battery electrodes are also 

constantly facing significant volume changes because of the plating/stripping 

reactions. For this reason, the SEI should be mechanically stable to support such 

volume changes without rupturing. 

Several studies have correlated cycling performance with SEI properties 

and composition.12, 33, 35, 39, 77-83 SEI in Li electrodes have been extensively studied 

in literature and reviewed in a number of papers, and many Li SEI findings can 

be translated into Na systems.3, 72, 75, 84 However, critical physical and 

electrochemical parameters between the two elements may lead to different 

trends in Li and Na cells.16, 80 In 2009, Aubarch et al thoroughly studied surface 

reactions at Li electrodes in electrolytes based on 1-3 dioxolane (DOL) and 

Li[NTF2], Li[NO3] and Li2S6. Based on a combination of FTIR and XPS data, as well 

as electrochemical observations, the authors suggested the reduction of DOL in 

the presence of Li metal led to the formation of radical fragments, which could 

undergo radical oligomerisation. The authors also found that the presence  of 

Li[NO3] additives in the electrolyte resulted in a more controlled and protective 

layer on the Li anode, diminishing side reactions of Li metal and polysulfide in Li-

S batteries.85 Another study81  used XPS to investigate SEI composition on Na 
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metal suggested that the use of polysulfides as an additive resulted in a stable 

and protective SEI layer, and the opposite effect was observed when NaNO3 was 

included. The electrolyte composition containing sodium polysulfide increased 

the long-term stability of Na symmetrical cells.81 Despite these reports, certain 

trends have been agreed across literature, including the positive effect of the 

presence of fluoride in SEI composition,12, 33-35 the possibility of radical induced 

oligomerisation, 33, 85-87 and the improved cell performance when a stable SEI 

layer is obtained.33, 35, 57  

Ionic liquids (ILs) are particularly interesting electrolyte options from a 

safety perspective because of their nonflammability, and negligible volatility.88 

Additionally, the high tunability of ILs mean specific properties may be 

enhanced, including their electrochemical stability window, which can minimise 

electrolyte decomposition during cell cycling. A recent study87 also introduced 

the idea of ΨŎŀǘƛƻƴƛŎ {9L-former' ILs and evaluated the effect of a range of 

features in IL cations on their reduction ability. The authors calculated the 

reduction potential of the modified cations, their thermodynamic stability and 

carried out reaction pathway calculations to predict the composition of an SEI 

layer formed in those ILs. The study suggested that addition of certain features, 

such as vinyl or allyl side groups, to the IL cation would enhance the radical 

polymerisability of ILs and would contribute to the formation a protective layer 

onto the standard SEI.87 [FSI]-based ILs have demonstrated better stability and 

reversibility in Na plating and stripping in comparison to its equivalent ILs with 

[NTf2]- anions.57 XPS results over certain etching times, suggested that although 

displaying very similar SEI composition, [NTf2]- forms a thicker SEI layer. This was 

also observed with electrochemical impedance spectroscopy (EIS).57 Similar 

results have been observed by Forsyth et al, using [DCA]-based ILs with a range 

of Na salts.35 In addition, chloroaluminate IL based electrolytes have shown high 

cyclability combined with improved safety in Na metal batteries.39 Recently, 

Forsyth and co-workers56 have studied the effect of salt concentration in IL 

electrolytes using atomic force microscopy and molecular dynamics. The study 

successfully demonstrated that the improved cycling performance with 
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concentrated electrolytes (50 mol % salt) was due to the interphase structure 

formed, which contained salt aggregates within the innermost layers and IL 

cations within the outermost layer. 

In conclusion, several studies have explored the use of certain additives, 

or the choice of salt and type of liquid in the electrolyte design to improve metal 

electrode performance. In our study, we aim to explore one of the most 

remarkable properties in ILs, their tunability. We propose that even simple 

changes in the IL structure may significantly impact the performance and 

stability of Na electrodes. To investigate this, we carried out a comprehensive 

study on Na+ plating/stripping with symmetrical cell galvanostatic cycling, 

electrode surface resistance over (resting and cycling) time with electrochemical 

impedance spectroscopy, and a novel investigation of SEI structure and 

composition with 3D OrbitrapTM secondary ion mass spectrometry (3D 

OrbiSIMS). The unique sensitivity and mass resolution of 3D OrbiSIMS,61 allowed 

us to obtain vast and detailed information of the SEI in these IL-based 

electrolytes, leading to much greater accuracy in designing high performing 

stable electrolytes for use in Na-elecrode cells. Finally, a comparison between 

composition and structure of the SEI was also performed using Na[PF6] as an 

additive, to thoroughly evaluate the effect of composition and structure on cell 

performance. This comprehensive study builds upon the conclusions of previous 

work covering a wide range of fields including Li metal mechanisms and IL 

interface and degradation, to advance the understanding of high performing 

stable electrolytes for application in alternative battery chemistries.  

3.2. Experimental  

3.2.1 Electrolyte preparation 

 A summary of the ILs studied in this chapter are displayed in Table 3.1, 

which were synthesised as described in Chapter 2. Section 3.3.1 shows the 

rationale for the choice of anions and cations. 
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Table 3.1. Summary of ILs used in electrolytes studied in this chapter 

IL structure IL abbreviation 

 
[C1(C2OC1)Pyrr][NTf2]  

 
[C1(C2OC1)Pyrr][C2F5COO] 

 
[C1CdmaPyrr][NTf2] 

 
 ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ  

 
ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ  

 

Prior to electrolyte preparation, ILs were dried under vacuum 

όҖ 10-3 mbar) in a Schlenk line at 50 oC until their water content was below 40 

ppm (measured by Karl Fisher titration).  Na+ salts were dried under vacuum 

όҖ 10-3 mbar) at 110 oC for 24 h. All electrolytes were prepared within a 

glovebox, and unless stated, Na+ salts with the equivalent anion in the IL were 

used (e.g. [NTf2]- IL electrolyte prepared with Na[NTf2] salt). Na[PF6] was used as 

an additive in selected electrolytes, and was previously dried under vacuum for 

48 h at 50 oC ǳƴŘŜǊ ǾŀŎǳǳƳ όҖ 10-3 mbar). The salt concentration in the 

electrolytes was kept at 0.5 M as the upper limit due to saturation being reached 

in some ILs. 

3.2.2 Cyclic voltammetry 

 Na redox reactions in the electrolytes described in Section 3.2.1. were 

studied using cyclic voltammetry (Autolab PGSTAT302, EcoChemie, 

Netherlands) in a three-electrode cell. For a set of experiments, glassy carbon 

(GC, 3 mm) was used as the working electrode (WE) and a platinum coil (Pt coil) 

was used as the counter electrode (CE). Prior to use, GC electrode was polished 

with alumina suspension in ultrapure water, thoroughly rinsed with ultrapure 

water, and acetone. A Na flag reference electrode (RE) was freshly prepared for 
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each electrolyte before each set of experiments as follows. Within a glovebox 

(Braun, Argon filled), two layers of Na were cut from a clean Na metal cube, the 

oxidised parts were removed and disposed, and the layers were flattened into 

two thin sheets (thickness < 1 mm). Polished Cu wires were placed in between 

the metal sheets, and this Na-Cu-Na pack was further compressed to ensure 

good contact between the metals. The flags were cut out and used as RE for 

cyclic voltammetry experiments. Another set of experiments used Na metal as 

the WE, CE and RE, prepared as described above. iR compensation was used in 

all experiments.  

