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Abstract 

Ionic liquids (ILs)-based gels (ionogels) have received considerable attention due to their 

unique advantages in ionic conductivity and their biphasic liquid-solid phases property. In 

ionogels, the negligibly volatile ionic liquid is retained in the interconnected 3D pore 

structure. On the basis of these physical features as well as of the chemical properties of well-

chosen ILs, there is an emerging interest in the anti-bacterial and biocompatibility aspects. In 

this review, the recent achievements of ionogels for biomedical applications are summarized 

and discussed. Following a brief introduction of the various types of ILs and their key 

physicochemical and biological properties, the design strategies and fabrications methods of 

ionogels are presented in the means of different confining networks. These sophisticated 

ionogels with diverse functions, aimed at biomedical applications, are further classified into 

several active domains, including wearable strain sensors, therapeutic delivery systems, 

wound healing and biochemical detections. Finally, the challenges and possible strategies for 

the design of future ionogels by integrating materials science with biological interface are 

proposed.
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1. Introduction

Gels are a class of materials containing three-dimensional polymeric networks that can 

support plenty of solvents. The crosslinking junction can be formed by covalent bonds or non-

covalent interactions, such as metal coordination, hydrogen bonding, host-guest interactions, 

ionic association, and hydrophobic interactions.1-3 The polymer source can be synthetic or 

natural, whose structure and property will greatly affect gels properties and applications. 

According to the used dispersion medium, gels are usually classified into organogels, 

hydrogels, oleogels, ionogels, depending on whether they are mainly composed of organic 

solvents, water, oil, ionic liquids, respectively.4 Although gels have been employed in many 

fields, such as actuators, soft electronics, water treatment, energy, and wound healing.5-7 The 

drawbacks of easily drying out for hydrogels and toxicity for organogels caused by organic 

solvents nature limit their wider applications. In recent years, ionic liquids (ILs)-based gels as 

a new advanced gel, have aroused considerable attention due to the advantages of chemical, 

thermal and electrochemical stability, non-volatility and non-flammability. 

Ionogels are gel materials consisting of ILs as the dispersed phase immobilized by organic 

or inorganic networks as the matrix. Since the first reports of ILs-based gels with either 

organic or inorganic host networks in 2005,8, 9 much efforts have been dedicated into the 

research on ILs-based gels, which have been applied in many fields, such as energy storage, 

bioelectronics, sensors, actuators.10-14 Among these reported works, several naming systems 

have been found, such as, ionic liquid gels,15 ionogels,16 ion gels,17, 18 ion-gels19 and iongels,20 

which make it difficult to reference. In this review, we will adapt ionogels as the name. The 

network matrices in ionogels can be organic, for example, polymers and small molecules, or 

inorganic, for example, SiO2 and TiO2. One of their main advantages is their biphasic feature, 

where the solid host network confines a major part of liquid. Due to the numerous ILs types 

and various network matrices, the possible combinations for fabricating ionogels are infinite, 

resulting in the components and properties of ionogels are variable. According to the desired 

applications, researchers can construct ionogels using different strategies.

While several excellent reviews on ionogels have been published,10, 21, 22 reviews 

especially focusing on ionogels for biomedical applications are in urgent demands.23 

Therefore, it is necessary to summarize the latest advances to provide insights into the 

development trends of ionogels in this research area. In this review, the latest achievements 

in ionogels for biomedical applications are highlighted. Besides presenting the current 
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preparation procedures and processing methods for ionogels, some of the key properties of 

ionogels, such as ionic conductivity, thermal stability, and electrochemical stability are 

introduced, followed by the emerging applications of ionogels in various biomedical areas 

(Figure 1).

Figure 1. Preparation methods of ionogels and the emerging biomedical applications. 

Adapted with permission from ref.24 Copyright 2021, Elsevier; ref.25 Copyright 2019, American 

Chemical Society; ref.26 Copyright 2020, American Chemical Society; ref.27 Copyright 2022, 

Elsevier; ref.28 Copyright 2022, Elsevier; ref.29 Copyright 2021, John Wiley & Sons, Inc;

2. Types of Ionic Liquids

In general, ILs can be categorized into protic ILs and aprotic ILs. Protic ILs are a subset of 

ILs that contain an available proton on the cations, and aprotic ILs are those that contain no 

available proton on the cations.30-33 Protic ILs are produced through the combination of a 

Brønsted acid and a Brønsted base.30, 34 The resultant charged species is a consequence of 

proton transfer from the Brønsted acid to the Brønsted base, as shown in Figure 2A. In fact, 

the first IL discovered, ethylammonium nitrate (EAN),35 was a protic IL with melting 

temperature (Tm) of ~12 °C, which is also one of the most extensively studied IL. EAN can be 

easily synthesized by reacting ethylamine with concentrated nitric acid, also illustrated in 
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Figure 2A. In reality, proton transfer between the two originally neutral acid and base species 

may be incomplete, leading to the existence of neutral species in the system. This issue can 

possibly be improved by using stronger acid and/or bases, using their pKa values as an 

indication, even though pKa values are usually considered for only aqueous systems.

Figure 2. (A) Typical synthesis of a protic ILs through neutralization reaction between a 

Brønsted acid and a Brønsted base. The synthesis of ethylammonium nitrate is provided as 

an example. (B) Typical synthesis route of aprotic ILs, using imidazolium-based ILs with [TFSI]- 

anion as example.

While protic ILs can be made simply by mixing already synthesized acid and base, the 

production of aprotic ILs usually has to go through a longer synthesis route. Typical/traditional 

synthesis of aprotic ILs starts from alkylation of the corresponding amine, phosphine or 

sulfide of interests, via alkyl halides (R-X), leading to the formation of halide salt with the 

desired cation.31 This halide salt itself can be considered IL if it possesses sufficiently low 

melting point of <100 °C. Nevertheless, to pair the cation with a desired organic anion instead 

of the halide, the anion exchange can be carried out through a metathesis process.36 This 

generic synthesis route is illustrated through the synthesis of imidazolium aprotic ILs with 

[TFSI]- as the anion and 1-methylimidazole as the precursor, is presented in Figure 2B.
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Figure 3. Common cations and anions of ILs. R represents the typical substitution sites, R = H 

or alkyl. 

The most common families of cations in ILs are shown in Figure 3. They include 

imidazolium, pyridinium, piperidinium, pyrrolidinium and ammonium. Other than the 

aforementioned ILs based on charged nitrogen, phosphorous-based phosphonium and sulfur-

based sulfonium are also common.37 These families of cations form both protic ILs or aprotic 

ILs.38 Similarly, some common anions are also presented in Figure 3. Typical inorganic ones 

include halides ([Cl]-, [Br]-, [I]-), [NO3]-, [BF4]-, [PF6]- and [HSO4]-. Typical organic ones include 

[DCA]-, carboxylates such as [Ac]-, sulfates such as [EtSO4]-, sulfonates such as [MeSO3]-, 

phosphates such as [DEP]-, phosphonates such as [MeO(H)PO2]-, as well as fluorinated ones, 

such as [TFSI]-, [FSI]– and [OTf]-. Considering the different combinations of cations and anions, 

the types of ILs are various, and some unique properties of ILs can be observed. ILs have been 
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applied in different areas, including catalysis,39 electronics,40 energy storage,41 and 

biotechnology.42 Our group has described the applications of ILs in organic synthesis since 

2002. Replacing conventional solvents, the unique reactivity and selectivity of ILs were 

exhibited in various polar reactions.43-59

Figure 4. Different generations of ILs.

According to the chemical structures and properties, ILs can be classed into three 

generations (Figure 4). First-generation ILs typically consist of dialkylimidazolium or 

alkylpyridinium cations with chloroaluminate(III) (e.g. [AlCl4]-), and other metal halide anions 

(e.g. [FeCl4]-).60-63 However, these compounds are highly water/moisture sensitivity, they 

have to be handled under inert environment. The most significant development of second-

generation ILs is the replacement of the anions with relatively stable [BF4
-] and [PF6

-], as well 

as halides and carboxylates.64 While dialkylimidazolium cations remain popular through ILs’ 

development, highly utilized cations expanded to include phosphoniums and ammoniums. 

While the objective for the development of second-generation ILs is to improve their stability, 

there is no general consensus on the specific goal of third-generation ILs. Some authors have 

identified third-generation ILs to be “task-specific” ILs (TSILs) 61, 65 as proposed by Davis.66 This 

is largely due to broadening of ILs’s applicability beyond solvents including catalysis, 

biomedical, electronics and energy storage applications. However, many of the “improved” 

ILs designs/modifications becomes beneficial for a single field and not exactly an overall 

progress of ILs as a whole. In fact, the unique characteristics of third-generation ILs can be 
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observed from the bulk of research that aims to resolve some major shortcomings of the 

second-generation ILs, such as toxicity, and non-sustainability. Therefore, characteristics such 

as low ecological toxicity, biocompatibility, biodegradability and renewability highly beneficial 

properties, regardless of the wide range IL applications. This definition is also similar to that 

defined by Egorova et. al.67 and Gorke et. al.68 For instance, naturally occurring cations such 

as cholinium and anions such as amino acids, sugars/modified sugars and alkylsulfates are 

important developments of third-generation ILs.69-76 The emergence of the third-generation 

ILs provides the possibility of their application in the biomedical field.

2.1. Physicochemical Properties of Ionic Liquids

This section will highlight some key physicochemical properties of ionic liquids that sets 

it apart from other chemical substances. As the name suggests, ILs are substances that 

contain electrically charged (ionic) species in liquid state. Therefore, the discussion will focus 

on the charged and liquid aspects that allow ILs to possess a unique character.

While not all of the ILs are liquid at room temperature, for instance [EMIM]+[Cl]- has a Tm 

of ~87 °C,77 the general consensus in the scientific community is that they should possess low 

Tm of less than 100 °C,30 even though there is not nothing really special about the 100 °C mark, 

except that it is the boiling point (Tb) of water. Nevertheless, this also gives rise to the term, 

room-temperature Ionic liquids (RTILs),78 so as to classify ILs that are already in liquid state at 

room temperature. Despite the strong electrostatic interactions between the positively and 

negatively charged species, the low Tm of ILs as compared to other salts, for example table 

salt (Tm ~801 °C), can be attributed to the large size of the cation and/or the anion, along with 

the low symmetry of the heterocyclic cations. In fact, for some ILs, Tm is absent and the 

substance undergo glass transition at very low temperatures.79 These thermal transition 

temperatures are key properties that determines the operation temperature of these ILs, as 

well as differentiating ILs from other salt substance.

As compared to ordinary liquids that typically consist of electrically neutral molecules, ILs 

are made up of electrically charged ions. The strong coulombic attraction between the cations 

and anions would lead to coulombic compaction, whereby the volume of the liquid is reduced, 

resulting in higher density. A study that compares 1-methoxyethylpyridinium dicyanamide 

and its neutral isoelectronic analog, a binary solution of 1-methoxyethylbenzene and 

dicyanomethane, shows that the IL is about 20% denser.80 Similarly, ILs are generally much 
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more viscous than water and common organic solvents, and it is also known that the density 

of a liquid has a positive effect on its viscosity.81 However, another recent study involving 

triethyl(3-methoxypropyl)phosphonium butyrate and its neutral analog of triethyl(3-

methoxypropyl)silane and 1-nitropropane binary mixture,82 shows that the IL still has a 

viscosity of about sixteen times that of the neutral binary solution despite being under 

isodensity conditions (by applying high pressure to neutral analog). More importantly, as 

direct consequence of the electrostatic interactions, the vapor pressure of ILs is known to be 

extremely low. Though initially thought to be inconsequential, ILs can exhibit measurable 

vapor pressure under reduced pressure or elevated temperature.32, 83

With mobile charge carriers, ILs are definitely better electrical conductors than solid salts 

and electrically neutral organic liquids. However, the electrical conductivity, or more 

specifically, ionic conductivity of ILs is limited mainly by two factors: large ion size and high 

viscosity.84, 85 Despite the increase in density from the coulombic compaction effect, the large 

molecular size of the cations and anions would limit the number of charge carriers per unit 

volume. Furthermore, as discussed, ILs are typically viscous fluids. Since ion mobility is 

inversely related to the viscosity, the ionic conductivity is also limited by this. Other factors 

such as occurrence of ion aggregates may also affect the ionic conductivities. As such, the 

ionic conductivities can reach up to around 10 mS cm-1, which is generally lower than that of 

concentrated aqueous electrolytes.86 The ionic conductivity of ILs could endow ionogels with 

conductivity, facilitating their usage in the fields of wearable strain sensors and biochemical 

detection.

