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Ionic liquids (ILs) have emerged as a novel class of chemical compounds for the development 

of advanced (multi)functional materials with outstanding potential in applications of several 

areas due to the ILs unique properties and functionalities. The combination of ILs with 

polymers, in a composite, allows developing smart materials, which synergistically combine 

the features of specific polymers and ILs. Moreover, ILs can be extensively modified by the 
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incorporation of functional groups with specific properties into the cation, anion or both. Thus, 

it is possible to tune the IL, the polymer, or both to obtain a broad spectrum of multifunctional 

composites and address the specific requirements of many applications. 

This work focusses on advanced materials and strategies concerning ILs and polymers for the 

development of smart IL/polymer-based materials for applications including responsive and 

sensitive sensors, actuators, environment, batteries, fuel cells, biomedical applications, among 

others. 

 

1. Introduction 

In the past two decades, much attention has been paid to ionic liquids (ILs) due to their new 

and tunable physicochemical properties [1]. The number of publications concerning ILs 

continually increased in recent years, indicating the considerable attention and potential of these 

materials (Figure 1).  

ILs are typically defined as liquid electrolytes composed uniquely by ions and with a melting 

point below 100 oC (criteria to distinguish molten salts and ILs) [2]. They can include a vast 

number of organic cations and organic or inorganic anions. The first reported IL, the 

ethylammonium nitrate, was discovered in 1914 by Walden [3], being the first generation of ILs 

reported in the 1970s−80s with the development of the alkylimidazolium halogenoaluminate 

ILs by mixing aluminum halides with imidazolium halides [4].  
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Figure 1. Number of publications concerning ILs. Source: Scopus (keywords: ILs and 

composites).  
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ILs are characterized by their unique profiles based on an interplay between hydrogen bonding, 

coulombic and van-der-Waals interactions of their ions [2a]. These compounds also exhibit a 

low vapor pressure, usually below the decomposition temperature, and the majority of them are 

liquid at room temperature [5]. Overall, ILs present unique characteristics (Figure 2) such as 

negligible vapor pressure [6], high ionic conductivity (~10-3-10-2 S cm-1) [7], or viscosities from 

2 to 3 orders of magnitude higher than organic solvents [8]. Additionally, due to their excellent 

solubility and miscibility with many compounds (organic, inorganic and polymeric materials) 

ILs can replace traditional volatile organic solvents in different processes such as organic 

reactions, catalysis, extraction, and separation, promoting the development of green chemistry 

and clean technologies [1, 4b]. Other advantages are their high thermal stability, usually with a 

decomposition temperature above 350 oC and excellent chemical and electrochemical stability 

[1, 4a, 6], with an electrochemical window between 4 and 6 V [9]. ILs are also considered non-

flammable and non-volatile [10].  

 

 

Figure 2. Main physicochemical properties of ILs. 
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It has been reported the existence of  ̴ 1018 ILs involving the combination of different anions 

and cations [11]. Attending to the cation chemical composition, ILs are commonly classified into 

three subclasses: aprotic, protic and zwitterionic (Figure 3), each one being generally 

synthesized towards a specific application [12]. 

 

 

Figure 3. General classification of ionic liquids with an indication of a representative 

application area. Adapted from [12b]. 

 

Aprotic ILs containing large cations such as pyridinium, imidazolium and phosphonium, and 

smaller anions are the most commonly used. Typical IL anions include inorganic anions (e.g. 

bromine (Br-), chloride (Cl-), sulfate (SO2-), hexafluorophosphate (PF6
-), tetrafluoroborate 

(BF4
-)) and organic anions such as bis(trifluoromethylsulfonyl)imide (TFSI), among others [13]. 

Figure 4 represents the chemical composition of the most common cations and anions 

described in the literature.  
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Figure 4. Schematic representation of the most common cations and anions described in the 

literature. Adapted from [6].  

 

Protic ILs are prepared by proton transfer through the combination of a Brönsted acid and a 

Brönsted base, leading to the presence of proton-donor and acceptor sites, which can be used 

to build up a hydrogen-bonded network [13b, 14]. This kind of ILs has attracted increasing 

attention for fuel cell applications as new proton conductors and n-doped carbon materials using 

protic ILs as novel small-molecule precursors via direct carbonization treatments instead of 

traditional polymer precursors, which require more complex procedures and can lead to more 

impurities on the materials [15]. 

Zwitterionic ILs results from the addition of ILs to surfactant systems, actuating the ILs as 

additives with the primary goal of modifying the properties of aqueous zwitterionic surfactants 

systems. The resulting properties of the system depend both on the type and the extent of the 

interaction between the cation/anion of the IL with the surfactant head group [6]. 

The functionalities of the ILs can be tailored through the incorporation of functional groups 

linked covalently into the cation, anion or both, tuning the ILs properties and increasing their 

effectiveness towards specific applications such as catalysis, medicine, CO2 capture, batteries, 

lubricants, or fuels, among others [1-2, 4a]. The physical properties of ILs can be adjusted 
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depending on the ionic constituents (alkyl chain length and functional groups) and also the IL 

properties (magnetic, luminescent and catalytic properties, among others), as well as by their 

incorporation into other constituents, such as polymers [1]. In this sense, the combination of the 

ILs functionality with polymers allows the development of smart materials with superior 

properties when compared with other nanocomposites, increasing the interest and potentiality 

for several areas of application.  

Besides being applied in electrochemistry due to their exciting properties (according to 

experimental studies, many ILs exhibit high electrochemical stability windows ranging between 

4 and 7 V [16]), ILs have emerged as a new trend in materials science. The combination of ILs 

with specific polymers opens the possibility to develop novel stimuli-responsive materials with 

different morphologies (films, membranes, fibers and printed), Figure 5, with tailored 

functionality, as a new platform for advanced multifunctional materials, with advantages over 

traditional smart nanocomposite materials.  

 

Figure 5. Schematic representation of the production of IL-based polymer composites for 

different processing methods. 
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The main advantage is related to a large variety of ILs, which allows tuning materials responses 

to a large variety of external environmental stimuli, such as electrical and magnetic fields, heat 

or light, among others [17], based on the vast array of IL functional characteristics [18].  The 

material functionality is a result of the selection of the IL and its properties (e.g. size of 

cation/anion, viscosity, conductivity, density and molecular weight) and the polymer type. 

Furthermore, the interplay between the selected IL charges (cations and anions) with the 

polymer chains, also plays an essential role in the composite properties. As an example, IL with 

different anions and cations, when incorporated into a poly(vinylidene fluoride) (PVDF) matrix 

will affect the percentage of β-phase (the most electroactive and polar phase) in the composite, 

and the mechanical properties (acts as a plasticizing agent) [19], due to the interaction of the 

positive CH2 of PVDF with the negative anion charge and the interaction of the negative 

holding charge PVDF groups (CF2 groups) with the IL cation charges [19-20]. Another work 

devoted to evaluating the effect of ILs on PVDF-copolymer morphology indicates that ILs can 

also induce a porous structure in the polymer matrix [21]. Additionally, IL may avoid the need 

for the addition of more than one filler (active material) to endow a nanocomposite with more 

than one functionality – altering its original properties negatively.  

In Table 1 it is summarized the ILs functionalities to develop IL-based smart and 

multifunctional materials. 

  



  

8 

 

Table 1. ILs functionalities for the development of smart and multifunctional applications [1]. 

IL-based multifunctional materials ILs functionality 

Responsive and sensitive materials 

Photo-responsive 

pH-sensitive 

Temperature-sensitive 

Gas-sensing 

Ion-responsive 

Moisture-sensitive 

Magnetic-responsive 

Electrochromic 

ILs with switchable polarity 

Optical materials 

Luminescent 

Nonlinear optical 

Photonic ILs 

ILs based structural color 

Energetic materials 
Energetic ILs 

Hydrogen-storage 

 

The potential applications of such smart/multifunctional materials have been increasing 

significantly, including nowadays areas such as sensors and actuators  [20, 22], tissue engineering 

[23] [24], energy generation and storage, such as batteries [25] [26], among others (Figure 6).  
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Figure 6. IL/polymer-based multifunctional materials application areas. 

 

The focus of this review is to provide the state-of-the-art related to the development of 

IL/polymer composites for smart and multifunctional applications. There are already rich 

contributions to this field and a tremendous potential for the development of novel functional 

responses and applications. In this scope, this manuscript will be only focused on the 

development of IL/polymer composites with different functionalities and applicability. The 

functionality of the ILs will be explored in different sections, the first one focusing on smart or 

responsive/sensitive materials with responsiveness to distinct stimuli, and a second section with 

(multi)functional materials and their application in different areas.  

 

2. Ionic liquid-based polymer composites and their applications 

 

In this section, the combination of different ILs with polymers for applicability in various fields 

such as sensors, actuators, batteries and fuel cells, environment and biomedical applications, 

among others, will be addressed. The main achievements resulted from the IL incorporation 

into a polymer matrix will be presented. This wide range of applications is intimately linked to 

the high number of possible combinations of cations and ions from ILs together with a chosen 

polymer matrix. Moreover, on the one hand, some of the functionalities obtained may result 

from the intrinsic properties of the IL (e.g. thermochromism). On the other hand, other 

properties may result from the interaction of IL with polymers (e.g. actuators).  

 

2.1. Responsive and sensitive IL/polymer materials  

 

 

2.1.1. Photo- and thermoresponsive  

The combination of specific ILs with polymers allows the development of smart photo- and 

thermoresponsive materials, i.e. that exhibit an acute change in the fundamental material 
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properties by the application of external stimuli, light or temperature variation, for a photo- and 

thermoresponsive effect respectively. The synergetic combination of polymer and ILs allows 

higher tunability of the responsiveness and improved mechanical, thermal, electrical or optical 

properties. 

The light stimulus-responsive materials offer a high spatial and temporal resolution, leading to 

a rapid, non-invasive, and remote control [1]. The photo-responsive property of the ILs can be 

achieved, for instance, through the incorporation of photochromic moieties into either cations 

or anions. Therefore, changing their physicochemical properties (melting point, conductivity, 

etc.) upon light irradiation, typically at ultraviolet (UV) and/or visible wavelengths (Figure 7) 

[1].  

 

 

Figure 7. Molecular structure of typical cationic and anionic moieties used for photo-

responsive ILs: a: diarylethene, b: stilbene, c: phenylazo-substituted imidazolium, d: 

azobenzene, e: spiropyran, f and g: cinnamate. Reprinted with permission from [1]. 

 

Transparent poly(methyl methacrylate) (PMMA)/1-butyl-1-methylpyrrolidinium 

bis(trifluoromethylsulfonyl) imide ([BMPyr][TFSI])  composites were used for the preparation 
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of solid-state electrolytes for electrochemical devices [27]. The incorporation of ILs into PMMA 

improved the thermal stability and enhanced the luminescence intensity of these IL-based gel-

polymer electrolyte membranes. [BMPyr][TFSI] was selected as the IL and produced more 

amorphous and polar membranes when compared with pure PMMA. These membranes showed 

good chemical and thermal stability, and the IL increased the conductivity until 20% IL content. 

The incorporation of IL resulted in high optical transmittance and enhanced luminescence 

intensity [27].  

Electrochromic ion gels (also called ionogels, or polymer-based ILs) with the potentiality to 

alter their optical properties (e.g. absorbance and transmittance) upon the application of an 

external electrical stimulus for device development have been also gained special attention [28]. 

An electrochromic device (ECD) based on ion gels composed of polystyrene-block-

poly(methyl methacrylate)-block-polystyrene, 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI]), an electrochromic (EC) redox molecule 

(methyl viologen) and an anodic species (ferrocene) were developed.  The electrochromic 

response of the flexible device on plastic occurred upon the application of low voltages (0.7 V). 

A coloration efficiency of 105 cm2/C and operational stability over 24 h in air demonstrated the 

strong potential of the device for printed electronics applications (Figure 8) [28]. Other studies 

report on the applicability of ILs in the electrochromic devices.  
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Figure 8. Photographs of the ECDs in the bleached and colored states: before bending (top) 

and after bending (bottom). The reduction and oxidation process were conducted by applying 

−0.9 and 0.0 V, respectively. Reprinted with permission from [28]. 

 

An ECD based on a mechanically robust, highly ionic conductive gels composed by a random 

copolymer of poly[styrene-ran-1-(4-vinylbenzyl)-3-methylimidazolium hexafluorophosphate] 

(P[S-r-VBMI][PF6]) and the ionic liquid [EMIM][TFSI] also demonstrated its active 

potentiality in electrochemical applications (Figure 9) [29]. This flexible ECD on the plastic 

device showed excellent bending durability against tensile and compressive strains [29]. Other 

studies report on the applicability of ILs in similar electrochromic devices [30].  
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Figure 9. a) Molecular structures of components included in the EC gel, b) cyclic 

voltammogram of the EC gel, in which the dmFc serves as both an anodic species and an 

internal standard. A Pt electrode, ITO-coated glass, and Ag-wire were used as the working, 

counter, and quasi-reference electrode, respectively. Voltage dependence of c) UV–vis 

absorption spectra and d) CIELAB color coordinates (L*a*b*) for the ECD, and e) photographs 

of the ECD at various applied voltages. Reprinted with permission from [29]. 

 

Ion gels can also be applied in electrochemiluminescent (ECL) materials.  Low-voltage, flexible 

and ECL polystyrene-block-poly(methyl methacrylate)-block-polystyrene (ABA) triblock 

copolymers associating into micellar cross-links in the versatile [EMIM][TFSI] containing 

redox-active luminophores (Ru(bpy)3Cl2) have been developed for printed electronics [30f, 31] 

(Figure 10).  
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Figure 10. (a) Schematic of three ECL devices with different luminophore systems: 

Ir(diFppy)2(bpy)+ only, 40 mol % Ir(diFppy)2(bpy)+ + 60 mol % Ru(bpy)3
2+, and Ru(bpy)3

2+ 

only. (B, c) Photographs of the fabricated three ECL devices (b) as fabricated and (c) in the ON 

state at VPP = 4.0 V and a frequency of 60 Hz. Reprinted with permission from [31]. 

 

Similar results were obtained by mixing matrix polymer (P(VDF-HFP)), [EMIM][TFSI]), and 

the same light-emitting transition metal complex (Ru(bpy)3Cl2) 
[32].  

A photo/thermoresponsive copolymer-based ion gel containing an ABC triblock copolymer 

with an IL-phobic A block, an IL-philic B block, and an azobenzene-based 

photo/thermoresponsive C block was studied as photoresponsive soft actuator and photo-

healable soft material [33]. While at high temperatures (above the upper critical solution 

temperature (UPCST)) the system produces micellization of the polymer, at intermediate 

temperatures the composites exhibited significant rheological changes upon UV or visible 

irradiation (Figure 11). According to the authors, the introduction of an IL-phobic group 

allowed morphological transition between the jammed micelle structure and the micellar 

network structure. Thus, this non-volatile and ion-conducting gel offers enormous potential in 

applications such as light-responsive soft actuators and photohealable soft materials [33].  
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Figure 11. Variations in the G’ and G’’ values of 15 wt% ABC(Azo) triblock copolymer in 

[EMIM][TFSI] by switching UV and visible light irradiation at 60 ºC with frequency ω = 0.1 

rad s1 and strain amplitude γ = 1%. Reprinted with permission from [33]. 

 

The role of the ILs in the actuation behavior of thermoresponsive ion gels was evaluated using 

poly(N-isopropylacrylamide) as thermo-responsive gels polymerized in the presence of two 

ionic liquids: ethyl-3-methylimidazolium ethyl sulfate ([EMIM][ESO4]) or trihexyltetradecyl-

phosphonium dicyanamide ([P66614][DCA])[34]. It was observed that the ion gel with 

[EMIM][ESO4] requires less time to absorb and release water, being excellent for fast response 

applications. On the other hand, the [P66614][DCA] IL presents a more robust actuator 

behavior and a significant potential for long-term applications due to its stable response [34].  