3.2.3 Electrochemical impedance spectroscopy and symmetrical cell 

plating/stripping experiments 

 Symmetrical Na cells were built using Swagelok fittings and used for both 

electrochemical impedance spectroscopy (EIS) and plating/stripping 

experiments. Schematics of the cells are shown in Figure 3.2. The Swagelok cells 

were composed of stainless steel (SS) ½ in nuts and ½ in body, and the SS rod 

(  = ½ in) was fitted with PTFE front and back ferrules. The potentiostat 

connection was made with 1 mm banana plugs through a hole on the outer side 

of the SS rod. Na electrodes were prepared by cutting the oxidised parts from a 

clean Na cube and flattening the cube into a thin Na sheet (< 1 mm thickness) 

within a glovebox. Discs (12 mm diameter) were cut out and used as working 

and counter/reference electrodes. The Na electrodes were placed in contact 

with the SS, which act as the current collectors. Glass fibre discs (12.8 mm 

ŘƛŀƳŜǘŜǊΣ лΦнс ƳƳ ǘƘƛŎƪƴŜǎǎΣ мΦс ˃Ƴ ǇƻǊŜ ǎƛȊŜύ ǿŜǊŜ ǇǊŜǾƛƻǳǎƭȅ ŘǊƛŜŘ ǳƴŘŜǊ 

vacuum at 330 oC and used as the separator. The separators were placed in 

between the electrodes and wet with 105 ˃ [ ƻŦ ŜƭŜŎǘǊƻƭȅǘŜΦ ! t¢C9 ŦƛƭƳ όрл ˃Ƴ 

thickness) was placed on the internal walls of the Swagelok body to prevent 

short-circuit.   
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Figure 3.2. Symmetrical Swagelok cells used in EIS and Na cycling studies: a) Assembled 

cell showing potentiostat connection on the left with 1 mm banana plugs, SS rod current 

collector (  = ½ in), Swagelok nuts and body (½ in parts); b) exploded view of internal 

cell components within PTFE insulating film:  SS rod current collector, Na electrode 

(12 mm disc), glass fibre separator (  = ½ in) embedded with 105 µL electrolyte, and Na 

electrode; c) SS rod showing 1 mm banana plug connection to potentiostat; d) Na 

electrode adhered to SS rod current collector. Cells assembled within an Ar glovebox 

(H2O and O2 < 1 ppm). 

 EIS was used to estimate changes in cell resistance during open cell 

potential. A 0.01 V potential bias was applied to the cell, with frequencies varying 

from 1x105 Hz to 0.1 Hz. Two cells of the same electrolyte were assembled each 

time, and the cell impedance was measured periodically for up to 4 days. Plating 

and stripping experiments were carried out for 30 min polarization time, with 

±2 V cut off potential limit.  

3.2.4 SEI composition study with 3D OrbiSIMS 

Cryo 3D OrbiSIMS was used to investigate the composition of the SEI of 

Na and IL based electrolytes. The cryo 3D OrbiSIMS (Hybrid SIMS, IONTOF GmbH, 

Germany) is equipped with a fully proportionalςintegralςderivative  

temperature controller which controls resistive heating and a direct liquid N2 

closed loop circulation cooling stage, allowing sample temperature control 

within the load lock and main chamber. Being installed with cryogenic storage 
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tanks, liquid N2 was pumped for circulating the cooling medium through vacuum 

feedthroughs to a cooling finger below the sample, allowing fast cooling to -

180 oC with a stability of ± 1-2 oC for at least seven days. This system allows for 

full sample movement in x, y, z, rotate and tilt directions whilst under cryogenic 

conditions. 

Before the measurement, the samples were prepared as half cells 

described as follows. Within a glovebox, separators discs (6 mm diameter, dried 

as described in 3.2.3) were placed in individual dry aluminium containers, and 

wet with 20 µL of electrolyte. Na metal electrodes (6 mm diameter discs) were 

prepared according to section 3.2.3, and stuck onto gold planchets. The 

planchets were placed on the wet separators described above, having Na in 

contact with the electrolyte. Prior the experiment, the planchets were placed on 

a sample holder and stage, and immersed in liquid N2, to keep an inert 

atmosphere during transfer from the glovebox to the cryo-manipulation station, 

Leica EM VCM (Leica, Germany), from where they are transferred to the cryo-

OrbiSIMS using a shuttle chamber Leica EM VCT500 (Leica, Germany) (a detailed 

description is given in the supporting protocol of reference 89). All experiments 

were run 73 h after sample preparation and the analyses were conducted at 

<-мтр ɕ/Φ The data obtained from the 3D OrbiSIMS had mass calibration of the 

Q Exactive instrument performed using silver cluster ions. Electrons with an 

energy of 21 eV (current approximately 10 µA) and Ar gas flooding were used 

for charge compensation. The 3D OrbiSIMS used in this work has previously been 

described61 (mode 4 single beam, 20 keV Ar3000
+, Orbitrap MS). The orbitrap 

analyser was operated in positive-ion mode at the 240,000 at m/z 200 mass-

resolution setting (512 ms transient time). For depth profiling and spectra, a 

284.8 × 284.8 µm2 region (analyse in the central 200 x 200 µm2 region) of sample 

was sputtered using defocused 20 keV Ar3000
+ beam for 2.0 s per cycle. The gas 

cluster ion beam (GCIB) target current was 0.23 nA. The total ion dose was 1.17-

1.27×1017 ions/cm2. Peak assignment was performed with aid of the data 

analysis software, SurfaceLab from Iontof. Although no mechanism is proposed 

for each assignment, they represent clusters of atoms/molecules sputtered 
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from the Na surface, based on reactions proposed in literature for SEI formation, 

and based on fundamental principles of radical-initiated reactions.87, 90-92 

3.2.5 Multivariate analysis 

Multivariate analysis of 3D OrbiSIMS dataset was carried out using a 

MATLAB software extension developed by Dr. Gustavo Trindade, the simsMVA.93  

Principal component analysis (PCA) and non-negative matrix 

factorisation (NMF) were performed using the profiles mode in the software. 

The dataset was mean-centred prior calculation of the PCs, and the algorithm 

used in PCA was singular value decomposition. The number of NMF 

endmembers was obtained with PCA (see Chapter 2 for details), and 

multiplicative update was the algorithm used to calculate NMF, with random 

initial conditions and 500 iterations. 

3.3. Electrochemical studies of electrolyte effect on Na0/Na+ 

redox reactions  

3.3.1 Rationale for IL selection 

It was discussed that the SEI in alkali metal electrodes can be formed 

simply via chemical reactions when the highly reactive metal is in contact with 

the electrolyte. With this in mind and taking advantage of the high tunability 

property of ILs, the electrolytes chosen for this study were carefully designed. 

Ideally, electrolytes should have a wide electrochemical stability window, whilst 

displaying high conductivity, hence low viscosity and promote a stable SEI 

formation. 

Despite the relatively low viscosity of imidazolium based ILs, which is 

attractive for electrochemical applications, imidazolium ILs display much 

narrower ESW compared to other equivalent IL systems.88 Quaternary 
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ammonium based ILs, in turn, are known for having large cathodic limit, and 

consequently wider ESW than equivalent imidazolium ILs. For this reason, all ILs 

studied in this chapter are based on pyrrolidinium and quaternary ammonium 

cations. The greater electrochemical stability of the ILs chosen for this study 

comes at the cost of higher viscosity, as shown in Table 3.2.  Table 3.2 shows a 

summary of the viscosities of the neat ILs studied, and of [EMIM][NTf2] and 

tetraethyleneglycol dimethylether (a typically used organic solvent in battery 

applications) for comparison. Ether side chains (-C2OC1) were introduced to 

decrease the viscosity of the ILs, however, they may also shorten the ESW, so 

hydrocarbon side chains (-C4) were also investigated for comparison.  

Table 3.2. Summary of dynamic viscosities ()́ of IL studied in this chapter at 20oC, 

[EMIM][NTf2]94 and tetraethyleneglycol dimethylether (TEGDME)95 

IL  ́  όƳtŀΦǎύ 

[C1(C2OC1)Pyrr][NTf2]  74.0 

[C1(C2OC1)Pyrr][C2F5COO] 103.7 

[C1CdmaPyrr][NTf2]  120.2 

ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ  64.4 

ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ  115.1 

[EMIM][NTf2] 38.6 

TEGDME 4.1 

 

Finally, structural variations were introduced to the IL to examine 

changes within the IL cation-anion interactions, as well as solvent-solute 

interactions. For example,  ILs based on acetate anions ([Ac]-) have higher 

H-bond ability than [NTf2]- anions, as demonstrated by their Kamlet-Taft 

ǇŀǊŀƳŜǘŜǊ ƘȅŘǊƻƎŜƴ ōƻƴŘ ŀŎŎŜǇǘƻǊ ŀōƛƭƛǘȅ όʲύ лΦфр ŦƻǊ ώ9aLaϐώ!Ŏϐ ŀƴŘ лΦну ŦƻǊ 

[EMIM][NTf2].96 This means that acetate-based ILs are more likely to disrupt 

certain intermolecular interactions as H-bonding and to solvate electron 

deficient molecules/ions, compared to [NTf2]-based ILs. This has long been 

observed for example, in the superior dissolution of polysaccharides in acetate-
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based ILs compared to [NTf2]-ILs.97 Nevertheless, acetate-based ILs are 

hydrophilic, challenging to a certain extent its application in electrochemical 

devices. For this reason, pentafluoropropionate was the anion of choice to 

synthesise high DN ILs, as it has the ς[COO]- unit but the fluoride content makes 

it less hydrophilic.  