Stability at ambient environment is the majority concern for first-generation of ILs, which 

are mainly based on chloroaluminate(III) and other metal halide anions.61 Due to their 

water/moisture sensitivity, they have to be handled under inert environment, greatly 

reducing their practicality. This leads to second-generation ILs that possess relatively less 

sensitive anions that can be handled in ambient environment. However, some second-

generation ILs are also not exactly water-stable, in particular, [BF4]- and [PF6]- anions are 

known to hydrolyze in the presence of water, leading to the formation of highly hazardous 

and corrosive hydrogen fluoride.87 Many of the anions that are stable in the presence of 

moisture/water were subsequently developed, such as bis-(trifluorosulfonyl)imide [TFSI]- 

(Figure 3). However, many of them are still hygroscopic, and water content can change their 

physicochemical properties significantly. It has also been reported that the 
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hydrophilicity/hygroscopicity of the IL is largely determined by its anions.88 For instance, 

water is miscible with [EMIM]+[EtSO4]- over the concentration range but only have limited 

solubility in [EMIM]+[TFSI]-.

For thermal stability, the decomposition onset temperature (Tonset) measured by 

thermogravimetric analysis (TGA) is typically used to characterize the thermal stability of the 

IL at elevated temperature.89 Tonset is obtained through the intersection between the initial 

mass baseline and the tangent to the TGA decomposition curve at maximum gradient. Tonset 

values of ILs are generally high, typically above 250 oC, and sometimes above 400oC, giving 

the impression that ILs are of high stability at elevated temperatures.90 However, significant 

degradation of IL can take place at a much lower temperature for an extended period of time. 

As such, another parameter, T0.01/x, which is the temperature at which 1% mass loss due to 

decomposition occurs in x hours, was proposed to study the thermal degradation of ILs.91 This 

would allow better comparison with real operational temperature range. Indeed, the 

difference between Tonset and T0.01/10 can be as large as ~200 °C. The thermal stability of ILs 

ensures the ionogel-based devices operate over a wide temperature range, broadening their 

application scenarios.

ILs generally exhibit large electrochemical window, typically between 4.5-5 V,92 and up to 

about 7 V for [BMIM]+[BF4]- and [BMIM]+[PF6]-,93 but such wide electrochemical window has 

to be thoroughly tested against time. Within the window, oxidation of the anions and 

reduction of the cations would not occur. In general, such window is comparable to organic 

electrolytes, and significantly wider than that of aqueous electrolytes.

The excellent properties of high conductivity, thermal stability, and wide electrochemical 

window make ILs attractive candidates for fabricating advanced functional materials which 

have special requirements for materials property of high conductivity, stability, and wide 

electrochemical window. The ionogels prepared from ILs can perfectly inherit the properties 

of ILs and will exhibit the potential applications in wearable strain sensors and biochemical 

detection. 

2.2. Biological Properties of Ionic Liquids

For ILs to be widely applied in biomedical applications, its cytotoxicity, especially 

mammalian cell cytotoxicity and biodegradability, has to be considered. To estimate the 

cytotoxicity, usually the half maximal inhibitory concentration (IC50) or half maximal effective 
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concentration (EC50) were used. In general, the chemical structure of both the cations and 

anions can affect the cytotoxicity of the IL, some more influential than others. Amongst the 

molecular structure effect on cytotoxicity, the effect of alkyl length on the cations has been 

reported to be the most pronounced.94 The increase in alkyl chain length of cations would 

typically leads to higher toxicity,95, 96 most possibly due to an increase in lipophilic character, 

whereby the strong IL-lipid bilayer interaction would cause disintegration of the lipid 

bilayer.97 Nevertheless, the increase in toxicities also appears to be insignificant after a certain 

alkyl chain length, typically known as the “cutoff effect”.98 On the other hand, the effect of 

different cation head groups on cytotoxicity appears to be lesser as compared to the change 

in alkyl chain length. Nevertheless, some trends can be observed, for example, piperidinium-

based ILs have been reported to be about 20 times more toxic than pyrrolidinium-based 

one,94 despite pairing with the same anion. On the other hand, pyridinium-based dicationic 

ILs have been reported to exhibit less cytotoxicity as compared their monocationic 

counterparts,99 possibly due to the alkyl chains being trapped between the two cationic 

moieties, hence reducing their lipophilic effect. For anions, their effect on cytotoxicity have 

been considered to be somewhat minimal as compared to cations, though there are still 

trends that can be considered.100 For instance, some relatively low toxic anions are [DEP]- and 

[DMP]-, while [NTf2]- exhibit relatively higher toxicity, presumably due to increase lipophilicity 

of the anion.94

 The anti-bacterial effect of ILs have drawn extensive attention from researchers, as 

many ILs, for example, pyridinium, imidazolium, and pyrrolidinium, exhibit inhibitory effect 

on the growth of various bacteria and fungi.67 From the view of biotechnology, high toxicity 

maybe a serious issue. However, by appropriate assessment and selection, ILs can serve as 

efficient anti-bacterial agents because of the high toxicity to bacteria and fungi.101, 102 The 

anti-bacterial activity of ILs can be ascribed to the insertion into the bacterial membrane by 

alkyl chains as well as the electrostatic interactions between the cationic groups of ILs and 

bacterial cell walls,97 leading to bacterial death. Similar to cytotoxicity, the anions are known 

play much smaller role as compared to the effect of the cation’s alkyl chain length. ILs with 

anti-bacterial property are suggested to be utilized in the fabrication of ionogels, which can 

inherit the anti-bacterial effect from the corresponding ILs for potential wound healing 

application. 
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A general strategy to synthesize biocompatible ILs (Bio-ILs) is to use natural or 

biocompatible starting materials103 such as amnio acids, sugars, and carboxylic acids. Among 

the Bio-ILs, cholinium cations remains highly dominant, initially due to the natural occurrence 

of choline, an essential nutrient for many animal including humans, therefore postulated to 

be highly biocompatible.104 Studies have found that cholinium cations, when paired with 

other naturally occurring couterions, such as amino-acid-based or carboxylate-based anions, 

are largely biocompatible. Similarly, glycine betaine-based cations have also been reported 

more recently as economical alternatives to cholinium.105 For amino acids, similar to 

carboxylic acids, their carboxyl groups can be conveniently utilized to form carboxylates to 

perform as anions in Bio-ILs.106 Besides, its amine group can also be used to form cations of 

protic ILs through protonation with strong acids.107 In addition, cations of aprotic ILs can also 

be formed with amino acid through more complex synthetic processes.108 Sugars can also be 

modified into sugar acid, such as glucuronic acid and galacturonic acid that contains 

carboxylate groups to perform as anions. Likewise, sugars can also be modified with 

substituted side groups that possess positively charged heteroatoms, such as sulfonium or 

ammonium. The biocompatibility of ILs can make ionogels biocompatible, which is beneficial 

to the biomedical applications of ionogels. 

Despite consisting of at least a pair of cation and anion, ILs are often regarded as a single 

substance therefore, when considering the biodegradability of ILs, both the cation and anion 

should be considered.109 In addition, while the degradability of the cation and anion can be 

considered separately based on general trends, different counterions can also influence the 

biodegradation rate of some ions.110 

For anions, halides (consisting of a single atom) and other inorganic molecules such as 

[BF4]- and [PF6]- are not included in the discussion here. One of the first highly biodegradable 

anions of ILs reported is octyl sulfate,70 in fact, alkyl sulfates generally exhibit good rates of 

degradation.69 Besides, many conjugate based of organic acids, sugar acids and amino acids, 

typically containing carboxylate charged group, have also been found to be highly 

biodegradable.111 

Many of the commonly found cations in ILs turn out to have rather low biodegradability, 

including aromatic cations from the imidazolium-,112 pyridinium-,113 and thiazolium-family,69 

as well as non-aromatic ones from the pyrrolidinium-,114 morpholinium-families.115 Many of 

the ammonium-family cations appears to be more biodegradable than others. In particular, 
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the cholinium cation, together with its protic analogue (aminodiol and aminotriol derived ILs), 

are among the most common for the synthesis of biodegradable ILs.116 

Dimethyldibutylammonium (DMDBA) cation also appears to be readily biodegradable when 

paired with some certain anions, such as [Ac]- and [Lac]-, but not biodegradable when paired 

with [Cl]- anion. In addition, there have also been some successes in chemically modifying 

some of those cations that are harder to be biodegraded to improve their biodegradability. 

For example, Gathergood et al.117 reported two readily biodegradable imidazolium-based ILs, 

using amino acid derived imidazolium as cation and bromide as the anion. Pyridinium 

modified with an ethyl alcohol side chains also proves to be biodegradable with a variety of 

anions.69 The biodegradability of ILs could make ILs-based materials biodegradable, thereby 

minimizing the impact on environment and meeting the growing demands for materials 

sustainability.

ILs with biological properties of biocompatibility, anti-bacterial, and biodegradability 

provide another choice for researchers to develop biomaterials which have the request for 

biocompatibility, anti-bacterial, and biodegradability. Ionogels based on these ILs can inherit 

these biological properties, and present potential applications in biomedical fields, for 

example, wearable strain sensors, drug delivery or wound healing.

