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ABSTRACT 
	
  
	
  
The increasing energy demand along with the growing understanding of the 

environmental consequences of the use of fossil fuels, have created a need for the 

development of new and advanced sustainable energy sources.  One aspect of this 

need that arises from the intermittency of many sources is large scale electrical 

energy storage. Current high energy density electrochemical energy storage 

technologies rely on electrolytes based on flammable solvents, which are typically 

volatile organic compounds (VOCs) that result in major safety problems when 

applied to many novel applications. Using ionic liquids as electrolytes has been 

explored, as they potentially offer a solution to the safety problem of organic 

solvents, such as negligible vapor pressure and non flammability.  

 

On the other hand, while Li-ion batteries remain an important energy storage 

technology, there are concerns about the long-term availability and cost of lithium. 

Alternative electrochemical systems to lithium-based technologies are being 

investigated to ensure power storage devices are as low-cost and efficient as 

possible. Sodium-based technologies are promising alternative due to sodium’s high 

abundance, low cost, low atomic mass, and relatively high (negative) 

electrochemical reduction potential. 

 

This thesis concentrates on three types of sodium-based ionic liquid electrolytes of 

relevance to emerging sodium energy storage applications. In the first section, it 

describes the preparation of ionogel electrolytes. In this system, we aimed to 
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investigate the effect of the formation of a silica network on the ionic liquid 

properties. We found that the ionic conductivity of 3 wt.% silica ionogels is close to 

that of the pure IL and the Tg does not vary significantly as silica content increased. 

This shows that the formation of the silica network does not affect the dynamic 

properties of the IL.   

 

In the second section of this thesis, sodium-based ionic liquid electrolytes are 

prepared and compared with lithium-based ionic liquid electrolytes. The sodium 

electrolytes possess high ionic conductivity, though marginally lower than that of 

equivalent lithium systems. Deposition and dissolution of sodium metal was 

observed through cyclic voltammetry analysis. In order to improve the mechanical 

properties of these liquid electrolytes, two types of gel electrolytes were 

investigated: (i) silica gel electrolytes and (ii) PMMA-gel electrolytes. With the 

former facile plating and stripping of sodium metal was observed through cyclic 

voltammetry. The ionic conductivity of both gel systems slightly decreased as the 

physical properties changed from a liquid to gel. However, the Tg was not 

significantly affected, hence the motional dynamics of liquid electrolytes are not 

notably affected in the transition to the gel state in these electrolytes. These findings 

show that sodium-based ionic liquid electrolytes can be a promising candidate for 

secondary sodium battery applications. 

 

In the final section of this thesis polyelectrolyte systems were developed that were 

designed to be single ion conductors, by tethering the anion to the polymer 
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backbone; such systems are often referred to as ionomers. Two types of ionomers  

were investigated. The hypothesis guiding the design of these systems was that 

anionic centers on the polymer that are only weakly associated with the 

corresponding counterion, would allow decoupling of the cation motion from the 

bulk dynamics of the material. We found that the ionic conductivity strongly 

decoupled from the Tg of the backbone, particularly for compositions below 50% 

Na+ for both systems of ionomers. Characterization showed the Tg of the ionomers 

did not vary significantly as the amount of Na+ varied, while the conductivity 

increased with decreasing Na+ content, indicating conductivity increasingly 

decoupled from Tg. On the other hand, phase separation was clearly observed by 

SEM and Raman spectroscopy. The introduction of plasticizer significantly 

increased the ionic conductivity by several orders of magnitude. The effect of 

different types of ammonium counter-cations on the conductivity of ionomers was 

also investigated. We observed a decreasing Tg with increasing bulkiness of the 

quaternary ammonium cation, and an increasing degree of decoupling from Tg 

within these systems. 
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-  bis(trifluoromethylsulfonyl) imide 
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1.0 INTRODUCTION 

 

Over the last few decades, the growth of research on rechargeable batteries has 

significantly contributed to the development of advanced energy and power sources. 

Rechargeable batteries have become a leading energy source in portable devices, 

electric vehicles and hybrid electric vehicles. There also has been mushrooming in 

demand for large size, installed battery packs, because most public buildings 

(hotels, hospitals etc) must have uninterruptable power supply. This has created 

interest in a range of new and advanced battery technologies.  

 

The three fundamental components of a battery are the negative electrode (referring 

to the anode, where oxidation proceeds when the battery is discharged); the positive 

electrode (which is the cathode, where reduction proceeds as the battery is 

discharged); and the electrolyte (the substance containing free ions that carries the 

ionic current in the device). The electrolyte is a key component of a battery, since it 

serves both as the reservoir for ionic reactants/products and also as the medium for 

ion transport, and thus much research has been expended on improving the 

performance, safety and cost of electrolytes. Fig. 1 shows examples of charge 

discharge process in batteries and the construction of various lithium ion battery 

formats, together with their main components. 
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Fig. 1 Charge-discharge process in Lithium ion batteries (top) and Various Li-ion 

battery configurations with their components (bottom). (a) cylindrical; (b) coin; (c) 

prismatic; and (d) thin and flat (reproduced from Tarascon & Armand1) 
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1.1 General development of electrolytes 

In order to achieve high performance, a battery electrolyte must possess high ionic 

conductivity, be stable at both the high potential of the battery cathode and the low 

potential of the battery anode. Furthermore, in the case of liquid electrolytes, it has 

to be compatible with a physical separator (usually a porous polymeric material) 

that avoids physical and electronic contact between the anode and cathode, and also 

sufficiently wet the anode, cathode, and separator. An environmentally benign 

electrolyte with low vapor pressure and low cost also needed for safety purposes. 

 

1.1.1 Liquid electrolytes 

A variety of conventional aqueous electrolytes are used in practical commercially 

available devices such as the zinc/manganese dioxide primary cell, lead/acid 

batteries, alkaline electrolyte secondary batteries2, 3.  Non-aqueous, aprotic 

electrolytes are needed for lithium/thionyl chloride and lithium ion batteries2. 

Commercial lithium-ion battery electrolytes are based on an organic solvent 

mixture, usually carbonate solvents, with dissolved LiPF6 as the Li+ source3. 

Carbonates are widely used as solvents because of their ability to dissolve high 

concentrations of lithium salt, up to more than 1M. This is due to their distinctive 

aprotic, but strongly polar properties arising from their high dielectric constants. 

The most common carbonate solvent used in the market is ethylene carbonate (EC) 

mixed with low viscosity linear alkyl carbonates co-solvents such as dimethyl 

carbonate3, 4. These solutions provide very high ionic conductivity (>10-3 S.cm-1) at 

room temperature and are also compatible with the battery voltage operating 
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window. However, organic electrolytes are flammable and volatile, which can lead 

to major safety problems when applied to many applications. These conventional 

organic electrolytes present major problems associated with leakage of corrosive 

and toxic materials5. There has also been a number of significant fires/explosions 

associated with the organic electrolytes and there are growing doubts about the 

safety of large scale battery packs based on these electrolytes6, 7. As a result of these 

concerns solid polymer electrolytes (SPEs) and gel electrolytes have been 

developed to overcome some of these problems, though where volatile components 

still exist in /the electrolyte the fire hazard usually remains to some extent. 

 

1.1.2 Solid-state electrolytes 

Polymer electrolytes are of immense interest due to their applicability in energy 

conversion and storage devices such as fuel cells and batteries. They present 

significant advantages over liquid electrolytes on one hand, due to the removal of 

volatile and liquid components, and over ceramic electrolytes on the other hand due 

to their potential flexibility and moldability. Polymer electrolytes have been under 

investigation since the late 1970s when Wright et al.8, discovered that polyether 

complexes of alkali salts were ionically conductive and later Armand et al.9, 

suggested that these could potentially be useful in solid state batteries. Over the past 

three decades there has been intense research in improving the ionic conductivity in 

SPEs10. Amorphous polyethylene oxide (PEO) based systems have generally shown 

the highest conductivity, with further significant improvement in properties and 

conductivity obtained by including nanofillers11-15. However, their performance is 
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limited by the fact that the cation transport number (eg. Li+) is typically 

significantly less than 0.5 and the ionic conductivity at ambient temperature is too 

low to be used in practical devices. 

 

A gel is a material that possesses both liquid and solid type properties. Gels are 

viscoelastic solid-like materials comprised of a cross-linked elastic network and a 

solvent, which is the major component16. In recent years, gel electrolytes have been 

widely investigated in order to develop safe, high performance batteries. A number 

of gels containing salts with mixed alkyl carbonates as plasticizer produced usefully 

high ionic conductivity17-20. However, such gel electrolytes containing low 

molecular weight organic plasticizers have a risk of leakage and drying out in 

practical battery systems21. Flammability also remains an issue in these cases. 

Recent studies have described versatile gelled ionic liquid (IL) electrolytes as an 

excellent substitute for liquid electrolytes in electrochemical devices due to their 

most appealing feature of non-flammability and no measureable vapor pressure22-25. 

 

1.1.3 Single ion conductors 

In devices utilizing a cation charge carrier, anion mobility is undesirable, as the 

device would then suffer from undesirable concentration polarization, in which 

anion build up occurs at the electrode/electrolyte interface during cell charging and 

discharging10, 26. This concentration polarization lowers the cell potential available 

and is potentially resistive, hence diminishing battery rate performance. One 

method of achieving only cation conductivity in a polymer system is to tether the 
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anion to the polymer backbone, as in polyelectrolyte (also known as ionomer) 

systems10, 27, 28.  

 

In general, polyelectrolytes are defined as materials that have polymeric backbones 

with covalently bonded ionic groups attached to them (either cationic or anionic). 

The functionality of the system depends on the ionic group attached to the polymer 

backbone29. Common functional groups are SO3
-, COO-, and NH3

+. A 

morphological feature of some polyelectrolytes such as NAFION, a 

perfluorosulfonate polymer, involves aggregations of ionic side-chains providing a 

micro-phase separated structure involving a hydrophobic matrix and hydrophilic 

ionic cluster regions29. Fig. 2 illustrates the structures of a simple polymer, a simple 

electrolyte with anionic side chains and a microphase separated system with anionic 

side chain.  
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Fig. 2 Schematic representation of a simple polymer, polyelectrolyte with anion 

side chains and microphase separated system with anion side chain. Reproduced 

from Gray29. 

 

Numerous single ion conductor ionomer systems have been developed over the 

years; for example: those based on poly(2-acrylamido-2-methyl-1-propane-sulfonic 

acid) (PAMPS)30, 31 and copolymers of sulfonate polyester, sulfonated 

ethylene/styrene and sulfonated styrene-ethylene/butylene-styrene32-35. In general, 

however, the anion on the polymer backbone is somewhat basic, from which the 

Polymer	
   Polyelectrolyte	
   

Clustered	
  Polyelectrolyte	
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cation does not readily dissociate, resulting in low ionic conductivity. A number of 

methods have been employed in an attempt to increase the ionic conductivity; for 

example the AMPS monomer has been copolymerized with N,N-

dimethylacrylamide (DMAA) to separate the ionic moieties along the backbone and 

thereby avoid multiple anion association to the cation36. The addition of an organic 

solvent or ionic liquid has been shown to assist lithium ion dissociation from the 

backbone leading to high ionic conductivities and good performance in Li-ion 

batteries37-40.  

 

Recently, Colby et al. have investigated cation dynamics in polyester based 

ionomers and sulfonated polystyrene, with a variety of cations ranging from the 

inorganic Na+, Li+ and Cs+, to organic cations which are typically used to prepare 

ionic liquid salts41. It was very interesting to observe that the glass transition 

temperatures of these ionomers were significantly reduced when the organic cations 

were used as the ionomer charge carriers, with the ionic conductivity increasing by 

as much as 104 times when an ionic liquid-like cation of tetrabutylammonium ion 

was used instead of a sodium cation27. This was attributed primarily to a lowering in 

the glass transition temperature, Tg, due to the weaker electrostatic interactions 

between the cation and the backbone tethered sulfonate anion.  