3.3.2 Cyclic voltammetry of Na+ containing ILs 

Cyclic voltammetry was used to evaluate Na0/Na+ redox reaction in the 

electrolytes based on the ILs shown on Table 3.1. The cyclic voltammograms 

(CVs) are shown in Figure 3.3. 

Figure 3.3 shows the CVs of the IL electrolytes containing 0.5 M Na+ salt, 

(salt counter ion accordingly to the IL anion) whereas the grey dotted lines are 

related to Na+ salt free ILs. All experiments were set to start at +0.5 V vs Na0/Na+ 

and scanning direction towards negative potentials (cathodic scan), as indicated 

by the arrows in Figure 3.3. The peaks shown by the blue lines during the 

cathodic scan are attributed to Na+ reduction (plating). Overall, Na+ reduction 

occurred at considerably lower potential (between -0.25 and -0.50 V vs Na0/Na+) 

than expected, and this could be attributed to slow Na+ diffusion, consequence 

of the high viscosity of the electrolytes. To evaluate this more clearly, the onset 

potential for Na+ reduction is displayed on Table 3.3. 

 



Chapter 3 
 

97 
 

 

Figure 3.3. CVs of 0.5 M Na+ in the IL based electrolytes showing Na+ reduction in the 

cathodic scan, at 100 mV.s-1 using glassy carbon working electrode, Pt coil counter 

electrode and Na flag reference electrode. Arrows show scanning direction and grey 

dotted line shows CVs of Na+-free ILs. a) [C1(C2OC1)Pyrr][NTf2], 

b) [C1(C2OC1)Pyrr][C2F5COO], c) [C1CdmaPyrr][NTf2], d) ώb/мΣ/мΣ/нΣ/нh/мύϐώb¢Ŧнϐ, and 

e) ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ IL-based electrolytes. Note the differences in Na+ reduction onset 

potential (also shown in Table 3.3) with variation in the IL structure, the absence of a 

Na0 stripping peak in some electrolytes, and that Na+ reduction lays outside the ESW (in 

grey) of [C1(C2OC1)Pyrr][NTf2] and [C1(C2OC1)Pyrr][C2F5COO].  
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Diffusion of active species towards the electrode surface is known to 

affect the shape of cyclic voltammograms.98, 99 Although diffusion may be 

related to an overall more negative reduction potential in all ILs, data shown in 

Table 3.2 and Table 3.3 shows that there is no clear correlation between onset 

potential and viscosity of the neat ionic liquids studied. However, the addition 

of Na+ salts is likely to increase considerably the viscosity of the electrolytes,100, 

101  and this increase may be more or less significant to each individual 

electrolyte depending on the interactions among Na+ and IL ions.102 The ILs used 

in this study have differences in their structure, and consequently different 

ΨŜƭŜŎǘǊƻƴ ŘƻƴŀǘƛƴƎ ŀōƛƭƛǘƛŜǎΩ ŀǎ ǊŜŦƭŜŎǘŜŘ ōȅ ǘƘŜ DǳǘƳŀƴƴ ŘƻƴƻǊ ƴǳƳōŜǊǎ ό5bǎύ 

shown in Table 3.3. The Gutmann DN is an empirical measure of the tendency 

of a solvent to donate electrons to electron-deficient solutes.66 Table 3.3 shows 

a subtle correlation between DN and reduction potential onset was found, which 

is a result of a stronger solvation of Na+ by the higher DN ILs, hence slower Na+ 

diffusion and more negative reduction potential onset. This is clearly evident by 

comparing the data of [C1(C2OC1)Pyrr][NTf2]  and [C1(C2OC1)Pyrr][C2F5COO], as 

the DN doubles in value, the Eonset,red becomes considerably more negative. 

Table 3.3. Onset potential for Na+ reduction (Eonset,red) for each IL-based electrolyte 

(0.5 M Na+ salt in IL), compared to the donor number (DN) of ILs. Note the slight 

correlation between Eonset,red and DN. 

IL  Eonset,red (V) DN 

[C1(C2OC1)Pyrr][NTf2]  -0.32 10.2 

[C1(C2OC1)Pyrr][C2F5COO] -0.49 23.5 

[C1CdmaPyrr][NTf2]  -0.31 8.0 

ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ  -0.32 9.1 

ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ  -0.25 7.4 

 

Figure 3.3a and b show that Na+ reduction potential lies outside the ESW 

of [C1(C2OC1)Pyrr][NTf2] and [C1(C2OC1)Pyrr][C2F5COO], differently from the 

other ILs. As discussed previously, this means that the SEI formed on Na anodes 
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with these electrolytes will occur via chemical and electrochemical pathways. 

Another feature in common to electrolytes based on [C1(C2OC1)Pyrr][NTf2], 

[C1(C2OC1)Pyrr][C2F5COO] (Figure 3.3a and b ) is the absence of an oxidation peak 

(stripping process) on the anodic scan. This irreversible behaviour may be a 

consequence of rapid SEI formation in those liquids, meaning that as soon as Na+ 

is reduced to Na0 at the electrode surface, it promptly reacts with the electrolyte 

and consequently no Na0 remains to be oxidised back to Na+. Na stripping is 

observed in the ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ, [C1CdmaPyrr][NTf2] and ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ 

electrolytes (Figure 3.3c, d and e) despite the low coulombic efficiency indicated 

in the CVs, which can also be related to Na loss for SEI formation. The next 

section uses EIS to study SEI formation of metallic Na and IL-based electrolytes.  

3.4. Solid-electrolyte interphase studies with 

electrochemical impedance spectroscopy 

To further study IL and metallic Na reactions, and formation of the SEI on 

Na metal, symmetrical Na|Na cells using the IL electrolytes described above 

were evaluated with EIS. EIS is typically used for battery ageing monitoring, often 

installed in battery packs of electric vehicles for diagnosis of the internal state of 

the cells.103 EIS spectra typically displays a semicircle in a Nyquist plot of 

ƛƳŀƎƛƴŀǊȅ ό½έύ ǾŜǊǎǳǎ ǊŜŀƭ ό½Ωύ ƛƳǇŜŘŀƴŎŜǎΣ ŀǎ ŘŜǎŎǊƛōŜŘ ƳƻǊŜ ǘƘƻǊƻǳƎƘƭȅ ƛƴ 

Chapter 2. In summary, as shown in Figure 3.4, the semicircle rises from the left-

hand side, at high frequencies. In this region, the intercept of the real impedance 

axis refers to the bulk electrolyte resistance (Relectrolyte). On the right-hand side 

of the semicircle at lower frequencies, the intercept of the real impedance axis 

is associated to charge transfer resistance at the electrodes (Rct) and finally the 

tail at lower frequencies is related to diffusion controlled electrochemical 

process.60 Over time, side reactions, material degradation processes and 

changes at the structure of electrodes affect cell resistance. An increase in the 

size of the semicircle as demonstrated by the green line in Figure 3.4 reflects an 

increase of the electrode surface resistance (Rsurface).103 SEI reactions modify the 
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surface of the electrode altering its resistance, which can be observed by 

changes in the semi-circle of the Nyquist plot. 9  

 

Figure 3.4. Nyquist plot of EIS showing initial impedance (blue line) and impedance after 

a time t (green line). Relectrolyte refers to the resistance related to the bulk electrolyte 

resistance, Rct is the charge transfer resistance at the electrode and Rsurface is assumed 

the overall electrode surface resistance. 

