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Abstract 

Ionic liquid gel materials offer a way to further utilise ionic liquids in technological 

applications. Combining the controlled and directed assembly of gels, with the diverse 

applications of ionic liquids, enables the design of a heady combination of functional 

tailored materials, leading to the development of task specific / functional ionic liquid gels. 

This review introduces gels and gel classification, focusing on ionic liquid gels and their 

potential roles in a more sustainable future. Ionic liquid gels provide the ability to build 

functionality at every level, the solid component, the ionic liquid, and any incorporated 

active functional agents. This allows materials to be custom designed for a vast assortment 

of applications. This diverse class of materials has the potential to yield functional materials 

for green and sustainable chemistry, energy, electronics, medicine, food, cosmetics, and 

more. The discussion of the development of ionic liquid gel materials for applications in 

green and sustainable chemistry centres on uses of ionic liquid gels in catalysis and energy.   
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1. Introduction 

The gel state: gel classification 

A substance is described as a gel when there is a liquid phase dispersed in a continuous solid 

phase. A gel is a colloid, and as such is one of the eight combinations of solid, liquid and gas 

as defined by the term colloidal system, dispersion or solution.1 

The term gel is thought to come from a contraction of the word gelatine and is often 

attributed to Thomas Graham, a 19th century Scottish chemist recognised as the founder of 

colloid chemistry.2,3 Gels are often difficult to classify because a gel can be soft, solid or 

liquid-like. In order to qualify as a gel the material must be crafted from two or more 

components, one of which is a liquid, present in a considerable quantity.4,5  

The term gel is used ubiquitously in daily life to describe a material with behaviour lying 

somewhere between that of a solid and a liquid, and this rather general description has led 

to considerable confusion as to what comprises a gel state.6  There are some fundamental 

criteria that have to be met before a material can be considered a gel.  

• Heterogeneous – a two (or more) component system composed of a liquid and solid 

(solid component not visible to the naked eye).  

• Solid-like properties - sustain shear stress. 

• The presence of a 3D network.  

In addition to these qualifying properties often a liquid to gel transition is observed. A gel 

therefore can be recognised as a two phase heterogeneous mixture of a solid and a liquid 

which through self-assembly / bond formation (physical or chemical) is organised into a 

liquid dispersed phase and a solid continuous phase. The continuous solid phase can be a 

variety of solids from thread-like to spherical. The microstructure of a gel arises from 

attractive forces between at least one of its components forming a percolated network.7 

Gels can be classified in many ways, the most common ones being classification according to 

the nature of the interactions, physical and mechanical properties (rheology), nature of the 

solvent, and nature of the solid.  

Classification of gels:   

Nature of the interactions (physical and chemical) (fig. 1). 
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Physical interactions occur when the nature of the interactions between the components 

are non covalent, including interactions such as hydrogen bonding,	π	π interactions or π 

stacking, and Van der Waals, which lead to self-assembly into a 3D network. Chemical 

interactions involve covalent bonds to form the structure and lead to a more permanent 3D 

network. Of course as in all classifications there are situations where there are exceptions. 

In some cases the chemical and physical processes work together to form the final 

structure. e.g in sol-gel processing.  

Fig. 1 classisification of gels by nature of interactions 

Mechanical properties / Rheology. 

Rheologically a gel can be defined as an intermediate state between liquid-like rheological 

behaviour and solid-like rheological behaviour. Since a gel consists of a liquid and solid in 

varying quantities the mechanical behaviour can rest anywhere between Hookean (solid 

and elasticity) and Newtonian (liquids and viscosity). But even within this there is variety 

depending on the elasticity of the solid and the viscosity of the liquid. Kramer and co-

workers6 gave a rheological description of a gel as a material having a storage modulus, 

G'(ω), which exhibits a pronounced plateau (in the order of seconds) and a loss modulus, 

G"(ω), which is considerably smaller than the storage modulus in the plateau region.6,4,5  

Nature of the solid. 

Flory in 1974 distinguished categories of gel based on the nature of the solid phase.8 The 

solid (continuous phase) component of a gel is often referred to as the gelator. 

Contemporarily gels are often grouped into three categories colloidal, molecular 

(supramolecular), and polymer (macromolecular) (fig. 2). Kramer and co-workers6 in a 

personal communication with M. Djabourov postulated that materials “heterogeneous to 

the naked eye or at low magnification in a microscope cannot be accepted as gels.” 

Fig. 2  Gel classification by nature of the continuous (solid) phase. 

Colloidal gels. 

A colloid is an entity larger than a molecule but smaller than the bulk phase, typical size 

ranges from 10-9 to 10-6 m . Soft matter/gel microstructure can be achieved via the 

dispersion or growth of discrete colloidal particles in a liquid that causes the liquid phase to 

become dispersed in the solid phase thereby forming a gel.  The colloid can be any material 
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polymer, ceramic or atomic, and the colloidal particles can be a variety of shapes commonly, 

platelets, rod shaped, and spherical. (fig. 3) 

Fig. 3 Types of continuous phase (A) macromolecular (B) colloidal (C) molecular 

Molecular / supramolecular gels.  

This type of gel has been described in many different ways. The nature of the solid 

component of the gel (the gelator), can be described as molecular.9  Examples of low 

molecular weight gelators (LMWGs), also known as low molecular mass gelators (LMMGs), 

and low molecular weight organic gelators (LMOGs) for organic solvents10,11,12,13,14,15  are 

plentiful. For a more comprehensive discussion on molecular / supramolecular gels there 

are a number of recent16,17,18,19,20,21  and early reviews,22,23 and books24,25  in the area. The 

field of LMWG specifically for water (hydrogels) has been reviewed specifically.26  In all cases 

the molecules aggregate / self assemble into the solid (continuous phase) of a gel trapping 

the liquid (dispersed phase) within the structure. In general gelators that have a molecular 

mass less than 3000 are considered in this category. Molecular gelators are small molecules 

which interact with each other in a solvent to form a self assembled 3D network capable of 

trapping a solvent, thereby forming a gel. The network arises from the supramolecular self-

assembly of the low molecular weight molecules by strong non covalent interactions 

between molecules such as π stacking, hydrogen bonding or Van der Waals forces. The 

solvent can be trapped due to surface tension, physical interaction or a combination of 

both. The stability of a gel formed in this manner is dependent on the interaction of the 

molecules with each other and the solvent. Many gelators of this type were initially 

discovered by chance observation. As more is understood about the nature of 

supramolecular gel formation, molecules are being designed that have the ability to gel a 

wide array of solvents. Some interesting hybrid inorganic organic gelators are being 

discovered, one interesting example is of a ferrocene containing gelator with tunable 

gelation properties.27 Proteins and peptides are also being investigated as gelators, and an 

example of the cooperative self-assembly of peptide gelators and proteins28 was reported. 

Many initial observations of molecular and low molecular mass gelators were based on 

chance observations on heating and cooling, but gels of this type are now being studied in a 

more methodical approach. The design of molecules that can act as gelators and the 

addition of functionality to existing gelators are exciting directions and challenges. LMMG / 
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LMOGs are being found that can gel solvents under other conditions such as photo 

irradiation, sonication, chemical or electrical stimuli.29 

Polymer (macromolecular) gels. 

Polymer gels are gels in which the solid component (continuous phase) is formed by a 

polymer. Distinct from colloidal polymer spheres / shapes in this case the long chains of a 

polymer can assemble to trap a liquid forming a gel. This can be achieved by either physical 

or chemical means. Interactions between the chains can occur as a property of the polymer 

chain itself, forming physical gels. Gels can also be formed on the addition of crosslinkers 

between the polymer chains which, when in place, cause the liquid phase to become 

trapped within the crosslinked matrix.30  

Nature of the solvent / liquid. 

Another classification of gels comes from the descriptor determined by the nature of the 

liquid component (fig. 4). 

Fig. 4  Gel classification by nature of the dispersed (liquid) phase. 

Gels are termed organogels when the dispersed phase (liquid trapped) is an organic solvent, 

oleogels when the dispersed phase is oil, polymer liquid gels when the liquid phase is a 

polymer and hydrogels when the dispersed phase is aqueous. Most hydrogels are formed by 

polymer networks and crosslinked polymer networks, usually surface modified to enhance 

hydrogen bonding interactions, thus trapping water in the matrix. These are the most 

common gel type found in everyday life such as food, cosmetics, and nappies. So ubiquitous 

are the presence of these materials in daily life that the word gel has become synonymous 

with polymer hydrogels. More and more hydrogels are being designed and discovered and 

the level of complexity is increasing.31  Hydrogels can range in properties from low to high 

mechanical strength,32 from low tack to highly adhesive,33
 have shape memory,34

 and are 

capable of converting chemical energy into mechanical energy.35  

Sometimes the solid phase is the polymer and sometimes the liquid phase is the polymer, 

this is a good example of how tricky the classification of gel systems can be. For example a 

poly(ethyleneglycol) (PEG) hydrogel is where the PEG polymer is the solid continuous phase, 

and water is the dispersed phase, but a PEG gel can also be where PEG is used as a viscous 

liquid and solvent for the sol-gel processing of silica,36 (Fig 5) in this case it is the dispersed 

liquid phase.37,38,39 

Fig. 5 (PEG) silica Gels 
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Removal of the solvent / liquid. 

Removal of solvent from the gel structure leads to a further gel classification. Three 

situations arise with the removal of solvent. These states are well known, and the following 

names have become the standard to describe materials that were once a gel, but have the 

liquid (dispersed phase) removed from the solid (fig. 6).  a) aerogel, in which the solid 

network remains in tact post removal of the liquid phase. b) xerogel, where removal of the 

liquid phase causes some internal restructuring due to collapse of the delicate internal 

structure by evaporation and capillary forces. c) ceramic / dense closed structure, where 

solvent removal leads to the total collapse of any internal structure. The ability of some 

polymers to expand in solvent allows the solvent to be removed and reintroduced allowing 

a reversible gel to be formed.  

Fig. 6 Structures formed on solvent removal aerogel, xerogel, and ceramic / dense closed 

structure 

Gel formation. 

Bond percolation theory,40 fractal theory41,42  and DVLO theory43 have been used to model 

the formation of different types of gel. Percolation theory is the science of random ordering. 

In the case of gel formation it defines the random aggregation of the solid phase within the 

liquid phase which results in the trapping of the liquid phase. At the gelation point an 

infinite cluster is created that spans the whole system. The gel point is the point at which 

the aggregated solid phase has trapped in all the liquid phase by the connection of solid 

with solid spanning the container. At the gel point the liquid to solid transition occurs and a 

gel is formed. A gel is generally considered to have a low volume fraction of structuring 

agent or dispersed phase, such that there is an interconnected network structure. Therefore 

a gel can be considered to be a percolated solid.  A gel is often described as a percolated 

network structure that typically arises due to attractive interactions between at least one of 

its components.44   

The sol-gel process. 