 

1.2 Ionic liquids 

The selection of suitable non-flammable electrolytes is an important issue for 

realizing a safe battery system without compromising the performance of the 
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electrolytes in practical devices. Ionic liquids (ILs) possess the beneficial properties 

that can be used to realize a safe and high-performance battery. ILs can be defined 

as low melting liquids, which are comprised wholly of anions and cations; typically 

they are liquid below 100°C42, 43. ILs can have a series of distinctive properties such 

as negligible vapor pressure, non flammability, high thermal stability, high ionic 

conductivity, wide operating temperature range and wide electrochemical stability 

window (though it is important to note that not all ILs possess all of these 

properties) 42-45. These properties lead to an obvious and immediate advantage over 

traditional solvents. In addition, IL properties can be tailored through the 

combination of cations and anions, modifying characteristics such as 

acidity/basicity, hydrophobicity/hydophilicity, density, viscosity and dissolvability 

to many organic and inorganic materials to suit specific requirements46-48. As a 

result of these distinctive characteristics, ILs are recognized as “designer 

solvents”42, 46. Ionic liquids have been investigated for many applications including 

electroplating, batteries, electrochemical capacitors and photo electrochemical 

cells47-49.  

 

On the basis of their composition, ILs can be categorized into different classes that 

basically include aprotic, protic and zwitterionic types, with each one suitable for a 

specific application47. For example, aprotic ILs are suitable for lithium batteries and 

supercapacitors, protic ILs suitable for fuel cells while zwitterionic ILs are suitable 

for ILs-based membranes. Moreover, variation of ion structure can lead to various 

specific applications, which range from energy storage and conversion to metal 



	
  

	
   10 

deposition, also as reaction media in chemistry, biochemistry and even 

biomechanics43, 47. The most important and widely studied cations in these salts 

include dialkylimidazolium, pyrrolidinium, and pyridinium derivatives, with bulky 

and soft anions such as [PF6]-, [BF4]-, [CF3SO3]-, and [(CF3SO2)2N]- as shown in 

Fig. 3. 

 

 

Fig. 3 Commonly used cations and anions in ILs. (1) alkylpyridinium, (2) 

dialkylimidazolium, (3) dialkylpyrrolidinium, (4)  tetralkylammonium, (5) 

tetralkylphosphonium, (6) tetrachloroaluminate, (7) hexafluorophosphate, (8) 

tetrafluoroborate, (9) mesylate, (10) triflate, (11) bis(trifluoromethylsulfonyl)imide, 

(12) bis(fluorosulfonyl)imide. 
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1.3 Polymer-IL gels 

Ionic liquid based polymer gels are also known as “ionogels”, where an IL phase 

has interpenetrated through a solid phase, giving rise to a material with solid-like 

properties50. The preparation of ionogels falls into three broad categories, which are 

based upon the nature of the solid-like network used: (i) organic (low-molecular 

weight gelators or polymers); (ii) inorganic (metal oxide, carbon nanotubes or the 

networks derived from a sol-gel process); and (iii) hybrid organic-inorganic 

(typically polymers reinforced with inorganic fillers)50. The immobilization of ionic 

liquids within organic or inorganic matrices enables their unique properties in the 

solid state, preventing drawbacks related to shaping and risk of leakage22. ILs can 

play a role as plasticizer in polymer matrices and will help to increase the 

conductivity of the system51. Furthermore, use of a highly cross-linked polymer can 

benefit mechanical stability without a significant decrease in conductivity52-54. 

 

In many cases, the ionogel is simply formed by swelling the polymer in the IL or by 

adding the polymer in a co-solvent to the IL and then removing the solvent55, 56. 

Another route to the formation of ionogels is the polymerisation of a monomer 

within the IL51, 52, 57, 58. However, using this method requires careful control of the 

monomer concentrations to prevent miscibility issues. The miscibility between IL 

and the polymer is the most important factor to be considered during gelation in 

order to achieve sufficient interpenetration of the two phases59. An additional 

consideration when using polymers as the gelling agent is that a loss of mechanical 

strength can occur should the ratio of IL to polymer be too high51. Therefore, the 
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amount of IL needs to be controlled, because an excessive amount of IL would 

reduce the mechanical properties of the gels.  

 

Kumar & Hashmi60 reported a gel polymer electrolyte based on an IL and polymer 

doped with a sodium salt. The gel electrolytes possessed excellent dimensional 

stability in the form of a freestanding thick film. The highest ionic conductivity 

obtained for this system was 5.74 x 10-3 S.cm-1 at room temperature (27oC). In 

addition, Yoshimoto et al.61, studied the influence of ILs on the ionic conductivity 

in gel electrolytes. Their system consisted of three substances, a polymer, an IL and 

a magnesium salt. This system produced self-standing transparent films with 

sufficient mechanical strength. They showed that the ionic conductivity increases 

with increasing content of the IL. The highest ionic conductivity achieved was at 

3.5 x 10-3 S.cm-1 at 60oC for the system containing 80% IL. They also suggested 

that the magnesium ion (Mg2+) could be mobile in the gel system. 

 

Susan et al.51, have reported examples of ionogels formed by in-situ radical 

polymerization of monomers in ILs. They prepared ionogels by in-situ radical 

polymerization of vinyl monomers in 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)amide (C2mImNTf2). A series of vinyl monomers were 

used to form the ionogels such as methyl methacrylate (MMA), vinyl acetate, 

acrylonitrile, styrene, 2-hydroxyethyl metharcrylate, methyl acrylate and 

acrylamide. Among those monomers, only MMA and methyl acrylate were 

compatible with C2mImNTf2. Polymerization of MMA in C2mImNTf2 produced 

flexible, transparent and self-standing films and the glass transition (Tg) of the 

ionogels decreased with increasing mole fraction of C2mImNTf2. The ionic 

conductivity of this system is close to 10-2 S.cm-1 at room temperature. In the 
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system containing a mixture of IL and salt, it is important to determine which ions 

are actually conducting to ensure that target ion (ie Li for lithium battery 

applications) is mobile 

 

1.4 Sodium batteries 

Most of the recent research on rechargeable batteries is based on lithium and zinc 

systems2, 3, 62. Lithium ion batteries are widely used for almost all portable 

electronic devices because lithium has a combination of useful properties such as 

small ionic size (which allows fast diffusion in solids), very negative redox 

potential (and therefore high cell voltage), and light weight (which enables high 

specific energy devices). However, lithium based batteries present a number of 

major safety limitations, due to the use of the volatile organic electrolyte, which can 

lead to a fire/explosion hazard63, 64. Moreover, while Li-ion batteries remain an 

important energy storage technology, there are concerns about the longer-term 

availability and cost of lithium65.  This is because lithium reserves are unevenly 

distributed in the world and located in remote and politically sensitive areas66, 67. 

Thus, the extended usage of lithium in larger scale applications may significantly 

increase the price of lithium compounds. This issue will become more important if 

the demands for this technology stretch into larger scale transport and stationary 

power storage applications. 

 

With sodium’s greater abundance, low cost, low atomic mass (compared with other 

metal such as zinc), as well as its relatively high electrochemical reduction potential 

(Eo (Na+/Na) = -2.71V versus standard hydrogen electrode; only 300 mV above 



	
  

	
   14 

lithium)2, 60, 68, 69, it is considered to be a promising candidate for energy storage 

applications as an alternative to lithium. The use of sodium in batteries has been 

reported almost 50 years ago and is being commercialized in technologies such as 

sodium sulfur70 and Na-NiCl2
71 systems, which use β-alumina as a solid electrolyte.  

 

Na-S and Na-NiCl2 batteries provide reasonable power and energy densities, 

temperature stability, and low cost due to the high abundance of the raw materials 

and suitability for high volume mass production. Furthermore, Na–S technology 

exhibits cycling flexibility and low maintenance requirements. However, in both 

systems, in order to obtain sufficient sodium conduction, a high operating 

temperature, approximately 573 K, is required which reduces the energy density of 

the battery system due to the need to incorporate heaters and thermal insulation. At 

the operating temperatures, in the case of Na-S system, molten sulphur, sodium and 

the polysulphide compounds are highly corrosive, hence, resistant containers are 

needed. The use of mostly solid cathode materials makes Na-NiCl2 batteries 

intrinsically safer and less corrosive than Na-S batteries. Nonetheless, there is still 

the need of further improvement in power and reliability and especially in 

decreasing the operating temperature. 

 

Due to the unique properties of ILs mentioned above, work on sodium-IL batteries 

is emerging. Nohira and co-workers72, 73 have reported intermediate-temperature 

ionic liquid systems of NaNTf2-KNTf2 and NaNTf2-CsNTf2, for use as electrolytes 

in sodium secondary batteries. These systems were found to perform well at 
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operating temperatures between 333 and 393 K and also possess wide 

electrochemical windows, up to 5.2 V at 363 K. This operating temperature range 

gives these systems a significant advantage compared to Na/S and Na/NiCl2 

batteries, which must be operated at around 573 K. Nevertheless, it is desirable for 

portable energy sources to have high performance at room temperature. Work by 

Buchner et al.33, on the 1-butyl-3-methylimidazolium IL doped with NaBF4, shows 

that the added sodium salt has only a minor influence on the transport properties of 

the IL. On the other hand, Egashira et al.68, suggested NaBF4 is not very soluble in 

diethylmethoxyethylammonium tetrafluoroborate, and proposed to use a polyether 

of poly(ethylene glycol) dimethyl ether (PEGDME) as a coordinating agent.  

 

1.5 Aims of this study and thesis overview 

1.5.1 Aims of the research 

The main aim of this project is to produce high performance, safe and low-

cost of solid-state electrolytes for electrochemical devices, with a main 

focus being electrolytes for Na based batteries. Owing to the unique 

properties of an ILs we first examined Na containing IL electrolytes, 

comparing their properties to analogous Li-IL electrolytes.  We then 

investigated different approaches to gelling these IL electrolytes.  Finally we 

prepared and tested a number of ionomer systems containing sodium ions as 

solid-state electrolytes. 
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1.5.2 Thesis overview 

This thesis is presented in a ‘thesis by publication’ format. It consists of 5 

journal articles (3 published and 2 submitted), together with background and 

a literature review of the research area. Each chapter contains a general 

overview of the articles along with their supporting information. 

 

Chapter 1. Introduction 

This chapter provides an overview of the general development of 

electrolytes, background and literature review of ionic liquids and the trends 

towards sodium-based batteries.  

 

Chapter 2. Ionogels based on ionic liquids as potential highly conductive 

solid-state electrolytes 

In this chapter, the sol-gel approach to gelation of an ionic liquid was 

investigated.  The effect of silica content in the ionogels was characterized 

and analyzed in terms of chemical interactions, thermal stability and ionic 

conductivity. This section was published in Electrochimica Acta 

 

Chapter 3. Sodium ion conductors for sodium batteries 

In this chapter, the potential of sodium-based RTIL electrolytes as a 

promising candidate for sodium batteries was investigated. Two types of 

electrolytes were prepared and characterized:	
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• A comparison of sodium and lithium ionic liquid electrolytes based 

on the RTIL, 1-butyl-1-methylpyrrolidinium 

bis(trifluoromethylsulfonyl) amide (C4mpyrNTf2) were reported. 