SEI growth over time was studied with EIS during open-circuit conditions, 

meaning that any changes observed in the semi-circles are caused only by 

reactions between electrode and electrolyte in the absence of any applied 

current. Figure 3.5 shows the Nyquist plots for Na|Na symmetrical cells with the 

IL based electrolytes studied in this chapter and the inserts show pictures of one 

of the Na electrodes post-analysis. Repeats of the impedance tests can be found 

in Appendix 1.A.2. 
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Figure 3.5. Nyquist plots of EIS of Na|Na symmetrical cells during open circuit conditions 

for over 70 h, using the various IL electrolytes (0.5 M Na+, with counter ion accordingly 

to IL anion) Note the increase in Rsurface followed by a decrease over time in 

[C1(C2OC1)Pyrr][NTf2] (a) and  ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ (d), the constant increase in Rsurface 

over time for [C1CdmaPyrr][NTf2] (c) and [C1(C2OC1)Pyrr][C2F5COO] (b), and the increase 

and stabilisation of Rsurface for ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ (e). Inserts show pictures of one of Na 

electrodes post analysis (cell disassembled within a glovebox). Repeats shown in Figure 

A 5 in Appendix 1.A.2. 
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Overall, very large resistances are observed at low frequencies (surface 

resistance) for all electrolyte systems, which have also been shown previously 

for other ILs.35, 104 This confirms what has been mentioned previously, that alkali 

metal electrodes promptly form an SEI when in contact with the electrolyte, as 

a consequence of alkali metals being good reducing agents. Metallic sodium 

readily oxidises and releases electrons (see Scheme 3.1 I), which trigger a series 

of other reactions with the electrolyte. Electron transfer to the IL cation leads to 

radical formation, as shown in Scheme 3.1, scheme II in which R3 represents the 

most stable radical, thus the most likely to be formed. Radical formation may 

also happen via proton abstraction as shown in reaction III (Scheme 3.1). 

Electron transfer to the [NTf2]- anion has been reviewed90 and it is suggested 

that electron transfer is followed by heterolytic cleavage of the N-S bond (see 

scheme IV in Scheme 3.1). All reaction products shown in Scheme 3.1 can then 

be involved in countless reaction possibilities, including further electron 

transfer, radical propagation and/or termination and reactions involving Na+.  

Figure 3.5 also shows that IL-based electrolytes display considerably 

different impedance behaviour over time. To aid understanding of the changes 

over time for each IL system, a percentual analysis of the surface resistance 

overtime is demonstrated in Figure 3.6 and described as follows. Figure 3.6a 

shows the percentual changes of the surface resistance overtime with respect 

to the initial (t0) resistance (Change/R(t0)). Figure 3.6b displays the sequential 

percentual change of the surface resistance with respect to the resistance of the 

immediately preceding measurement (Sequential change). Whilst the plot of 

percentual change with respect to the initial resistance (Figure 3.6a) suggests an 

overall trend of the surface resistance over time, the sequential change plot 

(Figure 3.6b) assists the visualisation of any critical times for surface 

modification. 
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Scheme 3.1 Schematics of possible reactions taking place at the Na-IL interphase: I) 

metallic sodium oxidation; II) electron transfer and radical formation at the cation; III) 

proton abstraction and radical formation at the cation; IV) electron transfer at the 

[NTf2]- anion.90 

 

Figure 3.6. Analysis of EIS of Na|Na symmetrical cells using IL-based electrolytes (0.5 M 

Na+ salts in the ILs displayed in the figure legend), demonstrating the variations of Rsurface 

over time in the different ILs. Note the greatest increase in [NTf2]-based ILs during the 

first 24 h and the constant increase in Rsurface of [C1(C2OC1)Pyrr][C2F5COO]. 

a) Change/R(t0): Percentual change of surface resistance over time with respect to the 

resistance at the initial time (t0); b) Sequential change: Percentual change of surface 

resistance over time with respect to the resistance of the immediately preceding 

measurement. Analysis of repeats shown in Figure A 6 in Appendix A.2. 
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Regarding the individual behaviour displayed by each IL electrolyte, 

[C1(C2OC1)Pyrr][C2F5COO] (Figure 3.5b) seems to yield a very unstable SEI 

formation, suggested by the very broad lines in the Nyquist plot, the corroded 

electrode shown in the insert picture, and the trends shown in Figure 3.6. In fact, 

a close inspection of Figure 3.5b shows that the surface resistance not only 

increased, but the shape of the Nyquist semi-circle considerably changed, which 

indicates severe modification of the electrode surface. The sharp curve shown 

in Figure 3.6a implies a highly reactive electrode surface, with rapid resistance 

increase over time. The high basicity of this IL (see DN values, on Table 3.3) may 

increase its reactivity towards SEI reactions, which may be the reason for the 

extent of electrode surface modification within this IL. In addition, thermal 

degradation studies with acetate-based ILs have suggested IL decomposition via 

nucleophilic attack of acetate anion to a cation side chain and/or via Hofmann 

elimination by abstraction of a proton from the cation side chain and subsequent 

formation of carboxylic acid and alkene. These reactions observed in those 

thermal degradation studies perhaps become feasible in the presence of Na+, e- 

and radicals (Scheme 3.1), which would explain the high reactivity demonstrated 

by this IL electrolyte. Less likely (yet possible), the high reactivity may be 

originated from a vestige of acid from the synthetic procedure (see Chapter 2 

for details on the synthesis), despite great effort to eliminate any starting 

materials from the final product.  

 Na|Na symmetrical cell with [C1CdmaPyrr][NTf2] based electrolyte also 

shows continuous surface resistance increase as shown in Figure 3.5c. In 

contrast to [C1(C2OC1)Pyrr][C2F5COO], the electrode in [C1CdmaPyrr][NTf2] is not 

visually corroded (compare inserts in Figure 3.5b and c), and the surface 

resistance seems to grow at a slower rate than [C1(C2OC1)Pyrr][C2F5COO], as 

shown in Figure 3.6a. Interestingly, sequential resistance change plots (Figure 

3.6b) suggests that the highest surface resistance increase for [C1CdmaPyrr][NTf2] 

occurs within the first hour of resting period, whilst for [C1(C2OC1)Pyrr][C2F5COO] 

it occurs during the first 24 hours, indicating the diversity of chemical reactions 

and reaction kinetics that may take place during SEI formation in different 



Chapter 3 
 

105 
 

liquids. The constant increase in surface resistance suggests the continuous 

formation of an unstable SEI, as no protective layer is formed to prevent further 

electrode-electrolyte reaction. Considering the more complex structure of this 

IL cation compared to the others, the there is a wider range of reactions that can 

proceed from the initial reactions shown in Scheme 3.1. In fact, even the 

formation of the radical can lead to different structures, as suggested in the 

Scheme 3.2. Other reactions may also involve the decomposition of the acetal 

group. 

 

Scheme 3.2. Possible radical rearrangement exemplifying the great range of reactions 

that can occur in the [C1CdmaPyrr][NTf2] electrolyte: formation of new radicals via 

homolytic cleavage of C-O bond (top), and intramolecular rearrangement (bottom). 

Another electrolyte that displays increase in surface resistance over time 

is ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ (see Figure 3.5e). Differently from the ILs discussed above 

([C1CdmaPyrr][NTf2] and [C1(C2OC1)Pyrr][C2F5COO]), the surface resistance for the 

ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ system sharply increases within the first 5 hours, as suggested 

by Figure 3.6b. However, the surface resistance seems to stabilise after 24 hours, 

especially shown by the curves in the Nyquist plot for 72 and 103 h. The 

impedance data for this IL indicates formation of a stable SEI layer. Despite the 

development of a high surface resistance during the first hours, it appears to 

reach a plateau within 73 h, after which it is likely that no further (or limited) 

reactions continue to proceed. In addition, the electrode in ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ 

does not seem corroded as in the [C1(C2OC1)Pyrr][C2F5COO] IL. 

 The Nyquist plots for Na|Na cells with electrolytes based on 

[C1(C2OC1)Pyrr][NTf2] and ώb/мΣ/мΣ/нΣ/нh/мύϐώb¢Ŧнϐ show a very distinct behaviour 

than the other ILs discussed so far. Both [C1(C2OC1)Pyrr][NTf2] and 



Chapter 3 
 

106 
 

ώb/мΣ/мΣ/нΣ/нh/мϐώb¢Ŧнϐ show a decrease in the surface resistance after 24 hours, 

clearly seen in Figure 3.5a and d, as well as in the percentual change analysis 

shown in Figure 3.6. Previous studies have shown effective Na+ plating/stripping 

for certain electrolyte systems that showed a decrease in surface resistance over 

time.33 With the aid of EIS and XPS studies, the authors suggested that the 

decrease in surface resistance indicate formation of a stable SEI layer, which is 

crucial for continuous Na|Na cell cycling. Despite the decrease in surface 

resistance appears to be beneficial (considering the literature), the data 

displayed herein for [C1(C2OC1)Pyrr][NTf2] and ώb/мΣ/мΣ/нΣ/нh/мϐώb¢Ŧнϐ is not 

sufficient to explain this trend. In fact, further studies are needed to explore the 

different behaviours observed in this section and their impact on Na anodes. 