Special mention is made here of the sol-gel process. This method combines both chemical 

and physical interactions to form a final gel structure. The term sol-gel has come to describe 

the low temperature processing of inorganic and inorganic-organic hybrid ceramic and glass 

materials. Sol-gel has been developed since the mid 1800s for the synthesis and formation 

of colloidal materials through the hydrolysis and polycondensation of alkoxides.41,45 
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Typically the precursors are dissolved in a suitable solvent and hydrolysis and condensation 

reactions are catalysed, typically by the presence of an acid or base in the starting solution. 

Inorganic and hybrid organic inorganic colloids can be formed using this approach. Colloidal 

particles are formed through successive hydrolysis and condensation reactions, resulting in 

a dispersion of colloidal solid in the solvent termed a sol. If the reactions are arrested at this 

point discrete particles are formed and can be isolated. The sol in turn aggregates to form a 

solid network which traps in the solvent, resulting in a gel (a sol to gel transition, hence the 

name sol-gel). This method leads to the formation of a gel state which is made up of a 

network of colloidal particles in which a liquid is trapped. After this the material is left to age 

and form a stronger structure (Fig. 7). The sol-gel method has been utilised to create many 

materials for a wide array of applications. This elegant method allows the bottom up 

formation of materials by mixing and reacting of precursors, which then leads to secondary 

gel formation.  

Fig.7 Sol-gel process 

For example a typical traditional preparation of a silica gel using this method can be 

achieved by the dissolution of a silicon alkoxide (e.g tetraethyl orthosilicate, TEOS) in alcohol 

(solvent), upon addition of a catalyst (either acid or base), forming a silica sol in alcohol. The 

sol aggregates and assembles into a gel trapping in the solvent. A gel in this state is an 

alcogel. The structure and size of the pores of the gel are determined by the solvent used, 

and the relative concentration of the solid and liquid components. Removal of the alcohol 

by evaporation leads to the formation of a xerogel. In this state some of the open porous 

structure is lost and the material becomes denser.  Removal of the alcohol by supercritical 

drying with CO2 forms an aerogel, as the material retains its porosity. This is possible as 

drying supercritically allows the removal of the alcohol with minimum capillary forces acting 

on the internal structure of the solid network, allowing the porosity of the network to 

remain intact (fig 6). Irrespective of the starting alkoxide, the sol-gel process creates 

colloidal powders with controlled morphology, these colloidal particles exhibit the ability to 

aggregate to form a gel in a solvent. This low temperature approach to materials 

preparation is a versatile method and has been applied in many diverse applications. 

Processing from the sol state can produce many material forms, from fibres through to 

dense ceramics and aerogels. Percolation theory, and the closely related fractal theory are 

used to explain the growth and style of gels formed.41  
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2. Ionic liquid gels  

From the most basic viewpoint ionic liquid gel materials comprise two components, an ionic 

liquid, and a continuous solid phase. 

Ionic liquids. 

Ionic liquids (ILs) are salts that are liquid. Just like common everyday salts they consist of 

positive (cation) and negative (anion) charges bound together by electrostatic interactions. 

However unlike solid salts that pack neatly together to form a crystalline structure, ionic 

liquids are composed of ions that do not pack well together, allowing a freedom of 

movement, and thus allowing the salt to take on the property of flow. The ionic liquid can 

be considered as a sea of charges incapable of organising into a highly regular structure, 

while still maintaining strong associations with each other (Fig. 8).  

Fig. 8 Common ionic liquid cation and anions 

A large combination of salts (1018 ionic liquids are theoretically possible)46 can be combined 

and functionality can be introduced on the anion or the cation, thus allowing tailored 

functional ionic liquids. The wide range of possible cations and anions means that the design 

of ionic liquids for functional applications is a dynamic area.  

The beauty of ionic liquids is that virtually anything is possible. Many functional ionic liquids 

are being developed with a wide array of possible applications in mind. In the literature one 

can find a diverse range of ionic liquids and ionic liquid applications. Ionic liquids can be 

tailored to exhibit extremes of behaviour: to support cells and enzymes47,48  or kill 

microbes,49 have functional pharmaceutical therapeutic ability50,51 and be used in drug 

delivery,52 or have toxic tendencies,53 facilitate the cleanup and removal of environmental 

pollutants such as CO2,54,55,56 for metal extraction57,58,59,60,61 but with misuse can have the 

potential to cause environmental damage,62 designed to be biodegradable63,64,65  made from 

renewable resources such as amino acids66  or biomass,67 or made to be durable and long 

lasting. Ionic liquids can be hydrophobic, hydrophilic, acidic or basic. Research in to ionic 

liquids has led to the design of task specific / functionalised ionic liquids61 tailored explicitly 

for many applications, catalysis68,69,70 electrochemistry,71  conductivity,72 and perfume 

delivery.73  The use of ionic liquids in green chemistry was described in 200074 and since 

then the area has expanded in many directions, both in academia and in industry.75,76 New 

ionic liquids are designed daily, and many new directions will continue to be discovered. 
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However liquid is not always the most desirable phase for a given application. The use of 

ionic liquids in some applications is dependent on the ionic liquid being a liquid, however 

there are applications which would benefit from the tailored functionality of an ionic liquid, 

but require that the functional component be a solid. Gel materials allow the functionality 

of the ionic liquid to be utilized by providing a more solid / semisolid structure (the 

continuous solid phase) whilst retaining liquid mobility within the dispersed liquid phase. 

What is now being understood is that the confinement of ionic liquids within pores or on 

thin films has a direct influence on the ionic liquid. Ionic liquid gels can offer the design of 

materials with controlled material strength from soft solid to solid and with varying pore 

sizes / shapes and surface interactions. The mobility of the liquid within the pores, and 

ordering of the ionic liquid have led to enhancements seen in catalytic activity,77 charge 

transport,78and electrical conductivity.79,80  When in the gel state ionic liquids can be 

compelled to order when subjected to a confined space and / or an electric field80,81,82 and 

show bulk liquid dynamics83 or enhanced charge transport in nanoconfinement.84,85  

Confinement in silica can also influence the melting point of the IL.83 This has been proposed 

to occur because the pore size changes the anion cation distance.86 Ionic liquids can show 

order in the liquid phase, ionic liquids are so varied that all types of liquid structure can 

exist. Influences such as the strength of charge between the cation and the anion, polarity 

of the molecules, the nature of any substituent groups, and whether the molecule is 

amphiphilic or nonamphiphilic, all contribute to the manifestation or absence of structure. 

Other influences such as temperature, and presence of solvent, can also change the self-

assembly in the bulk phase. Ionic liquids can show surfactant behaviour, co-surfactant 

behaviour and liquid crystallinity,87 and show structures from bicontinuous, and micellar to 

liquid crystal, and transitions from micelles to vesicles or ribbons have been observed. 88 A 

recent review on structure and nanostructure in ionic liquids discussed known observed 

morphologies.89 Interaction of an ionic liquid with a charged surface has been observed to 

further influence the self-assembly of the ionic liquid, by both experimental and theoretical 

study. 80, 90 Ionic liquid gel materials can provide a myriad of ways to confine / entrap and 

study the organisation of the ionic liquids when confined, and their study will offer new 

possibilities for ILs in catalysis, energy, and sustainability as these structure function 

relationships are better understood and controlled.  
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Ionic liquid gel: classification 

Ionic liquid gel materials offer a symbiosis between the dispersed ionic liquid phase and 

solid continuous phase. The liquid dispersed / trapped inside a solid retains the function of 

the ionic liquid and therefore the gel can retain the favourable properties of ionic liquid, 

such as thermal stability and negligible vapour pressure, combined with the practicality of a 

solid. Generally these confined ionic liquids retain or display enhanced functional properties 

when contained within a gel material. The ionic liquids can play both a structural and 

functional role.  

This section will overview the different types of gel based ionic liquid material seen in the 

literature. The papers have been chosen to highlight examples of historical significance, and 

papers of special interest to catalysis and energy.  

Ionic liquid gel: nomenclature. 

Using the current classification of gels by nature of the solvent, (fig 4) gels within which the 

liquid component is made up entirely of ions (an ionic liquid), can be classified as ionic liquid 

gels or ion gels.  

FIG 4 Gel classification by nature of the dispersed (liquid) Phase. 

In the field of ionic liquid materials many naming systems are being adopted simultaneously 

to refer to ionic liquid gels, and these differences in terminology make this a difficult subject 

to reference.  In many cases these terminologies suffer from the further complication that 

the same name can be used to describe materials that contain an ionic liquid, irrespective of 

whether the ionic liquid is immobilised by post treatment of a pre formed solid with an ionic 

liquid,91 or contained within a network (gel).92 In this review it is our intention to cover as 

many differently named variants as possible, ionic liquid and gel, ion gel(s), ionogel(s), ion-

gel(s), ionic gel(s), confined ionic liquid(s), supported nanoliquid(s), ionic liquid templated 

material(s), ion jellys and bucky gels, to get a fuller picture of what is being reported. 

Further complexity comes from the fact that sometimes the newer term ionic liquid is 

interchanged with the wider term molten salt.93,94  The use of other closely related materials 

to ionic liquids such as deep eutectic mixtures / deep eutectic solvents (DES)95,96  

zwitterionic liquids (ZIL)s and alkali metal ionic liquids (AMILs) 97 can make finding the full 

range of gel materials made from ions difficult. 

The most frequently used term is ionogel, commonly used to describe silica gels containing 

ionic liquid made by the sol-gel process.98   Sol-gel derived ionic liquid gels in which a large 
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percentage (>10%) of the IL remains in the material are termed ionogels. 99 However the 

term ionogel is also used more generally to describe any ionic liquid containing material, 

irrespective of the nature of the gelator,98 (colloidal, polymeric or supramolecular).  In yet 

further usages ‘ionogel’ has been used extensively to describe materials that contain an 

ionic liquid confined within a polymer matrix (polymer gelator),100 for a gel formed by 

supramolecular self-assembly with a LMWG,101 and in the preparation of materials where a 

porous carbon structure is first formed and backfilled with an ionic liquid.102  The term 

ionogel has also been used to describe a material generated from an ionic liquid with silicon 

alkoxide (triethoxysilane) functional groups attached to the imidazolium cation, so that the 

cation of the ionic liquid is involved in the network formation. The anion is associated with 

the surface and often an additional silica precursor is added to enhance rigidity.103 In this 

case the ionic liquid is acting as a liquid phase as it is part of the solid phase.  This has led to 

different interpretations of the term ‘ionogel’ depending on the research community.   