Thermoresponsive ionogels based on a random copolymer of P(S-r-BzMA-r-MMA) and ILs 

([EMIM][TFSI], 1-ethyl-1-methylpyrrolidinium [PF6] ([P12][PF6])) were developed [35]. The 

typical thermoresponsive systems are unable to maintain the gel-state at different temperatures. 

However, the produced thermoresponsive gel maintains a gel-state regardless of the 

environment temperature [35].  
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Another type of thermoresponsive materials, thermochromic ones, can be obtained with ILs 

containing transition metals. Thermochromic materials can contribute, among others, to 

enhance the energy efficiency of buildings and vehicles, leading to a reduction in energy 

consumption and CO2 emission. The incorporation of thermochromic ILs into a 

transparent/translucent solid matrix is in the genesis of a new generation of thermochromic 

materials. Thus, solar-thermochromic devices have been developed using thermochromic 

IL/PVDF composites [36]. The incorporation of 1-(3-hydroxypropyl)-3-methylimidazolium 

tetrafluoroboride ([C3OHMIM][BF4]) in the presence of [BMIM]2[NiCl4] (1-butyl-3-

methylimidazolium nickel tetrachloride) or [Ni(Me4en)(acac)][ClO4] (Me4en = N,N,N’,N’-

tetramethylethylenediamine; acac = acetylacetone) in a PVDF porous matrix results in two 

different thermochromic responses as presented in Figure  12. 

 

Figure 12. Visible spectra and color images (insets) of the thermochromic properties of 

composite IL/PVDF films with: a) film of C2OHmimBF4
-[BMIM]2[NiCl4]/PVDF and b) 

C3OHmimBF4
-[Ni(Me4en)(acac)][ClO4]/PVDF with a mass ratio of 5:1:10. Reprinted with 

permission from [37]. 

 

Films containing [BMIM]2NiCl4 show a rapid color transition from transparent (for films with 

a thickness below 0.05 mm) or translucent (for films thicker than 0.10 mm) to royal blue by 
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heating from room temperature to ~70 ºC (Figure 12a). On the other hand, films containing 

[Ni(Me4en)(acac)]ClO4 show a slower transition from grass-green at room temperature to light 

yellow-green at ~40-50 ºC and coffee red at temperatures >70 ºC (Figure 12b). In both cases, 

the color transitions were reversible, and a concomitant electrical conductivity increase was 

produced upon increasing the temperature.  

The thermochromic properties of the [BMIM]2[NiCl4]/PVDF films also revealed a potentiality 

to be applied as printable sensors [38]. The capacity of these materials to change from transparent 

to a dark blue color has been attributed to the tetrahedral complex NiCl4
2−, after a dehydration 

process.  (Figure 13). As a result of the dehydration process that takes place, decreasing the 

number of ions into the matrix leading to a conductivity decrease. Hence, the high potential of 

these materials for thermosensitive and thermochromic printable sensors in different areas such 

as temperature sensors, water level sensors (Figure 13e), smart windows, among others [38].    
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Figure 13. a) Current vs voltage curves, (b) electrical conductivity of the PVDF/IL composites 

as a function of [BMIM]2[NiCl4] content, (c) Cyclic temperature dependence of the DC 

electrical conductivity between 30 and 150 °C for the composite containing 40 % wt. of 

[BMIM]2[NiCl4] and (d) Resistance variation with the temperature. e) PVDF based 

[BMIM]2[NiCl4] hot water level sensor based on PVDF/[BMIM]2[NiCl4] composite containing 

40 % wt. of IL. Reprinted with permission from [38]. 

 

As mentioned above, one of the more prominent applications of thermochormic IL/polymer-

based materials is in smart windows. IL/polymer-based materials can also be employed in smart 

windows. Aiming at this application, ionogels based on polyurethane (PU) with different 
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imidazolium ILs (namely 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

[BMIM][TFSI] and 1-butyl-2,3-dimethylimidazolium bis(trifluoromethylsulfonyl)imide 

[BDMIM][TFSI], 1-ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide[EMIM][TFSI] and 1-hexyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide [HMIM][TFSI]) were  developed for 

smart windows [39]. They were tested for over 5000 heating-cooling cycles switching from 

opaque to highly transparent (Figure 14), without losing their thermal, and optical stability. 

The ionogels showed high transparency (Tlum = 87%) and luminous modulation (∆Tlum = 80%) 

below and above the transition temperature (LCST). The composites with better results 

concerning the transition temperature were the ones containing the ILs [BDMIM][TFSI] and 

[BMIM][TFSI]. Furthermore, the incorporation of plasmonic nanoparticles into the ionogels 

endowed thermochromic ionogels with dual responsivity to temperature increase and to high-

intensity irradiation [39].  

 

Figure 14. a) Transmittance spectra of flexible ion gels containing 33% wt. [BDMIM][TFSI] 

and 67% wt. [BMIM][TFSI] at different temperatures with the insets showing the transparent, 

translucent, and opaque states. b) Optical performance reversibility of the ion gel containing 

35% [BDMIM][TFSI] and 65% wt. [BMIM][TFSI] during 5000 cycles, each cycle represents 
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transparent and opaque states containing heating, holding, cooling, and holding steps. Reprinted 

with permission from [39]. 

Ionogels thermoelectric materials combining the polymer PVDF-HFP and three distinct ILs 

([EMIM][TFSI], 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF4]) and 1-ethyl-

3-methylimidazolium dicyanamide ([EMIM][DCA]) were developed [40]. These materials have 

shown a remarkable Seebeck coefficient (up to 26.1 mV K−1), high ionic conductivity (6.7 mS 

cm-1), low thermal conductivity (0.176 W m-1 K-1) and high thermoelectric properties as a result 

of the ion-dipole interaction between the polymer and ILs [40]. These ionogels reveal a suitable 

property towards the conversion of the intermittent heat into electricity and are remarkable to 

harvest the low-grade thermal energy on earth. Similarly, other ionogels have been synthetized 

to be applied for future thermoelectric applications [41]. 

 

 

2.1.2. pH-sensitive materials 

Few studies report the combination of polymers and ILs for the development of pH-sensitive 

materials. A flexible pH sensor membrane was developed through the combination of 

poly(vinyl chloride) (PVC) with Quinhydrone (QH) and the IL n-cetylpyridinium 

hexafluorophosphate (CPFP) [42]. The CPFP-PVC-QH flexible and stable membrane highly 

improves the performance QH-based sensors presenting a fast response time (smaller than 10 

s), higher potentiometric response with pH-sensitivity between 2 and 9.5, stability and 

reproducibility (Figure 15).  
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Figure 15. a) Dynamic response of the CPFP-PVC-QH membranes with increasing pH in the 

solution in 0.5 pH steps. b) Reproducibility of the membrane electrode in the buffer solution 

with pH 4 and 7. Reprinted from [42]. 

 

2.1.3. Magneto-sensitive materials  

The incorporation of magnetic ILs into a polymer matrix allows producing a new type of 

magneto-responsive materials. Magneto-ionic composites based on poly(vinylidene 

trifluoroethylene) P(VDF-TrFE) and 1-butyl-3-methylimidazolium tetrachloroferrate 

([BMIM][FeCl4]) films were presented as suitable low-field magnetic sensing devices [43]. The 

IL/P(VDF-TrFE) composites revealed a high magneto-ionic output with a αME magnetoelectric 

coefficient of 10 V cm−1 Oe−1) (Figure 16), proving their applicability as magneto-sensing 

device as well as their applicability in printing technologies [43].  

 



  

22 

 

Figure 16. Magnetic response of [BMIM][FeCl4]/(PVDF-TrFE) composites. a) Magnetization 

of the [BMIM][FeCl4]/(PVDF-TrFE) composite films at room temperature from -600 Oe to 600 

Oe. b) Extrapolation of the magnetization of the [BMIM][FeCl4]/(PVDF-TrFE) composite films 

at room temperature and 2 Oe magnetic field intensity as a function of the magnetic ionic liquid 

content. Reprinted with permission from [43]. 

 

 

2.1.4. Piezoresistive sensors   

Acrylate polymers have been used in combination with ILs for the fabrication of stretchable 

piezoresistive tactile sensors. The performance of 2- [[(butylamino)carbonyl] oxy] ethyl 

acrylate (BACOEA) containing [EMIM][BF4] was evaluated as sensors [44]. BACOEA is a 

commercially available 3D printing material, which can be polymerized by a photo-initiated 

free radical polymerization mechanism. The performance of the piezoresistive sensor was tuned 

by the crosslinking density and molecular weight of the matrix, which governs the mobility of 

the polymer chains and IL domains [44]. The cross-linking and polymerization were controlled 

by adjusting the amount of cross-linking agent and UV exposure time, respectively, which in 

turn affects the sensitivity of the sensors. It was shown that the piezoresistive properties depend 

on the rearrangement of polymer chains and IL domains inside the composite produced by the 

deformation of the material. When the compressive strain increases, the distance between two 

electrodes decreases and the motion of the chains and IL occurs, decreasing the electrical 

resistance of the materials [44]. The 3D printability of polymer/[EMIM][BF4] piezoresistive 

pressure sensors was also reported. For the assembly of the sensor, an intermediate layer of 

polymer/IL composite was placed in between two carbon nanotube-based electrodes [45]. The 

screen-printed sensor was then embedded on the inner surface of a 3D printed tire to provide 

pressure data at contact points between the tire and the road. The developed sensors provided 
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information about different parameters such as road conditions and monitored the tire structural 

health and movement, among others [44].  

 

2.1.5. Bio and humidity sensors  

Few studies report on the development of IL-based polymer materials for biosensors. For the 

detection of biomolecules such as dopamine (DA), ascorbic acid (AA) and uric acid (UA), 

composite electrodes based on the conducting polymer PEDOT and [BMIM][Cl] IL were 

produced [46]. To create the electrochemical sensors, PEDOT was first electropolymerized in a 

screen-printed carbon electrode (SPCE). Subsequently, the [BMIM][Cl] was spin-coated onto 

the surface. The final electrode showed peak potentials of 0.06, 0.23 and 0.35 V and detection 

limits of 1.15, 0.39 and 0.27 µM for AA, DA and UA respectively with excellent linearity, 

resolution, and sensitivity [46].  

The combination of polymers and ILs was also studied for the development of humidity sensors 

based on two different ILs, methyl 3-(3-(2-hydroxyethyl)imidazole-1-yl)propanoate chloride 

salt (IL-Cl), methyl 3-(3-(2 hydroxyethyl)imidazole-1-yl)propanoate bromate salt (IL-Br) [47]. 

The IL-PEG electrolyte, with a molar ratio of 4:1 of IL-Br to IL-Cl, were synthesized through 

an ester-exchange reaction and later these IL-PEG composites were mixed with polyurethane 

(PU) and poly-1,4-butylene adipate glycol (PBA) forming PU/PBA/IL-PEG composites with 

different IL-PEG contents. The IL-PEG acted as an antistatic agent under low relative humidity 

(RH) with the surface resistivity of the composites changing very slightly at different RH 

percentages (Figure 17a). These results also showed that the synthesized composites could be 

used as antistatic materials [47]. 
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Figure 17. a) Relative humidity effect on the surface resistivity of different IL/polymer 

composites at room temperature. Reprinted with permission from [47]. b) The sensitivity of the 

[Bmim][FeCl4]/PVDF composites comprising different IL contents (5, 10 and 20 %wt.) to 

humidity.  Reprinted with permission from [22c]. 

 

Humidity sensitive materials based on [Bmim][FeCl4]/PVDF composites comprising different 

IL contents were also developed [22c]. The performance of the composites as humidity sensing 

was evaluated through the variation of the humidity between 35-90%. The authors observed a 

linear resistance variation with the relative humidity as is observed in Figure 17b, decreasing 

the resistance of the materials with the IL content increase due to higher mobility and number 

of the IL ionic charges [22c].  

 

2.1.6. Electromechanical actuators  

IL/polymer composites have been successfully used for the development of low voltage and 

large deformation electroactive actuators. The actuators are formed by an ionic polymer 

composite and two conductive and flexible electrodes at each side. When an electrical field is 
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applied, there is an ion diffusion within the polymer matrix and therefore a bending response is 

produced as a consequence of the cations and anions movement, and its distribution near to the 

electrodes (Figure 18) [20]. These electroactive actuators are stable over repeated bending 

cycling and can operate in a wide temperature range due to the thermal stability of ILs [48].  

 

Figure 18. Schematic representation of the ion migration and bending response. Reprinted with 

permission from [20]. 

 

Among the different electroactive polymers, PVDF is known for its high dielectric constant, 

polarity and ionic conductivity [49]. Thus, actuators based on PVDF and ILs with different 

anions, [HMIM][Cl] and HMIM][TFSI] have been developed to study the effect of anion size 

and filler content on the bending response [50]. It was observed that the polymer crystallizes in 

the electroactive β-phase in the presence of the ILs, regardless of the nature and content of the 

IL. Moreover, the size of the polymer spherulites decreases with increasing IL concentration 

and with the incorporation of anions of larger size (Figure 19). 
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Figure 19. SEM images of pristine PVDF (a); IL/PVDF composites with [Cl] anion with 

different IL contents: 25% (b) and 40% (c) and for composites with the [TFSI] anion with 40% 

(d) IL content. Reprinted with permission from [50].  

 

The electrical conductivity of the material depends on the amount of IL and the anion size, 

whereas the bending is related to the degree of crystallinity, mechanical properties, and ionic 

conductivity. The best bending values were obtained for 40 wt% [HMIM][Cl] content [50]. 

Different imidazolium-based ILs were also incorporated into a PVDF matrix to study the effect 

of the alkyl chain length of the cation ([EMIM]+, [HMIM]+ and [C10MIM]+), and the anion 

([TFSI]- and [Cl]-) on the mechanical and electrical properties of the composites [50]. The 

mechanical properties are nearly independent of the IL type, whereas the conductivity is more 

related to the anion type than to the size of the alkyl chain. The maximum bending response 

(0.3%) was obtained for the IL [EMIM][TFSI] (Figure 20) [50]. The effect of film thickness on 

the properties of PVDF/[EMIM][TFSI] was also assessed, and it was observed that the bending 

actuation of the composites varies inversely with the sample thickness [22b].  
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Figure 20. Picture of the bending motion comparing two different ILs (a) [HMIM][Cl]/PVDF 

and (b) [EMIM][TFSI]/PVDF under an applied voltage of 10 and 20 V square signal, 

respectively at a frequency of 0.1 Hz. Reprinted with permission from [50]. 

 

The influence of cation type comprising ILs sharing the same anion ([TFSI]-) and different 

cations in the actuator performance was also evaluated. The bending measurements showed a 

displacement increase with the cation chain length increase. Further, it is also dependent on the 

conformation of the cation size, being the highest bending response observed for the 

PVDF/[PMIM][TFSI] (5.7 mm) and PVDF/[PMPIP][TFSI] (6.0 mm) (where PMIM and 

PMPIP represent 1-propyl-3-imidazolium and 1-methyl-1-propylpiperidinium), composites at 

100 mHz [20] (Figure 21). 
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Figure 21. Displacement of the composites for an applied voltage of 5 V and a frequency of 

100 mHz (a) and as a function of frequency (b). Reprinted with permission from [20]. 

 

The influence of the polymer matrix into the actuator performance has also been evaluated with 

the IL [EMIM][TFSI] within different fluorinated matrixes [22a], showing that the actuator 

performance depends on the polymer type, the most substantial bending response being 

obtained for the IL/PVDF-TrFE composites with 40 wt% of IL ( ~3.5 mm using a frequency of 

100 MHz at an applied potential of 5.0 Vpp) 
[22a].  

PVDF was also used in combination with N,N,N-trimethyl-N-(2-hydroxyethyl) ammonium 

bis(trifluoromethylsulfonyl)imide ([N1112OH][TFSI]) and [EMIM][ESO4] in order to study the 

cation effect [22b]. Similarly, to previous results, the crystal phase of PVDF was independent of 

the IL type, whereas the degree of crystallinity and the electrical conductivity depended on the 

IL type and content. Composites with a 40 wt% of [N1112OH)][TFSI] showed the highest 

electrical conductivity and the best strain bending response was obtained when using 25 wt% 

of the same IL. The results revealed that the bending response is more dependent on the IL 

content than on its type. Moreover, composites with [EMIM][ESO4] are not cytotoxic opening 

the way to a wide range of actuator applications in the biomedical field [22b]. 