This section was published in Electrochimica Acta as a paper 

entitled “Properties of sodium-based ionic liquid electrolytes for 

sodium secondary battery applications”. 

	
  

• The effect of gelation of the liquid electrolytes above were 

investigated and studied in terms of the ionic conductivity, thermal 

properties, chemical interactions from infrared spectroscopy and 

cyclic voltammetry. This part to be submitted to Electrochimica Acta 

as a paper entitled “Gel-ionic liquid based sodium ion conductors 

for sodium batteries”. 

 

Chapter 4. Ionomers as cation only ion conductors 

In this chapter, we studied ionomer systems that have the potential to act as 

“single ion/mixed cation” conductors.  

 

• A series of sulfonate based copolymer ionomers based on a 

combination of ionic liquid and sodium cations were prepared and 

characterized. The decoupling of ionic conductivity from the Tg of 

the backbone were revealed.  A paper was published in Journal of 

Mataerials Chemistry A entitled “Ion conduction and phase 
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morphology in sulfonate copolymer ionomers based on ionic liquid-

sodium cation mixtures”.	
  

	
  

• A family of novel sulfonate based homopolymers were prepared by 

partially replacing sodium cations with different types of ionic liquid 

type ammonium cations. The degree of decoupling from local 

segmental motions of the ionomers was found to increase with 

increasing bulkiness of the quaternary ammonium cation.  This work 

has been submitted to Polymer Journal as a paper entitled 

“Decoupled ion conduction in poly(2-acrylamido-2-methyl-1-

propane-sulfonic acid) (PAMPS) homopolymers”.  

 

Chapter 5. General conclusions and future work 
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2.1 General Overview 
	
  

 

Interest in high-performance solid - state electrolytes is currently developing since 

they have evident advantages over fluid materials in application in electrochemical 

devices1-4 as discussed in section 1.1.2. Solid polymer electrolytes are particularly 

attractive because they can be flexible and shaped into different desired geometries. 

Along with the unique combination of IL properties (see section 1.2), the 

immobilization of ILs within a polymer network makes it possible to take 

advantage of these unique properties in a solid state. The superiority of these 

electrolytes over conventional plasticized polymer electrolytes lies in the non-

volatility of  the ILs and their thermal stability1, 2, 5, 6.  

 

Various methods to confine and immobilize ILs in a polymer network have been 

reported, including by polymerization of monomers in ionic liquids, solvent casting 

or swelling of polymers6-8. Typical high volume fractions of the IL in a polymer 

membrane disfavor the mechanical properties and leave the possibility of IL 

leakage from the polymer membrane9. The sol–gel approach is currently attracting 

growing interest in order to achieve the mechanical properties desired of an IL gel 

electrolyte10-12. Typically however, it is difficult to achieve high ionic liquid 

contents. 

 

In this chapter, immobilization of ILs at high loading in a silica network was 

investigated by a one-pot sol gel synthesis using tetraethoxysilane (TEOS) in an 
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ionic liquid, 1-butyl-3-methylimidazolium tetrafluoroborate C4mImBF4. The silica 

network thus formed produced novel ionogels, as described in Publication 1 in this 

chapter13. The effect of silica content in the IL was characterized and analyzed 

using impedance spectroscopy, differential scanning calorimetry, attenuated total 

reflectance-Fourier transform infrared (ATR-FTIR), solid-state nuclear magnetic 

resonance (NMR) and thermogravimetric analysis (TGA). The details of this study 

have been published in Electrochimica Acta in a paper entitled “Ionogels based on 

ionic liquid as potential highly conductive solid state electrolytes”13. 
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Graphical Abstract 

 

Ionogels based on ionic liquids as potential highly 

conductive solid state electrolytes 

Siti Aminah Mohd Noor, Paul M Bailey, Maria Forsyth, Douglas R MacFarlane* 

	
  

A novel ionogels via straightforward one-pot synthesis of silica in ionic liquid for a 

potential highly conductive solid state electrolytes 

 

 

 
 
 

	
  

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2.6 2.8 3 3.2 3.4 3.6 3.8

BMIMBF4
97:3
93:7
89:11
86:14

Lo
g 

(σ
T/

S 
cm

-1
 K

)

(1000/T)/K -1



 
 

27 

	
  
	
  
	
  
	
  
	
  
	
  
	
  



 
 

28 

	
  

	
  
	
  
	
  
	
  
	
  



 
 

29 

	
  
	
  
	
  
	
  



 
 

30 

	
  
	
  
	
  



 
 

31 

	
  



 
 

32 

	
  
	
  



 
 

33 

	
  



 
 

34 

	
  
	
  
	
  
 
 
	
  
	
  



 
 

35 

2.5 Bibliography 
	
  
 
1. Gayet, F.; Viau, L.; Leroux, F.; Monge, S.; Robin, J. J.; Vioux, A. J. Mater. 

Chem. 2010, 20, 9456-9462. 
2. Gayet, F.; Viau, L.; Leroux, F.; Mabille, F.; Monge, S.; Robin, J. J.; Vioux, 

A. Chem. Mater. 2009, 21, 5575-5577. 
3. Le Bideau, J.; Viau, L.; Vioux, A. Chem. Soc. Rev. 2011, 40, 907-925. 
4. Lakshminarayana, G.; Tripathi, V. S.; Tiwari, I.; Nogami, M. Ionics 2010, 

16, 385-395. 
5. Le Bideau, J.; Gaveau, P.; Bellayer, S.; Néouze, M. A.; Vioux, A. Phys. 

Chem. Chem. Phys. 2007, 9, 5419-5422. 
6. Kumar, D.; Hashmi, S. A. Solid State Ionics 2010, 181, 416-423. 
7. Singh, B.; Sekhon, S. S. J. Phys. Chem. B 2005, 109, 16539-16543. 
8. Susan, M. A. B. H.; Kaneko, T.; Noda, A.; Watanabe, M. J. Am. Chem. Soc. 

2005, 127, 4976-4983. 
9. Vioux, A.; Viau, L.; Volland, S.; Le Bideau, J. C. R. Chim. 2010, 13, 242-

255. 
10. Shi, F.; Zhang, Q.; Li, D.; Deng, Y. Chemistry - A European Journal 2005, 

11, 5279-5288. 
11. Okabe, A.; Fukushima, T.; Ariga, K.; Niki, M.; Aida, T. J. Am. Chem. Soc. 

2004, 126, 9013-9016. 
12. Néouze, M. A.; Le Bideau, J.; Gaveau, P.; Bellayer, S.; Vioux, A. Chem. 

Mater. 2006, 18, 3931-3936. 
13. Noor, S. A. M.; Bayley, P. M.; Forsyth, M.; MacFarlane, D. R. Electrochim. 

Acta 2013, 91, 219-226. 
 
	
  
	
  
	
  



	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Chapter 3 
Ionic liquids - sodium ion conductors 

for sodium batteries 

 

I O N I C L I Q U I D E L E C T R O LY T E S A N D
T H E I R M I X T U R E S F O R L I T H I U M

B AT T E R I E S

paul morgan bayley

A dissertation submitted to fulfill the requirements of the
degree Doctor of Philosophy

Department of Materials Engineering

Faculty of Engineering

Monash University

April 2011



 
 

36 

3.1 General Overview 

 

Lithium ion batteries have dominated the portable electronic industry and other 

electrical devices as high energy density storage devices1-4. The motivation for 

using lithium in battery technology initially stems from the fact that Li is the 

lightest and most electropositive metal, as discussed in section 1.4. The demand for 

lithium ion batteries is rapidly increasing, however, concerns regarding 

sustainability of lithium supplies, and thereby its costs, as well as safety issues 

relating to flammable organic electrolytes have risen5-7. This has prompted 

researchers to consider other anodic metals such as sodium8-10, magnesium11, 12 and 

zinc13 as alternatives since they are significantly more abundant.  

 

The present study developed and investigated IL based electrolytes for use in 

sodium batteries. A comparison of sodium and lithium ionic liquid electrolytes 

based on, 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)amide 

(C4mpyrNTf2), doped with  sodium bis(trifluoromethylsulfonyl)amide (NaNTf2) 

and  lithium bis(trifluoromethylsulfonyl)amide (LiNTf2) is the subject of this 

chapter14.  The properties of the electrolyte solutions (including viscosity, density, 

thermal stability (DSC), ionic conductivity and electrochemical stability) are 

presented and discussed in Publication 2. This paper, entitled “Properties of 

sodium-based ionic liquid electrolytes for sodium secondary battery applications” 

has been published in Electrochimica Acta.14 
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In this paper, it was found that the ionic conductivity of sodium ion containing ionic 

liquid electrolytes reached as high as 8 mS.cm-1. From the electrochemical stability 

analysis by cyclic voltammetry, the deposition of sodium metal was observed to 

begin at −0.2 V (vs. Na+/Na) and the resultant deposits were able to be re-oxidized 

back into the electrolyte at high efficiency.  

 

These findings prompted us to further develop gelled sodium electrolyte systems 

based on ionic liquids, in order to realize a safe, high performance battery 

electrolyte with desirable mechanical properties. In this work, we prepared gel 

electrolytes by using either (i) nano-particle fumed silica, or (ii) radical 

polymerization of MMA in the electrolytes. Facile sodium cathodic and anodic 

currents are observed around 0 V vs Na/Na+ at 298 K with these gels. The ionic 

conductivity of the gel electrolytes and chemical interaction between silica and 

ionic liquid were also investigated. This study is presented in this thesis as a 

manuscript to be submitted to Electrochimica Acta, entitled “Gel-ionic liquid based 

sodium ion conductors for sodium batteries” and here denoted as Publication 3. 
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ABSTRACT 

Owing to the unique properties of certain Ionic liquids (ILs) as safe and green 

solvents, as well as the potential of sodium ions as an alternative to lithium ions as 

charge carriers, we investigate gel sodium electrolytes as safe, low cost and high 

performance materials with sufficient mechanical properties for application in 

sodium battery technologies. In the present study, we investigate the effect of 

formation of two types of gel electrolytes on the properties of IL electrolytes known 

to support Na/Na+ electrochemistry. We observed plating and stripping of Na metal 

through the cyclic voltammetry and the ionic conductivity only slightly decreased 

as we changed the physical properties from liquid to gel. Therefore, the formation 
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of a gel does not appear to significantly affect the ion dynamics in comparison to 

the liquid state of the electrolyte, as further evidenced by DSC and FTIR analysis. 

 

INTRODUCTION 

 

The development of a non-flammable electrolytes based on ionic liquids has been 

extensively studied1-5 to eliminate the problem of flammability and high vapor 

pressure of typical organic solvents such as propylene carbonate and ethylene 

carbonate. Ionic liquids become an attractive electrolyte candidate to overcome 

these safety issues and also to widen the operating temperature, owing to their 

unique properties of non-flammability, low measurable vapor pressure, wide 

electrochemical stability, high thermal stability as well as wide liquid temperature 

range6-9. ILs also have been reported as  ‘green solvent’ since many can be recycled 

and the tunability of their anion and cation9, 10 is also attractive. On the other hand, 

most of the research on the development of such electrolytes is focusing on the use 

of lithium as charge carries since lithium ion batteries are widely used in portable 

electronic devices11-14. This is due to lithium’s combination of distinctive 

characteristics such as small ionic size, high electrochemical reduction potential and 

light weight.  Looking in the high demand of lithium batteries as a main sources for 

portable electronic devices, and their wide potential use for electric and hybrid 

vehicles, concerns regarding their long term availability and cost have arisen. This 

is because lithium reserves are unevenly distributed in the world and located in 
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remote and politically sensitive areas15-17. Thus, the extended usage of lithium in 

larger scale applications may significantly increase the price of lithium compounds.  