Next sections show studies of Na|Na symmetrical cell cycling followed 

by studies on composition of the SEI formed by Na and electrolytes based on 

[C1CdmaPyrr][NTf2], ώb/мΣ/мΣ/нΣ/нh/мϐώb¢Ŧнϐ and ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ. Considering 

the highly reactive behaviour displayed by [C1(C2OC1)Pyrr][C2F5COO] and the 

very similar behaviour of [C1(C2OC1)Pyrr][NTf2] and ώb/мΣ/мΣ/нΣ/нh/мϐώb¢Ŧнϐ, these 

pyrrolidinium ILs are not included in the next sections.  

3.5. Na|Na symmetrical cell cycling using selected IL-based 

electrolytes 

Stable, highly efficient and long-term cyclability are crucial parameters 

that alkali metal electrodes need to meet to be used in full battery cells.3, 8, 16, 33 

To evaluate the effect of IL-based electrolytes on Na electrode cyclability, Na|Na 

symmetrical cells using selected ILs from previous section ([C1CdmaPyrr][NTf2], 

ώb/мΣ/мΣ/нΣ/нh/мύϐώb¢Ŧнϐ and ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ) were studied using galvanostatic 

cycling. Figure 3.7 shows the voltage profiles of Na|Na symmetrical cells during 

galvanostatic cycling, with cut-off limits at ± 2 V.  
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Figure 3.7. Galvanostatic cycling of Na|Na symmetrical cell cycled at 0.1 mA.cm-2, with 

30 minutes polarisation time and 105 µL of electrolyte (0.5 M Na[NTf2] in each IL): 

φ [C1CdmaPyrr][NTf2] , τ ώb/мΣ/мΣ/нΣ/нh/мύϐώb¢Ŧнϐ and τ ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ, showing that 

cells with  [C1CdmaPyrr][NTf2] and  ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ reach the cut-off limits (± 2 V) 

after 84 and 115 cycles, and cell with ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ displays low overpotential over 

160 cycles. 

Figure 3.7 clearly shows that the choice of electrolyte affects how long 

cells can be cycled before reaching the cut-off potential. In addition, the 

magnified traces in Figure 3.8 reveal very distinct voltage profiles among the 

electrolytes. Despite the similar shape  (though differences in overpotential) at 

the first cycles, by 29 h of cycling ώb/мΣ/мΣ/нΣ/нh/мύϐώb¢Ŧнϐ and ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ 

seem to display comparable profiles, whilst voltage traces for [C1CdmaPyrr][NTf2] 

remains the same through the whole length of the experiment.  
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Figure 3.8. Selected times of galvanostatic cycling of Na|Na symmetrical cell from Figure 

3.7, showing different voltage profiles depending on the IL used. Cell cycled at 

0.1 mA.cm-2, 30 minutes polarisation time and 105 µL electrolyte (0.5 M Na[NTf2]) 

based on φ [C1CdmaPyrr][NTf2] , τ ώb/мΣ/мΣ/нΣ/нh/мύϐώb¢Ŧнϐ and τ ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ. 

Note the differences in potential (y-axis) scale across the magnified figures. 

 Firstly focusing on [C1CdmaPyrr][NTf2], Figure 3.9 shows selected cycles 

demonstrating the voltage profile evolution of the cell assembled with the 

[C1CdmaPyrr][NTf2]-based electrolyte. An arc shaped profile dominates 

throughout cycling, with increasing overpotential over cycling time. Similar arc 

shaped profiles have been observed by Chen et al (2017)14 in symmetrical Li|Li 

cells after several cycles. The authors associated such behaviour to accumulation 

ƻŦ άdead Liέ όŘŜƴŘǊƛǘŜǎ ǘƘŀǘ ƭƻǎŜ ŎƻƴƴŜŎǘƛƻƴ ǿƛǘƘ ŜƭŜŎǘǊƻŘŜ ƻǾŜǊ ŎȅŎƭƛƴƎΣ ǎŜŜ 

schemes D and F in Figure 3.12), at the electrode surface and the tortuous path 

imposed by this layer of inactive material. Consequently, the effective diffusion 

of Li+ across this άŘŜŀŘ [ƛέ layer is significantly lower than across the electrolyte, 

and high overpotential are needed to maintain mass transport of Li+ across the 

cell.  
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Figure 3.9. Selected times of galvanostatic cycling of Na|Na symmetrical cell from Figure 

3.7, with focus on [C1CdmaPyrr][NTf2] electrolyte (105 µL of 0.5 M Na[NTf2] solution) 

showing arc voltage profile from the start of cycling (a) and across the whole cycling 

time (b) until it approaches the cut-off limits (c). Cell cycled at 0.1 mA.cm-2, 30 minutes 

polarisation time. Note the differences in potential (y-axis) scale across the magnified 

figures. 

 The [C1CdmaPyrr][NTf2] system shows the arc profile since the first cycle 

and throughout the whole length of the experiment, hence it is unlikely that the 

arc profile is caused by accumulation of dendrites. Figure 3.5 and Figure 3.6 also 

show that [C1CdmaPyrr][NTf2] electrolyte displays highly reactive SEI formation, 

with considerable increase in surface resistance over time. Therefore, the arc 

shaped voltage profile might be caused by deficient mass transport across the 

cell, however, it originates from a highly resistive and tortuous SEI rather than a 

άŘŜŀŘ [ƛέ layer. The continuous increase in overpotential throughout cycling 

suggests that mass transport diminishes over time, and larger potentials are 

needed to promote Na+ transport. This is likely to be caused by continuous SEI 

growth, suggesting that the resistive SEI is also highly reactive, so electrolyte is 

constantly consumed by taking part of SEI formation reactions.105 In order to 

evaluate whether electrolyte consumption can be associated with increase of 

overpotential, symmetrical cells assembled with lower electrolyte volume (80 µL 

instead of 105 µL) were studied.   

Figure 3.10 shows that decreasing electrolyte volume by 23% caused the 

cell to reach the potential cut-off limits approximately 50% faster. This supports 

the idea of a reactive SEI that continuously grow over cycling, depleting 

electrolyte, and limiting mass transport. Another reason for an early cycling 
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termination (voltage reaches the cut-off potentials) could be poor wetting of the 

separator. However, if wettability of the separator was the main cause for 

reaching the cut-off limits earlier, an increased overpotential would be expected 

already in the very first few cycles, which is not observed in Figure 3.10. Overall, 

these observations indicate that the arc shaped voltage profile of cells with 

[C1CdmaPyrr][NTf2] are associated to mass transport limitations that lead to 

continuous increase of overpotential. This is caused by a non-stable and non-

protective SEI formed with the [C1CdmaPyrr][NTf2] electrolyte.  

 

Figure 3.10. Galvanostatic cycling of Na|Na symmetrical cells comparing effect of 

electrolyte volume (φ) 105 µL and (φ) 80 µL, using electrolytes (0.5 M Na[NTf2]) based 

on a) [C1CdmaPyrr][NTf2], and b) ώb/мΣ/мΣ/нΣ/нh/мύϐώb¢Ŧнϐ). Note the earlier termination (E 

reaches ± 2 v) of cells assembled with lower electrolyte volume despite the similar 

overpotential at the beginning of the experiment. Cells cycled at 0.1 mA.cm-2 and 30 

minutes polarisation time. 

Looking back at Figure 3.8, we observe that though Na|Na cells with 

ώb/мΣ/мΣ/нΣ/нh/мϐώb¢Ŧнϐ and ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ-based electrolytes share some 

similarities in their voltage profile, the cell with ώb/мΣ/мΣ/нΣ/нh/мϐώb¢Ŧнϐ reaches 
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the cut-off voltage limit, whilst the cell with ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ does not display 

a significant increase in overpotential throughout the length of the experiment.  

Figure 3.8 shows that ώb/мΣ/мΣ/нΣ/нh/мϐώb¢Ŧнϐ and ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ 

display an arc shaped profile at the first cycles, but changes after a few hours of 

ŎȅŎƭƛƴƎ ǘƻ ŀ ƳƻǊŜ άǇŜŀƪƛƴƎέ-type profile, differently from the voltage profiles 

shown by the cell with [C1CdmaPyrr][NTf2]. Peaking profile has been associated to 

a combination of charge transfer processes taking place at the electrode, each 

one with a particular rate constant and area of action which determines the 

dominant process.11, 105,13 These processes will be further discussed later in this 

section (see discussion for Figure 3.12). 