Electromechanical actuators can also be obtained through the IL uptake by a preformed 

polymeric membrane. The electromechanical performance as a function of the temperature of 



  

29 

 

Nafion membranes containing [EMIM][Tfo] and gold nanoparticles as anionic materials [51] 

lead to actuators with lower cationic curvature with increasing temperature and the deformation 

rate was slow with increasing temperature up to 50 °C. On the other hand, a higher anionic 

curvature with increasing temperature was observed, and the rate of deformation was increased 

at 60 °C (Figure 22).  

 

Figure 22. a) Schematic representation of cationic and anionic bending mechanism and 

sequential overlaid images of the cationic and anionic bending. b) Graphs of the maximum 

cationic curvature and cationic actuation time at different temperatures, respectively. Reprinted 

with permission from [51]. 
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This behavior was explained by changes in the IL structure, such as dispersion of ion clusters 

in the IL and the number of drifted ions. However, a loss of functionality was observed above 

60 °C that was due to a change in a break of some Nafion inner structures and nano-channels. 

The current flow increases up to 80 °C, and an abrupt increase was observed at 90 °C [51].  

The actuation mechanism of dry-type polymer actuators composed of single-walled carbon 

nanotubes, an IL, and a base polymer (named as nanocarbon polymer (NCP)), in a three layers 

configuration, was also evaluated [52]. In the same way as the previous case, the NCP actuators 

showed a bending motion toward the anode at low times and even a reverse movement over 

time (back-relaxation) in the lower frequency ranges of the applied DC voltage. In this case, 

the amount of backward motion and time response could be modified by changing the amount 

of IL in both the electrolyte and in the electrode layers [52]. 

High-performance polymer printable actuators comprising the [EMIM][TFSI] IL, a soluble 

sulfonated polyimide (SPI), and carbon materials with an ionic conductivity up to 1 × 10–3 S 

cm–1 were developed [53]. The actuators exhibited large displacements and a wide potential 

window of up to 3.5 V. The displacement of the printable actuators was proportional to the 

accumulated electric charge in the electrodes and independent of the carbon materials [53]. 

Conductive elastomers were prepared to combine Imidazolium-based ILs with epoxidized 

natural rubber (ENR). This material presents interesting properties towards sensor and actuator 

applications. Natural rubber is a renewable material with properties such as elasticity and 

excellent mechanical properties [54]. However, its heat resistance and electrical conductivity are 

low and, thus, several attempts have been carried out to improve the electrical conductivity 

using polar derivatives of natural rubber such as ENR. Moreover, the preparation of ENR/ILs 

composites could further enhance the conductivity of the rubber. After the addition of 1-ethyl-

3-methylimidazolium chloride [EMIM][Cl] IL up to a specific concentration, an increase in the 

vulcanization rate was observed, decreasing curing time. The electrical conductivity of these 
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rubbers increased to 10-6 and 10-4 S m-1 with 3 and 10 parts of IL per hundred rubber, 

respectively, and the DC conductivity also increased with IL content. The mechanical properties 

were also affected by the incorporation of ILs due to reported plasticizing effect retarding the 

strain-induced crystallization of the rubber and the cross-linking degree varied as a function of 

the concentration of IL [54]. 

Transparent actuators made of poly(dimethylsiloxane) (PDMS) and 1-ethyl-3-methyl 

imidazolium trifluoromethane sulfonate ([EMIM][CF3SO3]) were prepared by spray casting of 

the electrodes. PDMS shows excellent properties such as elasticity, transparency, versatile 

surface chemistry, low water permeability and low electrical conductivity, becoming an 

interesting candidate for the preparation of sensing and energy-conversion devices. The 

potential of the as-prepared materials as actuator steams from the electrostatic double-layer 

capacitor and Faradaic capacitor mechanisms [55]. 

Naturally derived IL/polymer actuators have also been developed. Poly(3-hydroxybutyrate) 

(PHB)/ 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([BMIM][TFSI]) soft 

actuators water and moisture resistant with a reversible macroscopic bending for applied 

potentials from 0.1 to 7 V and an excellent operation durability up to 105 cycles at 2 V were 

developed [56]. These actuators demonstrated to be still responsive at low voltages. They showed 

a maximum tip displacement of 0.2 mm (ε = 24.4 10-6) at 0.1 V, increasing the actuation with 

the applied voltage (ε = 1430 × 10-6, at 7 V). Besides the displacement increased at lower 

frequencies, the authors reported that the frequency values down to 0.1 Hz were lower than the 

maximum amplitude achievable applying a DC voltage [56].  

 

2.2. Functional IL/polymer materials applicability 

2.2.1. Environmental applications  
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During the last decades, the huge population growth and industrialization have created 

tremendous environmental problems. The anthropogenic activities produce contaminants such 

as dyes, metal ions, and other organic and inorganic chemicals that are hardly removed from 

water [57]. As these chemicals are potentially toxic to humans and animals [58], it is mandatory 

to remove them before discharge into water bodies or release into the air. Many techniques have 

been employed on environmental remediation, but adsorption presents many attractive 

advantages as high selectivity and efficiency, sludge free process, remarkable reusability, easy 

operation, environmentally friendly and cheapness [59]. Additionally, the adsorption process 

may be applied to the two most contaminated environments in nature – air and water [60]. The 

unique properties of ILs allow designing (changing cations and anions) specific modified 

adsorbent materials, with specific physical-chemical properties, that match the specificity of a 

pollutant [59]. 

The combination of sorbent materials and IL can produce enhanced results in the scope of 

environmental remediation. In addition to those properties, IL can be a greener alternative to 

the classical toxic solvents used during materials production, reducing the pollution generated 

in the industry [61]. The following subchapters will address these materials both in air and in 

water. 

 

Air remediation 

Among some environmental problems, global warming and high energy consumption have 

attracted considerable interest over gas separation, especially about the CO2 continuous increase 

[62]. In this way, several works report on gas-sensing and gas-separation composites based on 

polymers and ILs.  In this context, imidazolium-based ILs have been used in gas separation 

applications taking advantage of their high CO2 solubility, diffusivity, and permeability [63]. 

Their permeation selectivity is larger than ammonium-based and phosphonium-based ILs. The 

acidic hydrogen in the cation affects CO2 solubility via hydrogen bonds [63-64]. Anions such as 
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PF6, BF4, and TFSI, provide higher solubility in CO2 compounds due to the presence of 

fluorinated groups. Further, CO2 acts as a Lewis acid and the anion as a Lewis base, and the 

CO2 solubility is attribuited to the proximity of the CO2 and the anion [65].  

To achieve efficient and economic separation of CO2 Pebax (poly(amide-b-ethylene oxide)) has 

shown to be a good gas separation material, being Pebax 1657 one of the most attractive 

commercial Pebax due to its CO2 high separation performance. The transport properties for 

Pebax 1657 revealed the highest solubility selectivity for CO2/H2 when compared with other 

Pebax compositions due to the polar components present in both soft and hard segments [66]. A 

research team [63] developed three different composites containing Pebax 1657 (poly(amide-b-

ethylene oxide)), zeolite imidazolate framework nanoparticles, and different imidazolium-

based ILs. The effect of the anion presents in the IL and the nanoparticle content over the gas 

permeability and selectivity of the membranes was evaluated by using ILs based on [BMIM] 

cation with different anions of [TFSI], dicyanamide [DCA] and [BF4]. The results confirm that 

the anion plays an essential part in CO2 permeability (Figure 23), moreover, [BMIM][TFSI] 

seems to act as a low molecular weight additive resulting in a more amorphous structure and 

higher fractional free volume of the membranes. The incorporation of IL also enhances the 

compatibility of nanoparticles with the polymeric matrix, leading to higher CO2/N2 selectivity. 

In short, the results indicate that the permeability of the as-prepared membranes was up to 4.3 

times higher than for pristine Pebax. 
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Figure 23. CO2 gas permeability of Pebax/IL membranes as a function of IL content for ILs 

with different anions. Reprinted with permission from [63]. 

 

Estahbanati et al. [64] also studied the incorporation of [BMIM][BF4] into Pebax 1657 

membranes and its effect over gas permeation at 35 °C and 2-10 bar, showing that the addition 

of the IL to the membrane decreases its crystallinity, which results in an increase in permeability 

for the tested gases. Moreover, CO2 permeability and selectivity are enhanced with increasing 

IL, the permeability becoming up to 70% higher than for neat Pebax membranes. The selectivity 

for CO2 concerning CH4 and N2 was 17% and 34% higher, respectively [64]. 

How the composite is generated, the processing also plays a substantial role in the performance 

of this composite in CO2 separation. The effect of incorporation of [EMIM] [BF4] into Pebax 

1657 in the form of Pebax-based hollow-fiber gel membranes (Figure 24) [67] showed that after 

the addition of IL, a 300% improvement in CO2 permeability was observed. It was shown that 

the IL interacts with ethylene oxide segments via hydrogen bonding, leading to a decrease of 

the polymer crystallinity, inhibiting the potential interaction with CO2 and, thus, lowering the 

gas permeability below the estimated value using homogeneous blend model. Even though, the 

as-prepared membranes showed high mechanical durability, chemical stability and good CO2 
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separation for mixed-gas feed with permeance up to 300 GPU and CO2/N2 and CH4/N2 

selectivities of 36 and 15, respectively [67].  

 

Figure 24. SEM image of the cross-sections of hollow fiber Pebax/IL gel membrane (a); Effect 

of feed pressure on CO2 permeance for neat Pebax ®1657(•), Pebax®1657/IL20% (■), Pebax® 

1657/IL40%(▲), Pebax®1657/IL60%(▼), and Pebax®1657/IL80%(◆). Reprinted with 

permission from [67]. 

 

Ion gels were prepared using a sulfonated polyimide (SPI) and different hydrophobic ILs, 

namely, [BMIM][TFSI] or 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM][PF6]) 

for the fabrication of gas separation membranes. The incorporation of ILs leads to softer 

membranes, due to the plasticizing effect of the IL and an increase of the gas permeability. Thus, 

[BMIM][TFSI] containing composites showed CO2 permeability of 412 Barrer against the 0.58 

Barrer in the pure SPI, and selectivity against N2. The  [BMIM][PF6] containing SPI composite 

show lower permeability but improved separation coefficient (α=PCO2 /PN2) – ranging 

between 33 to 37 [68].  

To overcome the drawbacks of many porous polymer membranes for the separation of 

industrial gas mixtures such as reduced mechanical and thermal stability at elevated 

temperatures, poly(pyromellitimide-co-4,4’-oxydianiline) (PMDA-ODAPI) and 

polybenzimidazole (PBI) were used in combination with ILs for the preparation of composite 
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membranes. The polymers were selected due to their high thermal stability and durability as 

well as for their ability to form dense membranes [3]. PBI is a fully aromatic heterocyclic 

polymer with high thermal stability and excellent chemical resistance [69], whereas PMDA-

ODAPI is a polyimide also known as “Kapton” that also shows high thermal stability, 

mechanical strength, and solvent resistance.  The incorporation of [BMIM][TFSI] with a low 

melting point and good stability increased the CO2 permeation without decreasing the 

selectivity and, thus, the composites are promising for CO2 separation [70].  

Polysulfone (PSF), a thermoplastic polymer with excellent mechanical, thermal, chemical and 

film-forming properties have been widely used for the preparation of membranes, also with the 

incorporation of imidazolium-based ILs [EMIM][TFSI]) and 1-ethyl-3-methyl imidazolium 

trifluoromethane sulfonate ([EMIM][CF3SO3]) for CO2/methane separation [71]. Results 

indicated that CO2 solubility in ILs is determined by factors such as operating pressure, 

temperature, nature of the anion and the anion chain [71]. Also, the presence of fluorine chains 

and halide ions seems to improve CO2 solubility [72], and thus, higher CO2 solubility is expected 

for [EMIM][TFSI] due to its fluoromethyl chain and lower viscosity. The CO2 permeation 

increases after the addition of ILs, whereas the methane permeation significantly decreases. In 

fact, [EMIM][TFSI] containing membranes show higher CO2 permeation values, whereas 

membranes containing [EMIM][CF3SO3] result in better CO2/CH4 selectivity values. 

Consequently, these kinds of membranes are ideal for CO2/CH4 separation. The use PSF 

membranes for CO2 separation [73] has also been based on the incorporation of triethanolamine 

formate (TEAF) and triethanolamine acetate (TEAA), being observed that the CO2 permeability 

increases with the addition of ILs and the highest performance were observed 20-30 wt% ILs 

content [73].  

Further, a composite porous membrane based on PEO, the IL [BMIM][BF4], and different 

loadings of CrO3 nanoparticles were used for CO2/N2 separation [74]. With increasing CrO3 

content, the solubility in CO2 increases with the generation of chromate esters while no 
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permeance of N2 was observed (Figure 25). The composites were also tested in a gas mixture 

showing a maximum selectivity of the membranes for a mole ratio of CrO3 of 0.1 wt%. 

 

Figure 25. Performance of the PEO/BMIM-BF4/CrO3 composite membrane: a) single-gas 

permeance and b) CO2/N2 selectivity in a gas mixture. Reprinted with permission from [74].  

New nanocomposites containing ILs have also been explored for the preparation of gas 

separation membranes. Poly(urethane) (PU) foams from castor oil as polyol have been prepared 

with different ILs, including [BMIM][Cl], [BMIM][BF4] and 1-(2-hydroxyethyl)-3-methyl 

imidazolium glycinate ([EOHMIM][Gly]) [75] . The composites prepared using higher IL 

content showed high density and small pore sizes. The higher capacity capture (425 mg CO2 g
-

1 at 25 bar and 25 °C) was observed when using 15% of [BMIM][Cl] IL. At higher IL contents, 

the capture ability decreases probably due to the pore size. On the other hand, CO2/CH4 

selectivity increases with increasing IL content [75]. 

Another important environmental problem is the removal of particulate matter from the air, to 

address this issue, the vinyl polymers have been used to prepare filters. For instance, poly(vinyl 

alcohol) (PVA), poly(vinyl pyrrolidone) (PPy) and poly(acrylamide) (PAM) were mixed with 

lanthanide ILs (1-methyl-3-octylimidazolium hexanitratolanthanate ([C8mim]3La(NO3)6) and 

1-methyl-3-octylimidazolium pentanitratoeuropate ([C8mim]2[Eu(NO3)5]) showing particulate 

adsorption  higher than 99% (Figure 26) [58] . This efficiency was maintained above 90% for 

15 h, and the filters can be reused after regeneration (removal of the adsorbed particulate matter). 
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The luminescent properties of lanthanides from IL allow monitoring of the adsorption process 

(change of fluorescence intensity).  

 

Figure 26. The photos of La-10PVP film a) before and b) after the long-time adsorption 

experiment. SEM images of La-10 polyvinyl pyrrolidone (PVP) c) before and d) after 

regeneration, and the reuse experiment curves of e) particulate matter (PM) 2.5 and f) PM10. 

Adapted and reprinted with permission from [76]. 
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Nafion-ionic liquid-SiO2 superhydrophobic nanocomposite membranes using 

tetramethylammonium hydroxide ([TMA][OH]) IL have been used for water vapor separation. 

The composite membrane proved to be an alternative for water vapor separation from flue gas 

with a permeance up to 2131 GPU and H2O/N2 selectivity of 130 [77]. 

 

Water remediation 

Alongside with air, water pollution is among the most worrying environmental problems of the 

last decades [57]. To address this problem, many new materials have been developed, and IL are 

among the materials used for environmental remediation applications, especially related to 

contaminants adsorption and photocatalysis. 