 

Together with sodium’s high abundance, low cost, low atomic mass (comparing 

with other metal such as zinc and magnesium), as well as its relatively high 

electrochemical reduction potential (Eo (Na
+

/Na)=-2.71V versus standard hydrogen 

electrode; only 0.3V above lithium)14, 18-20, sodium can be a promising candidate for 

energy storage applications as an alternative to lithium. The use of sodium in 

batteries has been reported almost 50 years ago and has been commercialized in 

technologies such as sodium sulfur21 and Na-NiCl2
22 systems which using β-

alumina as a solid electrolyte. However, the operating temperature is very high 

(~573 K). Fukunaga23, 24 has demonstrated sodium secondary batteries using 

bis(fluorosulfonyl)amide anion (FSA)- ionic liquid and this systems showed a good 

performance at 363 K.  

 

Previously, we reported sodium bis(trifluoromethylsulfonyl) amide (NaNTf2) 

electrolyte systems based on room temperature ionic liquids of 1-butyl-1-

methylpyrrolidinium bis(trifluoromethylsulfonyl)amide (C4mpyrNTf2)25. It was 

found that the ionic conductivity of this electrolyte reached as high as 8 mS/cm for 

0.1M NaNTf2, which is marginally lower compared to the lithium electrolyte 

system. From the electrochemical stability analysis in cyclic voltammetry, facile 

cathodic and anodic features can be observed which correspond to deposition and 

dissolution of sodium metal.  In such studies on Na secondary batteries, most 
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researchers are currently focusing on liquid electrolytes. To the best of our 

knowledge, no work has been reported on gel sodium electrolytes. In this study, we 

prepared gel ionic liquids based on our previous liquid system (C4mpyrNTf2 RTIL 

and NaNTf2 salt) by using nano particle fumed silica and radical polymerization of 

MMA in the electrolytes. We study the effect of formation of the gel electrolytes on 

the ionic conductivity using impedance spectroscopy, thermal properties by 

differential scanning calorimetry, chemical interaction from infrared spectroscopy 

and cyclic voltammetry.  

 

EXPERIMENTAL 

Materials and sample preparation 

C4mpyrNTf2 (99%) was obtained from Merck, NaNTf2 (99.9%) from Solvionics, 

Silica fumed powder with average particle size of 0.007 µm from Sigma Aldrich, 

dicholoromethane (DCM) from Merck, methyl methacrylate monomer from Aldrich 

and benzyl peroxide (BPO) initiator from AJAX Chemicals were used. The water 

content of C4mpyrNTf2 was 125 ppm, as determined by Karl Fischer titration. The 

fumed silica powder was dried in a vacuum oven at 473 K overnight while the 

DCM was dried with molecular sieves and the water content was determined to be 5 

ppm. All materials were transferred into a glove box after drying and the 

preparation of the electrolytes were done in the glove box under an argon 

atmosphere. Initially, sodium salt was added to the ionic liquid at various 

concentrations (0.1 to 0.5 M), and the solutions stirred at room temperature until the 

salt had fully dissolved. Then the electrolytes were heated in a vacuum oven at 
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90°C for two days, to remove the residual water content.  

 

For silica-gel type electrolytes, 5 wt.% of fumed silica were dispersed into the base 

electrolyte solution with two drops of DCM as co-solvent and then stirred for 

several minutes until a homogeneous viscous solution was obtained. To form a gel 

electrolyte, the viscous solutions were left at room temperature to evaporate the 

DCM. For the PMMA-gel electrolytes, firstly, 0.5 % BPO was added into base 

electrolyte solution and stirred at 80 oC for several minutes. Then 8 wt.% MMA 

monomer and 6 mol % TEGDA were added to the solution and further stirred until 

a homogeneous solution was obtained. Below 8.wt% of MMA monomer, high 

viscous electrolytes obtained, and only above this compositions, stable gel 

electrolytes obtained. The solution was left in the oil bath for two hours until a 

PMMA-gel electrolyte formed. All samples were heated in a vacuum oven at 90 oC 

overnight to remove residual co-solvent and any water content prior to any 

characterization. 

 

Characterization 

Cyclic Voltammetry 

Cyclic voltammetry was carried out using a coin cell method in a glove box with an 

Ar atmosphere. The counter and reference electrode was sodium metal, while the 

working electrode was a copper foil. The copper foil and sodium metal were 

washed with ethanol and hexane respectively to give a clean surface and cut into 

circles of 1.0 mm diameter. The gel electrolytes were placed on the surface of both 
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electrodes and were separated by a polypropylene separator. Then both electrodes 

and separator were clamped into a coin cell and the CV measured. The scan rate 

was 2 mVs-1. The potentiostat used was a BioLogic SP 200, controlled with EC-

LAB software. Measurements were carried out at room temperature. 

 

Differential Scanning Calorimetry (DSC) 

To provide information about the temperatures of the phase transitions, DSC 

measurements were carried out on the prepared samples, using a DSC Q100 series 

instrument (TA Instruments), and the data was evaluated with Universal Analysis 

2000 software. Approximately 8 to 10 mg of prepared electrolyte sample was tested 

over a temperature range of 133 to 383 K at a scanning rate of 10 K.min-1. The glass 

transition temperature was determined from the onset of the heat-capacity change 

on heating.                    

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

Ionic Conductivity 

Conductance was measured using a locally designed dip cell probe consisting of 

two platinum wires sheathed in glass. The cell constant was determined with a 

solution of 0.01M KCl at 25°C. To determine the ionic conductivity of the prepared 

electrolytes, complex impedance measurement were made using HP428A 

Impedance Meter (Hewlett-Packard) over a frequency range of 20 Hz to 1 MHz. 

Ten points per decade were measured. The analysis was conducted at temperatures 

from 273 to 373 K in 10 °C intervals. The temperature was controlled to within 1°C 

using a Eurotherm 2204e temperature controller and a cartridge heater set in a brass 
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block with a cavity for the cell. The conductance was determined from the first real 

axis touchdown point in the Nyquist plot of the impedance data. 

Attenuated Total Reflectance–Fourier Transform Infrared Spectroscopy (ATR-

FTIR) 

ATR-FTIR was carried out to investigate the interactions that occur in the gel 

electrolytes using a Perkin Elmer Spectrum 100 FTIR spectrometer. Measurements 

were made in the range 4000 to 650 cm-1 with a resolution of 4 cm-1. Data was 

analyzed using Spectrum Analyzer software. 

 

RESULTS AND DISCUSSION 

Attenuated total reflectance-Fourier transform infra-red (ATR-FTIR) 

Fig. 1 presents the FTIR spectra of pure IL, the IL electrolytes and the gel 

electrolytes (SiO2 and PMMA) in the range 700-1800cm-1 (the full spectrum is 

shown in Fig. S1). For pure IL (blue spectra) the C-H stretching modes can be 

observed at 2877, 2964, and 3121cm−1 and the C-N stretching mode of the 

pyrrolidinium ring at 1462cm-1; C-S stretching at 662 cm-1, S-N stretching at 682 

cm-1, C-F stretching at 1051 cm-1, S=O symmetric stretcing at 1133 and 1174 cm-1, 

while S=O asymmetric stretching at 1328 and 1349 cm-1 from the counterion. The 

introduction of sodium salts into the IL (green spectra) does not shift or change any 

of the IL peaks. Monti et al26 reported there is a small change in SNS stretching 

(730-765 cm-1) peak from Raman spectra. They found that the band of SNS shifted 

slightly to high wave number, ~ 742 to 744 cm-1. This v(SNS) vibrational mode 

corresponds to the expansion and contraction of the whole anion, thus becomes 
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useful  for probing TFSI- solvation and it also sensitive to the TFSI conformation. 

However, TFSI- is a weak base, so that it induces only a very small shift and little 

energy is required for the conformational changes. In our case, the FTIR is run with 

a 4 cm-1 resolution, thus it is possible that subtle changes cannot be observed in the 

SNS peak. Moreover, Na is much bigger than Li, therefore the interaction that 

might occur will be weaker. This also becomes one of the reasons why the S=O 

band in the IL is not affected by addition of salt. 

 

The formation of physical gel electrolytes by incorporation of silica particles does 

not involve any chemical change. This can be confirmed as no additional peak or 

changes can be detected in the silica gel electrolyte spectra (pink spectra). 

According to Wu et al.27, the fumed silica particles are able to interact directly 

through hydrogen bonding between silanol groups (Si-OH) on the surface of nano 

particle. The gelation process is initiated from this interaction as suggested by the 

SEM images reported by Raghavan et al.28, Wu et al. also asserted that fumed silica 

gel normally presents a chain-like form, called nano particle chain aggregates 

(NCA), which possess polymer-like behaviors and this was confirmed by high 

magnification SEM by Friedlander and co-workers29, 30.  

 

Conversely, for PMMA gel electrolytes, a new peak can be observed at 1728 cm-1, 

which represents the carbonyl groups in PMMA. There is no significant change that 

can be detected in the regions where the IL peaks appear, indicating the formation 

of gel electrolytes does not significantly affect the bonding environment of the IL 
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itself.  

 

Fig. 1 FTIR spectra of C4mpyrNTf2 (a), 0.4M NaNTf2 C4mpyrNTf2 (b), silica gel 

electrolyte (c) and PMMA gel electrolyte (d). 

 

Voltammetry 

Cyclic voltammograms of the 0.4 M NaNTf2 with 5% SiO2 gel electrolytes, 

recorded at room temperature, are shown in Fig. 2. A pair of cathodic and anodic 

features is observed on the copper-foil working electrode. The cathodic currents 

correspond to the plating of sodium metal, whilst the anodic currents are the 
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stripping of the deposited metal. The deposition and dissolution of deposited 

sodium metal has also been observed in the liquid sodium electrolytes as reported in 

our previous study25. The deposition of sodium begins at relatively low 

overpotential, around -0.2V vs. Na/Na+. The crossover during cycling that was 

observed in the liquid electrolyte system, which is usually due to a nucleation over 

potential and/or charge transfer resistance was not present in the gel system, which 

suggest that the interfacial process proceeds more easily in the gel system. In 

another case, Louis et al.31, reported that the formation of silica gel suppressed 

aluminium corrosion and therefore increased the electrochemical stability- another 

benefit of gelation of the IL electrolyte. 

 

In our previous paper25, we reported the cyclic coulombic efficiency of sodium 

deposition and stripping in the liquid electrolytes is quite low, around only 30% by 

CV determination. In this paper, optimization of the negative potential limit to -

0.4V produces coulombic efficiency >50%. The same has also been carried out for 

the  liquid based electrolytes and we obtained coulombic efficiency  ~ 80% from the 

fourth to tenth cycle in this manner. This value is closely comparable to lithium 

electrolytes in an IL based system as reported by Howlett et al.32  

 

Conversely, in the case of PMMA gel electrolytes, no reversible oxidation and 

reduction peak can be observed no matter what methodology we attempted. Only 

one sharp reduction peak occurred in the first cycle (Fig. S3). Since the PMMA gel 

electrolytes were prepared by radical polymerization, there is a possibility of 
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unreacted monomer being retained, which may hinder the stripping of sodium 

metal. The polymer itself should not be a problem as it was previously reported that, 

in a polymer gel electrolyte system based on PMMA in an organic solvent, the 

plating and stripping of lithium were observed33. 

 

 

Fig. 2 Cyclic voltammogram of silica gel electrolytes at room temperature (3rd 

cycle); subsequent cycles shown in the Fig S2. 