The arc shaped voltage profile is determined by mass transport limitation 

due to SEI formation, as discussed for [C1CdmaPyrr][NTf2] cells. The substantial 

change in the potential profiles at later cycling times indicate that there must be 

a shift in the processes dictating the voltage response for ώb/мΣ/мΣ/нΣ/нh/мύϐώb¢Ŧнϐ 

and ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ cells. Reasoning for different shapes of voltage profile 

have been suggested in literature,11, 13, 14, 105 though trends observed in this 

chapter are somewhat unique.  

 Chapter 2 introduced that the current-voltage relationship is defined by 

a combination of charge transfer rate and mass transfer rate. Both rates 

determine the concentration of reagents and products at the electrode at a 

certain time, either by how promptly the reagents react (charge transfer) or how 

quickly fresh reagents are supplied to the electrode (mass transfer). Thus, the 

rate of an electrochemical process is a combination of both charge transfer and 

mass transfer rates, and the slowest rate determines the overall rate of the 

process. In fact, the Butler-Volmer equation shown below demonstrates that the 

effect of the reaction rate constant (Ὧ), the gradient of the electroactive species 

(ὅ πȟὸ ὅᶻϳ ) and the overpotential (–) play a role in the net current at 

the electrode: 

 ░ ὲὊὃ▓
╒
╝╪

ȟ◄

╒
╝╪
ᶻ Ὡὼὴ Ɫ╔

╒╝╪ ȟ◄

╒╝╪
ᶻ Ὡὼὴ Ɫ╔   
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Based on the observations described in this section so far, the arc shaped 

profile displayed at the first galvanostatic cycles of ώb/мΣ/мΣ/нΣ/нh/мύϐώb¢Ŧнϐ and 

ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ cells are related to mass transport limitations due to SEI 

formation, as discussed above for [C1CdmaPyrr][NTf2]. However, the appearance 

of peaking profile at later cycles, presumably related to the kinetics of the 

processes happening at the electrode surface, indicates formation of a more 

stable and less resistive SEI throughout the first cycles. A less tortuous and 

resistive SEI is likely to have less impact on the effective diffusion of Na+. 

Consequently, the overall electrode process is no longer determined by mass 

transfer limitations, hence the shift in the voltage profiles. If this is true, then the 

surface resistance observed in EIS is expected to decrease over cycling. EIS 

measurements were carried out at different times throughout cell cycling and 

are shown in Figure 3.11. The first column of Figure 3.11 shows selected cycles 

of ώb/мΣ/мΣ/нΣ/нh/мϐώb¢Ŧнϐ (blue traces) and ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ (green traces), 

second column shows impedance data for ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ and third column 

shows impedance data for ώb/мΣ/мΣ/нΣ/нh/мϐώb¢Ŧнϐ. 

The plot on Figure 3.11a shows an arc shaped profile, which is 

accompanied by an increase on the surface resistance after the first cycle,  

attributed to SEI formation (see plots on Figure 3.11b and c). At later cycling 

times, as discussed in the paragraphs above, the arc shape starts to shift to a 

more peaking shape. In fact, at around 24 hours of cycling, peaking profile starts 

to develop as can be seen in the magnified region on Figure 3.11d. The cell with 

ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ electrolyte also features a significant decrease in surface 

resistance (Figure 3.11e) after 24 cycles. This decrease in surface resistance 

suggests that a stable and less resistive SEI has developed at the electrode in 

contact with the ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ electrolyte. Consequently, mass transport is 

likely to be less affected and the voltage profile starts to be determined by the 

kinetics of the processes taking place at the electrode surface. Impedance data 

for the cell with ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ (Figure 3.11f) still shows an increase in 

surface resistance after 24 h, suggesting that SEI reactions might be still taking 
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place at the electrode. Perhaps for this reason the initial peak at 23 h of cycling 

for ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ is more evident than for ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ (compare 

green and blue traces in the magnified region of Figure 3.11d).  

 

Figure 3.11. Selected times of galvanostatic cycling and EIS demonstrating correlation 

between peaking profile, cell overpotential and Rsurface. First column shows Na|Na 

symmetrical cells from Figure 3.7 (0.1 mA.cm-2, 30 min polarisation time), with focus on 

ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ (φ) and ώb/мΣ/мΣ/нΣ/нh/мύϐώb¢Ŧнϐ (τ): a) From the start to 1 h of cycling, 

d) From 23 to 24 h cycling and g) From 47 to 48 h of cycling.  EIS analysis of Na|Na 

symmetrical cell during cycling for ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ (second column: b, e, h) and 

ώb/мΣ/мΣ/нΣ/нh/мύϐώb¢Ŧнϐ (third column: c, f, i), at the start (φ), after 1 cycle (φ), 24 cycles 

(φ), and 48 cycles (φ).Note the differences in potential (y-axis) scale across the figures. 
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With 48 hours of cycling the cell assembled with ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ seems 

to display a small increase in voltage followed by a plateau after the initial peak 

(see Figure 3.11g), suggesting stable mass transport is achieved in the cell 

without the need of larger overpotential to promote it. Therefore, it is likely that 

by 48 hours of cycling, mass transport limitation by a resistive SEI is no longer 

the main factor determining the voltage profiles, which is corroborated by the 

low surface resistance (Figure 3.11h) of the ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ system.  

The surface resistance decreases for the cell with ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ 

after 48 hours of cycling, as shown in Figure 3.11i. Despite the peaking behaviour 

being slightly more evident after 48 hours, the ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ system still 

features the arc shape profile accompanied by larger overpotential (note 

different scales on the y-axis on Figure 3.11d and g). The considerably higher 

surface resistance shown by the cell with ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ compared to the 

cell with ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ (see Figure 3.11h and i) indicates that a more resistive 

SEI is formed. This is also suggested by the difference in overpotential observed 

between ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ and ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ voltage traces (Figure 

3.11g). Consequently, even though the peaking at the start of the half cycles may 

be related to the kinetics of the processes at the electrode, mass transport 

seems to play a role in the ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ voltage profile throughout the 

whole cycling experiment. 

The differences in the voltage profiles of ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ and 

ώb/мΣ/мΣ/нΣ/нh/мύϐώb¢Ŧнϐ cells have been attributed to mass transport limitations 

and rate of processes taking place at the electrode surface. These processes are 

described as follows and the schematics of the processes are shown in Figure 

3.12.   
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Figure 3.12. Voltage profile displaying contribution from each electrode in a 

symmetrical cell (left): measurements taken using a three-electrode cell at 1 mA.cm-2. 

Schematic representation of processes taking place at electrodes 1 (blue) and 2 (red) 

during different stages (A-F) of cycling (right). Adapted from reference 11. 

 During plating and stripping reactions, several processes take place at 

the electrode. Wood et al thoroughly investigate these processes using 

operando video microscopy, three-electrode measurements, and modelling. 11 

These processes were also investigated by Deng et al with operando optical 

microscopy.13 In summary, each process at the electrode have a different rate 

constant, which can be directly related to Gibbs energy of the process by the 

equation below: 

Ὧ ὃÅØÐ
ЎὋ

ὙὝ 

where Ὧ is the rate constant for a particular process p, ὃ is the Arrhenius 

constant for the process p and ЎὋ is the energy barrier of the process p, and 

the effective rate constant (Ὧ ) shown in the Butler-Volmer equation earlier is 

a combination of the rates of all processes taking place at the electrode. The 

difference in the rates of these processes originates from the distinct energy 

barriers for each process, which can be related to an unequal surface at the 

άŀǊŜŀǎ ƻŦ ŀŎǘƛƻƴέ ƻŦ ŜŀŎƘ ǇǊƻŎŜǎǎΦ 
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 During the first half-cycle of kinetically limited cells (negligible mass 

transport limitations), a sharp increase in the overpotential is observed, as 

shown in the shaded area A (light green) Figure 3.12. Similar sharp increase is 

observed at the cathode traces (shown in red), and is attributed to the 

nucleation of new dendrites (see scheme A in Figure 3.12). A slight increase 

though less pronounced at the anode (blue trace), is attributed to the formation 

of pits where the electrode has been oxidised. Then a drop in the overpotential 

is observed (shaded area B, in orange), and is attributed to dendrite growth at 

the spots already nucleated, rather than nucleating new areas. The SEI at the 

freshly plated metal (at the nuclei) is thinner than at the bulk Li, thus less 

resistant to charge transfer. Equally, stripping continuous at the pits, rather than 

new locations at the anode. When the polarity is reversed, an increase in the 

overpotential is observed in the purple shaded region C, and the same increase 

is observed at the cathode traces (in blue). However, the overpotential is not as 

high as on the previous nucleation process (shaded region A), because the 

surface of the cathode has already been modified (during stripping in the 

precedent half cycle). The anode trace shows low over potential at the beginning 

of the half cycle because stripping is occurring from the dendrites, rather than 

from the bulk electrode. The beginning of the yellow shaded region D in Figure 

3.12 features an increase in the overpotential, attributed to an increase in the 

overpotential at the anode. At this point, stripping starts on the bulk electrode 