Nowadays, not many works use IL for environmental applications. However, there are already 

some works devoting attention to IL-based materials for these applications [61]. Works like the 

one developed by Guifen et al. [78], show the high potential of IL towards environmental 

remediation. The authors produced a novel IL-polymer composite (IL-P) by attaching 1-butyl-

3vinyl imidazolium bromide ([BVIM][Br]) into a vynil-functionalized silica surface. The 

adsorption tests were performed against two different aromatic compounds, 2,4-dichlorophenol 

(2,4-DCP), bisphenol A (BPA), 2,4-dinitrophenol (2,4-DNP), 2-isonaphthol (2-NP) using 

pristine silica, vinyl-silica, and the IL-P (Figure 27). The results show that IL-P sample 

adsorbed the highest amount (239.7, 68.39, 56.86 and 64.28 mg g-1, respectively) in the shortest 

time (15-60 min) (Figure 1). The authors attribute the notable results to the presence of IL on 

the silica surface, where π-π and ionic interactions may occur between the positively charged 

imidazolium ring (IL) and the negative charged aromatic ring from phenolic contaminants.  

Moreover, the IL-P proved good reusability properties after solvent treatment.  
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Figure 27. Adsorption kinetics curves of 2,4-dichlorophenol (a), bisphenol A (b), 2,4-

dinitrophenol (c) and 2-isonaphthol (d), on silica (circle), vinyl silica (square) and IL-P 

(triangle) at 25℃ (black curve), 35℃ (red curve) and 45℃ (blue curve). Experimental 

conditions: pH 7.0, m sorbent = 10 mg, Vsolution = 10 mL. Reprinted with permission from 

[78]. 

 

Another sorbent material was developed by Huawei and colleagues to remove anionic dyes 

from water [79]. The magnetic core coated with silica was functionalized with poly(ionic liquid) 

(PIL), using the IL monomer  (dimethyl-dodecyl-4-vinyl benzyl ammonium chloride 

(DMDVAC), to obtain a Fe3O4@SiO2@PIL nanocomposite (Figure 28). These materials were 

tested in the removal of solutions containing alizarin red (AR), thionin acetate (TA), malachite 

green (MG) and acid orange II (AO), or mixtures of these dyes. 
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Figure 18 - Synthetic route to Fe3O4@SiO2@PIL MNPs. Reprinted with permission from [79]. 

 

The results indicate that the Fe3O4@SiO2@PIL completely removed AR from the solution. 

However, TA removal was significantly lower (≈ 14 %), indicating that besides highly efficient, 

the nanocomposite presents remarkable selectivity (Figure 29a). Similarly, to the previous 

work, the authors attribute the AR sorption efficiency to the π-π interactions, hydrogen bonds, 

and electrostatic interaction. On the contrary, electrostatic repulsion occurs between cationic 

dyes (i.e. MG) and PIL inhibiting the dye adsorption and enhancing the selectivity. This is 

shown in Figure 29b, after mixing MG and AR into one solution. Fe3O4@SiO2@PIL can 

adsorb and remove selectively AR form the solution, after magnetic separation, leaving only 

MG in the treated solution.  
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Figure 29 - Adsorption behavior to solo and mixed dyes. (a) The removal rate of AR and TA 

by different adsorbents at an initial dye concentration of 50 mg·L−1, adsorption selectivity of 

Fe3O4@SiO2@PIL to (b) MG/AR at an initial dye concentration of 20 mg·L−1. Reprinted with 

permission from [79]. 

 

An interesting magnetic sorbent material was developed using cellulose-Fe3O4 as a core-shell 

structure functionalized with polymeric ionic liquid (PIL) generated using epichlorohydrin and 

1-methyimidazole (Figure 30). The adsorbent was tested against the Congo red (anionic dye)[80].  

 

Figure 30 - Schematic representation of the production of Fe3O4@cellulose nanohybrid, with 

a novel polymeric ionic liquid (PIL). Adapted and reprinted with permission from [80]. 

 

To understand the parameters that affect Congo red adsorption onto the Fe3O4@cellulose 

nanohybrid, the authors performed several tests, which indicate that adsorption is more 

dependent on contact time, adsorbent dosage, and ionic strength. The best results show that 

Congo red adsorption reached the equilibrium after 11 min and maximum uptake of 131 mg g-

1. The authors stated that the interaction between the dye and the methylene groups from the 

adsorbent surface explains the sorption of dye. Moreover, π-π interactions between the 

imidazolium ring and the dye can lead to π-π bonds between both. After three cycles, the 

magnetic sorbent also revealed remarkable reusability (sill in the range between 90-95%), 

proving the suitability for water remediation applications.  
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Another natural polymer-based material was developed, reporting on a new hybrid material 

combining chitosan and ionic liquids (CS-IL) (Figure 31a) for anions adsorption (Cr2O7
2−and 

PF6
−)[81]. 

 

Figure 31 - a) SEM image of spherical nanoparticles (diameter ≈ 250 nm). b) Sorption of PF6
− 

as a function of the time for CS–IL conjugation at (a) pH = 3.00 and (b) pH = 7.00 - original 

chitosan at pH 3.00 (c) and 7.00 (d), respectively. Reprinted with permission from [81]. 

 

The results depicted in Figure 31b, indicate that the CS-IL composite has a higher ability to 

adsorb PF6
−. The maximum adsorption capacity (0.840 mmol g-1) was obtained after 90 minutes 

of contact time for CS–IL conjugation (Figure 23b – trace a). The CS–IL sorbent was also 

efficient on the adsorption of Cr2O7
2-, with a maximum adsorption capacity of 0.422 mmol g-1. 

The authors attribute this improvement to ionic liquids, as they enhance the solubility of the 

composite. Additionally, the results also indicate that the higher the degree of amino 

substitution (DS) of chitosan, the larger the adsorption rate. It is essential to highlight that CS–

IL material not only dissolves better in solution, when compared with pristine chitosan but also 

it aggregates in water after sorption facilitating the separation process, which can be a 

remarkable property for real upscale applications[81].  

IL-Hydrogels also represent new materials towards the sorption of cationic or anionic pollutants. 

The work reported by [82], presents the production of Poly(AM-co-[Amim]Cl-co-DADMAC) 
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hydrogel (PAMDA) by water solution copolymerization with imidazole-containing ionic liquid 

1-allyl-3-methylimidazolium chloride ([AMIM][Cl]), Dimethyldiallylammonium chloride 

(DADMAC) and acrylamide (AM) as monomers (Figure 32a). 

 

Figure 32 - a) FE-SEM images of PAMDA with 5 wt% [AMIM][Cl]. b) Effect of contact time 

on the adsorption capacity of PAMDA at various temperatures (initial Cr(VI) concentration: 

100 mg L-1; adsorbent dosage: 0.1 g; pH = 2). Reprinted with permission from [82]. 

 

This work indicates that the adsorption equilibrium for Cr(VI) was reached in only 10 minutes 

(Figure 32b), for all the tested temperatures. According to the authors, the maximum adsorption 

capacity of Cr(VI) of 74.5 mg L-1 was achieved at 323 K (Langmuir isotherms).  The 

incorporation of IL was critical to achieving such results, as IL enhanced the wettability of the 

composite and also increased the ionic conductivity by the introduction of the positively 

charged [AMIM][Cl]. 

Similarly, to remove Cr(VI), a new functional material based on ionic liquid-based cross-linked 

polymer, polydivinylbenzene (PDVB) - 1-aminoethyl-3-vinylimidazolium chloride 

hydrochloride IL (PDVB-IL), was produced (Figure 33) [83]. 
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Figure 33 - Influence of pH on the adsorption capacity of PDVB-IL towards Cr(VI) (initial 

concentration = 0.1 g L-1, T = 25 ̊ C, contact time = 30 min, PDVB-IL = 0.1 g L-1) (a); Adsorbed 

amount of Cr(VI) by PDVB-IL as a function of contact time at different initial concentrations 

of Cr(VI). (T =25 ˚C, PDVB-IL = 0.1 g/L). Reprinted with permission from [83]. 

 

Several parameters were evaluated on the adsorption of Cr(VI), and the results indicate that the 

maximum sorbent capacity increases with the decrease of the pH value 12 to 2 (Figure 25a). 

Additionally, the adsorption kinetics assays show that chromium ions are adsorbed rapidly 

during the first 5 minutes (Figure 25b). Afterward, the adsorption reached the equilibrium, 

which reflects a large number of adsorption sites available on the PDVB-IL surface. The 

maximum adsorption capacity, after 5 minutes at 25 ̊ C, was 391.4 mg/g. The IL plays a decisive 

role in the adsorption process as the ammonium groups from the adsorbent surface promotes 

the attraction with HCrO4
- and Cr2O7

2- forms of Cr(VI). 

These first works show the enormous potential of ILs for environmental applications. However, 

more studies need to be performed concerning the development of IL/polymer-based 

composites for air and water remediation. Additionally, it is also crucial to start testing the 

specificity between pollutants and sorbent materials and address real water bodies remediation 

applications. 
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2.2.2. Energy applications 

2.2.2.1.Batteries 

Ionic liquids (ILs) are intensively investigated for energy storage applications in batteries. Their 

unique properties solve some of the common safety problems [7] caused by liquid electrolytes 

(typically composed by a lithium salt in a mixture of one or more solvents [84]), which are: short 

circuits, often leading to overheating and ignition, causing the battery explosion [85]. 

ILs for battery applications are mostly formed by a quaternary ammonium cation (e.g., aliphatic 

quaternary ammonium, imidazolium, pyrrolidinium, and piperidinium) and an 

inorganic/organic anion as are summarized in Figure 34. Table 2 shows the commonly used 

ILs in the batteries field. Typically, they have significantly higher viscosities (typically, 30–50 

cP) and lower ionic conductivity (RTILs: 0.1–5×10-3 S cm−1) compared to commercially liquid 

electrolyte solution (8.2-11.6 ×10-3 S cm-1 and 0.5-4 cP) [86]. The factors controlling the 

diffusion of ions in ILs are the size of ion, the shape of ion, the magnitude of the interaction 

between cation and anion, the conformational flexibility, the molecular mass of the ion, and the 

effects of nanostructures in ionic liquids [87]. The diffusion of ions becomes fast for ILs with 

low viscosity and high ionic conductivity [87]. Furthermore, higher electrolyte viscosity imposes 

significant rate capability limitations for all but the most fluid IL electrolytes [88]. 
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Figure 34. Common ILs used for energy applications. Reprinted with permission from [89]. 

 

ILs have high applicability in different areas of battery cells. They are used in the synthesis of 

the electrodes [90], in the electrode slurry preparation [91], in solid electrolyte interphase (SEI) 

[92], as electrolyte additive [93] and in polymer composite as solid polymer electrolyte [94] [95]. In 

addition to battery systems, these polymer/IL composites can be used for supercapacitor, in 

which good compatibilization between IL and polymer matrix is essential to obtain a high ionic 

conductivity value and excellent mechanical properties [96]. 
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Table 2 – Cation/anion used in battery applications [97]. 

Cation Anion 

EMIM Cl, BF4, TFSI, BETI, MSI, OTf, TA, FSI, FSA, 

TFSA, PF6, DCA 

BMIM BF4, TFSI, PF6, TA 

C8MIM TFSI 

C10MIM TFSI 

MDI BF4, TA, TFSI, PF6 

M1,2E31 TFSI 

DMPI TFSI, Me 

P13 MSI, FSI, TFSI, PF6, FSA 

P14 TFSI, MSI 

 

Ion Gel 

Recently, thermotropic ionic liquid crystalline lithium salt, lithium bis (1,3-dibutyl-4,5-

imidazoledicarboxylatetetrafluroborate) borate (LiBIB), with potential bilayer fast ion 

conductive tunnels, having functionalities of both lithium salt and polymer host or electrolyte, 

was synthesized and showed better ionic conductivity (3×10-3 S cm-1) and electrochemical 

stability at room temperature in comparison with those of traditional lithium salts [98]. Novel 

ILs have been also functionalized with ether oxygens to suppress crystallization and with 

bis(fluorosulfonyl)imide (FSI) anions to improve ionic conductivity. Cell batteries with these 

ILs were assembled and showed a nominal capacity of 150 mAh g−1 at C/10 (1C was 1.08 mA 

cm-2) while retaining flat potential profiles throughout 50 cycles [99]. 

ILs are an important element in solid electrolyte interphases (SEI) where it has been observed 

that the interaction of an IL adlayer with lithiated graphite leads to a stable passivation layer, 

which inhibits the deintercalation of Li [92]. For SEI-layer based on IL, different cation 
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chemistries and kinds of structural modifications were tested, with the introduction of nitrile 

groups and double bonds giving rise to a SEI layer protection and a fast Li+ transport [100]. 

Ion gel membranes have become excellent substitutes of the liquid electrolytes for a wide range 

of applications such as batteries, fuel cells, supercapacitors, or energy units, among others. 

Solid-state electrolytes offer certain advantages when compared with their liquid homologues 

addressing some of their problems such as liquid leakage, gas formation due to solvent 

decomposition or thermal lack of stability. In this sense, ion gel electrolyte membranes are 

receiving increasing attention due to their thin-film-forming capacity, transparency, flexibility, 

high ionic conductivity and wide electrochemical window [101]. In particular, IL electrolytes 

have a wide range of conductivities and thermal stability, becoming a potential substitute for 

liquid electrolytes. The polymerization of suitable vinyl monomers in the presence of ILs 

generates ion gels with good ionic conductivities, transparency, and flexibility. These materials 

fulfill the requirements for the design of polymer electrolytes for solid-state electrochemical 

devices. 

For these Polymer/IL composites, several polymer matrixes have been proposed: poly(ethylene 

glycol) (PEG) [102], poly(vinylidene fluoride) (PVDF) [103] and its copolymers (poly(vinylidene 

fluoride-trifluoroethylene, PVDF-TrFE and poly(vinylidene fluoride-hexafluoropropylene, 

PVDF-HFP) [104] among other [105], and with several combinations of IL. 

The effect of the incorporation of poly(ethylene glycol) (PEG) containing IL on the properties 

of PVDF membranes was investigated [106] showing that the interaction of imidazolium cation 

and CF2 groups with PVDF lead to nonpolar α-phase into polar β and γ phases transformation. 

Moreover, PEG interactions with PVDF can favor the amorphous regions of PVDF decreasing 

its crystallinity. Higher values of dielectric permittivity were observed, and the incorporation 

of IL together with thermal annealing improved de conductivity. Additional annealing 

increased the ion mobility by chain motion and polar phase crystals [106]. 
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Further, PVDF derivatives also show high anodic stability due to the presence of strong 

electron-withdrawing functional groups [26b]. PVDF copolymers have been reported as the best 

polymer for the design of gel polymer electrolyte systems due to its semi-crystalline structure 

that displays good compatibility along with its mechanical strength.   As for PVDF and PVDF-

HFP polymer, the incorporation of ILs influences the microstructure, thermal stability and ionic 

conductivity of the polymer.  

PVDF has been also blended with PVA for the preparation of gel polymer electrolytes for 

lithium-ion batteries. After the incorporation of IL (N-methyl-N-butyl-piperidine-

bis(trifluoromethylsulfonyl) imide (PP14)), the membranes showed high ionic conductivity of 

1.19×10-3 S cm-1 and the presence of IL resulted in improved electrochemical stability and 

higher discharge capacity [107]. The cathode delivered a discharge capacity of 104.6 mA h g-1 

and a Coulombic efficiency over 95% after 99 cycles. Moreover, it was observed a good 

electrolyte wettability that improves ion transfer between electrodes [107]. 