3. Design Strategies and Fabrication Methods of Ionogels

Ionogels are generally designed through the formation of polymer networks in an IL 

medium and the IL molecules are confined in the network after gelation. Depending on 

formation methods, ionogels can be divided into chemically and physically cross-linked 

networks. Chemically cross-linked networks are constructed from covalent bonds formed by 

chemical reactions or polymerizations. On the other hand, non-covalent interactions, such as 

ionic interactions, hydrogen bonding, van der Waals interaction, host-guest interaction, etc., 

are applied to generate physical cross-linked ionogels. RTILs, which are in liquid state at room 

temperature, are usually utilized to prepare ionogels.118 When ILs in solid state at room 

temperature are selected for the fabrication of ionogels, they are usually used together with 

RTILs.119 In this section, the preparation of ionogels using various gelators for chemical and 

physical gelation methods as well as their processing methods to fabricate films, foams, 

scaffolds, and composites will be introduced. 
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3.1 Ionogels Using Polymer as host networks

For an ideal ionogel, IL needs to be embedded tightly in a matrix structure to prevent 

potential loss or leaching of IL. Polymers are extensively used as the gelators to form ionogels 

due to their versatile skeleton design and high IL encapsulation ability.21, 120, 121 The simplest 

method to prepare ionogels is direct mixing of an IL with a polymer network, and ionogels can 

be obtained after the swelled polymer network forms a network which confines ILs. However, 

the miscibility of ILs with commercially available polymers, such as poly(methyl methacrylate) 

(PMMA), poly(vinyl alcohol) (PVA), poly(ethylene oxide) (PEO) and poly(vinylidene fluoride) 

(PVDF), causes preparation limitation and sometimes low IL content in ionogels.22 

In situ gelation using monomers or polymers in the presence of an IL is an efficient 

strategy to form ionogels with high IL content. Free radical polymerization, ring opening 

polymerization, thermal and UV-curing are common techniques to form polymer network to 

encapsulate ILs and yield ionogels.122-125 These chemically cross-linked ionogels generally 

exhibit high mechanical strength and thermal stability, finding applications in energy and 

electronics materials.13, 22, 126-128 Self-assembly of ABA triblock copolymers in an IL is also 

employed to prepare physically cross-linked ionogels.129 The ABA triblock copolymers, such 

as poly (phenethyl methacrylate)-b-poly (benzyl methacrylate)-b-poly(phenethyl 

methacrylate) and polystyrene-b-poly(diallyldimethylammonium)-b-polystyrene, are used as 

effective polymer gelators to give ionogels.130,131 Hashimoto et al.132 used polystyrene-b-

poly(methyl methacrylate)-b-polystyrene (PSt-b-PMMA-b-PSt) triblock copolymers to form a 

physically cross-linked ionogel containing [C2MIM]+[NTf2]- via polymer self-assembly. Aside 

from block copolymers, semi-crystalline homopolymers with crystalline domains can also be 

physically cross-linked to produce ionogels.133 

Biopolymers such as chitosan, cellulose, starch and gelatin have also been studied as 

excellent gelators for ionogels.134-137 For example, in the preparation of physically cross-linked 

cellulose-based ionogels, cellulose is firstly dissolved in an IL. Then, the cellulose-IL mixture 

performs gelation to form the cellulose-based ionogel due to non-covalent interactions, such 

as hydrogen bonds and van der Waals forces. Villar-Chavero et al.136 reported the preparation 

of chitosan-reinforced cellulosic ionogels. The ionogels with 1wt% chitosan loading exhibited 

excellent elastic moduli as 552 kPa, loss moduli as 99 kPa and complex viscosity as 22 kPa·s. 

The selection of proper ILs and cellulose derivatives is the key to obtain ionogels as the 

gelation mechanism is dependent on the IL, the cellulose structure and the cellulose 
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concentration. In general, there are three types of chemical cross-linking methods for 

biopolymer-IL interactions: (i) Cross-linking of functional groups, such as –OH, -COOH and -

NH2 with functional cross-linking reagents, such as aldehydes and carboxylic acids, via 

covalent bonds, (ii) gamma, x-ray or e-beam radiation to alter the polymers using free 

radicals, and (iii) polymerization.135 

3.2 Ionogels Using Small Molecules as host networks

The use of small-molecule gelators is another common method to prepare physical 

cross-linked ionogels. In contrast to polymers, small molecules here refer to organic 

molecules with low molecular weight, for examples, dipeptides, glycolipid, 2-hydroxystearic 

acid and etc.138 To prepare such ionogels, small-molecule gelators are added into ILs at 

elevated temperature and followed by cooling to induce physical gelation through 

supramolecular bonding such as hydrogen bonding, π-π interactions or electrostatic 

interactions. A low content (≤ 1 wt%) of small-molecule gelators is required to form ionogels 

and therefore IL content of the ionogels could be up to 99 wt%. The high IL content and low 

cross-linking density of ionogels are advantageous for excellent ionic conductivity although 

their mechanical strengths are relatively poor. These ionogels are especially applicable for 

flexible electronics and stimuli-responsive materials.139-141

After the first example of small-molecule-gelated ionogel was reported in 2001,142 small-

molecule-gelated ionogels have gained great interest in the past two decades. For examples, 

Wu et al.143 reported a small-molecule supramolecular ionogel based on host−guest 

interactions between β-cyclodextrins and a bis(trifluoromethyl-sulfonyl)imide-containing IL 

in the presence of ethylammonium nitrate. Chen and co-workers144 synthesized a D-gluconic 

acetal-based gelator which can fully mix with an IL during heating and gelation to yield an 

ionogel at room temperature via hydrophilic and hydrophobic interactions. The ionogels were 

injectable and exhibited high viscoelasticity, sufficient mechanical strength and self-healing 

behaviors. Santic et al.145 reported a supramolecular ionogel using amide derivatives (S,S)-

bis(eucenol)oxalamide as gelator for [BMIM]+[BF4]- with a minimum gelator concentration as 

low as 0.7 wt%. The self-aggregation and subsequent gelation were attributed to the 

hydrogen bonding between the oxamides. 

3.3 Ionogels Using Inorganic Matrices as host networks
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Apart from using organic matrices, ILs can also be encapsulated by using metallic or 

inorganic nanomaterials, such as non-metallic oxide (e.g., silica), carbon nanotubes and 

metallic oxide (e.g., titanium dioxide), to prepare inorganic ionogels. In one hand, ionogels 

with inorganic matrices can be prepared by dispersion of nanoparticles in an IL, followed by 

physical crosslinking or by sol-gel reactions. The former route can be simply achieved by 

addition of the nanoparticles into an IL, and the nanoparticles can be stably suspended in the 

IL in absence of surfactants or polymeric gelators.146 The size and size distribution of 

nanoparticles as well as physicochemical properties of ionic liquids are key factors to affect 

the formation and stability of physical crosslinked inorganic ionogels. On the other hand, the 

sol-gel method normally consists of sol preparation, gelation and solvent removal processes 

to form covalent bonds between IL molecules and nanoparticles. The first synthesis of 

inorganic “dry” silica ionogel via sol-gel process was reported in 2005 following a route used 

by Dai and Sharp.146-148 Dai and co-workers146 prepared the formation of a SiO2-based ionogel 

after a sol-gel reaction of tetramethoxysilane and formic acid in [EtMeIM]+[TFSI]- (Figure 5a). 

Thiemann et al.149 also synthesized silane-based ionogels by using an ionic liquid 

([(EtO)3SiPMIM]+[TFSI]−), tetramethylorthosilane and formic acid via a sol-gel reaction (Figure 

5b). The obtained ionogel was enabled to perform spray-coating for conductive film 

preparation, and the ionogel films exhibited low modulus, solution processability and high 

specific capacitance for flexible electronics applications. The synthesis of inorganic ionogels 

via sol-gel methods has been extensively used for electrolyte and energy materials, which are 

summarized in other reviews.10, 118, 150 It is worth here to point out that benefit of inorganic 

interface as well as mechanical behavior of polymer could be combined as host matrices, 

resulting in efficient ionogels.151 
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Figure 5. Examples of ionogel preparation through sol-gel reactions. (a) Scheme of sol-gel 

processes. Reproduced with permission from ref 146. Copyright 2000, Royal Society of 

Chemistry. (b) Molecular structures of gel precursors and [(EtO)3SiPMIM]+[TFSI]− ionic liquid 

and the image of the obtained ionogel. Reproduced with permission from ref 149. Copyright 

2014, Royal Society of Chemistry.

The properties of inorganic ionogels are dependent on the size, shape, surface area and 

dispersion ability of the inorganic particles as well as the matrix structures of ionogels.152 For 

example, Wang et al.153 synthesized two silica inorganic ionogels forming by weak 

intermolecular forces (i.e., physical crosslinking) and covalent interactions (i.e., sol-gel 

approach), respectively. Both ionogels exhibited similar ion mobility and high long-term 

stability at high temperature, while the sol-gel-generated ionogel demonstrated higher 

overall capacitance and electrode/electrolyte contact area. In a separate wearable device 

investigation, the degree of crosslinking on poly(ethylene glycol) phenyl ether acrylate 

networks were controlled by manipulating the silica nanoparticle dispersion for ionogel 

preparation.154 These photonic ionogels with different gel contents were prepared by varying 

the duration of immersion in the polymer solutions, showing varied IL content, thermal and 

mechanical properties. 

3.4 Ionogels by Poly(ionic liquid)s 

Poly(ionic liquid)s (PILs) refer to a class of ionic polymer with monomer repeating units 

containing IL species in the side chain or in the backbone. PILs exhibit intrinsic properties of 
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both ILs and polymers and exhibit superior mechanical strength, durability, processability and 

structural versatility to ILs. Figure 6a demonstrates examples of cationic, anionic and 

zwitterionic PILs, bearing cations, anions or both on their polymer backbone. Though the 

combination of cations (e.g., alkylammonium, alkylphosphonium, imidazolium and 

triazolium) and anions (e.g., halides, carboxylate, nitrate, sulfonate and polyatomic inorganics 

(BF4
−, PF6

−, AuCl4−, etc.)) as well as various polymer structures (e.g., homopolymer and 

copolymer), a myriad of PILs have been reported and found extensive applications in energy, 

catalysis, environmental and biomedical fields.155-157

Figure 6. (a) Examples of chemical structure of cationic, anionic and zwitterionic PILs. (R, R1, 

R2 and R3 = alkyl or phenyl; R4 = H or methyl). (b) Examples of chemical structure of IL cross-

linkers. (c) Illustration of PIL ionogel membrane preparation via photo-polymerization. 

Adapted from ref.158 with permission from American Chemical Society, Copyright 2020.

There are two strategies to prepare PILs: (1) direct polymerization of IL monomers and 

(2) post-polymerization functionalization of non-ionic polymers. Polymerization techniques, 

including free radical polymerization, reversible deactivation radical polymerization, ring 
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opening metathesis polymerization, step-growth polymerization, and so forth, have been 

used to prepare homo- and co-polymers of PILs.156 Comparison with the other ionogels using 

conventional cross-linked polymers, PIL-based ionogels exhibit high compatibility with ILs to 

prevent phase separation. Copolymerization of IL monomers and a cross-linker in an ionic 

liquid as reaction medium is reported to prepare PIL-based ionogels in many cases.158-162 The 

cross-linkers could be non-ionic di-(meth)acrylates or ionic liquids with multiple 

polymerizable moieties, as shown in Figure 6b. In 2005, Nakajima and Ohno reported the first 

example to copolymerize an IL monomer and an IL-containing cross-linker in an ionic liquid 

medium via free radical polymerization.159 Free IL molecules were trapped in-situ during 

polymerization to form a PIL-based ionogel. Chung’s group160 also used butylimidazolium-

containing IL, an IL monomer and an IL cross-linker to prepare a PIL-based ionogel for CO2 

separation from glue gas. Zhou and co-workers162 reported a hierarchical PIL-based ionogel 

film, with high ionic conductivity and mechanical strength for lithium and sodium ion 

batteries. The ionogel film was prepared via in situ polymerization of an IL cross-linker (3, X= 

Tf2N, n = 2) with an IL in [EMIM]+[TFSI]-. Kammakakam et al.158 prepared a dual 

anionic−cationic ionogel composite membrane via photopolymerization. An IL monomer was 

blended with a free IL and polyethylene glycol diacrylate (PEGDA) cross-linker, followed by 

UV irradiation to yield flexible free-standing PIL ionogel membranes (Figure 6c).

3.5. Processing Methods of Ionogels

Since the vapor pressure of ILs is known to be extremely low, the IL-containing ionogels 

are usually very stable and susceptible to desiccation. As a result, ionogels can be processed 

using a wide range of processing techniques.22 In this section, we will highlight some common 

processing approaches for ionogels, from simplistic to more advanced processing methods 

(Figure 7). 
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Figure 7. Typical processing methods for ionogels. Adapted with permission from ref 21. 

Copyright 2011, Royal Society of Chemistry; ref 163. Copyright 2019, John Wiley & Sons, Inc; 

ref 164. Copyright 2019, AAAS; ref 165. Copyright 2022, American Chemical Society; ref 166. 

Copyright 2010, Elsevier; ref 167. Copyright 2017, American Chemical Society; ref 168. Copyright 

2008, Nature Publishing Group; ref 169. Copyright 2021, American Chemical Society; and ref 
28. Copyright 2022, Elsevier.