The term ion gel has been used to describe ionic liquid incorporated through the self-

assembly of a triblock copolymer in a room temperature ionic liquid104 or prepared by in situ 

radical polymerization of vinyl monomers in an ionic liquid105 to describe the dispersion of 

colloidal particles in an ionic liquid leading to the formation of a gel such as the dispersion of 

silica nanoparticles made in ionic liquid.106 The related term ionic gel was used to describe a 

quasi-solid state ionic gel for use in a dye sensitised solar cell (DSSC).107  The term 

‘supported nanoliquid’ was coined by Deng and co-workers in a paper which described a 

material with a sol-gel silica and an ionic liquid.108 Confined ionic liquids and ionic liquids in 

confined geometries are described in a number of different communications.80 Such 

confined ionic liquids have shown enhanced charge transport,85 bulk liquid-like mobility77, 

83,109 and displayed unusual spectroscopic behaviour in FT-IR and FT-Raman.110 In addition to 

these commonly adopted naming systems, there have been several studies that have 

adopted rare or one-off names. The term ion jelly was used to describe the formation of ion 

gels using gelatine as the solid (continuous phase of the gel),111,112 and the term bucky 

gels113 is used to describe gels made by the inclusion of carbon nanotubes into ionic 

liquids.114 Other examples include zwitterionic liquid compounds (anion and the cation on 

the same molecule) have been of specific interest in battery applications and polymer gel 

electrolytes from zwitterionic liquids have been synthesised.115 Gel formation with DES was 

shown by the use of DES to produce a hierarchical porous carbon monolith through the 
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polycondensation of formaldehyde DES gel and the transformation of this into a porous 

carbon material 600 m2
 /g a by carbonization.116 Similar techniques were used to form 

carbon and carbon nanotube composites where the DES was removed after initial 

templating, therefore the final material was not a gel but the formation of the gel lead to 

the templating of the porous microstructure.117  These ZIL gels and DES gels will continue to 

provide further examples of interesting materials for many applications. Similarly alkali 

metal ionic liquids (AMILs) have been reported as gels with a polymer as the continuous 

phase.118  Molten salt gel examples are found in the stabilization / solidification of 

radioactive molten salts.119  Further examples, one off names and acronyms are discussed 

and treated individually as they arise.  

Since the liquid component of the gels in this case are all ionic liquids or ionic liquid variants, 

a good way to differentiate between ionic liquid gels is by the nature of the solid 

component. Using the gel classification by nature of the gelator we find examples of each 

type of ionic liquid gel. The three gel systems are evident in the literature for the formation 

of ionic liquid gels: macromolecular / polymer, colloidal, and molecular (low molecular 

weight gelators (LMWG)). 

Macromolecular / polymer ionic liquid gels. 

Ionic liquid gels can be formed in a number of ways. Gels have been prepared by the in situ 

polymerization of vinyl monomers in an ionic liquid,105,120 and by dissolution and casting to 

form flexible membranes.121 In one example a gel was formed by in situ polymerisation of 

poly(ethyleneglycol) diacrylate with an ionic liquid, and the resulting material was referred 

to as a gelled ionic medium.122,123  Photoreversible polymer ionic liquid gels124 and 

thermoreversible125 polymer ionic liquid gels have been reported. The addition of actives 

into a polymer ionic liquid gel showed the ability to make magnetic gel materials termed 

MagIGs.126  These gels were prepared from Poly(N-isopropylacrylamide) (as the continuous 

phase), Trihexyl(tetradecyl)phosphonium Dicyanamide (IL), and dispersed iron oxide 

nanoparticles. Gels can also be formed from natural polymers (biomacromolecules). 

Kadokowa and co-workers synthesised a gel of chitin with an ionic liquid, (1-allyl-3-

methylimidazolium bromide)127 and chitin / cellulose128 where chitin/cellulose composite 

gels and films were made by dissolving chitin and cellulose in two ionic liquids, 1-allyl-3-

methylimidazolium bromide and 1-butyl-3-methylimidazolium chloride ([BMIM][Cl]). The 

mixture was heated and left to gel, which took 4 days. Gels have also been prepared using a 
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combination of chitin and agarose as the solid phase. 129 Ionic liquid gels have also been 

synthesised based on gelatin (ion jelly).111,112,130 

Colloidal ionic liquid gels.  

In the initial ionic liquid gels made by the sol-gel method the ionic liquids were used as a 

template and the ionic liquid was removed after the material was formed.131,132  In the same 

vein ionic liquids and DESs have been used successfully as templates in the preparation of 

mesoporous solids where the IL was removed after the material was prepared.133,134,135  As 

the IL was removed to reveal the intact porous structure, these materials are no longer 

considered to be in the gel state. The nature and amount of an ionic liquid contained in a 

silica ionogel has a direct influence on the structure of the solid continuous phase.136,137 Tin 

dioxide ionogels have also been formed using a sol-gel approach138 The formation of gels 

from ionic liquids and preformed silica particles gives rise to nanocomposite gel 

electrolytes,106,139,140  and similarly TiO2 spheres were used to prepare self assembled gels 

with ionic liquid,141 from a mixed system of emulsified [BMIM] 

bis(trifluoromethane)sulfonimide ([BMIM][NTF2]) and TiCl4 in an emulsion using methanol 

as the solvent and formic acid as the catalyst.  Nanocomposite quasi-solid electrolyte 

containing ionic liquids from hybrid organic inorganic sol-gel precursors known as ormosils 

(organically modified silica) have also been prepared.142,143  The inorganic oligomer 

poly(dimethysiloxane) (PDMS) was synthesized with triethoxysilylethyl terminated end 

groups. This sol-gel precursor was then used to form gels with 80% 1-ethyl-3-

methylimidazolium [NTf2]  ([EMIM][NTf2])144  Another example of modification of a sol gel 

alkoxide precursor involves the bonding of the cation of the IL to the silicon alkoxide 

forming a hybrid sol-gel precursor, (the anion is associated) the sol-gel precursor is mixed 

with TMOS and the sol-gel reaction is initiated. In this case there is no free ionic liquid acting 

as the dispersed phase and the only liquid present comes as a by-product of the sol gel 

reactions (ethanol and methanol).103  

The ordering of molten salts by the addition of carbon nanotubes has also been employed 

to form a gel,113,114 and modified graphene oxide ionic liquid gels have been reported.145  

The sol-gel synthesis of ionic liquid gels have been shown to have an influence on the 

particle size colour and structure of silica made by the sol-gel process.146  Gel materials for 

catalysis will be discussed in section 3:  

Molecular / Supramolecular Low Molecular Weight Gelators (LMWG)  
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Low molecular weight gelators (LMWG) are most frequently shown to have the ability to gel 

organic solvents and water creating organogels and hydrogels by self-assembly and physical 

interactions. The solvent used is volatile and loss of the solvent always results in a loss of 

structure in such soft systems. Replacing an organic solvent with an ionic liquid creates soft 

ionic liquid gels with longevity as the low vapour pressure of the ionic liquid stabilises the 

gel, and extends the possible uses of these LMWG gels. Kimizuka and Nakashima noticed a 

gelation occurring when they used an ether containing ionic liquid to dissolve amide-group-

enriched glycolipids.101 Again gels were formed with a cholesterol based structure with a 

2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl group as a gelator. The formation of a gel by this 

method requires the LMWG to be soluble in the liquid before the reorganisation and 

gelation occurs, however in this case the gelator was not soluble in the IL used (N,N’-dialkyl-

substituted imidazolium ions and N-alkyl pyridinium) and required a co-solvent (acetone), 

gelation occurred on evaporation of the acetone from the mixture.147   Ionic liquid gels as 

electrolytes will be discussed further in section 4. Quasi-solid-state electrolytes made with 

LMWGs, were made to combine the benefits of liquid electrolytes and solid electrolytes, 

and impart enhanced mechanical stability.148 LMWG ionic liquid gel made from a molecular 

gelator9 for  1-alkyl-3-methylimidazolium iodide (alkyl: C3-C9), were reported which showed 

temperature stability up to 85°C.149  Hanabusa  and co-workers150 also tested twenty-four 

kinds of ionic liquids with twelve kinds of LMWGs, and found two excellent gelators, both 

based on aspartame. Both molecules can gel ionic liquids at a minimum concentration of 

lower than 1 wt%. The ionic conductivities of the ionic liquid gels were very similar to those 

of the pure ionic liquids. In another example 12-hydroxystearic acid has been observed to 

act as a LMWG to form a gel with 1-hexyl-3-methylimidazolium [NTf2] ([HMIM][NTf2]).151 

Tan and co-workers have used bis(4-octanoylaminophenyl) ether, bis(4-

octanoylaminophenyl) methane and 2,4-bis(octanureido) toluene to gel ionic liquid, and 

they found that the electrochemical properties of the ionic liquid gels were similar to those 

of the pure ionic liquid.152 Grätzel and co-workers presented quasi-solid-state DSSC using 

the LMWG 1,3:2,4-di-O-benzylidene-ᴅ-sorbitol (DBS)153 to gel ILs as an electrolyte for a 

DSSC.154,155,156 LMWG of biological origin (amino acids) have also been shown to form gels 

with ionic liquids.157 Metallogelators, LMWGs containing a metal, are a subset of LMWGs.158 

Organometallic LMWG have been prepared from pyridine bridged 

bis(benzimidazolylidene)–palladium complexes. These carbene complexes have been shown 
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to be efficient low-molecular-mass metallogelators for organic solvents and ionic liquids 

(such as imidazolium, pyridinium, pyrazolidinium, piperidinium, and ammonium salts) at 

concentrations as low as 0.5 mg/mL.159 

Ionic liquids as gelators. 

There are examples of ionic liquids that have been reported as capable of acting as 

molecular gelators for organic solvents (organogelators). Organic salts have charge-assisted 

hydrogen bonds which are stronger than average hydrogen bonds in normal organic 

compounds160 and this plays an important role in self-assembly, gel formation, strength, 

morphology, and longevity. D’Anna, Noto and co-workers investigated the ability of some 

diimidazolium salts as LMWG for organic solvents.161 The ability of an ionic liquid to gel an 

organic solvent seems not to be determined by the cation structure, (alteration of the shape 

and size was investigated). However it was found that the overall properties and structural 

features of the obtained gel phases seem to be ruled by the anion properties. The gelling 

ability significantly improved on moving from mono to dianions. This is in agreement with 

what was found by Hanabusa and co-workers.150 In their study changing the cation had no 

effect on the ability of the gelator to form gels when the anion remained the same. Cross-

linked polymeric nanogels (CLPNs) have been reported, prepared by one-step cross-linking 

copolymerization of ionic liquids featuring geminal dicationic monomers and cross-linkers 

for the preparation of methanol organogels.162 The copolymerisation and cross-linking of 

tetrabutylphosphonium styrenesulfonate and tributyl-hexyl phosphonium 3-

sulfopropylacrylate, have been shown to form thermoresponsive poly(ionic liquid) 

hydrogels.163 Addition of poly(N-isopropylacrylamide) (PNIPAAM) into the gel enhanced and 

swelling and shrinking properties of these polymeric ionic liquid hydrogels.164 In these cases 

as the ionic liquid is the solid phase, they are not ionic liquid gels as the liquid phase is 

reported as water (hydrogel) or an organic solvent (organogel). Gels constructed from 

poly(ionic liquids) as the solid (continuous phase) and ionic liquid as the liquid phase have 

been shown to have applications as electrolytes.165 As ionic liquids can self-organise into 

bulk liquids, surfactants, liquid crystals or semi ordered / solids.89,166  The ability of ionic 

liquids to do this would indicate that some ionic liquids could themselves behave as gelators 

for solvents, and perhaps one ionic liquid could self assemble with another different ionic 

liquid to form domains where one ionic liquid acts as the liquid phase and the other as the 

solid continuous phase. 
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3. Ionic liquid gel catalysts for chemical 

transformations. 