The effect of different amounts of IL on the nucleation and electrical transport properties of 

PVDF-HFP membranes was evaluated [108], showing that the use of N, N-diethyl-N-(2-

methacryloylethyl)-N-methylammonium bis(trifluoromethylsulfonyl) imide ([DEMM][TFSI]) 

decreases the crystal growth and enhances electroactive β-phase transformation. The maximum 

ionic conductivity was 4×10-4 S cm-1 for the highest IL content. The authors observed that even 

if the ionic conductivity and segmental motion are coupled when using low IL content, 

increasing the amount of IL resulted in a decoupling of both phenomena.  

 

Solid polymer electrolyte 

Solid polymer electrolyte (SPE) consists of an ionic liquid dissolved in a polymeric matrix 

placed between the electrodes and is essential because lithium mobility must be high enough to 

prevent significant mass transfer limitations to the charge and discharge processes [109]. In the 

case of the solid polymer electrolyte, the mechanism of conduction is by both hopping of the 
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Li+ ions and the segmental motion of the polymer chain, the rate of which is related to the Tg 

of the polymer [110]. Moreover, the aggregation of IL moieties into percolating nano-domains 

within the polymer matrix could be used as an approach to decouple the ion/polymer dynamics 

[111]. 

SPE based poly(2-hydroxyethyl methacrylate) PHEMA and lithium hexafuorophosphate 

(LiPF6) and 1-butyl-3-methylimidazolium bis(trifuoromethanesulfonyl)imide [BMIM][TFSI] 

was prepared by solvent casting technique in which the addition of salt and ionic liquid in the 

PHEMA matrix, it helps in increasing the ionic conductivity of the polymer electrolyte from 

2.16×10-6 S cm-1 for PHEMA + 30 wt% LiPF6 to 8.01×10-5 S cm-1 with the addition of 50 wt% 

[BMIM][TFSI] [112]. 

SPE based on Poly(vinylidene fluoride-trifluoroethylene) (PVDF-TrFE) and [N1112OH][TFSI] 

IL were investigated in which it was observed that the ionic conductivity increases with IL 

content increasing, showing a maximum value of 1.7.10-5 S cm-1 for a 32 wt% of IL (Figure 

35) [113]. 

 

Figure 35. Cross-section SEM images of the P(VDF-TrFE) membranes with different IL 

contents: a) 0 wt%, b) 4 wt%, c) 16 wt% and d) 32 wt% and e) ionic conductivity for different 

IL contents. Reprinted with permission from [113] 
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PVDF-HFP is one of the most used polymers in SPE. It has been doped with several IL such 

as, 1-ethyl-3methylimidazolium tetrafluoroborate ([EMIM][BF4]) 
[107], 3-methy-1-

propylimidazolium bis(trifluoromethysulfony) imide ([PMIM][TFSI]) [114], 1-methyl-3-

propylpyrrolidinium bis(trifluoromethanesulfonyl) imide ([P13][TFSI]) [26b], propyl-2,3-

dimethylimidazolium bis(trifluoromethanesulfonyl) imide ([PMMI][TFSI]) [26b], 1-methyl-3-

propylpiperidinium bis(trifluoromethanesulfonyl) imide ([PP13][TFSI]) [26b], 1-ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI]) [115] and ionic liquids 

based on trifluoroacetate anion and different alkylammonium (diethyl-, dimethylethyl-,  

tributyl-, diisopropylethyl-) cations [116]. 

The polymer/IL composite PVDF-HFP/([EMIM][BF4]) experimented an increase in polymer 

amorphicity after the addition of the IL and [Li][BF4] salt [107]. This change in crystallinity was 

concomitant with an increase of ionic conductivity up to 15 wt% of IL with a conductivity of 

0.2×10-4 S cm-1, and a transference number (defined as the ratio of the conductivity of ions to 

the total conductivity) of 0.98 [107].  

Other composites based on PVDF-HFP have also shown good conductivities. For instance, 

PVDF-HFP/([PMIM][TFSI]) revealed high conductivity values of 1.2×10-3 S cm-1, good 

interfacial stability and high discharge capacities with 96% retention after 50 cycles [114]. The 

hydrophilic or hydrophobic nature of ILs, [EMIM][BF4] and [EMIM][triflate] and hydrophobic 

[BMIM][PF6], respectively, were evaluated after incorporation to PVDF-HFP membranes. 

Ionic conductivities higher than 10-3 S cm-1 at 100 ºC were recorded, and the materials were 

incorporated into electrochemical cells, using graphite electrodes [117]. 

1-methyl-3-propylpyrrolidinium bis(trifluoromethanesulfonyl) imide ([P13][TFSI]) has been 

reported to be compatible with Li metal and, thus, to be very useful for its use in rechargeable 

lithium batteries. This IL possesses a wide electrochemical stability window and low viscosity 

[26b]. Thus, this IL was used for the preparation of stable, elastic, flexible, and non-volatile 

polymer gel electrolytes using PVDF-HFP and [Li][TFSI]. The performance of [P13][TFSI] 
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was compared with other Ils, namely, [EMIM][TFSI], and  1-propyl-2,3-dimethylimidazolium 

bis(trifluoromethanesulfonyl) imide ([PMMI][TFSI]). The composites showed high 

electrochemical stability and high ionic conductivity. Moreover, the addition of small amounts 

of ethylene carbonate improved the ionic conductivity as well as the Li-ion transport [26b]. 

Hydrophobic IL/polymer composites electrolytes have also been synthesized and tested in 

lithium-air batteries [118]. The electrolytes were composed of ([PMMI][TFSI]), PVDF-HFP and 

silica. The ionic conductivity of the electrolyte was 1.83 x 10-3 S cm-1 at room temperature. In 

ambient atmosphere tests the compact structure, interface resistance obtained by the Nyquist 

plot in the Li/composite electrolyte/Li cell is stable after 10 days, as seen in Figure 36, and 

reasonable cyclability were observed meaning that the polymer composite electrolyte might 

provide an opportunity for the fabrication of rechargeable lithium-air battery for practical 

application (Figure 36).  

 

Figure 36. AC impedance plots (Nyquist plots) of cells with different electrolytes at various 

times: (a) Li/composite electrolyte/Li cell; (b) Lithium air cell by using pure [Li][TFSI]-

[PMMI][TFSI] as an electrolyte and (c) Lithium air cell by utilizing [Li][TFSI]-

[PMMI][TFSI]–silica–PVDF-HFP polymer composite as the electrolyte. Reprinted with 

permission from [118].  

 

PVDF-HFP membranes in combination with active ceramic Li1+xAlxGe2−x(PO4)3 (LAGP) and 

ILs ([EMIM][TFSI]) were also explored for lithium batteries [119]. High ionic conductivity 
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values were recorded, and good compatibility with the lithium electrode was observed. 

Moreover, the electrolyte suppressed the growth of lithium dendrites, showing good interface 

stability [119].  

The use of PVDF-HFP for rechargeable magnesium batteries has also been investigated by the 

preparation of PVDF-HFP gel polymer electrolytes using a magnesium salt or magnesium 

triflate in [EMIM][Tfo] [120].   The resulting materials were semi-transparent and flexible and 

showed good mechanical strength. Moreover, the conductivity of the material was 4.8×10-3 S 

cm-1, which shows excellent stability, and the Mg2+ ion transport number was 0.26, an 

appropriate value for magnesium batteries [120].  

Apart from the well-studied PVDF-HFP, PEG derivatives are being investigated as adequate 

polymers for the fabrication of electrolytes in battery applications due to its advantages such as 

high flexibility, electrochemical stability, and affinity to lithium ions. To increase the ionic 

conductivity of PEG, ILs have been incorporated into these types of networks. [EMIM][TFSI] 

was incorporated into PEG-based polymers with lithium salt-containing also [Li][TFSI] as gel 

electrolytes for lithium-ion batteries [121]. The flexible films were prepared by curing a mixture 

of poly(ethylene glycol) diglycidyl ether and lithium 3-glycidyloxypropanesulfonate or lithium 

3-(glycidyloxypropanesulfonyl)(trifluoromethanesulfonyl) imide with poly(ethylene glycol) 

bis(3-aminopropyl) terminated. Conductivity values of 1.16-2.09 10-3 S cm-1 were recorded for 

these samples without [Li][TFSI] and 0.29-0.43 10-3 S cm-1 for those incorporating 10 wt% 

[Li][TFSI].  

PEG polymer with N-n-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide 

([Pyr14][TFSI]) IL have been also studied. In this case, electrospun silica nanofibers were 

added as reinforcing additive, and [Li][TFSI] was used as the Li salt. The presence of IL 

improved the conductivity over 10-3 S cm-1 at 80 °C. The electrolyte was tested using 

galvanostatic cycling of a prototype Li/LiFePO4 polymer cell and a specific capacity of about 

150-160 mAhg-1 was recorded [122].  
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BMIM and EMIM were used in combination with PEG and silica nanoparticles for the 

preparation of composite polymer electrolytes. The molecular weight of PEG influenced the 

structure and the conductivity of the composites. Smaller PEG chains increased the 

conductivity, but higher molecular weight PEGs were needed to maintain the integrity of the 

material. The highest room temperature conductivity obtained was 1.24×10-3 S cm-1 for an IL 

content of 55 wt% [123]. 

The incorporation of different room temperature ILs into PEG/lithium 

trifluoromethanesulfonate (LiTf) composite electrolytes prepared by melt compounding and 

containing sepiolite modified with D-alfa-tocopherol PEG succinate as filler was evaluated [124]. 

The room temperature ILs can form solid electrolyte interphase that avoids the formation of Li 

dendrites in Li batteries. The conductivity was increased as a function of the temperature and 

lithium diffusion (Dli) while maintaining the mechanical and rheological properties of the 

composites, as is shown in Figure 37 [124]. 
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Figure 37. (a) Conductivity (σ) as a function of T as obtained from the conductivity 

experiments (the inset presents the high-temperature range in linear scale), (b) Lithium 

diffusion (DLi as a function of the viscosity (η) of the liquid phase employed to prepare the 

electrolyte, RTIL or EC. S20 is included as a green circle, (c) FTIR in the ʋ(SO3) region of Tf 

illustrating the solubility of LiTf in the medium, and (d) σ as a function of (DLi+ DTf) at 25 ºC 

for M series electrolytes. Reprinted with permission from [124]. 

 

A new SPE based on polysiloxane with grafting ionic liquid and poly(ethylene oxide) (PEG) 

chains onto flexible polysiloxane backbone was produced presenting high ionic conductivity 

(3.56×10-4
 S cm-1

 at room temperature), excellent resistance to dendrite growth and excellent 

cycling performance for Li/LiFePO4 as is shown Figure 38 [125]. 

 

Figure 38 - The performance of Li/SPE3/LFP cells at 30 °C: (a) charge/discharge capacity and 

coulombic efficiency at 0.1 C rate, (b) discharge/charge profiles at 0.1 C over a potential range 

of 2.5-4.2 V for selected cycles. Reprinted with permission from [125]. 

 

Flexible PEG/([Li][TFSI]) SPE assisted with a bifunctional ionic liquid (IL) of 

tetrabutylphosphonium 2-hydroxypyridine (TBPHP) as well as a garnet-type fastion conducting 

ceramic of Li6.4La3Zr1.4Ta0.6O12 (LLZTO) was produced. PEG8-[Li][TFSI]-TBPHP-12.5% 

LLZTO showed ionic conductivity of 9.39 × 10-4 S cm-1, a wide electrochemical window of 
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more than 5.0 V, a high transference number (tLi+) of 0.63 at 50 °C and the battery exhibited 

excellent rate performance [126]. 

Polyimides are also interesting polymers for the design of gel polymer electrolytes due to their 

good electrochemical stability and affinity for electrolyte solutions. The electrochemical 

performance of LiMn0.4Fe0.6PO4 as a cathode for lithium batteries was tested in an electrospun 

polyimide film containing [Li][TFSI] in [BMIM][TFSI] [127]. These composites showed good 

mechanical strength and thermal stability and initial discharge capacities of 163.6, 136.6, and 

121.6 mAhg-1 at 0.1, 1, and 2 C-rate current densities, respectively. The stable performance of 

the cell resulted from the low impedance resistance of the electrolyte/electrode pair [127]. 

Renewable polymers have also been used in combination with ILs to make cleaner and more 

environmentally friendly materials for energy storage applications such as batteries.  

Cellulose derivatives also found many applications in the preparation of SPE for biodegradable 

energy storage devices such as methylcellulose [128]. Hydroxypropylmethyl cellulose (HPMC) 

has been reported to favor ion adsorption on the polymer [129].  Due to the hydrophobic character 

of HPMC and low conductivity, HPMC combined with [BMIM][Tfo] allows improving its 

ionic conductivity [130]. The addition of ILs decreased the degree of crystallinity of the 

electrolyte while enhancing the ionic conductivity up to 2.36.10-4 S cm-1, indicating that the 

incorporation of IL enhances polymer chain mobility and favors the conduction of ions [130]. 

Hydroxyethyl cellulose (HEC) was used to prepared SPE for batteries and supercapacitors using 

fumed silica nanoparticles, magnesium trifluoromethanesulfonate salt and [EMIM][Tfo] as IL. 

Electric double-layer capacitors were fabricated using activated carbon electrodes, and a 

specific capacitance of 25.0 F g-1 was obtained. Moreover, around 70% of its capacitance was 

maintained after 1600 cycles [131]. To tackle the main drawbacks of the supercapacitors (drying 

and narrow electrochemical range), a new ion gel-based in Li+ and hydroquinone (HQ) 

containing ionogel (PVDF-co-HFP + [EMIM][TFSI]) were produced. The results indicate that 

an optimal HQ concentration, the device possesses a higher transmittance contrast (~91 %), 
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high coloration efficiency (~61.9 cm2/C), high areal capacitance (~13.6 mF/cm2), and good 

charging/discharging cyclic stability (Figure 39) [132]. 

 

Figure 39. (a) Galvanostatic charge-discharge (GCD) profiles at 0.4 mA/cm2 within a potential 

range of 0 to –1.5 V and corresponding in-situ transmittance change measured at 700 nm. 

Photographs of the device at eight points designated in (a) during (b) charging and (c) 

discharging. Reprinted with permission from [132]. 

 

The use of poly(lactic acid) (PLA) for the fabrication of SPEs has also been reported by 

preparing a lithium metal polymer battery with low charge-transfer resistance using PLA and 

[Pyr14][TFSI]. [133]. The prepared SPEs are thermally and electrochemically stable and were 

tested with lithium iron phosphate and carboxymethyl cellulose-based cathodes showing 

promising cycling performance. The coulombic efficiency at a current of 0.015 mAcm-1 was 

higher than 99% in most cycles [133]. 



  

59 

 

The effect of the IL type on the phase-separation of poly(acrylonitrile-r-butadiene) (PAN-r-

PB), was studied to the preparation of gel-like electrolytes [134]. The composites were prepared 

using CN-modified silica nanoparticles to increase their compatibility with acrylonitrile, Li 

triflate and six different ILs ([BMIM][BF4], [BMIM][TFo], [EMIM][Tfo], 1-butyl-4-

methylpyridinium tetrafluoroborate ([4MBP][BF4]), and 1-butyl-2,3-dimethylimidazolium 

tetrafluoroborate ([BMMIM][BF4]). ILs containing hexyl or octyl substituents at the 

imidazolium rings produced higher mobility of PB-rich phases and decrease the PAN-rich 

phase content, improving the Li-ion conductivity. Even if the PB-rich phase does not take part 

in Li-ion conductance, after the incorporation of IL, it becomes more mobile, and the PAN-rich 

phase is also more disordered, increasing the conductivity [134]. On the contrary, when decyl to 

dodecyl substituents was used, the hydrophobic tails of PB-rich phase were ordered, and that 

produced stiffening of the phase, decreasing the conductivity. This strategy allows for the 

tuning of the properties of the composites by using different ILs and, thus, the prepared 

materials are promising for Li-ion batteries [134]. 

 PVA has been widely used for the preparation of gel polymer electrolytes due to its functional 

properties such as nontoxicity, good film-forming ability and low cost [135]. However, these gels 

show low ionic conductivity and the addition of ILs could improve their performance as 

supercapacitors.  