Typically, conventional processing approaches for solution-processable ionogels 

fabrication include solvent casting,163, 170-175 molding,164, 176, 177 spin/blade coating,165, 178, 179 

ink jet printing,180 etc. Steffen and co-workers163 have prepared the antibiofouling ionogels 

composed of poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) and ILs mixture of 

[C18C1IM]+[NTf2]- and [C6C1IM]+[NTf2]- from solution casting approach. Similarly, the 

conductive supramolecular ionogels with linear amphiphilic poly(urethane-urea) (PUU) 

copolymer and IL [EMIM]+[DCA]- can be easily fabricated by solution casting methods.181

To further obtain controlled shapes of the ionogels, solution-based molding techniques 

are developed. For instance, Yan et al.164 demonstrated the molding capability of an ionogel 

prepared by click gelation of PEGDA, pentaerythritol tetraacrylate (PETA), poly(1-butyl-3-vinyl 

imidazolium fluoborate), benzene tetracarboxylic acid (BTCA), triethylamine (TEA) and 1,2-

ethanedithiol (ED), and then soaking IL 1-propyl-3-methylimidazolium fluoborate at 80°C 

under vacuum. As the click gelation process was completed in the solution form with 

methanol solvent, the click-ionogels can be molded into multiple shapes of circle, butterfly, 
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leaves, and fish. Moreover, ionogels composed of PVA/poly(vinylpyrrolidone) (PVP) polymeric 

complex and IL [EMIM]+[DCA]- were fabricated by Sun’s team by casting the aqueous solution 

into the Teflon or silicone mold with different shapes, which fulfilled the requirements of 

particular design structure of ionogels for application.176 Other PVDF-based ionogels using 

DMF route were also used for casting onto complex electrodes structures.182, 183

Spin coating method is another common approach to prepare ionogels thin films 

designed for small-scale microdevices. Noh et al.179 reported polyurethane ionogels with IL 

[EMIM]+[TFSI]- in dimethylformamide (DMF) which was spin-coated into thin films for the 

organic transistor and pressure sensor assembly. Besides, blade coating techniques are also 

developed as an effective approach for ionogels fabrication. Hersam and co-workers165 

developed an ionogel composed of hexagonal boron nitride (hBN), [EMIM]+[FSI]- and LiFSI salt 

with DMF as solvent. The final hBN ionogel slurry exhibited good capability to be blade-coated 

with tunable viscosity, which provided a route for scalable production of electrochemical 

devices.

Sol-gel techniques are usually used to form porous ionogels.147, 166, 184-188 The 

conventional sol-gel method involves the liquid phase removal from gel with the remaining 

inorganic oxides containing porous xerogel or aerogel. As for ionogels fabrication, due to the 

nonvolatility of the IL, it will be incorporated within the porous solid network, which leads to 

physical properties combination of solid network and IL in resulted ionogels.188 The confined 

IL filled in the interconnected porous networks still exhibits liquid-like dynamics, sometimes 

enhanced thanks to interfacial effects,14 and thus give rise to the ionic conduction. Through 

this sol-gel route the ionogels could be easily shaped without further processing, in the 

absence of chemical reactivity between the components.166 Other ionogel synthesis routes 

will have to be chosen if there is any non-desired chemical reaction. Besides, the functional 

solutes can be included in the ionogels during the sol-gel process owing to the high solvation 

power of IL. These properties enable ionogels by sol-gel methods a wide range of applications.

Transfer stamping techniques has been used to deposit various organic and inorganic 

materials onto target substrates with high yield and accuracy. Studies have shown the viability 

of transfer stamping methods using ionogels, with tunable shape, size or thickness, which is 

advantageous to apply ionogels in various electrochemical devices. Lee’s team developed an 

ionogel composed of semicrystalline copolymer PVDF-HFP and IL [EMIM]+[TFSI]- which was 

firstly solution-casted on flexible PDMS donor stamp substrates. The ionogel were then 
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transfer stamped onto various acceptor substrates such as aluminum, polyimide, 

poly(ethylene terephthalate), and glass.167, 189, 190 Besides, Benito-Lopez et al.191 

demonstrated a microfluidic paper-based analytical device (μPAD) fabricated by transfer 

stamping ionogels made from poly(N-isopropylacrylamide-co-N,N'-methylene-bis-

acrylamide) polymer gel and ILs ([EMIM]+[ES]- or [P66614]+[DCA]-) from PDMS stamps to filter 

paper. With the aid of transfer stamping technique, the ionogels could be easily formed to 

desired Y-shape for applications. 

As ionogels are solution processable, they are also compatible with high-throughput 

patterning methods such as printing with suitable “ink” viscosity.192-194 Schubert et al.192 

investigated the ink-jet printability of the PEG-DMA ionogels with various ILs. However, to 

include wide range of "ink" viscosity, aerosol jet printing of ionogels appears to be more 

feasible than inkjet printing.168 For example, Lodge, Frisbie and co-workers194 developed an 

ionogel ink combining ABA triblock poly(ε-decalactone)-b-poly(DL-lactide)-b-poly(ε-

decalactone) and IL ([P14]+[TFSI]-) which was aerojet printable towards organic transistor 

devices. 

Electrospinning has been widely applied to a wide range of materials from inorganic to 

polymeric materials to design nanofibrous membranes for wearable electronic devices for 

permeability, flexibility, and comfortability. Taubert has discussed about the electrospinning 

techniques applied to ionogels and the progress made several years ago.195 Applications such 

as catalysis, energy storage, water treatment, biomedical applications, etc. have been 

reported for electrospun ionogels membranes. More recent works on electrospun ionogels 

focus more on sensing, health monitoring and motion monitoring field. Chen and Zhu et al.169 

demonstrated that thermoplastic polyurethane (TPU)/[EMIM]+[NTf2]- ionogels solution were 

electrospun into nanofibrous mats. The reported strain/temperature sensing performance 

was further enhanced attributing to the designed 3-dimensional (3D) network architectures 

of the nanofibrous sensors. Besides, Han and co-workers196 fabricated TPU/IL ionogels mats 

by two step fabrication process, which combined the electrospinning of host polymer TPU 

and IL saturation to the electrospun polymer mats. However, the electrospinning of ionogels 

still has its own drawbacks, such as the limitation in capable host polymer for electrospinning 

and the low overall throughput over processing times.

Unlike the conventional processing methods, 3D printing has the potential to fabricate 

precise 3D structures with more simplified preparation process and product diversification. 
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Moreover, most of the reported ionogels fabricated with other solution processing methods 

are often limited to 2-dimensional (2D) structure construction. Therefore, 3D printing 

technology as an emerging strategy for building sophisticated architectures have been 

focused on for ionogels fabrication recently. One common route is direct-ink-writing (DIW) 

using ionogels solution.181, 197-199 Guo et al.181 demonstrated that PUU copolymer/ 

[EMIM]+[DCA]- ionogel dissolved in methanol were easily 3D printed into designed patterns, 

such as spider webs, mesh film and cuboid specimens. Tome et al.198 recently reported an 

biocompatible PVA-tannic acid-cholinium lactate (PVA-TA-[Ch]+[Lac]-) ionogel which also 

showed capability to be directly 3D-printed. As for the UV-curable ionogels, stereolithography 

(SLA) and digital light printing (DLP) are suitable for more sophisticated 3D architectures 

fabrication.28, 200, 201 Furukawa et al.202 successfully developed an ionogel composed of 

[BMIM]+[FSI]- and UV-induced crosslinking of a thiol-ene network which was suitable for SLA-

based 3D printing. The ionogels could be printed into various shapes, sizes and complexity at 

a highest resolution of 200 μm from the pre-gel solution with rapid UV curing. Song et al.200 

very recently reported stretchable ionogels with multiple networks of IL 3-dimethyl 

(methacryloyloxyethyl) ammonium propane sulfonate (DMAPS) and acrylic acid in 

[EMIM]+[EtSO4]-, with acrylate-terminated hyperbranched polyester polyols (HP, with eight 

double bonds and eight hydroxyls) as chemical macro-cross-linkers. The reported highest 

resolution of ionogel printing via DLP techniques can reach ~10 μm, which was much higher 

than the most commonly used extrusion-based 3D printing technique for ionogels. 

Furthermore, Nelson and co-workers203 prepared a mechanochromic ionogel by DIW printing, 

which utilized a single mechanoactivation event to elicit both mechanochromic response and 

autonomous shape change (mechanomorphic) in the object. This technique was also 

recognized as 4D-printing. 

4. Materials Characteristics of Ionogels

Ionogels retain many distinct characteristics from intrinsic ILs and gelators, such as 

mechanical strength and viscoelastic behaviors, excellent ionic conductivity, great thermal 

and electrochemical stability and non-volatility.11, 22, 120 In this section, some typical properties 

and emerging properties of ionogels will be highlighted, as well as how they enable ionogels 

to be used in a variety of applications (Figure 8).
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Figure 8. Schematic illustration of the unique ionogels properties. Reproduced with 

permission from (a) ref.204. Copyright 2022, Nature Publishing Group; (b) ref.176. Copyright 

2020, American Chemical Society; (c) ref.205. Copyright 2022, Elsevier; (d) ref.206. Copyright 

2019, American Chemical Society; (e) ref.207. Copyright 2020, Cell Press; (f) ref.208. Copyright 

2021, American Chemical Society; (g) ref.24. Copyright 2021, Elsevier; (h) ref.209. Copyright 

2021, Royal Society of Chemistry.

4.1 Rheological and Mechanical Properties

The mechanical and rheological properties of ionogels are one of the crucial parameters 

depending on the application. So far, most of the ionogels possess weak mechanical 

properties, such as low tensile strength, fracture toughness and tensile modulus.164, 210-212 As 

a consequence, ionogels find mass application in the fields such as wearable electronics, 

sensors and actuators.213 Efforts have been made to tune the mechanical properties of the 

ionogels for better usage performance on the basis of understandings of key factors that 

influence the rheological and mechanical properties of ionogels.211, 214, 215 In general, the 

rheological and mechanical properties of ionogels are strongly related to the characteristics 

of the ionogel host networks, such as cross-link density. For instance, an ionogel composed 

of poly(ethyl acrylate)-based elastomers and [NTf2]--based ILs were reported by Liu et al.,211 

which exhibited high and tunable mechanical properties by varying the cross-link density of 

the ethyl acrylate (EA) and ethylene glycol dimethacrylate (EGDMA) network. With the 
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increase of cross-link density from 0.34 to 2.72, the Young’s modulus of the ionogel was 

enhanced from 15 to 484 kPa, while the strain at fracture noticeably decreased from 490 to 

80%. At a cross-link density of 0.68, the elastic modulus of the ionogels with 23 wt% IL content 

was reported at 250 kPa and a record-high fracture toughness of 4.7 kJ m-2 was achieved. 

Moreover, a fluorinated acrylic double-network (DN) ionogel was reported by Qiu et al.214 by 

chemically cross-linking methyl acrylate (MA) and 2,2,3,4,4,4-hexafluorobutyl acrylate (HFBA) 

with cross-linker EGDMA and curing the swollen poly(methyl acrylate-co-2,2,3,4,4,4-

hexafluorobutyl acrylate) P(MA-co-HFBA) single (1st) network infused with monomers and 

cross-linker. With fixed IL [EMIM]+[TFSI]- content and cross-link density of 2nd network, it was 

found that a slight increase in fracture strength and Young’s modulus when increasing the 

cross-link density of 1st network by adding more EGDMA cross-linker from 0.5 % to 1 %, while 

elongation of break and toughness decreased. Similar phenomenon has also been found with 

physically cross-linked ionogels. As an example, Xia et al.216 reported that an physically cross-

linked ionogel consisting of poly(N,N-dimethylacrylamide) (PDMAA), [CMMIM]+[TFSI]-, and 

metal–organic frameworks (MOF) (UiO-66 and HKUST-1) which coordinate with polymer 

chains. This designed coordination between metal sites of MOF and PDMAA polymer chains 

induced reversible physical cross-links and hindered the formation of covalent cross-links in 

the polymer matrix. With the increase of MOF loading, the cross-link density of the ionogel 

increased and the fracture strength was enhanced with sacrifice in elongation at break.