Catalytic materials consisting of active catalysts entrapped in ionic liquid gels are discussed 

in the following sections. Catalysts which comprise ionic liquids layered on solid matrices, or 

ions covalently bonded to a solid are not covered. These systems, often referred to as SILCs, 

SILPS and SCILs, have been reviewed elsewhere.167,168,169,170,171,172 Also not covered in this 

section are the use of poly (ionic liquids) as catalysts. This has been also been reviewed 

elsewhere.173  Soft gels used in electrocatalysis will only be briefly mentioned, and will be 

discussed further in section 4.  

The entrapment of an active catalyst inside a solid oxide matrix by sol-gel methods 

was pioneered by Blum and Avnir174 in the 1990’s.175 The extension of the method to ionic 

liquid gels followed the introduction of ionic liquid based methods for the formation of silica 

gels in 2000.131 In the subsequent sections the catalysts entrapped have been classified as 

nanoparticle (supported metal) catalysts, organometallic catalysts, functionalised ionic 

liquids or biocatalysts. 

Nanoparticles entrapped in ionic liquid gels. 

Following the synthesis of catalysts by the sol-gel entrapment of Pd nanoparticles in silica 

assisted by supercritical fluids,176,177  in 2003 P.C. Marr and co-workers combined the facile 

synthesis of metal nanoparticles in ionic liquids, with the sol-gel method, to prepare 

catalytic gels.132 [Pd(OAc)2] (OAc = acetate) and PPh3 were heated in [BMIM][NTf2] to form a 

suspension of nanoparticles.178 These were subsequently entrapped in a stiff gel upon 

addition of TEOS, and formic acid (as the gelation catalyst). The aged and washed silica 

contained highly dispersed Pd nanoparticles of a fairly uniform size (approximately 2 nm 

diameter) at 0.37 wt% loading.  The catalytic activity was demonstrated for the Heck 

coupling of iodobenzene and butyl acrylate and the selective hydrogenation of 

cinnamaldehyde to hydro cinnamaldehyde (scheme 1). 
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Scheme 1 Heck Mizoroki coupling and hydrogenation catalysed by Pd nanoparticle doped IL 

gels 

The synthesis of Rh nanoparticles on silica by an analogous method was published by Marr 

and Marr in 2009 and the catalytic activity demonstrated for styrene hydrogenation 

(scheme 2).77  

Scheme 2 Styrene hydrogenation catalysed by Rhodium doped IL gels 

 A silica gel doped with Rh nanoparticles was prepared by entrapment of a Rh colloid, 

prepared by the thermal decomposition of a Rh(I) complex under hydrogen in [BMIM][NTf2], 

the material had a high surface area (563 m2g) and was an active hydrogenation catalyst, 

however lower activities and poorer recycling were observed than that obtained for 

catalysts prepared by entrapping Rh(I) complexes in analogous ionic liquid gels.77 Building 

on their extensive expertise on the synthesis of metal nanoparticles in ionic liquids, in 2007 

Santos, Dupont and co-workers published sol-gel methods for the preparation of silica 

doped with 0.1 wt% Rh(0) nanoparticles by ionic liquid assisted sol-gel methods.179   

Preformed nanoparticles were added in to mixtures for the preparation of [BMIM][BF4] 

silica gels from TEOS. Acid (HF or HCl) and base (NH4OH) catalysed routes were compared. 

The resultant gels were used as catalysts for neat 1-decene and cyclohexene hydrogenation.  

Acid catalysed synthesis was found to yield better catalysts. Catalysts could be recycled at 

least ten times without significant loss of activity and selectivity. The activity and stability of 

the catalyst was attributed to a higher quantity of co-entrapped ionic liquid. Later Pt 

nanoparticles were entrapped for benzene and aliphatic alkene hydrogenation (scheme 

3).180  

Scheme 3 Benzene hydrogenation catalysed by Pt nanoparticle doped IL gels 

Recently Ru nanoparticles in silica ion gels have been applied to the low temperature Water 

Gas Shift reaction (WGS)(scheme 4).181   

Scheme 4 Water Gas Shift catalysed by Ru nanoparticles in IL gels  

The gel preparation method was similar to that employed by Santos, Dupont and co-

workers. Ru nanoparticles were prepared by reaction of [Ru(NO)(NO3)3] with NaBH4 in 

[BMIM][BF4]. Again the materials prepared in acid were found to outperform those 

prepared using base. This is a rare example of a gaseous phase application of a gel catalyst. 

The catalyst, prepared by sol-gel in the presence of HCl, was found to outperform an 

analogous calcined mesocellular foam silica catalyst. CO conversion of 37.8% was achieved 
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at 140 °C. The catalyst exhibited high stability; after 25 h 36.2% CO conversion was 

achieved. 

Han and co-workers have prepared supported metal catalysts with hierarchical pores by 

employing a templating procedure.182  An ionic liquid - water - CaCl2 / MgCl2 gel was formed 

using 1-octyl-3-methylimidazolium chloride ([OMIM][Cl]), and used as a template for the 

formation of silica by sol-gel from TEOS. The chloride gel could be removed, and metal 

precursor ([HAuCl4] for gold catalysts and [RuCl3·3H2O] for Ru catalysts) reduced in one step 

using a solution of NaBH4 in water. The formation of small nanoparticles of narrow size 

distribution was observed.  The unique structure of the CaCl2 gel was believed to assist the 

formation of small metal nanoparticles.  Metal doping of 1-8 wt% was achieved. Catalytic 

activity was demonstrated for oxidative esterification (Au), oxidation of benzyl alcohol to 

benzaldehyde (Pd) (scheme 5) and hydrogenation of benzene (Ru).  High activities, 

selectivities and stabilities were observed. 

 Scheme 5 Oxidative esterification catalysed by Au nanoparticles in an IL gel with 

hierarchical pores 

The use of ionic liquid – water gels to template the formation of a silica supported metal 

nanoparticle catalysts created materials with unique structures that would be difficult to 

achieve by other methods. The presence of hierarchical pores maximises mass transfer, 

helping to create an active catalyst, whilst providing a stable system with low leaching.  The 

entire process, including metal entrapment and silica growth, was performed without 

intermediate separation; making the catalyst synthesis operationally simple.   

Safavi and co-workers183 demonstrated the application of nanoparticle doped ionic liquid 

gels to electrocatalysis. Ionic liquid (octylpyridinum [PF6] or imidazolium-based phosphinite) 

and Pd nanoparticle doped gels were coated on a carbon ionic liquid electrode surface by a 

sol-gel method from TEOS catalysed by HCl. Good electrochemical and electrocatalytic 

performances were demonstrated. Advantages of this composite coating, compared to 

conventional silica gel layers, included increased stability and crack resistance, and good 

mass transport and conductivity. 

The success of these methods can be attributed to the unique environment provided by 

ionic liquid gel materials. The ability of ionic liquids to enable the facile synthesis of metal 

nanoparticles is well known,173 and can be attributed to the stabilisation of the 

nanoparticles within the ionic liquid phase. The creation of an ionic liquid phase inside a 
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porous solid not only stabilises the nanoparticles, but also creates a heterogeneous catalyst 

that is simple to separate from the product mixture.   

Metal complexes entrapped in ionic liquid gels. 

In 2005 catalysts prepared by entrapment of metal complexes within ionic liquid-silica gels 

were introduced by Deng and co-workers,108 and Marr, Marr and co-workers.184  These 

methods were inspired by the catalyst entrapment methods developed by Blum and Avnir in 

the 1990’s.174,185 

Both groups employed acid catalysed gelation methods, and observed the reliable 

formation of stiff gels containing the metal catalyst precursor.  Deng and co-workers 

reported ionic liquid gel catalysts doped with  [RuCl2(H)(PPh3)2], [RhCl(PPh3)3], [PdCl2(PPh3)2] 

and [CoCl2(PPh3)3] for the carbonylation of amines and nitrobenzene (scheme 6).186 

Scheme 6, Carbonylation of amines and nitrobenzene catalysed by metal phosphine doped 

IL gels  

A range of ionic liquids were investigated including 1-decyl-3-methylimidazolium [BF4] 

([DMIM][BF4]), [EMIM][BF4] and [BMIM][BF4]. Use of the DMIM cation enabled the ionic 

liquid to be retained in the gel upon recycling. Deng and co-workers termed this class of 

catalyst “nanoliquid” catalysts,108 as the reaction is performed by a dissolved catalyst within 

the filled pores of a gel. Raman spectra revealed that the confined ionic liquid was affected 

by the unusual environment (pores). The gel doped with 0.11 wt % Rh and 35 wt % 

[DMIM][BF4] was found to be most active, giving up to 93% conversion and >98% selectivity, 

and turnover frequency of over 11000 h-1. Activity was enhanced relative to homogeneous 

operation. Upon recycling some loss of activity was observed. An analogous SILP system 

gave very poor results.186 Marr, Marr and co-workers developed a recyclable hydrogenation 

catalyst by entrapping [RhCl(PPh3)3] in an ionic liquid silica gel.145 The complex was 

entrapped within silica by employing a formic acid promoted gelation of TEOS in 

[BMIM][NTf2]. The catalyst was found to hydrogenate styrene in dichloromethane or 

toluene, with leach rates lower than the limit of detection. Facile recycling could be 

achieved without the need for intermediate treatment of the gel catalyst, this set these 

methods apart from previous gel catalyst systems. Initially the synthesis, catalytic activity 

and recycling were reported. In a later report77 the catalyst was characterised by a range of 

solid state techniques, including solid state NMR and XPS. This revealed the presence of 

ionic liquid before and after catalytic activity. The catalytic activity was compared to the 
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parent organometallic catalyst precursor. The average performance (by turnover frequency) 

was found to be greater in the gel than the initial rate of the homogeneous catalyst. The 

effects of changing parameters such as particle size were investigated, and the catalyst was 

shown to be active also for the challenging renewable substrate levoglucosenone.  