 

Differential Scanning Calorimetry (DSC) 

In order to observe any phase transitions occurring in the electrolytes, and 

especially the glass transition temperature (Tg), which is a useful measurement for 

determining the ultimate practical limit on the electrolyte working temperature, we 

recorded DSC data for the gel electrolytes. Fig. 3 shows exothermic thermograms 
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(heating scans) of the sodium gel electrolytes with various composition of sodium 

salt. Comparing with the DSC thermograms of the corresponding liquid 

electrolytes25, no significant changes can be seen in the gel electrolytes. However, 

the Tg values are slightly increased (about 2 to 4 oC), which become -85, -81 and -

76 oC for 0.1, 0.3 and 0.5 M NaNTf2. Similar behavior was observed in other 

ionogel electrolyte systems34, 35, where the Tg of the ionogel was not affected by the 

silica content. This situation is a stark contrast to the change in its physical 

properties observed, from liquid to gel in which form the material does not flow and 

is stable up to 100 oC.  This is a highly desirable decoupling of the mechanical 

properties from the ion transport that can produce an ideal combination of 

properties in a gel electrolyte. It also further confirms that the silica nanoparticle 

acts only as a physical scaffold for the gel. In the case of PMMA gel system, no 

changes can be seen in its Tg values when its compared with IL electrolytes system, 

as shown in Table 1. As discussed above, this might be due to residual unreacted 

monomer retain in the gel electrolytes.  

 

Table 1. Glass transition temperature of sodium gel electrolytes 

Sodium gel 

electrolytes 

Tg (oC) 

0.1 M NaNTf2  

Tg (oC) 

0.3 M NaNTf2 

Tg (oC) 

0.5 M NaNTf2 

Liquid a -87 -84 -80 

Silica  -85 -81 -76 

PMMA  -86 -84 -80 
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Looking in more detail at this data, for 0.1 M NaNTf2 gel electrolytes, a 

crystallization peak (Tcry) is observed at -26 oC, a sign of this material being 

quenched into the glassy state during the cooling scan.  This is subsequently 

followed by endothermic peaks at -18 and -7 oC (Tm). These peaks disappeared in 

the cooling cycle (Fig. S4). This behavior was also observed in our previous work 

(liquid electrolytes) as well as in the NaxEMIm(1-x)TFSI system described by Monti 

et al.26 The presence of Tcry and Tm make this unsuitable candidature for application 

below -7 oC. On the other hand, for the 0.3 and 0.5M NaNTf2 gel electrolytes a 

totally amorphous system is obtained during all heating and cooling treatments. A 

similar observation was seen in the PMMA gel electrolytes, where Tm was observed 

for the 0.1M NaNTf2 system but not at higher sodium concentrations, while the Tg 

of all samples do not shift significantly with increasing salt content.  

 

 

Fig. 3 DSC thermograms of sodium gel electrolytes with different concentrations of 

NaNTf2 
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Ionic conductivity 

Table 2 shows the room temperature conductivity of the silica and PMMA gel 

electrolytes with various concentrations of sodium salt compared with the 

corresponding IL electrolytes25. It can be seen that the ionic conductivity decreased 

as the sodium concentration increases consistent with formation of ion pairs and/or 

ion clusters which can lead to reduction in the number of charge carriers and 

increases the viscosity of the liquid electrolyte before formation of the gel. This has 

been discussed in our previous paper as well as for other lithium electrolyte 

systems25. Comparing the liquid systems with silica gel system, the ionic 

conductivity remains the same for the case of 0.1 M NaNTf2 and decreased very 

slightly (between 1.2 to 1.4 times) in the case of 0.3 and 0.5 M NaNTf2 systems 

respectively. In these systems, the ionic conductivity also appears to decouple from 

the mechanical properties of gel electrolytes, which indicates an ideal combination 

of properties in a gel electrolyte for device application. It also further confirms our 

observations from the FTIR and DSC results that the silica particle acts only as a 

structural support (physical gelation) in the gel electrolytes and does not influence 

the ion dynamics to any great extent.  

 

The ionic conductivity of the silica gel system is slightly higher compared with the 

PMMA gel system. The primary reason for this is the decreased in concentration of 

ion, which 8 wt% of MMA monomer needed for PMMA gel electrolytes compared 

to only 5 wt% of silica for silica content gel electrolytes, as explained in 

experimental section. Moreover, in PMMA gel electrolytes, the PMMA network 
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was formed by radical polymerization, while the silica system is formed by 

dispersing silica nanoparticles in the liquid electrolytes. Although the formation of 

the PMMA network does not affect the chemical environment of the IL (as 

discussed in FTIR section), the network does change the physical properties of 

these gel electrolytes, where the gel becomes elastic. In contrast, silica gel 

electrolytes are lower elastic modulus, which may account for the slightly higher 

ionic conductivity of the silica gel system.  

 

The temperature dependence of both gel electrolytes is expressed through an 

Arrhenius conductivity plot as depicted in Fig. 4, which shows some curvature. 

Hence, these plots are well described and fitted by the VTF equation (Eq. 1), which 

suggests that migration of the ions in the gel electrolytes is similar to ionic 

conduction in a viscous liquid. The VTF parameters are listed in the Table 3. From 

the table, it can be seen that the To (corresponding to the temperature where ionic 

conductivity disappears), is near the Tg value measured from the DSC analysis, as 

expected, and these values almost remain constant as the concentration of salt 

increased. Interestingly, The To values for the PMMA gelled system is lower 

compared with the silica content gel electrolytes and almost the same with neat IL 

electrolytes, especially in high concentration of salt. This is consistent with the Tg 

values from DSC analysis as discussed above. However, pseudo activation energy 

(B) appears systematically higher in the case of PMMA gelled system, and which 

its again silica gel system shown similar behavior to the IL electrolytes system.  
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σ = σo exp[-B/(T-To)]                                                                                         (Eq. 1) 

 

 

(a) 

 

(b) 
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Fig. 4 Arrhenius conductivity of silica gel (a) and PMMA gel (b) electrolytes with 

various concentration of salt 

Table 2. Room Temperature ionic conductivity of sodium gel electrolytes 

Sodium gel 

electrolytes 

σ (S.cm-1) 

0.1 M NaNTf2  

σ (S.cm-1) 

0.3 M NaNTf2 

σ (S.cm-1) 

0.5 M NaNTf2 

Liquid a 1.7E-3 1.6E-3 1.1E-3 

Silica  1.6E-3 1.1E-3 9.1E-4 

PMMA  1.1E-3 7.0E-4 4.9E-4 

 

Table 3. VTF parameters for ionic conductivity 

Concentration 

of NaNTf2 

Log  σo 

(S.cm-1) 

Silica  

B  (K) 

Silica 

To  (K) 

Silica 

Log  σo  

(S.cm-1) 

PMMA 

B (K) 

PMMA 

To  (K) 

PMMA 

0.1M  -0.5±0.08 -254±20 187±5 -0.3±0.06 -403±22 156±5 

0.3M  -0.7±0.07 -205±14 206±3 -0.3±0.10 -398±34 168±7 

0.5M  -0.6±0.07 -250±17 197±4 -0.5±0.07 -305±28 175±6 

 

 

CONCLUSIONS 

This study investigates the effect of gelation of ionic liquid based sodium ion 

electrolytes on their ionic conductivity, thermal properties, chemical interaction and 

electrochemical stability. A wide liquid temperature range, of more than 100 K 

around room temperature, is achieved in case of 0.3 and 0.5 M NaNTf2. The ionic 
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conductivity was found to slightly decrease as the physical properties changed from 

liquid to gel. Facile deposition and stripping of sodium are observed around 0 V vs 

Na/Na+ at 298 K. The formation of gel electrolytes does not significantly affect the 

ion dynamics of the ionic liquid electrolytes.  These electrolyte materials are thus 

promising candidates for secondary sodium batteries, since they may overcome the 

cost and safety problems associated with conventional electrolytes, while still 

exhibiting good conductivities and stabilities. 
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Fig. S1 FTIR spectra of C4mpyrNTf2 (a), 0.4M NaNTf2 C4mpyrNTf2 (b), silica gel 

electrolyte (c) and PMMA gel electrolyte (d). 
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Fig. S2 Cyclic voltammogram of silica gel electrolytes at room temperature (1st to 
10th cycle) 
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Fig. S3 Cyclic voltammogram of PMMA gel electrolytes at room temperature (1st 
cycle) 
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Fig. S4 DSC thermograms of sodium gel electrolytes with different concecntrations 
of NaNTf2 (cooling scan)	
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4.1 General Overview 

The ionic conductivity of conventional liquid electrolytes, as well as solid polymer 

electrolyte systems, is the result of contributions from both the cation and anion. In 

devices utilizing a cation charge carrier, these bi-ion conductors typically exhibit 

anion buildup at the electrode/electrolyte interface that ultimately lowers the 

effective field on the cations, thus limiting their performance in batteries and other 

devices1-4. Single ion conductors are needed in order to overcome this 

“concentration polarization” issue. Single ion conductors can be constructed by 

covalently attaching the anion to a polymer backbone to make an ionomer or 

polyelectrolyte1, 5, 6. Therefore, the anion cannot respond to the field on a reasonable 

time scale and the transference number for the cation will be close to unity.  

 

Various single ion conductor ionomer systems have been developed over the years5, 

7-9, yet the ion conductivity in ionomers having metal counterions has been 

considerably lower than that of, for example, PEO/salt mixtures. A number of 

methods have been employed in an attempt to increase the ionic conductivity, such 

as addition of an organic solvent10 or ionic liquid and exchange of the small cation 

with more bulky cations2, 3, 11 to reduce ion pair association. This method has been 

shown to assist lithium ion dissociation from the backbone, leading to high ionic 

conductivities and good performance in Li-ion batteries.7, 8   

 

Here, we report the development of solvent free solid ionomer electrolytes based 

on the copolymer poly([triethylmethylammonium][2-acrylamido-2-methyl-1-
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propane-sulfonic acid]-co-sodium[vinyl sulfonate], poly([N1222][AMPS]-co-

Na[VS]), where a fraction of sodium ions were replaced with  a bulky, ionic liquid 

forming, quaternary ammonium cation12. We found that significant ionic 

conductivity was measurable below Tg in these systems, indicating an increasingly 

decoupled ion transport mechanism from the ionomer structural relaxations as the 

ratio of the sodium to quaternary ammonium cations decreased. More details on 

this work have been described in Publication 4, which has been published in 

Journal of Materials Chemistry A, as a paper entitled “Ion conduction and phase 

morphology in sulfonate copolymer ionomers based on ionic liquid-sodium cation 

mixtures”12 

 

The decoupling behavior exhibited in copolymer systems has prompted us to 

investigate homopolymer ionomer systems. The effect of sodium concentration on 

the conductivity, thermal stability and phase separation of such systems are 

explored and discussed here. Moreover, the influence of different types of 

ammonium counter-cations on the conductivity of ionomers in a homopolymer 

system has also been studied. In the present systems, the conductivity appears 

increasingly decoupled from the Tg of the ionomer system, particularly for 

compositions below 50 mol% Na+. An interesting, reproducible observation is that 

above its Tg the 10% Na+ sample has the highest conductivity of all the systems 

investigated here. Even though the 10% Na samples possess the highest ionic 

conductivity, it is most likely that the improvement in ionic conductivity originates 

from the mobility of the quaternary ammonium cation. We also observed a 
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decreasing Tg with increasing bulkiness of the quaternary ammonium cation, and an 

increasing degree of decoupling from the glass transition within these systems.  