In addition, the characteristics of ILs play a significant role in mechanical properties of 

ionogels. ILs can act as plasticizers when used as dispersing medium during the preparation 

of ionogels.199, 217 Due to the strong hydrogen bonding and electrostatic interactions, the 

weakening in interactions between polymer chains and lowering the polymer crystallization 

thus leads to enhanced ionogel stretchability but decreased Young’s modulus. For example, 

Shi and co-workers218 reported an ultra-stretchable semicrystalline fluorinated copolymer 

ionogel with ILs [BMIM]+[TFSI]-. The plasticizing effect of [BMIM]+[TFSI]- to the copolymer 

lowered the glass transition temperature (Tg), which contributed to the enhanced 

stretchability (>6000 %) of the ionogels. Tamete et al.219 studied the effect of IL chemical 

structure on viscoelastic characteristics of ionogels where they attribute the influence to the 

hydrogen bonding between IL anions, cations and polymer gelators. When hydrogen bonding 

is weak for ILs, the strong hydrogen bonding between copolymer micelles resulted in phase 

separation and hence fragile ionogels. 
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The mechanical properties of ionogels could also be tuned over a wide range by simply 

varying the IL contents or the polymer and inorganic content.151 Wu et al.29 reported facile 

one-step polymerized [DMAEA-Q]+[TFSI]- ionogels in [N4111]+[TFSI]-. The mechanical 

properties of the ionogels were tailorable by changing the molar percent concentration of IL 

[N4111]+[TFSI]-. With the increase of ILs from 5% to 35 %, the Young’s modulus and strain at 

break was modulated in the range of 337 to 0.22 MPa and 349 to >10000%, which was due 

to the plasticizing effect of [N4111]+[TFSI]-. The ionogels also exhibited excellent adhesion 

ability with highest adhesion strength of 38.73 ± 7.5 kPa to porcine skin of 25 % IL loading, 

which was higher than the commercial gel electrodes. Furthermore, to withstand the harsh 

environmental conditions for specific applications such as ionogel electrolytes between the 

anodes and cathodes in the lithium-ion batteries, highly robust ionogels with over 10 MPa 

were developed.10, 120, 220 Phase separation caused by the polymer gelators in ILs plays an 

important role on the mechanical property of ionogels. A huge progress was recently made 

by Hu and Dickey et al.204 that they reported a polypol(acrylamide-co-acrylic acid) (P(AAm-co-

AA)) ionogel in [EMIM]+[ES]-. Copolymerization of acrylamide and acrylic acid in [EMIM]+[ES]- 

resulted in a macroscopically homogeneous covalent network with in situ phase separation, 

where the polymer-rich phase with hydrogen bonds dissipated energy and toughened the 

ionogel, while the elastic solvent-rich phase enabled large strains. The copolymer ionogels 

showed record-high mechanical properties of fracture strength (12.6 MPa), fracture 

toughness (~24,000 J m−2) and Young’s modulus (46.5 MPa). The ionogels also exhibited high 

stretchability (~600% strain), good self-recovery, shape-memory and self-healing properties.

4.2 Ionic Conductivity

Ionic conductivity is a key feature of ionogels, which inherited from ILs. Unlike the low 

ionic conductivity (~ 10-2 S m-1) of PILs with ILs as structural units due to restricted ionic 

transport after polymerization,221, 222 the ionogels composed of free ILs and polymeric or 

inorganic host networks exhibit relatively high ionic conductivity as the cations and anions 

move freely as mobile phase.21, 223 Generally, the ionic conductivity of ionogels is affected by 

multiple parameters. Firstly, the chemical structures of ILs largely influence the ionic 

conductivity of the ionogels. Ionogels consisting of anions with weak hydrogen bonding 

capabilities such as [BF4]−, [PF6]− and [DCA]− usually exhibit better ionic conductivity.224 

Besides, other natures of ILs such as viscosity and ion sizes also play crucial roles in ionic 

Page 27 of 62 Chemical Society Reviews



27

conductivity of ionogels. It has been reported that the longer alkyl chain of cationic 

counterparts causes higher viscosity and reduced cation mobility, which lowers the ionic 

conductivity of ionogels. Therefore, to improve the ionic conductivity of ionogels, ILs with low 

viscosity and smaller ion sizes are preferred. For instance, Liu et al.225 reported a bacterial 

cellulose-based ionogels with integration of imidazolium-based ILs. Ionogels with 95 wt% of 

[EMIM]+[BF4]- exhibited high ionic conductivity of 3.41 × 10−2 S cm−1, which is higher than that 

of 95 wt% [EMIM]+[NTf2]-. The difference in ionic conductivity with identical IL loading was 

ascribed to the viscosity and ion size difference, where [EMIM]+[BF4]- possessed the lower 

viscosity and smaller anion size than [NTf2]-. Furthermore, proper selection of pore size and 

volume in ionogel cross-link networks also contributes to the enhanced ionic conductivity. 

Ding et al.226 found that by tuning the concentration of poly(2-acrylamido-2-methyl-1-

propanesulfonic acid) (PAMPS) in the ionogel cross-linked network, micropores increased and 

the enlarged specific surface area and pore volume led to better absorption of ILs, thus ionic 

conductivity was enhanced from 0.6 to 1.7 S m-1. Moreover, studies also found that the 

crystallinity and Tg also influence the ionogel conductivity. Weng and co-workers176 did 

investigation on the [EMIM]+[DCA]-/polymer composite ionogels with different ratio of PVA 

and PVP. The ionic conductivity of the composite ionogel was found enhanced with higher 

PVP loading, as the PVP integration led to the decrease in crystalized PVA and the increased 

free volume in composite ionogel facilitate the IL movement. Ionic conductivity of ionogels 

can also be simply tuned by adjusting the composition of the ILs and the gelators in the 

ionogels. Increasing ILs content in ionogels enhances the ionic conductivity closing to the 

value of neat ILs,227 while the mechanical properties may suffer losses. For instance, an 

increasing trend in ionic conductivity of the PUU/[EMIM]+[DCA]- ionogel from 0.072 S m-1 to 

2.25 S m-1 was reported by Chen et al.181 as the loading of IL concentration increased from 20 

wt% to 60 wt%. Moreover, experiment results evidenced that the temperature increase will 

also lead to ionic conductivity increase owing to the better flexibility of polymer chain and 

higher ion mobility under higher temperature. As an example, Lan et al.228 reported the 

dependence of ionic conductivity of the poly(methyl methacrylate-co-butyl 

methacrylate)(P(MMA-co-BMA))/[EMIM]+[TFSI]- DN ionogel. The ionic conductivity of the 

ionogel increased by over 250-fold with temperature rising from -40 °C to 80 °C owing to the 

increased flexibility of polymer chains and the increased ion motility of IL.
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4.3 Thermal Stability

The thermal stability of ionogels is another crucial parameter that enables ionogel-based 

devices to be operated up in a high temperature range. TGA is commonly used for evaluating 

the thermal stability or degradation behavior of ionogels. As discussed in the previous section, 

ILs possess excellent thermal stability with Tonset over 250°C. Therefore, the IL-containing 

ionogels also exhibit excellent temperature resistance. Various reported ionogels are 

thermally stable at a high temperature range over 200°C.200, 201, 205, 229-232 For instance, Hu et 

al.232 reported that the P(MMA-co-BMA 2-hydroxyethyl acrylate) (PHEA) ionogel possessed 

excellent thermal stability as it started to decompose at 250 °C, while the employed ILs 

[C2MIM]+[EtSO4]- possessed decomposition temperature of 330 °C. Furthermore, Liu and co-

workers211 reported that the poly (ethyl acrylate)/[C2MIM]+[NTf2]- ionogels with EGDMA 

cross-linking agent exhibited excellent thermal stability up to 330 °C under N2 atmosphere, 

with only 2% of weight loss. Studies have shown that the thermal stability of ILs can be 

enhanced by tuning IL structures such as alkyl chain length, alkyl substituents and functional 

groups, thereby improve the thermal stability of ionogels.233 The thermal stability of gelators 

also plays an important part that affects the thermal stability of ionogels. Inorganic 

nanoparticles are widely acknowledged with excellent thermal stability. Therefore, composite 

ionogels formed from inorganic nanoparticles (such as SiO2, TiO2) exhibit excellent thermal 

stability, even though a slight decrease in the thermal stability is found after ILs confined in 

these highly thermally resistive matrices.10, 234, 235 For instance, the SiO2-IL-TFSI ionogels 

prepared by Lu et al.236, 237 exhibited exceptional thermal stability where the hybrid ionogel is 

thermally stable up to 400 °C. Typically, inorganic nanoparticle ionogel prepared by sol-gel 

approach usually exhibited deteriorated thermal stability due to the by-products during 

synthesis process.238 TGA results from showed that the Tonset of the SiO2-based ionogel by sol-

gel approach is lower than the ionogels prepared by direct mixing of fused silica and ILs, where 

the difference was attributed to the by-products during the chemical reactions.153 It also has 

to be pointed here that liquid range of confined ILs are also extended towards low 

temperatures, below solidification temperatures of non-confined ILs, thus extending the 

temperature range of applications.239 ILs thus can improve the anti-freezing ability of ionogels 

under sub-zero temperatures. Xu et al.240 reported an anti-freezing ionogel with Tg as low as 

-55.9 °C based on IL and poly(urethane) (PU) matrix. The PU ionogel showed excellent stability 

in -20 °C environment for 10 days, where the sensing performance remained the same as 
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fresh ionogel. Another ionogel reported by Ren et al.231 exhibited thermal stability over an 

exceptionally wide temperature range from −108 to 300 °C. The ionogel can withstand freeze-

heating cycles and showed stable storage and loss moduli between −105 and 250 °C and long-

term thermal stability at 250 °C for 5 days.

4.4 Electrochemical Stability

Due to the large electrochemical stability window (ESW) of ILs, the ionogels composed 

of such ILs typically exhibit high electrochemical stability which are suitable for 

electrochemical applications such as ionogel electrolytes.10, 206, 241-244 The electrochemical 

stability significantly affects the cycle life of ionogels and it is determined by the oxidation 

potential and reduction potential. Generally, piperidinium and pyrrolidinium-based ILs 

usually exhibit higher oxidation potentials than imidazolium-based ILs but lower ionic 

conductivity.224, 245 For instance, solid-state ionogel electrolyte prepared by confining IL 

[Py13]+[TFSI]- and [Li]+[TFSI]- within sol-gel prepared TiO2 gelator exhibited high 

electrochemical stability with anodic limiting potential reaching about 5 V versus Li/Li+.246 

Another work done by Guo et al.206 demonstrated that the ionogel membranes consisting of 

hydrogen-bonded supramolecular PIL-UPy copolymer networks and [DEIM]+[TFSI]-. The 

ionogel membrane exhibited a wide electrochemical stability window up to ~5 V versus Li/Li+. 