The unprecedented performance of this class of gel catalyst relative to homogeneous and 

traditional heterogeneous catalysts may be attributed to the creation of a unique 

environment inside the gel for catalytic activity. This is analogous to the action of enzymes, 

within which the active site operates ultra-efficiently due to specific intermolecular 

interactions in wet soft matter. The addition of ionic liquid to the traditional entrapped 

system will provide intermolecular forces akin to those provided by the enzyme 

polypeptide, and the confinement of the ionic liquid within the pores of the matrix provides 

local ordering effects. For reactions in which ionic liquid solvents provide a particular benefit 

(such as the carbonylation of aniline186) incorporation of the ionic liquid within a gel enables 

liquid like reactivity, whilst employing a much smaller amount of ionic liquid.  Furthermore 

the confinement can have the effect of creating a concentrated ionic liquid reaction 

environment, leading to enhancement of reactivity beyond that observed in the liquid 

phase.108, 186 These benefits are in addition to the advantages in separation gleaned from 

heterogenising the catalyst.  

The hydroformylation study of Hamza and Blum is worthy of mention,187 (although it does 

not apply the same methodology), as an example of the related tethering procedure for 

preparing catalytic gels. A recyclable gel catalyst for the hydroformylation of alkenes 

(styrene and derivatives) was prepared from tetramethyl orthosilicate (TMOS), 1-butyl-3-[3-

(trimethoxysilyl)propyl]imidazolium chloride, [Rh(COD)Cl]2 (where COD is 1,5-

cyclooctadiene), and sodium 3-(diphenylphosphanyl)benzenesulfonate dehydrate. High 

selectivity (>95%) towards branched products was observed (scheme 7).  

Scheme 7 Hydroformylation of vinyl arenes by an ionic liquid tethered gel doped with 

rhodium and phosphine  

The catalyst could be recycled without leaching for at least 4 runs. The formation of a 

recyclable catalyst was found to depend on the inclusion of both the silica and ionic 

components. This investigation highlighted the importance of the ionic component for 

stabilising and retaining the active metal dopant. Omission of the ionic component led to an 

unstable system.  
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Although tethering ions reliably produces a virtually leach-free system, there are major 

disadvantages over the lifetime of the catalyst. Tethering renders the catalyst more 

expensive and wasteful to prepare, with many more synthetic steps, and the spent catalyst 

is much harder to recycle. A major advantage of self-assembled catalytic gels is that the 

components can be removed and recycled after use. Many ionic liquid gels are stable in one 

solvent system (such as toluene), but unstable in more polar solvents, leading to facile 

extraction of the ionic liquid phase for reuse. 

In 2009 Pd(OAc)2 doped ionic liquid gels were reported by Vioux, Lavastre and co-

workers.188 The Heck–Mizoroki coupling of iodobenzene and ethyl acrylate; and 4-

vinylpyridine and 4-iodo-N,N-dibutylaniline (in toluene containing NEt3) was demonstrated, 

catalysed by Pd [BMIM][Br] ionogels in the presence and absence of PPh3. For the 

phosphine promoted system an active catalyst could be prepared with one tenth of the 

concentration of Pd. The catalyst was shown to be heterogeneous by hot filtration, and 

exhibited comparable activity to analogous homogeneous systems.  

Following on from an ion tethering method detailed by Pagliaro and co-workers189 a gel 

catalyst for the oxidation of alcohols was prepared by Tong and co-workers.190 The CuCl2 / 

TEMPO catalytic system was dependent on tethering TEMPO to an imidazolium cation, but 

the bulk material was a [BMIM][PF6]  silica gel prepared from TEOS with the addition of HCl.  

The oxidation of alcohols (most successfully benzyl alcohols) was affected in n-octane under 

1 Atm. of O2. The gel catalyst was reused 5 times, upon which the conversion gradually 

reduced, but the high selectivity to the carbonyl product was unaffected. 

Entrapped functional ionic liquid catalysts.  

Early in the evolution of ionic liquid gel catalysts Deng and co-workers191 introduced the 

concept of entrapped functional ionic liquid catalysts. This premise depends upon the 

retention of the ionic liquid within the matrix as the ionic liquid acts as the catalyst directly. 

As such this is the purest form of ionic liquid gel catalyst as it requires only two components, 

solid matrix and ionic liquid. 

Carboxylic acid functionalized imidazolium and pyridinium chloride, bromide, PF6
- and BF4

- 

ionic liquids were entrapped by a sol-gel method from TEOS catalyzed by HCl. These 

Brønsted acidic ionic liquid (BAIL) gel catalysts were used to deoximate aliphatic and 

aromatic oximes in acetone and water (scheme 8).  

Scheme 8 Deoximation of oximes catalysed by BAIL gels 
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In the following decade there followed reports of tethering acidic ionic groups onto silica to 

form catalytic gels, and acidic ionic liquids absorbed on the surface of silica; but little 

progress on the synthesis of recyclable ionic liquid gel catalysts.192,193,194,195,196  

It is good practice in green chemistry to attempt to remove reagents that may be 

superfluous in a synthesis or process, as every material used has an associated legacy of 

waste and energy consumption. Therefore it was logical to develop the synthesis of a gel 

catalyst that dispensed with an additional gelation catalyst, such as HCl in the Deng and co-

workers syntheses. To this end Marr, Marr and co-workers197  attempted the gelation of 

tens of BAILs in the absence of an additional promoter, and found that triethylammonium 

propanesulfone [NTf2] ([TEAPS][NTf2]), treated with TEOS formed stiff reproducible gels, 

that could be applied to liquid phase catalytic transformations in toluene. The excellent 

recyclability of the catalyst was demonstrated for the dehydration of rac-1-phenyl ethanol 

(scheme 9), and the gel-phase activity was proven by hot filtration test. The excellent 

retention of the ionic liquid was contrasted to the high leaching observed for an analogous 

SILP system. Solid state NMR revealed that the sol-gel synthesized ionic liquid gel contained 

a large proportion of silanol groups, these are able to hydrogen bond to the ionic liquid and 

assist the retention of the BAIL.  

Scheme 9 Dehydration of rac-1-phenyl ethanol catalysed by a BAIL gel 

These systems benefit from being two component catalysts. Their assembly is 

straightforward and low energy, and subsequent recycling of the ionic liquid involves only 

extraction using a polar solvent, leaving behind only silica. They have the potential therefore 

to be some of the “greenest” catalysts available. Panzer and co-workers198 showed that, in 

some cases, recovery of a hydrophobic ionic liquid from a silica matrix is achievable by 

submerging the ion gel in water. This is thought to be because the water competes for the 

silica surface, pushing the ionic liquid out. 

Entrapped biocatalysts. 

Ionic liquids have been shown to be excellent media for certain classes of enzyme.199,200,201  

This can be attributed to advantageous protection of the protein structure by the ionic 

liquid. This was swiftly verified, as merely coating of an isolated enzyme in an ionic liquid 

can improve the performance of the biocatalyst in organic solvents.202 

The entrapment of isolated enzymes within silica by sol-gel methods has been long 

established as a method of increasing the stability and making the biocatalyst easier to 
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handle.203  The combination of ionic liquid coating and silica entrapment is therefore a 

logical progression for the immobilisation of enzymes. Li and co-workers204 entrapped 

horseradish peroxidase (HRP) in [BMIM][BF4] doped silica by treating a TEOS solution with 

small quantities of an HCl solution.  The enzyme was entrapped whilst in phosphate buffer, 

(pH 6.86). Performance was compared with a gel prepared in the absence of ionic liquid. 

Compared to the traditional silica matrix, the ionic liquid gel afforded superior activity 

(specific activity was 30 times higher), and excellent thermal stability. 

Koo and co-workers205 demonstrated the stabilizing effect of an ionic liquid doped gel on 

Candida rugosa lipases.  A range of ILs were co-entrapped with the enzyme and tested in 

esterifications, the best results were observed with [OMIM][NTf2]. The difference in 

performance was even more marked, as the conventional sol-gel entrapment virtually killed 

the activity of the enzyme.  Later the same year the group published a modified procedure, 

employing a mixture of a more hydrophobic ionic liquid and a less hydrophobic one, HCl was 

still used as the gelation catalyst.206 

Highly recyclable enzyme doped gel materials were prepared by Ribeiro and co-workers.207 

Naringinase doped gels were prepared containing combinations of different ionic liquids 

and glycerol as co-dopants. TMOS and HCl were used to generate silica. Co-entrapment of 

glycerol was found to be beneficial. The stability of the entrapped enzyme depended on the 

cation used, with hydrophobic cations such as [OMIM]+ conferring the best recyclability. 

Hydrophobic anions such as [BF4]-, [PF6]- and [NTf2]- were also necessary to obtain the best 

performance. Protic ionic liquids (scheme 10) formed by the combination of monoethanol 

amine and aliphatic carboxylic acids of various chain lengths were used to stabilize lipase 

entrapped in silica by Soares and co-workers.208 The group also observed a vast 

improvement in enzyme performance compared to entrapment without ionic liquid. More 

hydrophobic ionic liquids were again found to be superior. 

 Scheme 10 Protic ionic liquids co-entrapped with lipases 

The potential of ionic liquid gel catalysts 

The potential of ionic liquid gels has been demonstrated across many fields of catalysis. 

Ionic liquid gels provide facile nanoparticle entrapment, enhanced homogeneous catalyst 

performance, contamination free Brønsted acidity, and protective environments for 

biocatalysis. Clear advantages are apparent when using an ionic liquid gel rather than a 

liquid phase, heterogeneous or SILP catalyst. Heterogenising catalysts in this way not only 
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improves separation, but also conserves liquid like reactivity; and in some cases 

confinement enhances liquid reactivity.  Ionic liquid gel methods have led to catalysts with 

unique structure due to templating effects. The absence of volatile solvents in the material 

synthesis avoids damage to the matrix during catalyst preparation. These advantages 

combine to provide catalysts with remarkably low leach rates. The range of ionic liquids and 

catalysts available is constantly expanding, and therefore catalytic ionic liquid gels will 

continually evolve, providing innovative solutions to the challenges emerging in chemical 

synthesis.    

4. Applications of ionic liquid gels in energy. 

Ionic liquids have a great potential in energy applications and have been the subject of 

several highlights and perspectives.71,97,209,210 

Applications include use as capacitors211 / supercapacitor materials212
 and in 

electrochemistry.213,214  The production and storage of energy will continue to gain 

importance over the coming decades, and ionic liquid gels are anticipated to find an 

increasing number of applications in this field. In this section some examples of ionic liquid 

gel materials classified by the nature of the gelator, are given, including macromolecular 

(polymeric), colloidal and molecular LMWG as electrolytes. Specific examples are cited of 

ionic liquid gel materials in applications such as DSSCs, low energy displays, electrocatalysis, 

capacitors / supercapacitors, and fuel cells. The drive for energy production to be 

sustainable and clean is a significant priority. At the heart of a new energy landscape will be 

versatile materials manufactured in a green way.  