More details on these systems are presented in a manuscript entitled “Decoupled ion 

conduction in poly(2-acrylamido-2-methyl-1-propane-sulfonic acid) (PAMPS) 

homopolymers” that has been submitted to Polymer. 
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Graphical Abstract 

 

Ion conduction and phase morphology in sulfonate 

copolymer ionomers based on ionic liquid-sodium cation 

mixtures 

S.A.M.Noor,a,b D.Gunzelmann,d J. Sun,a D.R. MacFarlane,a,c M. Forsyth,c,d* 

 

A series of sulfonate based copolymers have been prepared by partially replacing 

sodium cations with bulky ionic liquid cations, thereby providing more conduction 

sites for the sodium ion to ‘hop’ to in the ionomers and improving the ionic 

conductivity of the material. 
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Graphical Abstract 

 

Decoupled ion conduction in poly(2-acrylamido 2methyl-

1-propane-sulfonic acid) (PAMPS) homopolymers 

Siti Aminah Mohd Noor,a,b Jiazeng Sun,a Douglas R MacFarlanea,c , M. 

Armandd, D. Gunzelmanne and Maria Forsyth,c,e 

 

A family of novel sulfonate based homopolymers has been prepared by partially 

replacing sodium cations with different types of ionic liquid ammonium counter-

cations, which are hypothesized to increase the degree of decoupling from local 

segmental motions of the ionomers and thereby improve ionic conductivity. 
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ABSTRACT 

As the focus on developing new polymer electrolytes continues to intensify 

in the area of alternative energy conversion and storage devices, the 

rational design of polyelectrolytes with high single ion transport rates has 

emerged as a primary strategy for enhancing device performance. 

Previously, we reported a series of sulfonate based copolymer ionomers 

based on combining quaternary ammonium ionic liquid cations and sodium 

cations. By mixing the two cations in a copolymer based ionomer system, 

improvements in the conductivity were observed and the conductivity 

appeared increasingly decoupled from the Tg of the ionomer. In this article, 

we study the effect of different types of ammonium counter-cations on the 
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conductivity of ionomers in a homopolymer system. We observe a 

decreasing Tg with increasing the bulkiness of the quaternary ammonium 

cation, and an increasing degree of decoupling from Tg within these 

systems.  Somewhat surprisingly, phase separation is observed, as 

evidenced from multiple impedance arcs, raman mapping and SEM.  The 

thermal properties, morphology and the effect of plasticizer on the transport 

properties in these ionomers are also presented.  The addition of 10 wt.% 

plasticizer increased the ionic conductivity between two and three orders of 

magnitudes 

Keywords: single ion conductor, ionomer, conductivity, sodium ion, 

decoupling 

 

INTRODUCTION 

The electrolyte is a key component of an electrochemical device, since it serves as 

the medium for ionic transport, and thus much research has been expended on 

improving the performance, safety and cost of electrolytes1-5. One way to improve 

the safety of a device, such as a battery, is to develop a solid state electrolyte with 

appropriate target ion transport properties.  In this respect, solid polymer 

electrolytes (SPEs) have been investigated since the late 1970s6. The use of a SPE 

in a power source leads to improvements in performance by providing mechanical 

stability (flexibility and moldability), reduced weight, and operational safety (no 

leakage of corrosive materials and zero volatility/flammability)4, 7-9. 
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SPEs based on polyethers have been extensively studied for applications in 

Lithium batteries10-12, however, their performance is limited by the fact that the 

cation transport number (eg. Li+) is significantly less than 0.5 and thus anion 

aggregation occurs at the electrode interface; this eventually leads to concentration 

polarization of the electrode13-16. To overcome this polarization, one needs to 

ensure that the cation transport number is as close to unity as possible.  One way 

to do this is to tether the anionic species covalently to the polymer backbone or an 

attached pendant group10, 17-19.  This allows the counter-cation to be the sole 

charge carrier.  Such polyelectrolyte systems are often referred to as ionomers.  

 

Numerous single-ion conducting ionomer systems have been developed10, 20-22; yet 

these systems display ionic conductivities far lower than their polymer/salt 

mixture counterparts. Various techniques have been employed to increase the 

ionic conductivity of these materials, such as incorporation of an organic solvent 

or ionic liquid10, 12, 23, 24 to assist the cation dissociation from the polymer 

backbone. Even though these materials provide high ionic conductivity as well as 

good elastomeric properties, the existence of a low molecular weight solvent 

leaves the possibility that the electrolytes may leak or be volatile.  

 

Very recently, we reported the development of solvent free solid ionomer 

electrolytes based on the copolymer poly([triethylmethylammonium][2-

acrylamido-2-methyl-1-propane-sulfonic acid]-co-sodium[vinyl sulfonate], 

poly([N1222][AMPS]-co-Na[VS]), where a fraction of sodium ions were replaced 
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with  a bulky, ionic liquid forming, quaternary ammonium cation19. This is 

designed to create anion centers on the polymer that are less associated with a 

cation and therefore that the metal cation motion may be less coupled to the bulk 

dynamics of the ionomer.  We found that significant ionic conductivity was 

measurable below Tg in these systems, indicating an increasingly decoupled ion 

transport mechanism from the ionomer’s backbone motions and structural 

relaxations (which are responsible for the glass transition temperature, Tg) as the 

ratio of the sodium to quaternary ammonium cation decreased.  

 

This remarkable finding has prompted us to study the effect of different types of 

ammonium cation on the conductivity of ionomers and also the differences 

between homopolymer and copolymer ionomer systems. In this paper, we prepare 

three different ammonium-based homopolymer ionomers (where the alkyl chain 

length on the counterion is modified) and also a series of ionomers containing the 

triethylmethylammonium (N1222) cation and different amounts of Na+ 

(poly(Nxyyy)zNa1-z[AMPS]).  This system can be compared with the copolymer 

ionomer system previously reported by us.  These samples are characterized using 

DSC to determine the glass transition and a.c. impedance spectroscopy to measure 

ionic conductivity, while solid state NMR was performed to study the dynamic 

behavior of the ionomers. Raman Spectroscopy and SEM have also been used to 

observe the ionomer morphology. 
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EXPERIMENTAL 

Sample preparation 

Preparation of poly(2-acrylamido-2-methyl-1-propane-sulfonic acid) 

(PAMPS) (alkyl-ammonium/sodium salts) was carried out based on Scheme 

1.  Typical procedures for synthesis of a PAMPS sample are as follows: 

5.017 g of AMPS (0.0241 mol, Aldrich) was dissolved in 10ml of distilled 

water; to form the sodium salt, NaOH-water solution containing 0.01205 

mol of NaOH was added drop-wise at room temperature with magnetic 

stirring until the pH value of the solution reached ~7. In the same way a 

certain amount of the tetraalkyl ammonium-carbonate solution (Aldrich) 

was added to the AMPS solution to form the tetraalkyl ammonium salt.   

~0.2% (w/w) K2S2O8 was then added and the solution was stirred at ~85 °C 

for 2 days. After removing the solvents from the polymer/co-polymer 

solutions all the prepared samples were dried under vacuum at ~70 °C for at 

least 2 days before any characterisation was undertaken. Two types of 

plasticizer have been used in this system; these are tetraglyme (tetraethylene 

glycol dimethyl ether (purum, ≥99.0% (GC), Fluka)) and N,N-dimethyl-3-

methoxypropylammonium bis(fluorosulfonyl)imide (N22(3O1)2FSI) which 

was prepared as reported elsewhere25-27. 
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Scheme 1 (a) Schematic preparation of (poly(N1222)zNa1-z[AMPS]).  ionomers 

(b) cationic counterion structures: triethylmethylammonium (N1222
+), 

tributylmethylammonium (N1444
+) and trimethyltetradecylammonium (N14,111

+) 

 

Ionic Conductivity 

The ionic conductivity of the ionomers was measured by ac impedance 

spectroscopy using a high frequency response analyzer (HFRA; Solartron 1296). 

The powder samples were first pressed into pellets (1 mm thick and 13 mm in 

diameter) using a KBr die and a hydraulic press at 10 tonne for 30 min; pellets 

were pressed and aged in the oven at 443 K overnight; pressed pellets were coated 
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with gold using a gold sputter coater (SPI-Module Sputter Coater - Division of 

Structure Probe Inc. with plasma uses argon gas) at plasma current of about 20 

mA (DC) for 2 minutes and then sandwiched between two stainless steel blocking 

electrodes. Data was collected over a frequency range of 0.1 Hz to 10 MHz (ten 

points per decade) with a 30 mV amplitude over a temperature range of 298 to 443 

K in 10 K intervals. The temperature was controlled to within 1 K using a 

Eurotherm 2204e temperature controller and a band heater with a cavity for the 

cell using a thermocouple type T, which was embedded in the cell. The sample 

was held for a short equilibration time, up to 2 minutes, to stabilize the 

temperature prior to impedance measurement. The conductance was determined 

from the impedance data using the series circuit in Z-view (Version 2.3). 

 

Differential Scanning Calorimetry (DSC) 

DSC measurements were carried out on the as-prepared samples, using a DSC 

Q100 series instrument (TA Instruments), and the data was evaluated with 

Universal Analysis 2000 software. Approximately 8 to 10 mg of the ionomer 

sample was hermetically sealed in Aluminium pans and measured over a 

temperature range of 273 to 423 K at a scanning rate of 10 K.min-1. The glass 

transition temperature was determined from the onset of the heat-capacity change 

during the heating ramp. 

 

Solid-state nuclear magnetic resonance (NMR) 

Solid-State NMR spectra were recorded with a BRUKER Avance III 300WB 
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spectrometer operating at 300.13, 79.39, 125.76 and 30.42 MHz for 1H, 23Na, 13C 

and 15N, respectively. All 1H and 13C spectra are given relative to 

tetramethylsilane, 15N spectra with respect to nitromethane and 23Na spectra were 

referenced to 1M NaCl(aq). Samples were packed in standard 4mm MAS rotors, 

loaded and measured in a 4 mm double-resonance MAS probe (BRUKER) 

spinning at 10 kHz. Cross-Polarization from 1H was used to excited 13C and 15N 

nuclei applying a ramped (50 to 100% power) shape pulse on the proton frequency 

with a contact time of 2 and 10 ms, respectively. A SPINAL64 high power proton 

decoupling with a nutation frequency of 114 kHz was applied during acquisition. 

Recycle delays were set between 3-5 times the proton T1 relaxation constants, 

which were determined earlier. Static 1H and 23Na spectra were measured with a 

solid-echo sequence using a 2.5 µs, 90 degree pulse and an echo delay of 20 µs.    

 

Raman Spectroscopy 

For Raman mapping measurements, a confocal Raman system, Witec 300R, based 

on an integral Olympus BX40 microscope with a 50x objective (8 mm) was used. 

The spatial resolution was about 2 µm. The calibration was undertaken referring to 

the 520.5 cm-1 line of silicon. A 785 nm laser source was used for excitation. The 

collection time for each spectrum was 1 s with one accumulation. The 

spectrometer grating had 80 points/line. An automatic motorized translator X – Y 

stage was used to perform Raman mapping. 
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Raman images were recorded by first positioning the ionomer sample in the laser 

focus using a video camera and white-light illumination, followed by scanning 

over the mapping region (selected as 250 x 250 µm2 in step sizes of 3 µm) and 

accumulating a full spectrum at each pixel. A total of 6400 Raman spectra (250 x 

250 probe spots) were measured for each sample. Witec Project processing 

software was used to operate the mapping system, record the spectra and process 

the data. 