Wu and Lu et al.243 reported an SiO2 nanoparticle incorporated ionogels electrolyte with ILs 

[BMIM]+[TFSI]- and [Li]+[TFSI]- with enhanced anodic stability (5.2 V vs Li/Li+), where the 

enhanced anodic electrochemical stability was attributed to the presence of SiO2 

nanoparticles. More strategies have been reported to further improve the electrochemical 

stability of ionogels, such as modification of surface interactions between the ILs and 

matrices. Hersam et al.244 found that the hBN nanoplatelet solid matrix of the 

hBN/[EMIM]+[TFSI]-/[Li]+[TFSI]- ionogel improved anodic electrochemical stability to 5.3 V 

versus Li/Li+ comparing to that of the IL electrolyte alone (4.2 V versus Li/Li+). Moreover, 

comparing to the bulk hBN, the exfoliated hBN showed more suppression on decomposition 

peak owing to the larger surface area to stabilize Li-based ILs. 

4.5 Emerging Properties and Functions

In addition to the above-mentioned properties of ionogels, with the variance of the ILs, 

polymer networks and added functional fillers, the resulted ionogels could possess diverse 
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interesting functional properties, such as biocompatibility,194, 198, 247 biodegradability, 135, 194, 

248, 249  self-healing properties,208, 250-252 shape-memory,253 luminescent properties186, 200, 209, 

254, 255 and antibacterial properties.24, 256, 257 These distinct properties endow ionogels with a 

wide range of applications. 

Biocompatibility is a crucial property for biomedical-related ionogels, particularly for 

bioelectronics application that needs to be adhered to skin or implanted in body. Generally, 

biocompatible ionogels are prepared from Bio-ILs, whose anionic and cationic counterparts 

are usually derived from natural or biocompatible substances,67 such as amino acids,106 

glucose,258 and etc. Recently, cholinium has emerged as the most common cationic moiety in 

the structure of biocompatible ILs.74, 198, 259-261 To obtain the fully biocompatible ionogels, 

biocompatible gelators are usually used, such as PVA,198 cellulose,261, 262 poly(ε-caprolactone) 

(PCL)194 and etc. For instance, Mecerreyes, Minari, Tome and co-workers198 reported a 

biocompatible cholinium-based ionogel with PVA and plant-derived polyphenol compounds 

(PhCs). The ionogels were formed by hydrogen bonding dynamic crosslinking between 

biocompatible PVA and gallic acid, tanic acid and pyrogallol in the cholinium based ILs 

[Ch]+[Ac]- and [Ch]+[Lac]-. Besides, low toxicity ILs can also be used to prepare biocompatible 

ionogels. Frisbie and Lodge et al.194 designed biocompatible ionogels with low toxic 

[P14]+[TFSI]-. The biocompatible triblock copolymer consisting of poly(DL-lactide) and PCL 

formed self-assembled micellar cross-links in [P14]+[TFSI]- similar to thermoplastic elastomers. 

The results provided the abundant candidates for both the constituent ions of ILs and 

monomers of aliphatic polyesters that opened a large variety of possible combinations for 

biocompatible ionogels. In addition to the ILs/polymer ionogels, biocompatible PILs were also 

reported by Mecerreyes et al..247 In this work, a series of cholinium-based methacrylic ILs 

were photopolymerized into biocompatible ionogels.

Biodegradability is another emerging property for ionogels recently because of the 

increasing demands in materials sustainability to minimize the environmental impact. Even 

though studies have been reported on ILs biodegradation,109, 263 limited work has been done 

on biodegradable ionogels. Most of reported biodegradable ionogels focus on using 

biodegradable materials as network matrices. Examples vary from biopolymers (such as 

cellulose and its derivatives,135, 170, 225, 262 gelatin137) and biodegradable copolymers.194, 248 For 

example, Migliorini et al.249 developed an ionogel consist of nature-derived biodegradable 2-

hydroxyethyl cellulose and [Ch]+[Lac]-. With the aid of spray casting technique, the fabricated 
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biodegradable supercapacitor with ionogel electrolyte showed great eco-friendliness. Zhang 

and co-workers248 recently developed an ionogel by using [EMIM]+[BF4]- and biodegradable 

polyurethane made from poly(L-lactide) (PLLA), poly(D-lactide) (PDLA), and poly(ethylene 

glycol) (PEG) as scaffold. The stereocomplex nanocrystallites (sc) PLA-PEG ionogels exhibited 

biodegradability, ascribing to the presence of biodegradable polyurethane. 

Ionogels can also exhibit self-healing behaviors, which mostly arise from the hydrogen 

bonding and coulombic interactions between gelators and ILs. Numerous efforts have been 

applied to explore the self-healing properties of ionogels for various applications. For 

examples, Li et al.250 reported a ZnO reinforced poly(acrylic acid) (PAA)/[EMIM]+[OAc]- ionogel 

which exhibited decent self-healing behavior with high mechanical strength. Xu and Dong et 

al.252 developed a multi-functional ionogel based on Ag-Lignin nanoparticles, NCO-ended 

polyurethane, and ILs ([EMIM]+[DCA]-). The fabricated ionogels were able to self-heal from 

scratch after heating at 50 °C for 1 h with the best healing efficiency of 97.6%. Moreover, 

Zhang, Liu and co-workers208 reported an ultrafast self-healable ionogels based on PVA-

polyacrylamide (PAAm)-choline chloride ([Ch]+[Cl]-)/ethylene glycol. The ionogel 

demonstrated an extremely fast self-healing performance of crack disappearance in 10 

seconds under 25 °C. The shape memory ability is another emerging property of ionogels as 

it may be applied to the flexible actuators and pressure sensors. Recently, Liu and Zhao et 

al.253 reported shape and stiffness memory ionogels which were made from ILs and uniformly 

dispersed poly(stearyl methacrylate) (PSMA) micro-inclusions. By combining the 

microstructure alignment for stiffness changing and shape memory micro-inclusions for 

stiffness fixing, the hetero-phase ionogels exhibited tunable compressibility, which could be 

fabricated into pressure sensors with programmable performance. 

The anti-bacterial property of ionogels originates from the nature of ILs. The electrostatic 

interaction between ILs cationic groups and bacterial cell could lead to deactivation of cell 

membrane. Furthermore, the hydrophobic alkyl chains of ILs could also be inserted into cell 

membranes, causing the death of bacteria. As an example, Zhu et al.24 reported ionogels by 

mixing polyurethane and [EMIM]+[NTf2]-, which could serve as temperature and strain 

sensors. The introduction of ILs into polyurethane endowed the ionogels with significant anti-

bacterial function towards both E. coli and S. aureus. The anti-bacterial effect was found to 

increase with the IL contents increasing. In contrast, no anti-bacterial effect was observed for 

pure polyurethane, confirming the antibacterial effect of ionogels originating from ILs. Kumar 

Page 32 of 62Chemical Society Reviews



32

et al.264 fabricated an ionogel film by the hydrogen bonding between gelatin and choline 

salicylate. The ionogel films showed excellent anti-bacterial activity against Bacillus subtilis 

owing to the presence of IL choline salicylate, showing great potential for applications in food 

packaging.

Typical luminescent inorganic or organic dyes can be incorporated into the ionogels to 

form luminescent ionogels. Earlier works by Binnemans et al.254 reported that by doping the 

europium(III) tetrakis β-diketonate and lanthanide(III) complexes into [C6MIM]+[NTf2]-/SiO2 

networks, the resulting ionogels revealed very strong photoluminescence with different 

colors under ultraviolet light irradiation, moreover with luminescent decay times as long in 

ionogels as is non-confined ILs thus highlighting the beneficial effect of liquid dynamics of 

confined ILs. Later, Taubert et al.265 reported luminescent PMMA ionogels containing 

[BMIM]+[NTf2]- and a/d-block chromophores based on platinum and europium. The as-

fabricated ionogel showed bright red luminescence of typical of europium(III) upon ultraviolet 

irradiation at 365 nm. Recently, Song’s team developed a novel strategy to fabricate 

photoluminescent ionogels without any conventional conjugated chromophores, rare earth 

ions, or quantum dots.200, 209 The ionogel exhibited special aggregation-induced emission (AIE) 

properties, attributing to molecular motion restriction by special cross-linking structures. 

Therefore, the photoluminescent ionogels emitted light of blue, azure blue, green to red at 

various irradiation excitation wavelength from 365 nm to 550 nm.

5. Biomedical Applications of Ionogels

In recent years, the use of gel-based biomedical materials becomes more attractive. 

Ionogels which possess advantages of good ionic conductivity, flexibility, thermal stability as 

well as the properties of anti-bacterial and biocompatibility have emerged as promising 

candidates for biomedical applications. In this section, various applications of ionogels in 

biomedical fields such as wearable and sensoring applications (for human motion detection, 

health monitoring, human-machine interface), therapeutic delivery systems, wound healing 

and biochemical detection will be introduced.

5.1 Wearable and Sensoring Applications

In biomedical applications, due to the thermal stability, ionic conductivity, 

electrochemical stability inherited from ILs, tunable mechanical properties of flexibility, 
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stretchability, durability, as well as the emerging properties of biocompatibility, self-healing 

ability, ionogel-based wearable sensors are gaining popularity and traction.176, 209, 218, 266, 267 

Most of the present ILs used for ionogel-based wearable sensors are aprotic ILs. When 

selecting ILs to prepare ionogels for wearable strain sensors, the interactions between ILs and 

gelators should also be considered. So far, many ionogel-based wearable sensors have been 

demonstrated which can response to various environmental stimuli, including pressure, 

strain, deformation, humidity and temperature, transmitting signals to wearable sensing 

applications such as motion detection, healthcare monitoring, human-machine interface.268, 

269 In this section, we will discuss the details of these ionogel-based wearable sensing devices 

and briefly highlight the current progress.

5.1.1 Human Motion Detection

Human motion detection becomes the key for various intelligent wearable devices 

applying these materials to perform like our natural skin (Young’s modulus of 0.14–0.60 MPa) 

in different body motions.269 Motions that mimic human activities in large body motions, such 

as the movement of the finger, wrist, elbow, neck, or knee bending/unbending at various 

angles, fist clenching-unclenching, as well as complex and delicate small muscle motions, such 

as speaking (vocalization and pronunciation), swallowing, and pulse detection.270 In some 

reports, dynamic motion of the lower body (jumping, walking, and running) and neck 

movement (turning, nodding, and shaking) are also demonstrated.24, 28, 217 In addition, the 

adhesion performance of the developed strain sensor to the different substrates such as 

metal, plastic, glass, rubber, paper, and wood is vital for maximum contact between the 

sensor and the human skin.269, 271 This intimate contact allows precise body movement 

recognition essentially translated to high sensitivity and response. The sensitivity of the strain 

sensors is evaluated by the higher gauge factor (GF), which is the relative change in electrical 

resistance (∆R/R0) as a function of the mechanical strain (ε).177 
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Figure 9. Real-time monitoring of human motions and subtle physiological signals by ionogel-

based sensors. Signals of relative electrical resistance during a) finger bending, b) wrist 

bending, c) elbow bending, d) press, e) knee bending, f) walking, running, and jumping, and 

g) neck movements. Relative resistance variations during h) speaking different words and i) 

radial pulse of the wrist at ease and after exercise. Inset: variations of wrist pulse patterns 

with an unnoticeable tidal wave at ease (blue) and a high tidal peak after R1-exercise (red). 

Permission from ref.217 Copyright 2021, John Wiley & Sons, Inc.