Ionic liquid gels as electrolytes. 

Polymer electrolytes, have changed the face of modern batteries.215,216,217,218,219,220,221  The 

use of ionic liquids as electrolytes and / or hosts for other electroactive species has 

enormous potential that has yet to be harnessed.71 Ionic liquid gels are providing interesting 

and versatile electrolyte materials from soft solid to solid, and have shown both 

enhancement and retardation of conductivity. 

Macromolecular / polymer ionic liquid gels. 

Ionic liquid gels made with polymers as the solid phase have been the longest studied IL gel 

systems applied as electrolytes. In 1996 rubbery gel electrolytes were reported made with 

N,N,N,N-tetraethylammonium BF4 ([TEA][BF4]), polyvinylidene fluoride (PVdF) 
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homopolymer, and propylene carbonate (PC) as the solvent possessing room temperature 

conductivity of 6.3 mS cm-1.  These measurements were made with the PC remaining in the 

gel.222 In a later report120 the solvent (PC) was removed before the conductivity was 

measured, in this case the solid continuous phase of these polymer ionic liquid gels was 

provided by a poly(vinylidene fluoride)-hexafluoropropylene copolymer [PVdF(HFP)]. Two 

ionic liquids were tested [EMIM][OTf] (where OTf is the triflate anion) and [EMIM][BF4].  

Ratios of polymer to ionic liquid 2:1 [EMIM][OTf]-PVdF(HFP) and 2:1[EMIM][BF4] -PVdF(HFP) 

gels were prepared having conductivites of 5.6 and 5.8 mS cm-', respectively, absence of 

solvent didn’t make an appreciable difference to the conductivity. 

Another early example of an ionic liquid polymer gel electrolyte was reported by Nakagawa 

and co-workers.123 The gel was formed by in situ polymerisation of poly(ethyleneglycol) 

diacrylate with a mixture of [EMIM][BF4] and LiBF4. The gelled ionic medium was termed 

GLiEMIBF4. (The G prefix denoting the Gel state). The ionic conductivity of the gelled 

electrolyte, was less than the binary mixture but stability was excellent and 50 

charge/discharge cycles were achieved.  

Highly flexible elastic non volatile electrolytes were prepared using poly(vinylidene fluoride-

co-hexafluoropropylene) (PVdF-HFP). These polymer electrolyte materials were prepared by 

mixing a conducting salt (Li-TFSA), the polymer PVdF-HFP and the ionic liquid. Many ionic 

liquids were screened including [EMIM][NTf2], [EMPyrr][NTf2] (where EMPyrr is 1-ethyl-1-

methylpyrrolidinium), [MPPyrr][NTf2] (where MPPyrr is 1-methyl-1-propylpyrrolidinium), 

and [DMMA][NTf2] (where DMMA is  N,N-diethyl-N-methyl-N-

(2 methoxyethyl)ammonium ).223 Of note was the need for solvent, in this case acetone was 

used to homogenise the mixture. The mixture was then left overnight to remove the 

acetone. The resulting gel disks in the glass vial were evaporated in vacuum. Conductivities 

of the gel electrolytes at room temperature were about 1–2 mS cm-1. Xiao-Guang Sun and 

co-workers224 showed the copolymerization of polyethylene glycol methyl ether 

methacrylate with polyethylene glycol dimethacrylate in the presence of the room 

temperature ionic liquid, methylpropylpyrrolidinium [NTf2] ([MPPY][NTf2]), this produced a 

polymer ionic liquid gel. The monomers and the ionic liquid were mixed and polymerisation 

was initiated with AIBN. The mixture was cast and left to polymerise at 70 °C. The 

conductivity was shown to increase with increasing concentration of ionic liquid. Panzer and 
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co-workers225 reported an ion gel made by the UV-initiated cross-linking of poly(ethylene 

glycol) diacrylate (PEGDA) in the presence of [EMIM][NTf2].  

Ohno and co-workers115 introduced an example of a polymer gel electrolytes prepared from 

a ZIL. These polymer gel electrolytes were obtained by the dissolution of the ZIL and the 

polymer (Poly(vinylidene fluoride-co-hexafluoropropylene) in 4-methyl-2-pentanone, and 

films containing films with zwitterionic liquid of up to 80 wt% were formed on evaporation 

of the solvent.  When the zwitterionic liquid content was 66 wt%, the ionic conductivity of 

the polymer gel electrolytes was around 0.01 mS cm-1 at 50 °C, at room temperature. 115 In 

collaboration Ohno, MacFarlane and co-workers118 introduced examples of AMIL gel 

electrolytes where AMIL gels were made by the direct mixing of the AMIL with poly(3-

sulfopropyl acrylate) lithium salt or poly(2-acrylamido-2-methylpropanesulfonic acid) 

lithium salt to form polymer gels. At low polymer concentrations, these gels displayed ionic 

conductivity of 0.1 to 1 mS cm−1 at room temperature. Gel electrolytes from natural 

macromolecules have also been reported using gelatine as the continuous phase. A 

conducting material based on ion jelly (gelatine ionic liquid polymeric gel) was 

investigated112 and the ionic liquids 1-ethyl-3 methylimidazolium ethylsulfate, 

([EMIM][C2SO4]), [EMIM][OAc] and trimethyl-ethanolammonium (choline) acetate, 

([Ch][OAc]), and [EMIM][C2SO4] investigated. The gels were made by heating gelatine and 

water to 50 °C before the addition of ionic liquid, glycerol, formaldehyde and a cross-linking 

agent. The ionic conductivities were measured of various polymer electrolytes over the 

temperature range from 25 to 105 °C. The highest room temperature (T = 30 °C) 

conductivity of the electrolyte system, was reported as 0.118 mS cm−1, for the gelatine gel 

based on [EMIM][OAc].130 Electrolytes consisting of a poly(ionic liquid) as the solid phase 

and an ionic liquid as the dispersed phase have been made by various methods and shown 

to be electrolyte materials. The stabilisation of the IL within the poly(ionic liquid) is thought 

to be enhanced as the charges can easily interact with each other. A recent review on 

poly(ionic liquids) outlines the three major ways that poly(ionic liquid) ionic liquid gels are 

prepared,226 and a review of polymer based ionic liquid gels for electrochemistry also 

covering poly(ionic liquid) ionic liquid electrolytes has been published.227 Two common 

methods are mentioned for illustrative purposes.  The first method is cross-linking and 

polymerisation: a co-polymer 1-[(2-methacryloyloxy) ethyl]-3-ethylimidazolium [NTf2] was 

cross-linked with methacrylate or styrene based cross-linker in the presence of ionic liquid 
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by in-situ free radical polymerisation as reported by Ohno and Nakajima.228 In a simpler 

casting approach the poly(ionic liquid) was dissolved in an ionic liquid and cast into a flexible 

material.229 

Colloidal ionic liquid gels. 

The use of colloidal particles as gelling agents in ionic liquids has been employed to build 

devices for energy applications. For example silica particles have been studied and 

modelled,139 and the use of this type of colloidal ionic liquid gel as an electrolyte has been 

shown. 106,230,231,232 In this case the conductivity is comparable, or slightly lower, than that of 

the pure ionic liquids. 106  Titania spheres 141 and carbon nanotubes113,114 have also been 

used to gel ionic liquids and produce electrolyte materials.140,141 Ionic liquid gels formed by 

the sol-gel process using functional ionic liquids have been found to have potential as 

electrolytes.233,234   

Hybrid inorganic organic sol-gel precursors (ormosils) based on a di-ureasil precursor have 

been successfully used for the synthesis of ionic liquid gels.235,236,237 A protic ionic liquid  N-

ethylimidazolium trifluoromethanesulfonate ([EIM][OTf]) has been incorporated into a 

poly(oxyethyelene) (POE) / siloxane hybrid host matrix belonging to the di-ureasil family. 

These gels were shown to be thermally stable up to 200 °C and showed a conductivity of 3.7 

mS cm-1 at 160 °C.238 Vioux and co-workers report a polymer nanocomposite ionogel using a 

a poly(methyl methacrylate) (PMMA) bearing trimethoxysilane groups which was mixed 

with TEOS and ionic liquid, this material was flexible and at some compositions the 

conductivity was very close to the ionic liquid.239  

Molecular / supramolecular / LMWG ionic liquid gels. 

The use of low molecular weight gelators (LMWG) for the formation of ionic liquid gel 

electrolytes was reported by Hanabusa and co-workers.149 Ionic liquid gels were successfully 

reported for a range of 1-alkyl-3-methylimidazolium iodides (propyl [PMIM][I], [HMIM][I], 

and nonyl [NMIM][I]) using a LMWG gelator.9 In 2005 the same group reported Ionic liquid 

gels as electrolytes made from the LMWGs cyclo(L-β-3,7-dimethyloctylasparaginyl-L-

phenylalanyl) and cyclo(L-β-2-ethylhexylasparaginyl-L-phenylalanyl). 150 These gelators 

prepared by the esterification of L-asparaginyl-L-phenylalanine methyl ester (aspartame) 

with 3,7-dimethyl-1- octanol were shown to be capable of gelling the following cations, 

imidazolium, pyridinium, pyrazolidinium, piperidinium, morpholinium, and ammonium, and 

gelation occurred irrespective of whether the anion used was [BF4]- or [NTf2]-. These gels 
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were shown to have ionic conductivities very similar to those of the pure ionic liquids, 

however the highest conductivity was seen for [BMIM][NTf2]and [BMIM][BF4]. Cyclo(L-β- 

3,7-dimethyloctylasparaginyl-L-phenylalanyl) formed gels at a concentration of less than 1 

wt % of the gelator, and it was noted that the strength of the gel material increased with 

increasing concentration of the solid component. Tan, Dong, Wang and Yang 152 used the 

LMWGs bis(4-octanoylaminophenyl) ether, bis(4-octanoylaminophenyl) methane and 2,4-

bis(octanureido) toluene to gel ionic liquid, and they found that the electrochemical 

properties of the ionic liquid gels were slightly inferior to those of the parent ionic liquid. 

Šantić and co-workers240 also showed that high conductivity was not guaranteed in gel 

materials. They found that a concentration effect was in operation in the gelation of 

[BMIM][BF4] with (S,S)-bis(leucinol)oxalamide as the LMWG. There were differences seen in 

the conductivity depending on the amount of gelator used, with an increasing concentration 

leading to a drop in conductivity; this is explained by a loss of liquid like mobility on 

increasing the solid component of the gel.  

Ionic liquid gels in fuel cells. 