Hyperbranched star polymers with hyperbranched polystyrene as core and 

polymethylmethacrylate block poly(ethylene glycol) methyl ether methacrylate as arms have 

been used for the preparation of polymer electrolyte membranes using ILs such as 

[BMIM][BF4] or [BMIM][PF6] and lithium bis(trifluoromethanesulfonyl) imide ([Li][TFSI]) 

[3]. Multi-arm star polymers result interesting for polymer electrolyte design due to its structure 

that restricts the crystallization of polymer and favors charge carrier’s migration. Membranes 

with excellent flexibility and transparency were obtained with conductivities of 2.5×10-4 and 

4.1×10-5 S cm-1 for composites with 40% of [BMIM][BF4] and [BMIM][PF6], respectively. 
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The composite containing [BMIM][PF6] showed better performance with good thermal 

stability, wide electrochemical window, excellent interfacial compatibility with lithium 

electrode and reversible cyclability [3] (Figure 40). 

 

Figure 40. Impedance spectra. a) HBPS-(PMMA-b-PPEGMA)30/[BMIM][BF4]/ [Li][TFSI] 

with 30 wt% [BMIM][BF4]. b) HBPS-(PMMA-b-PPEGMA)30/ [BMIM][PF6]/[Li][TFSI] with 

30 wt% [BMIM][PF6] received on a Li/polymer electrolyte/Li symmetric cell at room 

temperature. Reprinted with permission from [3].  

 

Solid polymer electrolytes based on poly(ethylene glycol) monomethyl ether acrylate and 

[EMIM][Tfo] and [EMIM][TFSI] ILs were developed for capacitor applications [136]. It was 

found that the capacitance increased with the IL content and was influenced by the size of the 

ion.  

[BMI][BF4] could fill the ionic clusters of poly(ether ether ketone) (SPEEK) driven by 

electrostatic attractions forming interconnected channels. These channels generated easier 

pathways, due to acid-base pairs along the surface of SPEEK produced by IL and enhanced the 

conductivity of the membrane. A conductivity of 9.3 10-3 S cm-1, 52 times higher -than the neat 

SPEEK membrane when using 43% IL was observed [137]. Moreover, the electrostatic 

interactions prevented IL leaching under anhydrous conditions [137]. 
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1-butyl-3-methyl-imidazolium trifluromethanesulfonate ([BMIM][Tfo]) has also been used in 

combination with SPEEK membranes and ethylene glycol as cross-linker. The ethylene glycol 

was used as cross-linker to prevent the leaching of the IL and enhance the mechanical properties 

of the membrane. The conductivity of the as-prepared membranes between 30 and 140 °C was 

in the range of 10-3 S cm-1, increasing with temperature and IL content [138].  

ILs have also been incorporated to SPEEK membranes in combination with inorganic fillers 

such as zeolite or silica. A common problem faced in solid-state membranes is the loss of IL 

due to the water generated in the cathode and the enhancement of IL fluidity and membrane 

motility at elevated temperatures that favor IL leaching. Inorganic fillers can form hydrogen 

bonds between IL and the polymer and improve retention of IL as well as network mechanical 

properties. The influence of different ILs [BMIM][BF4], 1-butyl-3-methylimidazolium 

trifluoromethanesulfonate ([BMIM] [Tfo]), [BMIM][Cl], diethylmethylammonium 

trifluoromethane-sulfonate ([DEMA][Tfo]) and [EIM][Tfo] on the properties of SPEEK 

membranes containing silica was evaluated [139]. The leaching was decreased after the 

incorporation of SiO2, and both anions and cations seemed to play a role in the proton 

conductivity. Among the different composites prepared, those containing [BMIM][BF4] 

showed the highest proton conductivity (15×10-3 S.cm-1) under anhydrous conditions as this IL 

has moderate electrostatic interactions [139]. In the case of [DEMA][Tfo], the thermal stability 

of the composites has shown a clear improvement when compared with neat SPEEK 

membranes. The sulfonic group seemed to prevent IL leaching, and the presence of silica could 

further reduce the loss of IL and increases the mechanical properties of the membrane. The 

reported proton conductivity for these membranes was 2×10-2 S cm-1 using 50 wt% of IL [140].  

Zirconium oxide has also been used as a filler to improve the retention of IL. SPEEK-based 

membranes using diethylmethylamine triflate ([DEMA][TfOH]) and zirconium oxide present 

excellent mechanical, thermal and chemical stability. The use of 6 wt% of zirconia increased 

the conductivity due to the formation of the fractal structure of connected aggregates. Moreover, 
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as reported, the interaction of IL with these aggregates forms new channels and favors 

conductivity [141].  

 

Polymeric ionic liquid 

In addition to the SPE composites for battery systems, the polymeric ionic liquid (PIL) has been 

intensively studied in which they are synthesized from monomers of IL. Several ionic liquids 

are used for the polymerization, including: triethylmethylammonium bis(fluorosulfonyl)imide 

(N1222FSI) [142], EMImTFSI or PYR14-TFSI (EMIm: 1-ethyl-3-methylimidazolium, and 

PYR14: 1-butyl-1-methylpyrrolidinium) [143], 1-vinyl-3-dodecylimidazolium 

bis(trifluoromethanesulfonyl) imide (VDIM-TFSI) [144], N-Propyl-Nmethylpyrrolidinium 

bis(fluorosulfonyl)imide (C3mpyrFSI) [145], 1-vinyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide [56] and 1-butyl-1-methylpyrrollidium bis(flouromethane 

sulfonyl) (BuMePyr-TFSI) [146]. 

 

2.2.3. Fuel cells 

Fuel cell technologies, which convert chemical energy directly into electrical energy, are one 

of the promising alternatives for energy storage, due to their relatively high efficiency and 

environmental compatibility. Fuel cells with polymer electrolyte membrane (PEM) can present 

advantages such as high power density, quick start-up, lower cost, and long life span [147]. The 

formation of composites with ILs can enhance their properties and can contribute to the 

implantation of these technologies. 

PVDF-HFP membranes incorporating 2,3-dimethyl-1-octylimidazolium 

trifluoromethanesulfonylimide ([DMOIM][TFSI]) have been developed and tested in a 

commercial fuel cell test station at 100 ºC with hydrogen and oxygen as gas reactants. The 

membrane showed a conductivity of 2.74×10-3 S cm-1 at 130 ºC, and it was electroactive for 
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hydrogen oxidation and oxygen reduction, showing good properties towards proton exchange 

membrane fuel cell application [148]. The same authors reported conductivity values of 0.96 ×10-

3 S cm-1 at 80 ºC for PVDF-HFP/[DMOIM][TFSI] composites after the addition of triflic acid 

that increases the conductivity by providing free H+ ions. These membranes were thermally 

stable up to 200-300 ºC and were electroactive for hydrogen oxidation and oxygen reduction 

[149]. 

Anion exchange membranes were prepared using quaternized chitosan, a linear polysaccharide 

derived from chitin found in the shells of crustaceans, cross-linked with glutaraldehyde and a 

synthesized gemini-type basic morpholine ionic liquid ([Nbmd][OH]) with strong alkalinity 

and good solubility [150]. The increase of IL content improved the thermal stability of the 

composites as well as the OH- conductivity (1.37×10-2 S cm-2). The methanol permeability was 

also assessed and resulted in being 2.21×10-6 cm-2 s-1 at room temperature [150]. This value is 

lower than that reported for Nafion, turning these composites into good candidates for methanol 

fuel cells, which could be used as portable power sources [150]. 

Poly(phenylene ether) (PPO) was combined with a series of ILs to produce proton exchange 

membrane fuel cells. Different ILs with methyl, ethyl and hydroxyethyl groups were employed 

to investigate the effect of the structure on the ion conductivity. The use of ILs increased the 

ionic conductivity, being the highest value 2.5 times higher than that of the neat polymer. In 

this case, TiO2 nanoparticles were also incorporated to increase the ionic conductivity further 

and prevent IL loss. The results show that the swelling ratio was low, and the thermal stability 

and mechanical properties fulfill the requirements for fuel cell applications. The best results 

were obtained when using TiO2 nanoparticles and ethyl-based IL. These membranes showed 

conductivity values of 59.27 10-3 S cm-1, and a degradation rate of ionic conductivity near 28% 

under strong alkali conditions [151].  

ILs have also been incorporated into vinyl polymers for the development of composites for 

different applications, such as fuel cells. The polymerization of vinyl monomers in the presence 
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of ILs resulted in transparent, mechanically robust and highly conductive polymer composites 

[152]. Styrene, acrylonitrile, divinylbenzene, and benzoin isobutyl ether were polymerized in the 

presence of 1-vinyl-3-butylimidazolium bis(trifluoromethylsulfonyl)-imide ([VBIM][TFSI]). 

The IL acted as a hydrophobic phase, and the composites showed excellent thermal and 

mechanical stability as well as high proton conductivity (10-2 S cm-1) at high temperatures (180 

ºC) (Figure 41). The resulting membranes are good candidates for proton exchange for fuel 

cells application, particularly at high temperatures due to the aforementioned properties [152]. 

 

Figure 41. a) Proton conductivity of [VBIM][TFSI]x-VIMy at different x-y ratios. NTF2 is the 

same as TFSI. Reprinted with permission from [152]. b) IL retention rate of 

Nafion/[DEMA][Tfo]/MHSi membranes measured at 25 ºC and relative humidity of 50%. N-

IL: Nafion/140 wt% IL; N-IL-4S: Nafion/140 wt% IL/4 wt% MHSi; N-IL-8S: Nafion/140 wt% 

IL/8 wt% MHSi; N-IL-12S: Nafion/140 wt% IL/12 wt% MHSi [153]. 

 

Nafion/[DEMA][Tfo] composites for proton exchange membrane doped with mesoporous 

hollow silica spheres (MHSi) were applied for fuel cells [153]. Both the MHSi and the protic IL 

were used to lower the dependency on the water content of the proton conductivity within the 

membrane, with the latter being responsible for an anhydrous proton conductivity. The effect 

of MHSi content, 4, 8 and 12 wt% in the composite membranes was studied with a retention 

rate in the final higher than 50% when MHSi was used, in comparison to the 32% IL retention 
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in the membranes without MHSi, Figure 41b. The best results were obtained for the membranes 

with 12 wt% of MHSi with and anhydrous proton conductivity of 14.7 10-3 S cm-1 at 140 ºC 

[153]. 

Hydroxyl functionalized imidazolium ionic liquid [C3OHMIM][BF4], IL-OH and 

[BMIM][BF4] have been developed to prepare intermediate temperature PEM fuel cells where 

IL-OH can act both as proton acceptor and donor [154]. The incorporation of SiO2 nanoparticles 

into the Nafion membranes was also investigated. The combination of the IL and SiO2 enhances 

the hydrogen-bonding interactions in Nafion membranes with high anhydrous proton 

conductivity values at 150 °C (Figure 42). Moreover, hydroxyl functionalized ILs are more 

compatible with the electrode reactions in H2-O2 fuel cells [154]. 

 

Figure 42. Temperature-dependent anhydrous ionic conductivities of the recast Nafion, the 

Nafion/IL-OH(50)/SiO2(10) and the Nafion/[BMIM][BF4] (50)/SiO2(10). Reprinted with 

permission from [154]. 

 

The properties of Nafion membranes make them particularly appropriate for the development 

of PEM fuel cells. This material is particularly interesting for fuel cell applications due to its 

stability under cell electrolysis and oxidizing environments [155]. The aggregation of sulfonic 

acid groups results in the formation of ionic domains that allow the proton conductivity. The 
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hydration of the membrane determines the proton conductivity and water evaporation results in 

a collapse of these ionic domains. Thus, some drawbacks such as low conductivity over 100 ºC 

and low relative humidity when using water as a solvent still should be faced. Some PEM fuel 

cell applications require higher temperatures and constant conductivity, such as in the 

automobile industry. 

Moreover, the efficiency of PEM fuel cells increases at higher temperatures since less pure 

hydrogen feeds are used. To circumvent these drawbacks, graphene oxide (GO) and 2,3 

dimethyl-1-butyl imidazolium dihydrogen phosphate ([DMBUIM][H2PO4]) were incorporated 

into Nafion membranes [156]. GO imparts thermal stability and hydrophilicity to the membrane 

while ILs allow proton transport. In this way, the water retention capacity increased, and proton 

conduction is ensured regardless of the water content. ILs containing dihydrogen phosphate 

anions are particularly interesting for PEM fuel cell applications due to their high viscosity, 

high thermal stability up to 200 ºC, high ionic conductivity and suitable proton carrier [156]. 

Hyflon-ion membranes have a similar chemical structure to Nafion with a shorter side chain 

and their interactions with ILs have also been studied using hydrophobic 1-butyl-3-

methylimidazolium bis-(trifluoromethylsulfonyl)imide ([BMIM][BTI]). Mistry et al. [157] 

studied the uptake of [BMI][BTI] within Nafion and Hyflon membranes. The conductivity 

increased with increasing temperature up to 160 °C using ILs, and the proton conductivity was 

two orders of magnitude higher than for conventional Nafion membranes. Nylon membranes 

are also promising since even if the proton conductivity was reduced due to the short side chains, 

they showed higher thermal stability [157]. 

The effect of six different ILs over the mechanical properties, thermal stability, ion exchange 

capacity and conductivity of Nafion membranes were evaluated [155]. Several imidazolium 

(HMIM, BMIM, and BMPyr) based ILs bearing hydrophobic 

tris(pentafluoroethyl)trifluorophosphate (FAP), bis(trifluoromethylsulfonyl)imide (BTSI), PF6, 

and the more hydrophilic BF4 anions were used in this study. The anion type influenced the 
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uptake and absorption time of the ILs, whereas the hydrophilicity of the IL was responsible for 

the washing out of the IL from the membranes. The ion exchange capacity of the membranes 

was evaluated, and it was found that IL cations partially replaced the protons in Nafion 

membranes. ILs changed the mechanical properties, acting as plasticizers, and reducing the 

elastic modulus of the materials. Moreover, conductivity values of 1 10-3 S cm-1 at 120 °C were 

reached, 100 times higher when compared with unimpregnated membranes and the best results 

were obtained when using HMIM with the bulky and hydrophobic anion FAP [155]. 

As it has been mentioned before, Nafion membranes have been widely used for the preparation 

of solid-state membranes for fuel cell applications. However, Nafion membranes possess some 

limitations, such as elevated cost and poor stability at high temperatures. To overcome these 

drawbacks, the use of SPEEK or sulfonated poly(ether ketone) (SPEK) membranes have been 

explored. These low-cost membranes show notable thermal and chemical stability and, thus, 

are suitable candidates for fuel cells operating at elevated temperatures [158]. Moreover, SPEEK 

membranes with optimized sulfonation degree display higher conductivity than Nafion [159]. 

The incorporation of impregnated [BMIM][BF4] into SPEEK membranes for fuel cells was 

investigated [158]. After the impregnation with IL during 2 min, the thermal stability of SPEEK 

membranes was increased (Figure 43) and presented higher conductivity values of 1 10-3 S cm-

1 at 100 °C. The power density in the membrane electrode assembly was 0.13 W cm-2, and the 

current density was 0.54 A cm-2. These results indicate that the IL interacted with the sulfonic 

acid groups of the polymer via ion-exchange processes. However, when the impregnation time 

of IL increased (15min), the conductivity decreased. This counterintuitive behavior was 

attributed to the exchange of protons in the sulfonic acid groups with BMIM cations. The 

cations could block the movement of the protons and show non-conductive nature [158]. 
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Figure 43. Thermogravimetric analysis (TGA) curves of (a) PEEK; (b) [BMIM][BF4] (same 

than [BMI.BF4]; (c) SPEEK; (d) SPEEK/ BMIM1, 2-min contact time and (e) SPEEK/BMI1, 

90-min contact time in a 0.1 mol L21 [BMI][BF4]. Reprinted with permission from [158]. 