In one work, Sun and Li developed ultra-durable ionic skins (I-skins) with excellent self-

healing ability and broad sensitivity to strain (1–300%) and pressure (0.1–20 kPa).268 The PU 

network is comprised of dynamically crosslinked crystallized PCL and flexible PEG with 

hindered urea bonds (HUB) and hydrogen bonds, followed by impregnation of an ILs 

composed of [DEIM]+[TFSI]-. Due to the high electrochemical stability of the IL, there was no 

hysteresis in the relative change in electrical resistance (∆R/R0) as a function of low strains of 

0–50% and large strains of 50–300%, showing excellent motion sensing capability. The I-skin 

showed great response over multiple pulse measurements obtained by fixing the I-skin on 
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the wrist and repeated bending/unbending movements of the finger and the elbow. In 

addition to static movement demonstration, Xu et al.217 also presented dynamic motion like 

running, walking, and jumping, and small muscle sensitivity in pulse detection and several 

pronunciations, as illustrated in Figure 9. The team developed physically crosslinked ionogels 

based on 2,2,2-trifluoro ethyl acrylate (TFEA) and acrylamide copolymer polymer network and 

a hydrophobic ionic liquid, [EMIM]+[TFSI]-. The resultant ionogel has abundant fluorine that 

enables excellent water and solvent resistance, and the non-covalent interactions, such as 

ion-dipole and hydrogen bonding, yield excellent strength and resilience. The developed 

ionogel showed high transparency, self-healing, and self-adhesive properties in air and 

underwater, excellent solvent tolerance, and low-temperature tolerance. In another work, 

Lan and Shi fabricated high transparency (>93%) dual-network (DN) ionogels made by 

physically cross-linked PVDF-HFP and chemically cross-linked P(MMA-co-BMA) elastomer 

networks within [EMIM]+[TFSI]- ionic liquid.228 PVDF was selected due to its good mechanical 

properties, thermal stability, and electroactivity, while P(MMA-co-BMA) was selected due to 

elastomeric properties and its outstanding IL compatibility. The developed DN ionogel 

contained a high content of 70% IL and possessed good mechanical performance (failure 

tensile stress 2.31 MPa, strain 307%) and strain sensitivity (GF=1.62) for various body 

motions. The highly durable ionogel strain sensors showed a fast response, wide sensing 

range and sensitive detection to different motions at various degrees and multiple cycles, 

including finger, wrist and elbow. The flexible strain sensors were also capable of sensing 

slight throat jitter during swallowing and vocalization at the neck region. Noteworthy, the 

dual-network ionogel also show great response under extreme temperature conditions (-40 

to 80 °C). Recently, Xu and Zhu designed a bioinspired interlocked hexagonal microcolumn 

array structure using laser-etched silicon wafers via the template transfer approach.272 In 

their design, [EMIM]+[NTf2]- and TPU were selected as the conductive component and 

polymer matrix due to good compatibility and interfacial interaction. The IL/thermoplastic 

polyurethane (TPU@IL) ionogel exhibited pressure-sensing properties, which had an ultralow 

detection limit (∼10 Pa) and ultrafast responsiveness (∼24 ms), attributed to the interlocked 

microstructure, like the epidermal−dermal layers of human skin. Likewise, the ionogel also 

exhibited excellent skin adhesion and motion sensitivity. The team demonstrated 

responsiveness to the press and release of the finger, bending the knuckle, and feeble 

pressure from the weight of the rice grain. Respiration detection through breathing and pulse 
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reading were also demonstrated. They further demonstrated the potential of the ionogel 

sensor in information encryption and distress signals transmission by pressing the sensor with 

variable pressing time using the principle of the International Morse Code. In another recent 

work by Feng and Liu, they employed a thermo-spun reaction encapsulation strategy and 

developed knittable fibrous ionic conductors with a wide temperature tolerance, high fatigue 

resistance, and wearing comfort.266 The team demonstrated a core-sheath structure based 

on hydrogen-bonded poly (ionic liquid)-backboned ionogel (HB-PILI), [EMIM]+[DCA]-, as the 

ionic conductive core and thermoplastic elastomer (TPE) as the highly elastic sheath. Due to 

the strong interfacial interaction between the IL and polymer matrix, the resulting fiber 

exhibit low hysteresis, high conductivity (44 mS cm-1), wide detecting capability, and 

remarkable sensitivity. Additionally, the comfortable fibrous and stretchable ionic sensor 

could adhere well to human skin, have excellent cyclability (5000 cycles) and exhibit excellent 

real-time monitoring of large and facet joints movement based on the finger, wrist, elbow, 

and knee.

5.1.2 Health Monitoring 

Another key application is real-time health monitoring and assessment, where the 

wearable strain sensor can precisely detect physiological signals and monitor pulse, eye 

movement, and breathing (deep or shallow) patterns.273 These real-time examinations of 

patients’ physiotherapy and health conditions during any form of physical activity play a 

significant role in a patient’s motor function restoration.274 For instance, Mecerreyes and co-

workers259 reported photopolymerized poly(cholinium lactate methacrylate)-based ionogels 

with biocompatible and low toxic IL [Ch]+[Lac]-. The excellent compatibility between poly 

(cholinium lactate methacrylate) and [Ch]+[Lac]- prevented IL from major concern of leaching 

when attached to skin. After adding free ILs to 60 wt%, decrease in Tg to -70 °C was obtained 

from -40 °C of the homopolymer poly(cholinium lactate methacrylate), giving the ionogel 

excellent flexibility and softness for wearable applications. The ionogel is then designed to 

use as the solid electrolytic interface between skin and electrodes, and the 

electrocardiography (ECG) signals were recorded with ionogel assisted electrodes up to 3 

days. A biodegradable cholinium-based ionogel with polycarbonate gelator prepared by ring-

opening polymerization of cyclic carbonate monomers in imidazolium lactate ILs showed 

capability to take up 10–30 wt % of ILs and became softer materials by increasing the amount 
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of free ILs. 275 The ionogels exhibited similar impedance decrease with the human skin to 

levels of commercial Ag/AgCl electrodes, which showed excellent capability in cutaneous 

electrophysiological recording. Most recently, 3D-printed sensors for ECG recording were 

fabricated from biocompatible PVA-tannic acid-cholinium lactate (PVA-TA-[Ch]+[Lac]-) 

ionogels.198 Selected ionogels were incorporated onto Kapton and textile electrodes and then 

used as the electrolytic interface between the electrodes and the skin, which displayed similar 

performance of ECG recordings compared to medical standard electrodes. The ECG 

monitoring in different environment such as underwater conditions during diving were 

further realized with the development of water-resistant ionogels reported by Wu et al. 

(Figure 10A).29 The ionogel consisted of C-F bond-rich hydrophobic polymer networks which 

endowed the ionogel with excellent stability, adhesion and self-healing properties 

underwater. The ionogel electrodes demonstrated good efficiency in collecting real-time ECG 

signals both in air and underwater, which was essential for health monitoring during sports 

and daily life. 

Figure 10. (A) Schematic illustration biocompatible PVA-tannic acid-cholinium lactate (PVA-

TA-[Ch]+[Lac]-) ionogel for ECG recording in the air and underwater. (a1) Schematic diagram 

of ECG signal detected by ionogel electrode underwater; (a2) ECG signals recorded by ionogel 

electrode when a volunteer is at rest (top) and running (bottom); (a3) ECG signals recorded 

by CGE while the volunteer was resting (top) and running (bottom); (a4) Photos of ECG signals 

detected by ionogel electrode during human movement underwater; (a5) Long-term stability 

of ECG signal detected by CGE and ionogel electrode in the aquatic environment. Reproduced 

with permission from ref.29. Copyright 2021, John Wiley & Sons, Inc. (B) Schematic 

demonstration of V-IL/TPU ionogel sensor. Real-time response of the V-IL/TPU sensor to the 
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(b1) facial muscle, (b2) normal breath and deep breath of a volunteer. (b3) Dependence of 

ΔR/R0 signal of the V-IL/TPU sensor on the distances between a piece of ice (inset) and the 

sensor. (b4) Scheme for connecting the V-IL/TPU sensor to the wireless transmission device 

remotely monitoring human motion and physiology. Permission from ref.169. Copyright 2022, 

American Chemical Society.

In addition, the breathing signals could also be detected by ionogel-based wearable 

sensors via humidity changes.276, 277 For example, Wang et al.276 fabricated chemoresistive 

humidity sensors based on SiO2/IL hybrid ionogels which could realize the real-time human 

breath monitoring by impedance change with changing humidity. The fastest response and 

recovery time of the SiO2/[BMIM]+[Br]--based sensors reached 3s and 10s, respectively. The 

improved sensitivity characteristics of SiO2/[BMIM]+[Br]- could be attributed to its high 

conductivity and hydrophilicity, leading to fast ion transfer using [Br]- and [H3O]+ as charge 

carriers under humid conditions. Moreover, in another recent work, Chen and Zhu et al.169 

electrospun a fibrous mat with aligned nanofibers of TPU@IL ionogels, that possessed good 

breathability desired for wearable electronics in addition to the good mechanical 

performance and excellent temperature-sensing behaviors. The excellent strain and 

temperature sensing capabilities in various simulated testing, as shown in Figure 10B, 

facilitated precise detection of respiration and proximity. Furthermore, the ionogel sensor 

could be connected to the wireless transmission device to remotely monitor human motion 

and physiology, which is a value-adding feature as demonstrated in many works.240, 278

5.1.3 Human-Machine Interface

Another critical application of wearable sensors is the human-machine interface (HMI), 

where sensors capture the real-time hand motion and convert it into a digital signal, followed 

by real-time wireless transfer to the resultant devices, such as a mechanical hand that 

recognizes hand gestures, a highly controllable drone279 or an Unmanned Aerial Vehicle 

(UAV).280 These developments demonstrate huge potential in virtual reality interaction and 

motion control in the future. In an earlier work by Amoli and Kim, they created a bio-inspired 

ionic mechanoreceptor skin, a synthetic multicellular hybrid ion pump comprised of silica 

microstructures (artificial mechanoreceptor cells) embedded into thermoplastic 

polyurethane elastomeric matrix (artificial extracellular matrix) with hydrogen-bonded 
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[EMIM]+[TFSI]- ion pairs on the surface.279 The group integrated and demonstrated the 

ultrasensitive (48.1-5.77 kPa−1) ionic mechanoreceptor skin sensor array and a flexible printed 

circuit board (PCB) onto a wearable aerial drone microcontroller (WADM). The resultant HMI 

could precisely command the drone’s aerial flight, including controlling the drone’s height, 

rotation speed, and direction using the WADM, as illustrated in Figure 11A. In another work, 

Wang et al.280 developed a flexible, transparent, and self-healing polymerized ionogels 

wearable HMI utilizing a signal processing system, self-healing strain sensors array. The 

ionogel constructed by silica and [VEIm]+[DCA]- simultaneously provides an elastic solid frame 

and the IL enables electrical conduction. The strain sensor showed high sensitivity with a max 

GF of 20 and a wide sensitivity detection range of 0.2–3000%. The wearable HMI could 

effectively capture various eye movements through four-array strain sensors. Based on the 

coupling effect of different sensors, the wearable HMI collected and processed the signals of 

the four sensors under different movements of the eyes, and then output different signals to 

control the movement and maneuver in different directions (right, left, up and down) of the 

Unmanned Aerial Vehicle (UAV). 

Figure 11. (A) (a1) Photograph of a WADM (fabricated by integrating the IL–silica–TPU flexible 

pressure sensor array of 4 pixels and flexible wireless PCB) attached to a wrist. Scale bar, 2 

cm. (a2) Photograph of commercially available flexible wireless PCB with different integrated 

circuit components labeling. (a3) System-level functional block diagram of WADM shows 

different steps of signal processing and wireless transmission features enabling aerial drone 

control. (a4) Photographs of real-time experiments of aerial drone control, which include 
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controlling the drone’s height, rotation speed, and direction. (a5) Bar curve shows a 

qualitative response of drone’s RPM to the pressure applied on the sensor array of WADM. 