(see scheme D, in Figure 3.12), where a thicker SEI layer (compared to the 

dendrite SEI) has been stablished. The decrease in overpotential that follows is 

associated to continuous stripping from the pits, rather than new sites at the 

bulk electrode. At the same time at the cathode, plating occurs at the already 

nucleated spots, accompanied by a decrease in the overpotential. The 

subsequent half cycles follow the same process: high overpotential with 

nucleation and pitting at the beginning of the half cycle (pink shaded region E), 

followed by decrease in overpotential during dendrite growth and stripping from 

pits until an increase in overpotential (grey shaded region F) is caused by 

stripping of bulk electrode. 
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 Based on the summary above, the peaking at the beginning of the half 

cycles of ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ and ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ cells is likely to be 

associated to the nucleation of Na electrodes. The persistent arc shaped profile 

of the ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ cell after the initial peak may be explained as 

follows. Nucleation occurs at the beginning of the half cycle consuming Na+ at 

the vicinity of the electrode, thus there is no significant mass transport 

restriction at that point. However, as plating continues, concentration of Na+ at 

the vicinity of the electrode drops, and higher overpotentials are needed to 

promote mass transfer. At later cycling times, as shown in Figure 3.13c, the 

overpotential considerably increases, approaching the cut-off limits of ± 2 V. In 

fact, the voltage profile seems to have changed slightly at these late cycling 

times, featuring a peak towards the end of the half cycle. This can be related to 

critically limited mass transport, perhaps caused by an accumulation of 

disconnected dendrites,14 or most likely due to mass transport limitations 

associated to the SEI. Though significant decrease in surface potential is shown 

in Figure 3.11i, the tests with lower volume of electrolyte (see Figure 3.10) 

display the electrolyte consumption trends already discussed above for 

[C1CdmaPyrr][NTf2]. In addition, this high overpotential of the half cycles could 

also be a combination of mass transport limitations and pitting of the bulk 

electrode. Schemes D and F in Figure 3.12, show an increase in the overpotential 

when stripping occurs preferentially from the bulk electrode over the dendrites. 

Also, it has been demonstrated that this second peak can appear at the different 

cycling stages depending on the electrolyte,11 so perhaps this transition of the 

stripping process only occurs at the end of the half cycles in the 

ώb/мΣ/мΣ/нΣ/нh/мύϐώb¢Ŧнϐ-system. 
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Figure 3.13. Selected times of galvanostatic cycling (0.1 mA.cm-2, 30 min polarisation 

time) of Na|Na symmetrical cells shown in Figure 3.7, with focus on 

ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ (φ) and ώb/мΣ/мΣ/нΣ/нh/мύϐώb¢Ŧнϐ (τ), showing that when 

ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ reaches the cut-off potentials ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ still displays low 

overpotentials. a) From 61 to 62 h of cycling, b) From 90 to 91 h cycling and c) From 112 

to 113 h of cycling and d) From 130 to 131 h of cycling.  Note the differences in potential 

(y-axis) scale across the magnified figures. 

After the initial peak, related to nucleation of new dendrites and pitting 

during stripping at the anode, the cell with ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ electrolyte shows 

a linear increase in overpotential. For the positive potential traces, the 

overpotential stabilises with very few changes from at least 47 (Figure 3.11g) to 

over 130 (Figure 3.13d) hours of cycling. This suggests that after the initial 

nucleation, there is some mass transport limitation, but it seems to reach a 

steady state with just a modest increase in overpotential. Towards the end of 

the half cycle, there is a small increase in the overpotential, for both the positive 
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and the negative voltage traces. As discussed above for the 

ώb/мΣ/мΣ/нΣ/нh/мύϐώb¢Ŧнϐ system and described by the schemes D and F in Figure 

3.12, this is likely to be caused by dissolution of bulk Na, rather than dendrites 

during the stripping process.  

Surprisingly for a symmetrical cell, positive and negative voltage traces 

for the cycling of  ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ cell display differences in overpotential. 

During negative polarisation, the cell seems to develop higher overpotential 

throughout the half cycle. As discussed previously, an increase in overpotential 

during the half cycle can be either associated to a mass transport limitation and 

to increase in overpotential at the anode (see Figure 3.12 and shaded regions D 

and F). To understand this observation, it is important to look at the processes 

occurring at each individual electrode during the positive and negative 

polarisations.  

The experimental set up for the galvanostatic cycling of the Na|Na cells 

starts by applying positive currents to one of the electrodes. Accordingly, in 

Figure 3.12 this electrode would be the blue electrode (electrode 1) and the 

opposite electrode would be the red electrode (electrode 2).  The three-

electrode experiment carried out by Wood et al (2016),11 shows that the 

overpotential associated with nucleation is higher than the overpotential 

associated with pitting (see Figure 3.12, shaded regions A, C and E), thus the 

nucleation process has a higher energy barrier to overcome than the pitting 

process.11 Hence it is fair to expect a higher number of pits to be formed at the 

anode, compared to the number of nuclei at the cathode, particularly on the 

first half cycle (shaded region A). In addition, schemes C and E in Figure 3.12, 

show that on subsequent half cycles nucleation is more likely to take place at 

the pits and stripping to occur on the dendrites formed in the previous half cycle. 

Consequently, the blue electrode is more likely to have higher number of 

nucleus sites than the red electrode, because the blue electrode has had higher 

number of pits formed in the very first half cycle. Thus, at the red electrode the 

area of bulk metal covered by dendrites is presumably smaller than at the blue 

electrode, so stripping from the bulk metal (and consequently increase in 
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overpotential) is more likely to occur at the red electrode than the blue 

electrode. This may explain the increase in overpotential to be more significant 

at the negative voltage traces because the red electrode behaves as the anode 

at negative potentials. In addition, the absence of a nucleation peak during 

negative polarisation may be associated to lower energy barrier for nucleation 

at the cathode (blue electrode). This is because the formation of pits in the 

previous half cycle (positive polarisation) facilitates the nucleation process on 

the subsequent cycle (negative polarisation).  

This section has shown that it is possible to cycle Na symmetrical cells 

with ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ based electrolyte at 0.1 mA/cm2, with 30 min polarisation 

time (0.1mAh/cm2 for each complete plating/stripping cycle) with 

overpotentials less than 0.8 V, for at least 160 cycles. To put in context of recent 

studies, it has been demonstrated that Na symmetrical cells containing 

[C3C1Pyrr][FSI] based electrolyte (with 50 mol% NaFSI) can be cycled for at least 

at 1.0 mA/cm2 with polarisation time of 6 minutes for at least 700 cycles with 

overpotentials less than 0.15V, for cells with a polarisation preconditioning.56 

Furthermore, Howlett and co-workers also found that Na symmetrical cells 

containing [C3C1Pyrr][DCA] and 19 mol% of Na[FSI], can be cycled at 0.1 mA/cm2 

and polarisation time of 1 h for 100 cycles at 0.1 mA/cm2 with overpotentials 

less than 1.5V.35 More recent studies on IL application in Na batteries has been 

recently reviewed by Hagiwara and co-workers.106 

3.6. Na-IL solid-electrolyte interphase studies with depth 

profiling 3D OrbiSIMS  

The structure and composition of Na-IL interphase was studied with 

secondary ion mass spectroscopy (SIMS), using depth profile mode. The high 

sensitivity of SIMS technique is a strong advantage, however, it makes data 

analysis very challenging. This can be seen in the raw data plots in Appendix 

1.A.2.3, which shows the depth profile for the all Na-IL interphase samples. A 
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thoroughly interpretation of the results shown in Appendix 1.A.2.3 is difficult 

due to the volume and complexity of the dataset. For this reason, selected 

assignments of each sample are plotted separately to visualise the data more 

clearly, and the depth profile plots are shown in Figure 3.15, Figure 3.16 and 

Figure 3.14 for [C1CdmaPyrr][NTf2], ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ and 

ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ-Na interphase, respectively.  