 

Scanning Electron Microscopy (SEM) 

SEM images were collected using a Phillips XL20 SEM with an Oxford X-Max 

50 mm2 silicon drift detector. The accelerating voltage used was 5kV 

 

RESULTS AND DISCUSSION 

1. Effect of ammonium cation alkyl chain length in the homopolymer of 

(poly(Nxyyy)0.5Na0.5[AMPS])  

Thermal properties 

Fig. 1 shows the DSC thermograms of the sodium homopolymer systems at a 

cation ratio of 50:50 (poly(Nxyyy)0.5Na0.5[AMPS]) , with three different quaternary 

ammonium cations. It can be seen that N1444
+ containing system has a lower Tg 

compared to the N1222
+ system. This is expected since the aliphatic chains in N1444

+ 

are bigger and bulkier than the ethyl groups on the N1222
+ cation, which lead to 

lower inter- and intra-chain ionic interactions. Although it is well known that Tg 

increases with ion content due to the presence of physical cross-links, this effect is 
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notably reduced with larger counterions28,29, 30. Tudyryn et al. reported that29, with 

constant ion content, their polyester-sulfonate ionomers showed Tg decreasing as 

counterion size increases. They suggest that this is caused by two factors30, 31 (i) 

larger counterions associate less with the backbone anions, forming fewer and 

weaker physical cross-links that then leads to a decrease in Tg for ionomers (ii) 

larger counterions act as plasticizers, further lowering Tg.  

 

However, N14,111
+ possesses the highest Tg, among the ionomers prepared in this 

work, despite having  the longest aliphatic chain. This may be due to there only 

being one long aliphatic chain on the nitrogen atom along with the three methyl 

groups, which makes the cation effectively less bulky compared to N1444 and thus 

the charge on the nitrogen in the N14,111
+ cation may be less sterically shielded, 

leading to stronger ionic interaction with the polymer anionic groups. This finding 

is similar to the behavior reported by Weiss et al.32 where they investigated ionic 

interactions in sulfonated polystyrene ionomers by use of alkyl-substituted 

ammonium counterions. They found that the relative degree of ionic interaction in 

their materials can be summarized as follows: 

NH4
+>BuNH3

+>Me3NH+>Bu2NH2
+~Bu4N+>Bu3NH+~PS, where Bu = C4H9 and 

Me = CH3. The ionic interaction of BuNH3 is stronger than Me3NH even though 

the alkyl chain in BuNH3 is larger. They also suggested that more significant 

decreases in the interactions are achieved by substituting alkyl groups for 

hydrogen atoms on the ammonium ion.  
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Fig. 1 DSC thermograms of (Poly(Nxyyy)0.5Na0.5[AMPS]) ionomers with different 

types of quaternary cation where x and y reflect different length alkyl chains on 

the Nitrogen atom. 

 

Ionic Conductivity 

Fig. 2(a) presents the Arrhenius Plot of ionic conductivity for the 

(poly(Nxyyy)0.5Na0.5[AMPS]) with three different tetraalkyl ammonium cations; the 

arrow indicates the Tg region of each ionomer. As noted in the trends in Tg 

discussed above, the polymer chain dynamics (ie. local segmental motions) are 

more facile in the N1444
+ ionomer, and this seems to result in the highest 

conductivity amongst the ionomers investigated. In all cases the ionic conductivity 

follows an Arrhenius behavior, indicating a thermally activated conduction 

process that persists even below Tg. There is a significant measurable conductivity 



 
 

107 

below Tg in all ionomers, indicating decoupling of ionic conductivity from the 

local segmental motions that govern the Tg of the ionomers. In order to confirm 

this, we plot Log conductivity versus the reduced temperature Tg/T in Fig. 2(b). 

Sokolov et al. investigated the decoupling of ion transport from polymer 

segmental motion. In their work, they showed that as temperature approached Tg, 

the ionic conductivity is shows a higher and more flexible backbone approached 

<10-12 S.cm-1. This is typically, which is expected when conductivity ia coupled to 

the glass transition temperature of the polymer. In our case, the conductivity is up 

to three orders magnitude higher than this at Tg, therefore indicating an increasing 

decpouling of ion transport for the N1444
+ mixed cation system. From this 

representation of the data, we can directly observe that the ionic conduction does 

not solely rely on the segmental motion of the ionomer backbone, but is 

increasingly decoupled (higher conductivity at any reduced temperature) as the 

alkyl chains in the ammonium cation become more bulky. The idea of decoupling 

will be discussed in more detail when the ratio of cations is varies in the PAMPS 

homopolymer system. 

 

This finding correlates well with our previous work19 in a sulfonate copolymer 

ionomer system, which showed that the ionic conduction was increasingly 

decoupled from Tg, particularly for compositions containing less than 50% Na. 

Thus it is again apparent that mixing two cations (ie. Na+ and a quaternary 

ammonium cation) in an ionomer system leads to favorable properties for 

conductivity in terms of decoupling of the conductivity from the segmental 
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motions, in contrast to the findings when a single counterion is present (e.g. either 

only Na or only a bulky organic cation), as reported elsewhere18, 29, 33. The 

dependences of both conductivity and Tg on the chemical structure of the 

quaternary ammonium cation are shown in Fig. 3, which presents the measured 

conductivity at 423K together with the Tg for each ionomer. 

 
(a) 
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(b) 

Fig. 2 (a) Arrhenius conductivity plot of  (Poly(Nxyyy)0.5Na0.5[AMPS]) ionomers 

with different types of quaternary ammonium cation. The arrows represent Tg in 

each system (b) ionic conductivity of the ionomers as a function of quaternary 

ammonium cation with the inverse temperature normalized by Tg for each polymer 

(bottom). 

 



 
 

110 

 

Fig. 3 Ionic conductivity at 423K and the glass transition temperature (Tg) of 

(Poly(Nxyyy)0.5Na0.5[AMPS]) ionomers as a function of tetraalkylammonium cation 

 

NMR Characterisation 

Solid-state NMR was used to characterize the ionomers and further study the 

dynamic behavior of the materials on a molecular level. The carbon spectra (Fig 

4a) show the broad signals of the polymer backbone and narrow signals of the 

alkyl ammonium cations, indicating a higher mobility of the cations relative to the 

polymer chains. The signal assignment is as reported previously19, 34. The higher 

mobility of these species can also be seen in the narrow 15N signals (Fig 4b) of the 

ammonium cations. The line width of the N1444 signal at -321 ppm of 47 Hz is 

slightly larger than the line width of N1222 (37 Hz) and N14,111 (36 Hz). This 

indicates a slightly lower mobility of the more bulky N1444 compared to the other 
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ammonium ions used and may be due to the larger, bulkier cation size in this case. 

The position of the 15N chemical shift is also indicative of the changing electron 

density around the nitrogen center in these quaternary ammonium cations, which 

is dependent on the nature of the attached alkyl chains.  As with the copolymer 

systems we recently reported, the sodium spectra (Fig 4c) of all samples are all 

quite similar and show a featureless, broad lineshape.  Somewhat counter-intuitive 

to the Tg and conductivity data presented in Figure 3, the N1444 sample has a 

slightly broader lineshape.  

 

 

Fig. 4a 13C CPMAS spectra of the ionomers containing different ammonium ions. 

Spectra were recorded at room temperature and 10 kHz magic angle spinning 

(MAS). 
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Fig 4b 15N CPMAS spectra of ionomers with varying ammonium ions. 

 

 

Fig 4c 23Na MAS spectra of ionomers with varying ammonium counterions. 

 

 

 



 
 

113 

2. Effect of sodium content in the homopolymer of (Poly(N1222)zNa1-z[AMPS]) 

 

In our previous work, we reported the effect of Na content in a copolymer of 

poly([N1222][AMPS]-co-Na[VS]) ionomers. The data show that the conductivity is 

increasingly decoupled from the Tg of the ionomer systems as the Na+ 

concentration decreased. In this section we discuss the effect of Na content in a 

PAMPS homopolymer with different ratios of N1222 and Na+ counterions 

(Poly(N1222)zNa1-z[AMPS]) to compare the differences between homopolymer and 

copolymer ionomer systems.  

 

Thermal Properties 

Fig. 5 shows the DSC thermograms of ionomers with different Na contents. As 

expected, the Tg increases (indicating segmental motion within the ionomers is 

reduced) with a decreasing fraction of the bulky cation, since the interchain 

interactions become stronger with higher Na+ content. This is in contrast with 

copolymer ionomers system, in which the Tg does not vary significantly as the Na 

content changes from 10 to 50%. The glass transition of the homopolymer systems 

presented here is also not as broad as in the case of the copolymer materials19. The 

broadness of the glass transition has been calculated from the difference between 

onset and endpoint of each DSC thermogram. For example, the width of 20% Na 

copolymer system is 28 oC while in the homopolymer system, with the same Na 

content, it is only 13 oC. This is less than half the value for the copolymer systems, 
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which may reflect a more homogenous material in this case. This behavior will be 

further discussed in the ionic conductivity and morphology section below.  

 

   

Fig. 5 DSC thermograms of (Poly(N1222)zNa1-z[AMPS]) ionomers with different 

mol% of Na 

 

Ionic Conductivity 

The Nyquist plot for the ionomer containing 10% Na+ 

(Poly(N1222)0.9Na0.1[AMPS]) at 373 K (below Tg) and at 403 K (above Tg) are 

presented in Fig. S1. Below Tg, two semicircles can be observed, indicating two 

conduction processes might be present. In order to calculate the total conductivity 

of the ionomers, the conductivity data has been fitted with a series circuit as 

depicted in Fig. S2. Similar observations were encountered in the copolymer 
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system discussed in our previous work19, where two distinguishable semicircles 

appeared in the Nyquist plot below the Tg of the samples. However, in the 

homopolymer system, the two semicircles are not as clearly separated, which 

might again reflect greater homogeneity. However, some degree of inhomogeneity 

can still be detected at the microscopic level as will be discussed further below. 

Fig. 6 presents the Arrhenius plots of each of the ionomers with various 

compositions, from 0 to 100% Na, with arrows showing the Tg region in each 

case. From this data, it can be seen that the 50% and 100% Na samples show very 

low conductivity, consistent with a high Tg, and probably due to strong 

associations of Na+ to the sulfonate anion on the ionomer backbone, that leads to a 

reduction of the segmental motion of the ionomers as previously reported 

elsewhere.19, 29, 33 

 

On the other hand, below 20% Na+, the ionic conductivity shows curvature 

consistent with Vogel-Tamman-Fulcher (VTF) behavior7, 35. VTF behaviour 

suggests that migration of the ions in the ionomer systems is similar to ionic 

conduction observed in the case of a liquid. If the ionic conductivity follows VTF 

behaviour, the plot of log conductivity versus 1000/(T-To) should present a 

straight line. In order to confirm this, we show log conductivity versus inverse 

temperature of (T-To), where To was taken from the fitted VTF parameter value as 

depicted in Fig. S3. A straight line (with a regression coefficient of 0.999) can be 

observed from this plot, indicating the ionomers containing less than 20% Na+ 
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indeed follow VTF behaviour over this temperature range. The values of the fitted 

VTF parameters are summarized in Table 1.  

 

Table 1 VTF ionic conductivity parameters for (Poly(N1222)zNa1-z[AMPS]) 

Na+ (mol%) Log σo/S cm-1 B/K To/K R 

0 -5.2±0.1 -140±22 311±6 0.999 

10 -5.2±0.1 -132±9 324±2 0.999 

20 -2.4±0.9 -912±317 245±27 0.999 

 

Furthermore, a measureable conductivity can be observed below Tg for all 

samples, which indicates the ionic conductivity is again increasingly decoupled 

from the segmental motion of the polymers.   Fig. 7 normalizes the temperature by 

the DSC Tg, showing that the segmental motion of the ionomer backbone is not 

the sole source of improvement in ionic conductivity. A remarkable finding is that 

the conductivity at fixed Tg/T shows 10% Na+ possesses the highest ionic 

conductivity among all the systems studied here.   This is consistent with the 

behavior we previously observed in the copolymer ionomers where 10% Na+ 

shows the highest conductivity of all the samples investigated19. Hence it appears 

that incorporation of two cations leads to favorable properties for conductivity in 

these materials (both copolymer and homopolymer ionomer systems), especially 

for lower Na+ concentrations.  