 

The incorporation of zeolites and IL into SPEEK membranes was studied using 

[BMIM][CF3SO3] or 1-decyl-3-methylimidazolium trifluoromethanesulfonate 

([C10MIM][CF3SO3]) ILs [159]. The presence of zeolite and ILs improve the water uptake, 

thermal stability, and proton conductivity. The proton conductivity of the membranes was 3.34 

10-3 S cm-1 and 5.98 10-3 S cm-1 for composites with 1.5 % and 2.0 % [BMIM][CF3SO3] IL, 

about 100 times higher than for pristine SPEEK [159]. 

 

2.2.4. Flame retardancy and self-lubricating properties 

 

ILs have been employed in combination with epoxy resins to impart specific functionalities to 

the polymeric networks such as flame retardancy or self-lubricating properties. Phosphorus-

based ILs have been used as curing agent and flame retardant in epoxy polymers. The presence 

of phosphorus alters the pyrolysis mechanism and promotes charring that protects the polymer. 

According to the reported results, the peak of heat release rate and the total heat release 
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decreased by 73% and 48% respectively, when using tributyl(ethyl)phosphonium diethyl-

phosphate (named IL169) [160]. An increase in the IL content increased the phosphorus content 

in char and, thus, the graphitization and the thermo-oxidative stability of the char were 

improved. The expanded char protects the underlying polymer.  

Another phosphonate-based ionic liquid, 1-vinyl-3-(diethoxyphosphoryl)-propylimidazolium 

bromide was used as flame-retardant for epoxy resin. The authors reported that with 4 wt% 

loading, the epoxy/IL composite showed a limiting oxygen index (LOI) value of 34.9%, higher 

than neat epoxy (26 %) (Figure 44) [161]. The char yield was also improved, and the peak of 

heat release rate was reduced significantly. Moreover, the incorporation of IL produced only 

slight changes in composite color and transparency and improved its mechanical properties. 

These results allow overcoming the drawbacks of traditional flame retardants which are known 

by altering the color and transparency of the resins as well as their mechanical properties as 

more than 10 wt% loadings are usually needed [161].  

 

 

Figure 44. LOI values and UL-94 ratings of EP composites. EP/IL-n corresponds to an epoxy 

composite with the content of IL of n wt%. Reprinted with permission from [161]. 

 

ILs can also impart self-lubricating capacity to epoxy resins. Studies revealed that the addition 

of the tri-[bis(2-hydroxyethyl)ammonium)] citrate to the prepolymer, promotes the reduction 
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of the residual curing enthalpy and the glass transition temperature [162]. The addition of the IL 

reduced the storage and loss modulus and caused a 50% reduction of the friction coefficient 

when compared to neat epoxy. The presence of IL protects the surface from damage, and the 

authors proposed a self-lubrication mechanism by the release of IL under load where the surface 

cavities are healed after the release resulting in a polished surface [162]. 

1-octyl-3-methylimidazolium tetrafluoroborate has also been used to improve the tribological 

properties of epoxy resins and their lubrication. This IL was also used in combination with 

single-walled carbon nanotubes (SWCNT) [163]. The best results were obtained when using both 

SWCNT and ILs, as additives. The composite produced a friction reduction and antiwear 

performance, together with an acceleration of the curing process and an increase of cross-

linking density [163]. The self-healing ability over time increased with increasing IL content, 

with good recovery rates and a total self-repair after 22 h [163-164]. The molecular interaction 

between the polymer and the charged species of the IL, and the increased chain mobility and 

the caring capacity of the IL seemed to be responsible for the self-healing. 

 

2.2.5. Biomedical applications 

The incorporation of ILs into a polymer matrix has been emerged as an exciting approach in 

biomedical applications mainly due to the participation of ionic charges from the IL into cell 

stimulation. This enables that, in many cases under an electrical stimulus, the separation of the 

ionic charges potentiates the in vitro cell adhesion and, in this sense, the cell proliferation.  

PVDF electrospun fibers containing [EMIM][TFSI] have been prepared for tissue engineering 

applications [24]. Randomly distributed and aligned fibers were obtained with an average 

diameter between 700 and 500 nm (Figure 45).  



  

71 

 

 

Figure 45. Morphology of polymer electrospun fiber mats: a) random neat PVDF, b) aligned 

neat PVDF, c) random PVDF with 5 wt% IL, and d) aligned PVDF with 5 wt% IL. Reprinted 

with permission from [24]. 

 

The IL structure induced the crystallization of PVDF fibers in the piezoelectric β-phase, and 

full crystallization was obtained when using 10 wt% IL. Biocompatibility tests revealed the 

non-cytotoxicity of the prepared materials demonstrating their good potential for biomedical 

applications, while both the fiber orientation and the IL content affected the cell viability 

(Figure 46) [24]. 
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Figure 46.  a) Cytotoxicity assay of C2C12 cells in contact with the as-prepared extraction 

media exposed to PVDF fibers with different orientation and ionic liquid concentrations for 24 

and 72 h. Relative cell viability was presented as the percentage of control (n = 4) ± SD. b-c) 

Images of C2C12 cell morphology incubated for 24 h in the extraction medium of (b) control 

and (c) oriented PVDF fibers with 5 wt% ionic liquid concentration. The magnification is 940 

for all images. Reprinted with permission from [24]. 

 

In a radically different application, a polymer electrolyte-enabled biocompatible magnesium-

air battery device was developed to use in miniaturized implanted medical devices (IMDs) [165]. 

The biocompatible electrolyte was made of chitosan, a biopolymer, and the IL choline nitrate 

([Ch][NO3]). The anode of the electrode was composed of a bioresorbable MG-alloy and the 

cathode of a biocompatible polypyrrole−toluene-4-sulfonic (PPy−pTS) film. The polymer/IL 

electrolyte offered a high ionic conductivity of 8.9 x 10-3 S cm-1, and the final assembled device 

had a maximum volumetric power density of 3.9 W L-1 capable of diving small IMDs such as 

pacemakers and biomonitoring systems (Figure 47).  

 

 

 

 



  

73 

 

 

Figure 47. Electrochemical impedance spectra of Mg−air batteries before and after discharge 

at a current density of 20 μA cm−2 for 6 h using CS−[Ch][NO3] (1:5) film a) and PBS solution 

b) as electrolytes. Reprinted with permission from [165].  

 

Stretchable ILs-based sensors aiming at the identification of the wrist pulses and with the ability 

to be woven with commercial rubber bands into bracelets for the detection of the hand gesture 

have been developed [166]. The sensors show outstanding performance like tunable sensitivity 

detection - 0.1% -500% of wide range strains, high long-term stability, and durability. These 

sensors are able to detect the cervical movements through the interface with the wireless circuit 

(Figure 48) [166].  
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Figure 48. Stretchable ILs-based sensor monitoring in real-time of wrist pulses, hand gestures 

and cervical movements. (a) Wrist pulse monitoring. Plots of resistance change of the sensor as 

a function of time (input voltage: 3v) (b) Monitoring different hand gestures by the bracelet 

weaved with ILs-based rubber band sensor. Characteristic current changes to respective hand 

motions (input voltage: 3v): (I) Clenching, (II) Thumb bending, (III) Forefinger bending, (IV) 

Little finger bending, (V) Palm bending. (c-f) IL-based sensor patches for cervical movements 

monitoring. (c) Schematic of sensor design for cervical spondylosis according to the strain 

directions of the skin during different neck movements. (d-f) The monitoring process of the 

movement of looking left. The number of the middle bubble which indicated the movement of 
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looking left changed obviously from 80 to 68, and then back to 80 when the volunteer turned 

back his head. Reprinted with permission from [166]. 

Highly transparent, and ultra-stretchable ionic conductors based on polymeric gelators 

[poly(methyl methacrylate-ran-butyl acrylate), PMMA-r-PBA] and the IL [EMIM][TFSI] also 

received special attention as ionic sensors platforms for wearable electronics for biomedical 

applications as a skin-type strain sensor, referred as ionoskin [167]. The developed gels presented 

interesting mechanical properties such as elongation limit ≈850%, elastic modulus ≈3.1 × 105 

Pa), and a recovery ratio of ≈ 96.1% after 500 stretching/releasing cycles gels. These properties 

are suitable for envisaging sensor applications. Attaching these gels to a part of the human body 

is possible to monitor several human movements (Figure 49) [167]. 
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Figure 49. a) Schematic illustration of the practical application of ionoskin. The insets display 

photographs of devices applied to finger, elbow, ankle, and knee. Relative resistance changes 

of the ionoskin adhered to the b) finger, c) elbow, d) knee and e) ankle for which various 

movements were successfully monitored. Reprinted with permission from [167]. 

 

2.2.6. Additional applications 

 

The effect of two ILs, [AMIM][Cl] and [EMIM][BF4], on the properties of methyl vinyl silicone 

rubber (MVQ) were evaluated [168]. MVQ possess high and low-temperature performance, 

electrical insulation, high resistance and, thus, have found widely used for high-tech 

applications in aviation, the aerospace industry, electronics, etc. However, it generates static 

electricity, a significant drawback for this type of applications. To reduce the static electricity 

and increase the performance of MVQ-materials for high-tech applications, ILs were 

incorporated into the MVQ matrix [168]. Composites using [EMIM][BF4] showed lower surface 

and volume resistivities than the ones using [AMIM][Cl]. The incorporation of ILs slightly 

reduced the mechanical properties of the composites, and with increasing [EMIM][BF4] content, 

the surface and volume resistivities as well as the water contact angle decreased. Also, 

[AMIM][Cl] reduced the transparency and altered the color of MVQ due to the decomposition 

of the IL, whereas this effect was not observed for [EMIM][BF4]. MVQ/[EMIM][BF4] 

composites using 2.0 phr displayed better antistatic performance with lower surface and volume 

resistivities. The authors reported that the antistatic mechanism was related to the synergistic 

effect of ionic migration and moisture absorption.  

Polymer-based transistors have been prepared using physically cross-linked PVDF-based ion 

gels. These gels were prepared by crystallization of the polymer in [EMIM][TFSI] (Figure 50) 

[169].  
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Figure 50. a) Chemical structures of PVDF and [EMIM][TFSI]. b) Schematic illustration of 

the homopolymer ion gel. c) Optical images of solvent-cast bulk (top) and spin-coated thin gels 

(bottom). In the picture, EMIM is the same as EMI. Reprinted with permission from [169].  

 

The composites showed an elastic mechanical response and excellent ionic conductivity (2.9 

10-3 S cm-1) and a specific capacitance of 25 μF cm-2. The PVDF crystals acted as physical 

cross-links to produce a 3D gel. These ion gels were successfully applied to organic thin-film 

transistors as high-capacitance gate dielectrics [169]. 

The effect of the addition of titanium dioxide nanoparticles to PVDF-HFP and [BMIM][BF4] 

IL containing membranes was also investigated for the fabrication of electric double-layer 

capacitor cells. The capacitive properties were confirmed, and the specific capacitance was 

147.66 F g-1 at a current density of 0.5 A g-1, a significantly higher value when comparing with 

nanoparticle free membranes [104]. 

Table 3 Summary the ILs polymer composites as advanced functional materials and its 

applicability. 
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Table 3- ILs polymer composites as advanced functional materials. 

Application Polymer IL Ref. 

Photo and thermo-

responsive 

ABC(azo) triblock copolymer [EMIM][TFSI] [33] 

Poly(N-isopropylacrylamide) 

(pNIPAM) 

[P66614][DCA] 

[EMIM][ESO4] 

[34] 

PU [BMIM][TFSI] 

[BDMIM][TFSI] 

[EMIM][TFSI] 

[HMIM][TFSI] 

[39] 

PVDF-HFP [EMIM][DCA] 

[EMIM][TFSI] 

[BMIM][BF4] 

[170] 

[EMIM][BTI] [30a] 

[EMIM][TFSI] [30d, 32, 

132] 

[BMIM][TFSI] [30e] 

PVDF-HFP 

PMMA-PS 

[EMIM][TFSI] [41b] 

PEGDMA [BMIM][BF4] [41c] [41a] 

PS-b-PMMA-b-PS [EMIM][TFSI] [30f, 31] 

PVA 

PVP 

PEG 

[EMIM][TFSI] [171] 

PVDF [BMIM]2[NiCl4] [38] 

Polystyrene-block-poly(methyl 

methacrylate)-blockpolystyrene 

(SMS, 17K-86K-17K) triblock 

copolymer 

[EMIM][TFSI] [28] 

Copolymer of PS [EMIM][TFSI] [29] 

PS-r-PMMA [EMIM][TFSI] [172] 

Poly(methyl methacrylate)-b-

polystyrene)6 ((MS)6) 

[EMIM][TFSI] 

 

[173] 

P(S-r-BzMA-r-MMA) [EMIM][TFSI] 

[EMIM][PF6] 

[P12][PF6] 

[35] 

PMMA-r-PBA [EMIM][TFSI] [167] 

Optical materials 
PMMA [BMPyr][TFSI] [27] 

PDMS [EMIM][CF3SO3] [55] 

pH sensitive  PVC CPFP [42] 

Sensors 

Acrylate polymers [BACO][EA] 

[EMIM][BF4] 

[44] 

 PEDOT:PSS [EMIM][TCB] [174] 

[EMIM][BF4] [175] 

PEDOT [BMIM][Cl] [46] 

Prepolymer [EMIM][BF4] [44] 

PEGDA [EMIM][TFSI] 

[EMPY][TFSI] 

[BMPYRR][TFSI] 

[P1444][TFSI] 

[N4111][TFSI] 

[176] 

PDMMAn [BMIM][TFSI] [177] 

Pebax 1657 

 

[BMIM][TFSI] 

[BMIM][BF4] 

[BMIM][DCA] 

[178] 

[BMIM][BF4] [64] 

[EMIM][BF4] [67] 

PSF TEAF 

TEAA 

[73] 
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TPU [BMIM][BF4] 

[BMIM][NO3] 

[BMIM][TFSI] 

[179] 

PVDF-HFP [BMIM][BF4] [180] 

PEGDME [P66614][2-Op] [181] 

PMDA-ODA [BMIM][TFSI] 

[BMIM][Tfo] 

[182] 

PIM-1 copolymer 

PEG 

[EMIM][TFSI] 

[BMIM][TFSI] 

[HMIM][TFSI] 

[183] 

PES [EMIM][TFSI] [184] 

Polyimide (PI) [BMIM][TFSI] [185] 

PU [BMIM][Cl] 

[BMIM][BF4] 

[EOHMIM][Gly] 

[75] 

PU/PBA/IL-PEG IL-Cl 

IL-Br 

[47] 

Actuators 

PVDF 

 

[HMIM][Cl] 

[HMIM][TFSI] 

[186] 

[EMIM][TFSI] 

[HMIM][TFSI] 

[C10MIM][TFSI] 

[EMIM][Cl] 

[HMIM][Cl] 

[C10MIM][Cl] 

[50] 

[N1112OH][TFSI] 

[EMIM][ESO4] 

[22b] 

PVDF 

PVDF-HFP 

PVDF-TrFE 

PVDF-CTFE 

[EMIM][TFSI] [22a] 

Nafion 

 

[EMIM][Tfo] [187] 

[EMIM][Tfo] 

[EMIM][Im] 

[188] 

[EMIM][Tfo] [51] 

PVDF-HFP [EMIM][BF4] 

[EMIM][Tfo] 

[52] 

SPI [EMIM][TFSI] [53] 

Air remediation 

Pebax 1657 [BMIM][TFSI] 

[BMIM][DCA] 

[BMIM][BF4] 

[189] 

[BMIM][BF4] [64] 
[67] 

SPI [BMIM][TFSI] 

[BMIM][PF6] 

[68] 

PBI 

PMDA-ODAPI 

[BMIM][TFSI] 

 

[69] 
[70] 

PSF [EMIM][TFSI] 

[EMIM][CF3SO3] 

[71] 

PEG [BMIM][BF4] [74] 

PU [BMIM][Cl] 

[BMIM][BF4] 