 

Figure 3.14. Positive ion depth profiles of Na-[C1CdmaPyrr][NTf2] (with 0.5 M Na[NTf2])  

SEI showing highly overlapped intensity profiles, the presence of small cation-related 

fragments, and anion-based and inorganic fragments. Analysis performed using 20 keV 

Ar3000
+ for sputtering and analysis at -175 oC. Bottom image shows magnified lower 

intensity region (bottom). 

The assignments were selected with the aim of displaying the variety of 

fragments detected in the SEI with these IL-based electrolytes, including more 
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ΨŎŀǘƛƻƴ-ǊŜƭŀǘŜŘΩ ό/mHnNzOkύ Σ Ψŀƴƛƻƴ-ōŀǎŜŘΩ ό{mOnFzNk etc) , small inorganic 

fragments (NanXmύΣ ŀƴŘ ΨƴŀǘƛǾŜ ƭŀȅŜǊΩ όbŀmOnHk) type of assignments.  

Interestingly, ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ and ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ (see Figure 

3.15 and Figure 3.16 below, and Figure A 11 and Figure A 9 from Appendix 1.A.2) 

show cation-related assignments which are larger and/or more diverse than the 

IL cation itself ([C7H18NO]+ for ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ and [C8H20N]+ for 

ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ). This suggests that a combination of radicals formed in the 

reactions shown in Scheme 3.1 occurred during SEI formation. However, this is 

not observed to the same extent for [C1CdmaPyrr][NTf2] (see Figure 3.14 Figure A 

10 from Appendix A.2). 

In Section 3.4 (impedance studies of SEI), the discussion regarding Na-

[C1CdmaPyrr][NTf2] cells suggested that the complex structure the [C1CdmaPyrr]+ 

cation may lead to substantial fragmentation and formation of a vast range of 

radicals. This may be corroborated by the considerable amount of small 

ΨŎŀǘƛƻƴ-ǊŜƭŀǘŜŘΩ ŀǎǎƛƎƴƳŜƴǘǎ ƛƴ ǘƘŜ bŀ-[C1CdmaPyrr][NTf2] SIMS data.  
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Figure 3.15. Positive ion depth profiles of Na-ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ (with 

0.5 M Na[NTf2]) SEI showing presence of potential cation-anion reaction product 

[C8H17NOF3]+ and other cation and anion-related assignments.  Analysis performed 

using 20 keV Ar3000
+ for sputtering and analysis at -175 oC. Bottom image shows 

magnified lower intensity region (bottom). 

 Another aspect that may be noticed by analysing Figure 3.15, Figure 3.16 

and Figure 3.14 is the diversity in the shape of the intensity profiles. Na-

[C1CdmaPyrr][NTf2] intensity profiles appear more overlapped than in Na-

ώb/мΣ/мΣ/нΣ/пϐώb¢ŦнϐΣ ŦƻǊ ŜȄŀƳǇƭŜΦ Lƴ ŀŘŘƛǘƛƻƴΣ ǘƘŜ ΨŎŀǘƛƻƴ-ǊŜƭŀǘŜŘΩ ŦǊŀƎƳŜƴǘǎ ƛƴ 

ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ seem to have a considerable decrease in intensity upon 

sputtering time, whereas for ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ, for example, the intensity 

does not seem to decrease to the same extent (see orange and yellow intensity 

profiles in Figure 3.15).  
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Figure 3.16. Positive ion depth profile of Na-ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ (with 0.5 M Na[NTf2]) SEI 

showing the presence of cation-related assignments at the outermost layer, with 

potential cation-anion reaction product [C9H19NF3]+. Analysis performed using 20 keV 

Ar3000
+ for sputtering and analysis at -175 oC. Bottom image shows magnified lower 

intensity region (bottom). 

  Analysis of these selected assignments shown in Figure 3.14, Figure 3.15 

Figure 3.16 has led to a few pertinent observations. However, this is just a small 

reflection of the data, considering the size of the SIMS dataset obtained in these 

interphase studies. In addition, although these peaks selected show some of the 

most prominent intensity profiles in the depth profile plots, it is important to 

remember that intensity does not necessarily mean concentration in SIMS 

analysis. Thus, many other assignments with lower intensity, which perhaps 

might even have a higher abundance in the SEI, have not been analysed 

carefully. To overcome the challenge of analysing the voluminous and complex 

SIMS dataset, multivariate analysis was used to gain a better picture of the Na-

IL interphase structure and composition. 
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3.6.1 Multivariate analysis of 3D OrbiSIMS depth profile of Na-IL interphase 

Multivariate analysis of SIMS data for the Na-IL SEI studies was 

performed as described in Chapter 2. For a full rationale of the process followed 

to obtain the results present herein, refer to Section 2.4, in Chapter 2. In 

summary, Non-negative Matrix Factorisation (NMF), a type of a Multi Curve 

Resolution (MCR) was adopted. In simple terms, NMF organises complex dataset 

by grouping the constituents that display similar features into endmembers. 

Thus, each endmember is a fit, a representation of all the constituents in the 

dataset that display a certain feature. When performing NMF of depth profiling 

SIMS dataset, the endmembers are displayed in an intensities plot, which 

represents the depth profile plots in SIMS. The constituents of the endmembers 

are displayed in a characteristic plot. A characteristic plot is a mass spectrum of 

the constituents of that endmember, with the intensity of the constituents 

normalised to how much each constituent is described by that endmember.  

The number of expected endmembers (a user input when performing 

NMF) was estimated with principal component analysis (PCA), as described in 

Section 2.4. The PCA of each dataset is shown in Appendix 1.A.2.3. Appendix 

1.A.2.3also shows NMF results for SIMS dataset excluding the assignments with 

the largest area (and consequently high intensity in the depth profile plots), as 

[CO3Na3]+ for example. The very intense profile of these assignments may hinder 

the intensity profile of other assignments, limiting the scope of the MVA. Thus, 

this has been done to be sure that any conclusions made with the aid of MVA 

accounts for the intensity profile of the vast majority of the assignments.  

Figure 3.17 shows the NMF intensity plot for the three Na-IL samples, 

and Figure 3.18, Figure 3.19 and Figure 3.20 show the characteristic spectra of 

each endmember for [C1CdmaPyrr][NTf2], ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ and 

ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ-Na interphase, respectively.  

Figure 3.17 shows that the SEI for all the ILs studied herein can be 

summarised into four main intensity profiles (NMF endmembers). All intensity 

profiles show that the constituents described by endmember 1 (pink traces) are 
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largely concentrated within the outermost layer (at very early sputter times), 

whilst assignments described by endmembers 2 and 3 are mostly concentrated 

in the inner layers. Finally, the deepest layer, thought to be at the vicinity of the 

Na electrode, is where most of the assignments represented by endmember 4 

are concentrated. Regarding the SEI with [C1CdmaPyrr][NTf2]-based electrolyte, 

Figure 3.17a shows that endmember 1 also shows significant presence within 

the inner layers. In fact, endmember 1 displays a local maximum at 

approximately 300 s sputter time. This suggests that the SEI with 

[C1CdmaPyrr][NTf2] is not as clearly layered as the SEI with ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ 

and ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ seems to be, considering the overlap of the endmembers 

as evidently shown in Figure 3.17a.  
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Figure 3.17. NMF intensity plot of SIMS dataset for SEI of a) Na-[C1CdmaPyrr][NTf2], b) N-

ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ and c) Na-ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ, showing four NMF endmembers 

(representation of all the constituents in the dataset that display similar feature,  

intensity profiles in this case). Note how the overlap of NMF endmembers decreases in 

the order [C1CdmaPyrr][NTf2] ς ώb/мΣ/мΣ/нΣό/нh/мύϐώb¢Ŧнϐ ς ώb/мΣ/мΣ/нΣ/пϐώb¢Ŧнϐ. 
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Figure 3.18-Part I. NMF characteristic spectra of Na-[C1CdmaPyrr][NTf2] (0.5 M Na[NTf2]) SEI showing endmembers 1 (pink) and 2 (green), with endmember 1   

mainly composed of cation-related  compounds and  endmember 2 composed of a mixture of cation and anion-related assignments.
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Figure 3.18-Part II. NMF characteristic spectra of Na-[C1CdmaPyrr][NTf2] (0.5 M Na[NTf2]) SEI showing endmembers 3 (blue) and 4 (purple). Note the 

presence of oxides and hydroxides as well as cation-related assignments even at the innermost profile depth represented by endmember 4.


























































































































































































































