Fuel cells can convert a wide variety of fuels to electricity. The conversion of chemical 

energy into electrical energy is achieved by exploiting many different designs. One common 

component needed for all fuel cells is an electrolyte. Ionic liquids have been studied as 

electrolytes for fuel cells. The development of ionic liquid electrolytes for fuel cells has been 

discussed in detail elsewhere.241 In particular protic ionic liquids are of specific interest for 

fuel cell membranes such as proton exchange membranes.242,243  Sol-gel processing has 

always shown potential for the synthesis of membranes in fuel cells, and ionic liquid gel 

materials have been applied as proton exchange membranes for H2/O2 fuel cells.244  An ionic 

liquid gel made by the sol-gel method, (described as a glass membrane) was shown to have 

high conductivity. The protic ionic liquid diethylmethylammonium [OTf], [dema][OTf] was 

used as the liquid phase and the anhydrous proton conductor. The [dema][OTf] / SiO2 hybrid 

glass membranes were prepared via a sol–gel process. The stability and ionic conductivity of 

the glass membrane were investigated. The [dema][OTf] / SiO2 hybrid glass monoliths 

exhibited high anhydrous ionic conductivities that exceeded 10 mS cm−1 at 120–220 °C.245 

An example of a biofuel cell in which a bucky gel (referred to in this paper as CNTs / IL  gel) 

was used as the bioanode for a glucose/O2 biofuel cell.246 These devices were made by 

modifying carbon nanotubes by covalently attaching ferrocenecarboxaldehyde. The 
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modified carbon tubes were then added to the ionic liquid [BMIM][PF6], glucose oxidase 

was then added, and the mixture was ground together to form a bucky gel. 

Solar cells: ionic liquid gels as electrolytes for DSSCs.  

A DSSC is an elegant example of a solar cell.247 In a DSSC a photosensitive dye is adsorbed 

onto the surface of TiO2. The TiO2-dye is surrounded by an electrolyte. Light is absorbed by 

the dye causing excitation of electrons from the ground state to the excited state. The 

excited electrons are injected into the conduction band of the TiO2 leaving the dye oxidised. 

In this state the dye is unable to produce another excitation. The electrons formed from the 

dye excitation are transferred to the conduction band of the TiO2 and flow through the TiO2 

to the anode. The electrolyte helps to transfer electrons from the cathode to the dye 

molecules to replace the lost electron, allowing the whole process to continue.  

One of the major limitations of the conventional DSSC is the use of a liquid electrolyte.  The 

use of a gel electrolyte provides a more stable structure, and the use of an ionic liquid gel 

offers further stability, as the exceptional low volatility of the ionic liquid is combined with 

the supporting structure afforded by the continuous (solid) phase of the gel. Thus ionic 

liquids gels could significantly advance the efficiency, longevity and user-friendliness of this 

class of solar cell.  Polymer ionic liquid gels,248 colloidal ionic liquid gels using colloidal silica 

nanoparticles,249 and sol−gel nanocomposite quasi-solid electrolytes containing ionic liquid 

from hybrid silica organic materials143 have all been applied to DSSCs. Hanabusa used 

LMWG N-benzyloxycarbonyl-L-valyl-L-valine n-octadecylamide9 to prepare ionic liquid gels 

as gel electrolytes for DSSCs149 Other examples from Grätzel and co-workers154 are based on 

1,3:2,4-di-O-benzylidene-D-sorbitol (DBS)153 derivatives as low molecular weight organic 

gelators. Grätzel and co-workers observed that the structure of the LMWG had an influence 

on the structure and the solar conversion efficiency of the DSSC.155 In this case the LMWGs 

used were didodecanoylamides of α,ω-alkylidenediamines250 and the IL was 1,2-methyl-3-

propylimidazolium iodide ([PMMIM][I]). LMWGs containing odd-numbers of CH2s between 

the two amide carbonyl groups in the molecules of the gelators were shown to be different 

to those with an even-number. The gel constructed containing five CH2 groups showed a 

photoelectric conversion efficiency of 7.53%,155 and further improvements in photoelectric 

conversion efficiency (9.61%) was seen using a similar LMWG system.156 
 

Capacitors / supercapacitors / ultracapacitors based on ionic liquid gel electrolytes. 
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Energy storage is essential and will be of increasing importance as energy sources become 

more diverse and renewable. Capacitors are used to store energy electrostatically in an 

electric field. The simplest form consists of two conducting plates separated by an insulator. 

When charged with opposite charges, an electric field exists between the two plates. 

Supercapacitors and ultracapacitors combine the high energy density of conventional 

batteries with the high power density of conventional capacitors. Ionic liquid gels have again 

proven useful. Wen Lu and co-workers251 described the preparation and testing of three 

different materials. In method A) a polymer IL gel with the polymer (polyvinylidene fluoride-

co-hexafluoropropylene (PVdF-HFP)), was mixed with N-Methyl-2-pyrrolidone (NMP). 

Gelation occurred on heating and the gel was left under vacuum to remove the solvent. 

Method B) differed from Method A by the inclusion of a small amount of zeolite to the 

mixture. In method C) a commercial Teflon membrane was soaked in the IL. The ionic liquids 

used were [EMIM][BF4] and [EMIM][NTf2]. Ionic conductivity of all ionic liquid gel polymer 

electrolytes (ILGPEs) tested was lower than the pure ionic liquids. Addition of the zeolite to 

the [EMIM][BF4] polymer ionic liquid gel led to a drop in conductivity, but made no 

difference with the equivalent material made with [EMIM][NTf2]. 

Flexible supercapacitors were made by coating a carbon nanotube impregnated office paper 

with an ionic liquid gel made by mixing the ionic liquid with preformed silica spheres 

(approx 14 nm diameter). These solid-state supercapacitors gave a performance for specific 

capacitance of 134.6 F g−1, maximum power 164 kW kg−1 and energy density 41 Wh kg−1, and 

over 4000 charge / discharge cycles.252 Panzer and Visentin225 prepared UV-initiated cross-

linked poly(ethylene glycol) diacrylate (PEGDA) ionic liquid gel. These gels were tested as 

capacitors.  In this study gels were prepared using different ratios of solid and liquid phase. 

When conductivity was measured at room temperature a decrease in conductivity with 

increasing concentration solid phase was observed. The same group reported a soft silica 

based ionogel made from TMOS and high [EMIM][NTf2] ionic liquid loading. They noted that 

these materials had ionic conductivity and double layer capacitance values close to those of 

the neat ionic liquid.253 

Zaumseil and co-workers 103 report the use of an ionic liquid with silicon alkoxide 

(triethoxysilane) functional groups attached to the imidazolium cation (3-methyl-1-(3-

(triethoxysilyl)propyl)-imidazolium [NTf2] ([(EtO)3SiPMIM][NTf2]) The cation of the ionic 

liquid is involved in the network formation via the sol-gel process. The cationic sol-gel 
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precursor was mixed with TMOS and the sol-gel process was catalysed with formic acid.  A 

viscous, spin coatable sprayable sticky material was formed with a capacitance of between 

10.4 and 18 μF cm-2 depending on the concentration of the added TMOS. They concluded 

that more rigid the structure, the lower the measurement, this is in agreement with Panzer 

and Visentin.225  

Another example of a sol-gel material for capacitors was reported by Negre and co-workers, 

254  electrical double layer capacitors using sol-gel derived ionic liquid gels were synthesised 

as solvent free supercapacitors with a high IL content (70%). An increase of both the 

operating voltage window and the electrolyte ionic conductivity was seen. This gel was 

made by mixing [EMIM][NTf2] with a mixture of TEOS and TMOS silica precursors, formic 

acid was used as the catalyst for the sol-gel reaction. In another study supercapacitor cells 

were assembled layer by layer using a casting approach. First gold platinum current 

collectors were coated with an activated carbon based active material film. This carbon 

layer was formed from a mixture of 95 wt% of PICACTIF SC, (a standard high specific surface 

area activated carbon), and 5 wt% of PTFE (60 wt% PTFE in water). A few droplets of silane-

IL sol were deposited onto the electrodes, which were sandwiched together. The TMOS / 

TEOS / IL / acid mixture gelled to complete the supercapacitor cell.  It has recently been 

demonstrated that it is possible to gel a silica precursor with an acidic ionic liquid without 

the need for formic or other additional acid197 this should lead to a further enhancement 

and the greener processing of solvent free materials for capacitors. 

Ionic liquid gel materials for displays. 

Ionic liquid gels are finding use in the development of low energy displays and 

electrochromic windows for energy efficient buildings. Electrochromic devices change 

colour on the application of an applied electrical field. As such they can be used to regulate 

the internal temperatures of buildings, leading to reduced energy consumption. The ability 

of a gel to combine active materials, with an electrolyte within the same material has many 

uses. As detailed in the catalysis section, nanoparticles and molecular species can show 

enhanced function within gels. Such synergy would be of great benefit within display and 

electrochromic materials, as these comprise complex components that must act 

cooperatively. Conjugated polymers (CPs)255 have many uses. One of the many applications 

of CPs include their use in electrochromic256,257 devices. Electrochromism is seen in some 
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conjugated polymers. CPs are also much studied as active materials for many electronic 

devices such as organic light emitting diodes, solar cells and actuators.  

Poly(3,4-ethylenedioxythiophene) (PEDOT) has aroused particular interest as an 

electrochromic material, it switches between deep-blue and pale-blue hues.258,259,260,261 

Electrochromic devices based on PEDOT as the cathodic colouring electrode, and polyaniline 

(PANI) or Prussian blue as the counter electrode creates a self-supporting 

transparent polymer ionic liquid gel have been reported by Deepa et al.262 Moon et al 263 

have prepared ion gels composed of polystyrene-block-poly(methyl methacrylate)-block-

polystyrene and [EMIM][NTf2] capable of electrochromism by adding the electrochromic 

(EC) redox molecule, methyl viologen. Ferrocene was also added to the EC gel as an anodic 

species. Fundamentally the use of photoluminescent probes can tell us a great deal about 

how the material is formed. Analyses of a light emitting CP, poly(9,9-dioctylfluorine) (PFO) in 

an ionic liquid silica gel by photoluminescence and FTIR showed that the conjugated 

polymer self-organised inside the pores to form an ordered phase through a confinement 

effect.81 The self organisation of the ionic liquid within the pores influenced the secondary 

ordering of the conjugated polymer within the pores leading to the formation of the 

organised β-phase of the PFO. In a different study phenylene–ethynylene monomer and 

copolymer with pendant imidazolium groups were synthesized to be soluble in 

[BMIM][NTf2].The ionogels were made using a mixture of TMOS and methyltrimethoxysilane 

(MTMOS) in the presence of formic acid as the catalyst.264 In other studies lanthanides were 

incorporated as the luminescent entity.265 The ionogel was formed using [HMIM][NTf2]and 

then removed using acetonitrile and then refilled with a lanthanide containing ionic liquid 

([HMIM] tetrakis(naphthoyltrifluoroacetonato)europate(III)). In a later study a series of 

lanthanide ionic liquids were studied [HMIM][Ln(tta)4], where tta is 2-

thenoyltrifluoroacetonate and Ln = Nd, Sm, Eu, Ho, Er,Yb, and [choline]3[Tb(dpa)3], 

where dpa = pyridine-2,6-dicarboxylate (dipicolinate).266 Understanding how to include and 

control light emitting / harvesting materials and electroactive materials within ionic liquid 

gels will unlock the great potential of these materials in photovoltaics, low energy displays, 

sensors and actuators. 