[EOHMIM][Gly] 

[75] 
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PVA 

PPy 

PAM 

[C8MIM]3[La(NO3)6] 

[C8MIM]2[Eu(NO3)5] 

 

[76] 

Nafion [TMA][OH] [77] 

Water remediation 

Vinyl polymer-silica [BVMIM][Br] [78] 

Poly (ionic liquid) dimethyl-dodecyl-4-vinyl 

benzyl ammonium chloride 

(monomer) 

[79] 

Cellulose 1-methyimidazole (monomer) [80] 

PAMDA [AMIM][Cl] [82] 

PDVB 1-aminoethyl-3-

vinylimidazolium chloride 

hydrochloride 

[83] 

Chitosan [BMIM][Cl] 

[CMIM][Cl] 

[81] 

Batteries and fuel cells 

PVDF 

PEG 

Imidazolium ILs family [106] 

PVDF-TrFE [N1 1 1 2OH][TFSI] [113] 

PVDF-HFP 

 

[EMIM][BF4] 

[Li][BF4] 

[107] 

[DEMM][TFSI] [108] 

[PMIM][TFSI] 

[Li][TFSI] 

[114] 

[EMIM][BF4] 

[EMIM][Tf] 

[BMIM][PF6] 

[117] 

[P13][TFSI] 

[Li][TFSI] 

[EMIM][TFSI] 

[PMMI][TFSI] 

[PP13][TFSI] 

[26b] 

[DMOIM][Tf] [149] 

[Li][TFSI] 

[EMI][TFSI] 

[119] 

[EMIM][Tfo] [120] 

[DMOIM][TFSI] [148] 

[EMIM][TFSI] 

[EMIM][BF4] 

[190] 

[EMIM][TCB] [191] 

[BMIM][BF4] [192] 

[EMIM][TFSI] [193] 

[PP1201][TFSI] [194] 

[HMIM][TFSI] [195] 

[Li][TFSI] 

[PMMI][TFSI] 

[118] 

[MPn][TFSI] 

[MPz][TFSI] 

[MPy][TFSI] 

[MIM][TFSI] 

[EIM][TFSI] 

[196] 

PEG [EMIM][TFSI] 

[Li][TFSI] 

[121] 

[BMIM][Tfo] 

[EMIM][Tfo] 

[123] 

[EMIM][Tfo] 

[EMIM][TFSI] 

[136] 

PEG 

 

[Pyr14][TFSI] 

[Li][TFSI] 

[122] 

[Li][Tf] 

[BMP][FSI] 

[124] 
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[EMIM][FSI] 

[PMP][FSI] 

[BMP][TFSI] 

[EMIM][TFSI] 

Polyimides (PI) [Li][TFSI] 

[BMIM][TFSI] 

[127] 

ENR [EMIM][Cl] [54] 

HPMC [BMIM][Tfo] [130] 

HEC [EMIM][Tfo] [131] 

Chitosan [Nbmd][OH] [150] 

PLA [Pyr14][TFSI] [133] 

Polyethylene [MTO][IM] 

TTDPP 

[197] 

PVDF 

PVA 

PP14 [160] 

PAN-r-PB [BMIM][BF4] 

[BMIM][Tfo] 

[EMIM][Tfo] 

[HMIM][PF6] 

[4MBP][BF4] 

[BDMIM][BF4] 

[OMIM][PF6] 

[C10MIM][PF6] 

[C12MIM][PF6] 

[HPy][PF6]  

[134] 

PVA [BMIM][I] [198] 

HBPS-(PMMA-b-PPEGMA) [BMIM][BF4] 

[BMIM][PF6] 

[Li][TFSI] 

[3] 

PPy [VCMIM][Cl] 

[SBVIM][HSO4] 

[199] 

PPO Me-IL 

Ethyl-IL 

Hydroxyethyl-IL 

[151] 

Vinyl monomers [VBIM][TFSI] [152] 

Nafion [HMI][FAP] 

[BMPyr][FAP] 

[HMI][BTSI] 

[BMPyr][BTSI] 

[BMIM][PF6] 

[155] 

[DMBuIm][H2PO4] [156] 

[DEMA][Tfo] [153] 

[C3OHMIM][BF4] 

[BMIM][BF4] 

[154] 

Nafion 

Hyflon 

[BMI][BTI] [157] 

SPEEK 

 

[BMIM][BF4] [158] 

[BMIM][CF3SO3] 

[C10MIM][CF3SO3] 

[159] 

[BMI][BF4] [137] 

[BMIM][Tfo] [138] 

[BMM][BF4] 

[BMIM] [Tfo] 

[BMIM][Cl] 

[DEMA][Tfo] 

[EIM][Tfo] 

[139] 

[DEMA][Tfo] [200] 

[DEMA][Tfo] [141] 

[BMIM][BF4] [201] 

[BMIM][TFSI] [202] 
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SPEEK 

PVDF 

 

TFAPA [203] 

[BMIM][PF6] 

[BMIM][H2PO4] 

[204] 

PVDF [EMIM][TFSI] [205] 

PEG [BMIM][TFSI] [206] 

PANI [BMIM][BF4] [207] 

Polyfluorene [BMIM][BF4] [208] 

PVA 

 

[BMIM][Cl] 

[BMIM][Br] 

[BMIM][I] 

[209] 

[BMIM][I] [210] 

PAN [BMIM][TFSI] [211] 

PVDF [EMIM][TFSI] [212] 

PEG [EMIM][Tfo] [213] 

PU 

Polybutadiene (BR) 

[BMIM][PF6] 

[BMIM][MDEGSO4] 

[MOIM][Cl] 

[214] 

PEDOT:PSS [EMIM][TFSI] [215] 

PBI DC3 

MC6 

[216] 

PVDF 

PEG 

[Li][TFSI] [217] 

PVA 

PAA 

[Li][TFSI] [218] 

Sulfonated tetrafluoroethylene 

based fluoropolymer-

copolymer, Nafion 

[BMIM][Tf] 

[BMIM][BF4] 

[219] 

Methyl methacrylate, 

acrylonitrile, vinyl acetate, 

styrene and 2-hydroxyethyl 

methacrylate 

[EMIM][BF4] 

[BP][BF4] 

[220] 

PVP [EMIM][BF4] 

[BMIM][PF6] 

[OMIM][N(SO2CF3) 2] 

[221] 

Flame retardancy or 

self-lubricating 

properties 

Epoxy 

  

IL169 [160] 

1-vinyl-3-

(diethoxyphosphoryl)-

propylimidazolium bromide 

[161] 

tri-[bis(2-

hydroxyethyl)ammonium)] 

[162] 

[C8MIM][BF4] [163-164] 

Biomedical applications 

PVDF [EMIM][TFSI] [24] 

Chitosan [Ch][NO3] [165] 

PMMA [HMIM][TFSI] [222] 

PEG [HMIM][TFSI] [223] 

PHB [EMIM][TFSI] [56] 

Transistors PVDF [EMIM][TFSI] [169] 

PVDF-HFP [BMIM][BF4]  [104] 

PVA [HOEtMIM]Cl [224] 

High tech applications MVQ [AMIM][Cl] 

[EMIM][BF4] 

[168] 

Solar cells PVDF [EMIM][TFSI] [225] 

Dehydration of 

isopropanol 

PVA [BMIM][Cl] 

[HMIM][BF4] 

[C8MIM][Cl] 

[226] 
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3. Final remarks, conclusions, and main challenges 

ILs have emerged as a highly interesting alternative in the development of advanced smart and 

functional materials due to its unique characteristics and functionalities. The selection of the 

appropriate cation and anion as well as a suitable polymer matrix promotes the development of 

new ionic materials with superior properties for specific applications. The IL/polymer materials 

can be processed into distinct morphologies such as gels, films, membranes, and fibers with 

potential applications in several fields.  

Despite the increasing growth in the development of IL/polymer matrixes, some ILs 

functionalities are starting to be explored such as the optical properties and the magneto-ionic 

effect, and its potentiality has already been demonstrated in areas such as sensors and actuators, 

printing technologies, and biomedical applications, environmental applications, among other 

interesting functionalities of the ILs.  

It is relevant to notice that the magnetic functionality of the ILs can be used in the stimulation 

of animal cells. Moreover, the combination of electroactive polymers requires further and 

deeper investigation. In this sense, the main challenges of ILs based materials, rely on the 

synergistically interplay between IL and polymer matrix, which can improve the efficiency of 

the materials and generate new applications. In this context, theoretical simulations need to be 

performed to get a better comprehension about the IL-polymer interactions, and IL-solvent 

interactions. It is also paramount to increase the number of studies concerning the potentiality 

of the developed materials for biomedical applications through cytotoxicity studies of the 

IL/polymer materials. In this case, the influence of the ionic charges of the IL in the cell 

behavior demands further studies using in vitro and even in vivo assays.   

The potential that IL have for environmental remediation is enormous. The IL properties, as 

well as the nature of the pollutant and other experimental conditions, affect the process 

efficiency. The adsorption capacity is usually enhanced through electrostatic attraction between 

the contaminant and the adsorption sites when ILs are added to the materials. The literature 
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lacks reports on the specificity of the adsorption process when using more than one pollutant, 

which may be relevant envisaging real applications. Moreover, the regeneration process should 

be investigated as the reusability of material has a massive impact on the process costs. 

Moreover, in the framework of environmental remediation, there are other processes such as 

photocatalysis that should receive further attention. There are already some exciting materials 

developed with ILs for application in suspension, but there is a lack of immobilized 

photocatalytic materials with ILs, which would allow reutilization and reduce costs and 

secondary pollution.   

In the field of actuators, significant efforts need to be performed in the performance of the 

actuator, namely the produced force and actuators stability over time. Another interesting point 

of view relies on the development of new IL/polymer composites based on natural polymers 

that will reduce the environmental impact of the produced materials. This last issue is 

transversal and relevant in all applications, from sensors and actuators to biomedical and energy 

applications.  

In the area of lithium-ion batteries, the most explored area of application, ILs have emerged as 

a potential candidate to replace conventional electrolyte and solid polymer electrolytes, 

addressing the safety issue without compromise the high ionic conductivity above 10-3 S cm-1 

and excellent thermal and mechanical properties.  

Due to the high interest in the technological transfer, and the potential applicability of these 

materials, the upscale to printing technologies will be a necessary step.  
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Appendix 

 

 

Acronym Chemical name 

[AMIM][Cl] 1-allyl-3-methyl imidazolium chloride 

[EMIM][TFSI] 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

[EMIM][C2SO4] 1-ethyl-3-methylimidazolium ethylsulfate 

[EMIM][BF4] 1-ethyl-3methylimidazolium tetrafluoroborate 

[EMIM][DCA] 1-ethyl-3-methylimidazolium dicyanamide 

[EMIM][Tfo] 1-ethyl-3-methylimidazolium trifluoromethanesulfonate 

[EMIM][TFSI] 1-ethyl-3-methylimidazolium bis(fluorosulfonyl)imide 

[EMIM][TCB] 1-ethyl-3-methylimidazolium tetracyanoborate 

[EMIM][CF3SO3] 1-ethyl-3-methyl imidazolium trifluoromethanesulfonate 

[EMIM][Cl] 1-ethyl-3-methylimidazolium chloride 

[EIM][Tfo]) 1-ethylimidazolium trifluoromethanesulfonate 

[Cmim][Cl] 1-carboxybutyl-3-methylimidazoliumchloride 

[BMIM][PF6] 1-butyl-3-methylimidazolium hexafluorofostate 

[BMIM][BF4] 1-butyl-3-methylimidazolium tetrafluoroborate 

[BMIM][I] 1-butyl-3-methylimidazolium iodide 

[BMIM][Cl] 1-butyl-3-methylimidazolium chloride  

[BMIM][Tfo] 1-butyl-3-methyl-imidazolium trifluoromethanesulfonate 

[BMIM][TFSI] 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonylimide)  

[BMMIM][BF4] 1-butyl-2,3-dimethylimidazolium tetrafluoroborate 

[BMIM][BTI] 1-butyl-3-methylimidazolium bis-(trifluoromethylsulfonyl)imide 

[BMIM][CF3SO3] 1-butyl-3-methylimidazolium trifluoromethanesulfonate 

[BMIM][I] 1-butyl-3-methylimidazolium iodide 

 [BVIM][Br] 1-butyl-3vinyl imidazolium bromide 

[BMPyr][TFSI] 1-butyl-1-methylpyrrolidinium bis(trifluoromethyl sulfonyl imide 

[BACO][EA] 2-butylamino carbonyl]oxy]ethyl acrylate 

[HMIM][Cl] 1-hexyl-3-methylimidazolium chloride 

[HMIM][TFSI] 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

[HPy][PF6] 1-hexylpyridinium hexafluorophosphate 

[C8MIM]3[La(NO3)6] 1-methyl-3-octylimidazolium hexanitratolanthanate 

[C8MIM]2[Eu(NO3)5] 1-methyl-3-octylimidazolium pentanitratoeuropate 
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[C3OHMIM][BF4] 1-(3-hydroxypropyl)-3-methylimidazolium tetrafluoroboride 

[C10MI][CF3SO3] 1-decyl-3-methylimidazolium trifluoromethanesulfonate 

[C12MIM][Br] 1-dodecyl-3-methylimidazolium bromide 

 [C16MIM][Cl] 1-hexadecyl-3-methylimidazolium chloride 

[DMBuIm][H2PO4] 2,3 dimethyl-1-butyl imidazolium dihydrogen phosphate 

[DEMA][Tfo] Diethylmethylammonium trifluoromethane-sulfonate 

[DEMA][TfOH] Diethylmethylamine triflate 

[DEMM][TFSI] N,N-diethyl-N-(2-methacryloylethyl)-N-methylammonium 

bis(trifluoromethylsulfonyl) imide 

[DMOIm][TFSI] 2,3-dimethyl-1-octylimidazolium trifluoromethanesulfonylimide 

[EOHMIM][Gly] 1-(2-hydroxyethyl)-3-methyl imidazolium glycinate 

[Li][TFSI] lithium bis(trifluoromethanesulfonyl) imide 

[N1 1 1 2OH][TFSI] N,N,N-trimethyl-N-(2-hydroxyethyl) ammonium 

bis(trifluoromethylsulfonyl)imide 

[PMMI][TFSI] 1-propyl-2,3-dimethylimidazolium bis(trifluoromethanesulfonyl) imide 

[PMIM][TFSI] 3-methy-1-propylimidazolium bis(trifluoromethysulfony) imide 

[P13][TFSI] 1-methyl-3-propylpyrrolidinium bis(trifluoromethanesulfonyl) imide 

[PP13][TFSI] 1-methyl-3-propylpiperidinium bis(trifluoromethanesulfonyl) imide 

[Pyr14][TFSI] N-n-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide 

PP14 [TFSI] (N-methyl-N-butyl-piperidine-bis(trifluoromethylsulfonyl) imide 

[TMA][OH] tetramethylammonium hydroxyde 

[VBIm][NTf2] 1-vinyl-3-butylimidazolium bis(trifluoromethylsulfonyl)-imide 

[VCMIM][Cl] 1-vinyl-3-carboxymethylimidazolium chloride 

[SBVIM][HSO4] 1-(4-sulfonic acid)butyl-3-vinylimidazolium hydrogen sulfate  

[4MBP][BF4] 1-butyl-4-methylpyridinium tetrafluoroborate 

[Nbmd][OH] “gemini-type basic morpholine ionic liquid” 

[MTO][Im] methyltrioctylammonium bis (trifluoromethylsulfonyl)imide 

TTDPP trihexyltetradecylphosphonium bis (2,4,4-trimethylpentyl) phosphinate 
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Based on their interesting properties, ionic liquids (ILs) have been used for the development of 

polymer-based multifunctional materials. The suitable combination of both IL and polymer 

properties allows developing advanced materials with tailored functional responses and 

applicability in areas including sensors and actuators, environment (air and water remediation), 

energy generation and storage, and biomedicine. 
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