 

As shown earlier, the conductivity at Tg as significantly greater than 10-12 S.cm-1 

commonly observed when conductivity is coupled to Tg. The low Na 
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concentration appears to be extensively decoupled in the case where N1222 cation 

replace the Na cation. Interestingly, previous work by Sokolov et al., has shown 

that, which the ionic conductivity can be coupled to Tg, there is still extensive 

decoupling of ion transport in some polymer electrolyte, as evidence from a 

comparison of structural relaxation due to local segmental motion and the ionic 

conductivity. In that work, Sokolov et al. correlated with the ionomer’s fragility36, 

37. They postulated that in polymers that possesses high fragility, ions can freely 

move throughout the loose structure resulting from frustrated packing, even if the 

structure has overall very slow segmental relaxation. Conversely, greater 

flexibility produces a more dense structure (i.e. well packed polymer chains), 

hence less fragile and mobility of ions only occurs when polymer segments are 

able to move. They also suggested that condensed structures (i.e least fragile) can 

form from well-packed, flexible chains and will show almost Arrhenius 

temperature dependence of the segmental dynamics, while strongly non-Arrhenius 

temperature variations can be exhibited by the frustrated packing of rigid chains 

from forming a loose structure (i.e very fragile systems). Thus it appears that the 

incorporation of a larger quartenary ammonium cation such as N1222 in the present 

ionomers leads to a looser packing of the polymer chains and hence higher 

fragility.  
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Fig. 6 Arrhenius conductivity plot of (Poly(N1222)zNa1-z[AMPS]) ionomers with 

various mol% of Na.  The arrows indicate the Tg for each system. 
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Fig. 7 Ionic conductivity of the ionomers as a function of Na+ concentrations and 

temperature normalized by Tg 

 

3. The effect of plasticizer into the poly([N1222][AMPS]-Na) ionomers 

 

The ionic conductivity of the 50% Na+ ionomer system 

(Poly(N1222)0.5Na0.5[AMPS])  is very low, consistent with a high glass transition 

temperature as discussed above. However, when the conductivity is scaled by the 

Tg, this system also shows some decoupling from the backbone structural 

relaxation.  An addition of 10 wt.% of plasticizer to the copolymer ionomer 

system showed that the ionic conductivity improved by three orders or 

magnitude19. We therefore also investigated the incorporation of plasticizer for the 

homopolymer system to observe if higher ionic conductivities can be obtained in 

this system. Fig. 8 (a) and (b) present the conductivity of plasticized ionomers in 

Arrhenius format and scaled with respect to Tg respectively. The Tg of the 

plasticized ionomers (arrows in the Arrhenius plot) does not change significantly 

compared to the unplasticized material, however, the ionic conductivity increased 

dramatically, up to three orders of magnitude, when the IL is incorporated as a 

plasticizer, and by one and a half orders when tetraglyme (G4) is added. 

Furthermore it appears that the ionic conductivity in thse plasticized systems is 

even more strongly decoupled from the Tg of the materials. The effect of IL 

plasticizer on the 10% Na+ ionomer system was also investigated and in this case 

the ionic conductivity increased by nearly a factor of 100, as can be seen in Fig. 8.  
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This additional increase may be at least in part due to the presence of additional 

ions from the IL. 

                                        (a)                                                                                       (b) 

Fig. 8 (a) Arrhenius conductivity plot of (Poly(N1222)0.5Na0.5[AMPS]) ionomers 

with 10 wt.% IL and tetraglyme (b) Ionic conductivity of the ionomers as a 

function of plasticizer and temperature normalized by Tg 
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Fig. 9 Arrhenius conductivity plot of (Poly(N1222)0.9Na0.1[AMPS]) ionomers with 

10 wt.% IL 

 

Morphology 

As discussed in the thermal properties and ionic conductivity sections, the broad 

glass transition observed and the presence of two semicircles in the Nyquist plot 

may reflect heterogeneity or phase separation within these ionomers. In contrast to 

the copolymer systems, the Tg is not as broad and the two semicircle also are not 

as clearly separated.  Interestingly, whereas phase separation was clearly visible in 

the copolymer systems using optical microscopy, this is not the case for the 

homopolymer systems discussed in the present work; thus the phase separation 

cannot be detected by optical microscopy, as seen in Fig. S4. However, to 

investigate whether phase separation might have occurred at a smaller length 

scale, or even at a nano level (given that we do observed two semicircle in the 

Nyquist plot), we performed micro- Raman Spectroscopy.  This provides sub-

micron spatial resolution to precisely choose the area of interest in which to carry 

out chemical analysis. The chemical mapping of polymer blends or composites, 

based on their characteristic Raman peaks, can be used to probe the domains of 

phase separated polymer blends with phase domain sizes as small as ~200nm38.  

 

Before mapping, the ionomer samples were positioned in the laser focus using a 

video camera and white-light illumination. A suitable region was chosen that 

appeared relatively flat. Preliminary studies on the spectra of the three ionomers 
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(0%, 50% and 100% Na+) showed that there was very useful information in the 

1500 – 300 cm-1 spectral regions (Fig. S5); therefore, spectra were only collected 

in this region to reduce the measurement time. Fig. 10 (a) presents the fine raman 

map of ionomers from 1100 – 600 cm-1.  The presence of bright and dark regions 

can clearly be seen, indicating phase separation might have occurred in this 

ionomer.  

 

The phase separation observed in Raman imaging results was also verified by 

SEM observation of the (Poly(N1222)0.5Na0.5[AMPS]) sample, as shown in Fig. 10 

(b). In this case we observe the presence of dark and bright areas, and the bright 

areas represent a ‘network’ that correlates well with the bright regions from the 

Raman imaging results.  

 

 
(a) 
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(b) 

Fig. 10  (a) fine map of ionomers from 1100 – 600 cm-1 (b) SEM images of the 

50% Na+ ionomers 

 

CONCLUSIONS 

Notwithstanding the strong decoupling behavior, the ionic conductivity of the 

ionomers investigated in this work is still too low for them to be considered for 

practical devices.  In part this is due to the relatively high Tg values and also to the 

strong ionic interactions between the sodium and the conduction sites available for 

the sodium ions to ‘hop’ between. Introduction of plasticizer into the ionomers 

significantly increased the ionic conductivity, by up to three orders magnitude. In 

this paper, we also showed that a bulky ionic liquid cation is necessary in order to 

reduce the electrostatic interchain interactions. It is therefore possible to 

synthesize copolymer ionomers with a bulky ionic liquid counterion, while 

preserving the decoupling properties. If these two factors are adequately 
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addressed, copolymer ionomers should be promising candidates for realizing 

single ion conduction with high ionic conductivity in solid-state electrolytes.  
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Fig S1 Nyquist plots of (poly(N1222)0.9Na0.1[AMPS]).  Na at 303 K and 403 K 
 
 
 
 

 
 

Fig S2 Series circuit for fitting two semi-circles of impedance data 
 
 
 

 
 
Fig S3 Plot of log conductivity versus 1000/(T-To) of poly((N1222)0.9Na0.1[AMPS]) 
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Fig S4 Optical microscope images of (Poly(N1222)zNa1-z[AMPS]) ionomers with 
various mol% of Na (a) 10% (b) 20% (c) 50%. 
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Fig S5 Raman spectra of (Poly(N1222)zNa1-z[AMPS]), z=1.0, 0.5, and 0.0 
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5.1 Conclusions 
 

Solid - state, sodium ion containing, ionic liquid based electrolytes were 

successfully prepared and characterized in this work. This study has shown that 

these sodium-based materials have the potential to make conductive, safe and low-

cost solid-state electrolytes that are promising candidates for secondary sodium 

battery applications.  

 

The main outcomes of this study are as follows: 

i. The formation of a silica network by a sol-gel process in an ionogel does not 

affect the dynamic properties of the entrained IL, particularly at low content 

of silica. This has been confirmed by several observations: the ionic 

conductivity of 3 wt.% silica is close to that of the pure IL, and the glass 

transition temperature does not significantly change as silica content 

increases. ATR-FTIR and solid state NMR analysis also indicate the 

formation of the silica network does not change the chemical environment 

of the IL. The high thermal stability of the IL is maintained, even at high 

loading of silica in the ionogel. 

ii. The ionic conductivity of sodium containing ionic liquid electrolytes was 

shown to be marginally lower compared with analogous lithium-ionic liquid 

electrolytes. The deposition and dissolution of both sodium and lithium has 

been observed through cyclic voltammetry analysis of these electrolytes. We 

conclude that sodium-ionic liquid electrolytes can potentially be good 
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electrolytes for secondary sodium battery applications since they may 

overcome the safety problems associated with conventional solvent based 

electrolytes. 

iii. Gelled sodium-ionic liquid electrolytes were successfully obtained by (i) 

dispersion of nano-particle fumed silica, or (ii) radical polymerization of 

MMA monomer in the IL. The formation of the gel does not significantly 

affect the ion dynamics in the gelled ionic liquid; the ionic conductivity was 

found to only slightly decrease as the physical properties changed from 

liquid to gel. Plating and stripping of sodium metal was observed in the case 

of the silica gel electrolyte.  

iv. For single ion/mixed sodium-ionic liquid cation conductor systems, we 

found that both copolymer and homopolymer ionomer systems show the 

conductivity is increasingly decoupled from the Tg of the ionomer systems 

as Na+ concentration decreased. In these systems, the 10% Na+ sample 

shows the highest conductivity of all systems (even 0% Na+), thus it appears 

that mixing two cations leads to favorable properties in terms of 

conductivity. Moreover, we also showed that a bulky ionic liquid cation is 

necessary in order to reduce the electrostatic interchain interactions 

 

In conclusion, in this study we are successfully develop various promising 

electrolytes for sodium energy storage applications, which can be an alternative 

system to the high demand of lithium batteries.  
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5.2 Future Work 
 

In order to develop the potential of these promising results of sodium-ionic liquids 

electrolytes for sodium energy storage applications, these are some directions for 

future work: 

i. To further study sodium ion mobility in gel electrolytes, Na+ transport 

should be studied by NMR diffusion techniques. Also, the transference 

number of Na+ also can be calculated from a combination of a.c. impedance 

and d.c. polarization techniques. 

ii. Battery testing on both liquid and gel sodium-ionic liquid electrolytes can be 

done to evaluate their performance in practical application. 

iii. The effect of diluents on the properties of gel electrolytes would make an 

interesting study, especially to determine their effect on the ionic 

conductivity and to potentially increase sodium mobility in the electrolytes. 

Propylene carbonate or ethylene carbonate would be promising diluents to 

use since they have been shown to increase the ionic conductivity in 

conventional gel electrolytes.   

iv. From our study in only cation ion conductors section, we proved that 

mixing two cations increases the ionic conductivity of the ionomer system 

and it was found that the copolymer system possesses higher conductivity 

than homopolymer system. Moreover, a bulky ionic liquid cation is 

necessary to reduce the electrostatic interchain interactions. It is therefore 

possible to synthesize copolymer ionomers with a bulky ionic liquid 

counterion, while preserving the decoupling properties. If these two factors 
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are adequately addressed, copolymer ionomers should be promising 

candidates for realizing only cation ion conductors with high ionic 

conductivity in solid-state electrolytes.  

 