Ionic liquid gels in electrocatalysis. 

An electrocatalyst is a catalyst that increases the rate of an electrochemical reaction at the 

surface of an electrode. The catalyst can be homogeneous or heterogeneous, chemical or 
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biological. Electrocatalysts are an important part of some fuel cell designs.  Materials made 

for electrocatalysis could also inform the design of catalysts for chemical transformations in 

the bulk and vice versa. Ionic liquid gels have also been successfully applied to 

electrocatalysis. This is again supported by the ability to include active molecules within an 

electrolyte material. Colloidal gels based on carbon nanotubes113 and are being used to 

build catalyst materials in the presence of other actives. A multi-walled carbon nanotube 

ionic liquid bucky gel was prepared with the addition of two additives, cobalt porphyrin and 

Prussian blue nanoparticles. This mixed material was shown to be active for the 4e-

reduction of O2, and could have potential for use as non-platinum cathode materials for fuel 

cells.267 Of note is the fact that both catalysts work independently in the same material. First 

cobalt porphyrin catalyses the 2e-reduction of O2 into H2O2, and the Prussian blue 

nanoparticles are responsible for the 2e-reduction of the H2O2 produced.  A similar ionic 

liquid gel modified glass carbon electrode (termed MWCNTs-RTIL/GCE), was formed by 

coating an electrode in gel. This material was shown to be active for the electrocatalytic 

oxidation of Venlafaxine (1-2-(dimethylamino)-1-(4-methoxyphenyl)ethylcyclohexanol), a 

pharmaceutical compound used in the treatment of depression.268 These gel materials were 

made by grinding carbon nanotubes with an ionic liquid, which was reported to form a gel 

substance stable enough to be used as an electrode coating. 

Some interesting bio-electrocatalytic applications of ionic liquid gels have been reported. 

Direct electrochemistry and electrocatalysis of myoglobin was shown on a material based 

on silica-coated gold nanorods / room temperature ionic liquid / silica sol–gel composite 

films.269 Zeng and co-workers270 described biocatalyst entrapment for electrocatalysis, 

showing the direct electrochemistry of the enzyme, horseradish peroxidase, in an ion jelly 

biomacromolecular gelatine based ionic liquid gel. The gel which was made from [OMIM] 

[PF6] gelatine hydrogel was found to stabilise the enzyme and the structure of the enzyme 

was found to remain intact. The gel supported enzyme electrode showed good thermal 

stability. A bioactive hemoglobin was immobilized in a chitosan based ionic liquid 

[BMIM][BF4] gel. 271  In this system hemoglobin was reported to retain its bioactivity in the 

ionic liquid gel electrode for the electrochemical reduction of O2. The conductivity of the IL 

was also thought to contribute to the electron transfer. These materials could have 

potential for biosensors and in biocatalysis. The inclusion of catalytically active components 
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(of all types) in ionic liquid gels will continue to gain influence in electrocatalysis and the 

electrochemical enhancement of photocatalysis.  

Choosing an ionic liquid gel for a given application. 

Choice of solid phase and choice of ionic liquid allow a material to be tailored specifically for 

a given application. Polymer / macromolecular solid phases can be tailored to work at a 

specific temperature range. The implicit processability of polymer materials means that they 

have the ability to be cast into films, rolled up, spun into fibres, coated onto an electrode 

surface, or indeed be coated with electrodes. Polymers with functional pendant groups can 

impart further functionality. Polymer / macromolecular ionic liquid gels can be tailored from 

soft to rigid by changing the ratio of the solid phase to the liquid, and indeed the liquid 

nature of the gel can also be controlled by the extent of polymer crosslinking.  

Colloidal gels can range from soft to glassy and be made from many substances including 

carbon nanotubes and silica, and thus can be used to coat substrates. Further stability and 

rigidity can be attained by sol-gel methods. Sol-gel offers a range of metal oxide materials 

available for ionic liquid gel formation and these solid phases can be utilised when stability 

and robustness of the gel at elevated temperatures are required. Sol-gel processing can 

produce thin films, monoliths, powder and coated substrates.  

In DSSC devices the liquid nature of the electrolyte is one of the material limitations. The 

benefits of using molecular ionic liquid gels in DSSCs comes from the ability of the gel to 

retain the electrolyte. We see evidence that the more liquid like the gel (low solid phase 

concentration), the closer the conductivity is to that of the parent ionic liquid; and so where 

ion mobility is of paramount importance, molecular gels are specifically interesting. 

Molecular gels tend to be softer and the concentration of the solid phase of this type of gel 

can be very low <1 wt%. This has been seen to have specific benefit in the production of 

DSSCs where ion mobility and fast ion transport is crucial to the overall efficiency of the cell 

operation; however, molecular gels can have some thermal and mechanical stability issues, 

which will need to be overcome for some applications.  

Once the type of gel (liquid like, flexible, glassy, ceramic, thermally stable) needed for an 

application is identified, further complexity can be introduced. Solid phases capable of 

conductivity or photoluminescence can be produced for polymer, colloidal or molecular 

gels. Ionic liquid gels have been shown to successfully contain entrapped functional 
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materials such as catalysts (homogeneous and metal nanoparticle), functional polymer and 

colloidal entities, enzymes and cells. Add to this the ability to dial in functionality into the 

ionic liquid component of the gel (acidity, basicity, conductivity, metal extraction, 

biocompatibility, therapeutic pharmaceutical, cell and enzyme support), and a further level 

of complexity can be utilised. Traditional processing such as casting and coating, and mass 

printing techniques can be employed to produce gel based electronics; ink jet and gel jet 

printers are suitable for liquid like gels, and 3D printing is suitable for others.  

 

5. Conclusions 

Ionic liquid gels offer an abundance of materials for study and application. The combination 

of the extensive variety of gel methods, with the myriad of ionic liquids, provides an endless 

variety of materials for green and sustainable applications. Confinement of ILs within a gel 

can lead to novel behaviour and open new applications. Highlights of work so far include the 

confinement of task specific / functional ionic liquids, and the incorporation of active 

species such as enzymes, metal nanoparticles, molecular species, homogeneous catalysts, 

and polymers. This buildable system provides the ability to tailor-make a functional material 

for any of a wide range of applications. Real progress has been made in the application of 

ionic liquid gels to the fields of catalysis and energy materials, and the vast potential is 

becoming apparent. In addition to the advantages over liquid systems, such as ease of 

handling and stability, the gel state provides several advantages over solid systems. In 

comparison with traditional functional solid synthesis gel preparation is low cost, low energy 

and straightfoward.  Recycling of ionic liquid gel materials is a simple process, and the ionic 

liquids can be removed from the gel and reused. The continuous phase whether silica, 

titania, carbon, molecular or macromolecular can be easily disassociated, reclaimed, and 

reused. From monoliths to thin films the diversity of these materials will continue to offer 

fascinating insights into ionic liquid behaviour and structure, together with dedicated 

solutions for catalysis, and sustainable energy.  
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Figure 1 

 

Figure 1 Classisification of gels by nature of interactions. 

 

 

Figure 2 

 

Figure 2 Gel classification by nature of the continuous (solid) phase. 
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Figure 3 
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molecular 

Figure 3 Types of continuous phase (A) macromolecular (B) colloidal (spheres, rods, discs) 

(C) molecular. 

 

Figure 4 

 

Figure 4 Gel classification by nature of the dispersed (liquid) Phase. 
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Figure 5 

 

Figure 5 Poly(ethyleneglycol)(PEG) silica gels. 

Gels made with PEG as the liquid (dispersed) phase and silica as the solid (continuous) phase 

(prepared by sol-gel preparation of TEOS with PEG as the solvent and template). Photo PCM 

2004. 

Figure 6 

 

         

                (A)                                  (B)                                  (C)                                 (D)  

 

Figure 6 Structures formed on solvent removal (A) gel, (B) aerogel, (C) xerogel, and (D) 

ceramic / dense closed structure. 
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Figure 7 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 Sol-gel process (silicon alkoxide precursor) gel formation and gel aging. 
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Figure 8 

 

 

 

 

 

 

 

 

 

 

Figure 8 Common ionic liquid cation and anions. 

 

Section 3 Ionic liquid gel catalysts for chemical transformations. 

Scheme 1 

 

 

Scheme 1 Heck Mizoroki coupling and hydrogenation catalysed by Pd nanoparticle doped IL 

gels. 

Scheme 2 

 

Scheme 2 Styrene hydrogenation catalysed by rhodium doped IL gels. 

Scheme 3 
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Scheme 3 Benzene hydrogenation catalysed by Pt nanoparticle doped IL gels. 

Scheme 4 

 

Scheme 4 Water Gas Shift catalysed by Ru nanoparticles in IL. 

Scheme 5 

 

Scheme 5 Oxidative esterification catalysed by Au nanoparticles in an IL gel with hierarchical 

pores. 

Scheme 6 

 

Scheme 6 Carbonylation of amines and nitrobenzene catalysed by metal phosphine doped IL 

gels. 

Scheme 7 

 

Scheme 7 Hydroformylation of vinyl arenes by an ionic liquid tethered gel doped with 

rhodium and phosphine. 

Scheme 8 

 

Scheme 8 Deoximation of oximes catalysed by BAIL gels. 

Scheme 9 
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Scheme 9 Dehydration of rac-1-phenyl ethanol catalysed by a BAIL gel. 

Scheme 10 

 

Scheme 10 Protic ionic liquids co-entrapped with lipases. 
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Tutorial Review 

Ionic liquid gel materials: applications 

in green and sustainable chemistry. 

Patricia C. Marr* and Andrew C. Marr 

 

Ionic liquid gel materials offer a way to further utilise 

ionic liquids in technological applications. Combining 

the controlled and directed assembly of gels, with the 

diverse applications of ionic liquids, enables the design 

of a heady combination of functional tailored materials, 

leading to the development of task specific / functional 

ionic liquid gels. 

 

Page 51 of 51 Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 0
9 

N
ov

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 Q
ue

en
's

 L
ib

ra
ry

 o
n 

09
/1

1/
20

15
 1

1:
37

:3
4.

 

View Article Online
DOI: 10.1039/C5GC02277K

http://dx.doi.org/10.1039/c5gc02277k