Permission from ref.279. Copyright 2019, Nature Publishing Group. (B) The real-time wireless 

human-machine interface control system. (b1-b3) Schematic of the system. The response of 

ionogel-based sensor from hand motion is first real-time captured and converted to the 

digital signal, and then the data is real-time wireless transferred to a mechanical hand. (b4) 

Human hand gesture recognition and mechanical hand real-time response and 

reconstruction. (b5) and (b6) Human-machine Interface under − 60 °C and 150 °C. Permission 

from ref.28. Copyright 2022, Elsevier.

In recent work, Zhang and Song developed a 3D printable nanocomposite chemically 

crosslinked ionogel and demonstrated good capability in human motion detection.28 The dual 

cross-linking structure ionogel was fabricated by one-step photopolymerization. The design 

is composed of polyhedral oligomeric silsesquioxanes (POSS) nanodots as multifunctional 

chemical crosslinking points and PAA hydrogen bonds as reversible physical crosslinking 

points, impregnated with the high ionic conductive liquid, [EMIM]+[(EtO)2PO2]-. In their 

design, [EMIM]+[(EtO)2PO2]-
 was preferred due to the (i) great miscibility with PAA, (ii) 

exceptional dispersibility and stability for the POSS nanodots, and (iii) excellent solubility of 

POSS and PAA in the IL. The constructed high-performance ionogel displayed ultrahigh 

stretchability (~7000%), high conductivity, self-healing capability, self-adhesiveness, and 

superior wide tolerant temperatures (-78-235 °C), attributed to the strong interfacial 

interaction. The ionogel was subsequently translated to the wearable HMI. Remarkably, the 

sensor could identify and differentiate the human gestures in real-time and convert them to 

a digital signal and real-time wirelessly transfer to a mechanical hand to realize the hand 

gestures recognition, as illustrated in Figure 11B. The team successfully developed a high-

sensitivity robotic hand that reconstructed human finger and wrist motion accurately and 

seamlessly. Moreover, the excellent results were also demonstrated under a wide 

temperature range, from extremely low temperatures (-60 °C) to relatively high (150 °C) 

temperature settings, attributed to the selection of the materials. Their developed 

mechanical hand showed excellent anti-freezing properties and high thermal stability that 

enabled great versatility and employment in harsh environments, an essential consideration 

for many of the reported research in other applications.209, 228, 269, 271

Page 41 of 62 Chemical Society Reviews



41

5.1.4 Other Ionogel Strain Sensing

Ionogel-based sensors can also be used in other emerging applications such as soft 

robotics and implantable biomedical. Soft and innovative materials based on ionogels that 

enable soft robots or ionotronics, to adapt and mimic motions and functions of biological 

systems. The developed ionotronics need to possess the desired physical (mechanical, 

thermal) and application (ionic conductivity, sensitivity, adhesion, recyclability) performance 

to mimic and perform like our natural skin (Young’s modulus of 0.14-0.60 MPa). The 

properties of ionogels offer the possibility of their applications in soft robotics or implantable 

biomedical. For instance, Sun et al.281 designed a new type of triboelectric nanogenerators 

(TENG) based on an ionogel, known as I-TENG. The ionogel system is formed by two main 

interactions. Firstly, the dipole-dipole interactions between the pendant zwitterionic 

functional groups on the 3-dimethyl (methacryloyloxyethyl) ammonium propane sulfonate 

(DMAPS) portion, and secondly, the ion-dipole interactions between ionic liquid ions, 

[EMIM]+[DCA]- and ionized groups. The developed ionogel exhibited high transparency, 

deformability, durability, and stable electrical performance over a wide temperature range 

from -20 to 100 °C in unstretched and stretched states. The developed I-TENG had a high-

efficiency biomechanical energy harvesting and self-powered physiological monitoring, 

showing great potential in soft robotics and intelligent soft control panel. In a similar 

application, Yiming et al.230 fabricated an ionogel based on copolymer ethylene glycol methyl 

ether acrylate (MEA) and isobornyl acrylate (IBA) as the polymer network with 

[C2MIM]+[TFSI]- as the ionic conductive phase. [C2MIM]+[TFSI]- was chosen due to its 

hydrophobicity and low viscosity, contributing to low hysteresis and water resistance in the 

resultant ionogel. The engineered ionogel exhibited desirable conductivity (10−4-10−5 S cm−1), 

stretchability (>2000%), and wide temperature tolerance (-60 to 200 °C). The group 

demonstrated multimodal sensing abilities, including resistance, capacitance, short-circuit 

current, and open-circuit voltage as TENG and sensory I-skin, a potential candidate for soft 

ionotronics. In another study, the poly(urethane) (PU)-based ultra-durable I-skins developed 

by Sun and Li showed great robustness and high elasticity, with Young’s modulus of ~0.42 

MPa that was very similar to that of human skin.268 The authors reported the potential for 

implantable devices and soft robotics. 
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Figure 12. (a-d) Applications of the MIS-based sensors in real-time detection of motions and 

subtle vibrations in an aqueous environment. (a) MIS sensor attached to the robotic “fishtail”, 

(b) a layer of significant air bubble film forms on the MIS sensor due to its excellent 

superhydrophobicity. (c-d) the relative resistance variations of the MIS sensor in response to 

the constant and different swing frequencies of the “fishtail”. (e–j) Applications of MIS sensor 

in a smart warning lamp control system. (e) Photographs of the circuit of the alarm lamp 

control system. (f) The functions performed by the conversion module and the time delay 

relay during signal transmission. (g–i) Application of the alarm lamp control system in 

different scenarios. (j) the corresponding signal transmission and conversion process. 

Permission from ref.270. Copyright 2021, Royal Society of Chemistry.

In a recent development, Ma and Qu developed an ionogel-based multifunctional sensor 

consisting of a waterborne polyurethane (WPU) network with highly conductive and 

hydrophilic ILs, [EMIM]+[TFSI]-, and nanofillers (amino modified halloysite nanotubes 

(mHNTs).270 The developed ionogel possess good durability, high sensitivity, and multi-signal 
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detection capability in diverse application environments. The micro nanostructured ionogel-

based I-skin (MIS) had biomimetic hierarchical structures that enabled a wide sensing range 

of strain (0.1-400%), pressure (0.001-15 kPa), and temperature (25-95 °C). Given its 

hydrophilicity design, the ionogel is proficient of detecting subtle underwater vibrations 

caused by liquid drops or waves, a robotic fish, or human action, as illustrated in Figure 12. 

This soft robotic with the developed ionogel showed diverse applications, including biological 

research. In a recent study by He et al.282 the team designed a biology-inspired structure and 

conceptualized a novel fingerprint-inspired conformal buckling on a sheath-core ionogel-

fluoroelastomer sensory fiber. The fluoroelastomer, PVDF-HFP-TFE [poly(vinylidene fluoride-

hexafluoropropylene-tetrafluoroethylene)] terpolymer and the hydrophobic ionic liquid 

[EMIM]+[TFSI]- formed the sheath and core, respectively. To further enhance the ionic 

conductivity and the interfacial adhesion between the fluoroelastomer sheath and IL core, a 

copolymer [PMEA-co-MTMA]+[TFSI]- ionogels was incorporated as the tie layer. The core 

material comprised of [PMEA-co-MTMA]+[TFSI]- ionogels and ionic liquid [EMI]+[TFSI]- initially 

optimized the internal dipolar and hydrogen bonding interactions, followed by coating the 

fluoroelastomer sheath to reduce the environmental interference from humidity. The 

bioinspired buckled fiber possessed excellent stretchability (730%) and exceptional strain 

sensitivity (GF=10.1) than the conventional smooth fiber, showing great inspiration in the 

future fiber-based ionic conductors for miniatured implantable strain sensors.

5.2 Therapeutic Delivery System

The employment of gels to load drugs for mucosal delivery is an effective approach when 

intravenous and oral administration is not suitable, for example, if drugs tend to be eroded 

or broken down in digestive systems. Ionogels are just emerging as carriers for drug release. 

This is based on the fact that ionogels could slowly lose ILs and internal loads. A common issue 

with many drugs is their hydrophobic nature, which leads to the low solubility in aqueous 

solutions. Therefore, many studies are dedicated to looking for ways to improve the solubility 

of drugs or other feasible measures. ILs have been demonstrated to dissolve substances that 

are sparingly soluble or insoluble in aqueous solutions and organic solvents. 
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Figure 13. Schematic representation for the fabrication of ionogel patches for drug release. 

Adapted from ref 26 with permission from copyright 2020, American Chemical Society. 

The biologically active ILs provide the possibility for ionogels to be used in drug release 

area.103 The ionogels used for drug delivery should have good biocompatibility, usually made 

from Bio-ILs whose cations and anions are derived from natural or biocompatible materials, 

such as amino acids, glucose, and carboxylic acids. Pharmaceutical ingredients containing ILs 

are another candidate to fabricate the ionogels for drug delivery,67 where ILs and drugs could 

complement each other. Recently, Mitragotri’s group designed a novel ionogel patch using 

PVA and choline and geranate (CAGE),26 which could be used for controlled and sustained 

release of both insulin and the ILs in the small intestine (Figure 13). The IL of CAGE could 

improve the absorption of insulin and poorly soluble drugs by small intestine. The resulted 

ionogels were mucoadhesive and presented desirable release profiles for oral drug delivery. 

The localization of ionogel patches could reduce long-term effects on the epithelium while 

also limiting the drug loss by the uptake of epithelial cells in oral delivery. The drug loaded 

ionogel patches represent a novel and useful strategy to realize the oral delivery of biologics. 

Moreover, Shayanfar et al.283 reported an ionogel system containing an anti-cancer drug of 

sunitinib malate (SUM). The drug-loaded ionogels were prepared by polymerizing 2-

hydroxyethyl methacrylate (HEMA) in the mixture of SUM and therapeutic choline 
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chloride/ascorbic acid. The fabricated ionogels were biocompatible and could make a friendly 

environment for cells. It is found that the ionogels could stabilize the interior drugs, which did 

not show any degradation for up to 6 months. It is found that the drug release rate from 

ionogels at pH 1.2 was faster than that at pH 6.8 and pH 7.2, which could be attributed to the 

protonation of the amino groups on SUM, increasing the ability of partition into aqueous 

solutions.

Responsive ionogels are also fabricated and utilized for encapsuling drugs, where the 

drugs release effect could be adjusted. In this case, Malek and co-workers284 synthesized 

cetylpyridinium salicylate (CetPySal), which could form temperature responsive ionogels to 

load anti-cancer drug of imatinib mesylate. The three-dimensional structure of the ionogels 

was formed by the inter-digitation of the fibers. The physical appearance of ionogels could 

change with temperature from opaque to transparent due to the internal supramolecular 

structural arrangement. The release kinetics of the loaded drugs was explored at T=37 °C with 

different pH values and at pH=5.0 with different temperatures. The result indicated that the 

higher temperature and lower pH values facilitated the release of loaded drugs.

5.3 Wound Healing

Ionogels can be used as platforms for wound healing because of the anti-bacterial 

activity, which inherited from the nature of ILs.285 ILs’ lipophilicity would promote their 

absorption on the phospholipid bilayer of the cell membrane, whereby their charged nature 

would allow electrostatic interactions with the cell membrane, eventually penetrating and 

disintegrating the cell wall, causing cell lysis.97 In general, ILs have a broad activity spectra, 

which can be observe for Gram-positive and Gram-negative bacteria as well as mycobacteria 

and fungi.101 The antibacterial mechanisms of ILs can be ascribed to: (i) cationic groups of ILs 

which interact with bacterial cell walls through electrostatic interaction, leading to the 

deactivation of membrane proteins. (ii) the hydrophobic alkyl chains of ILs which are inserted 

into cell membranes to disturb the membrane lipid layer structure and leak the intracellular 

cytoplasm, leading to the death of bacterial. ILs with long alkyl chains on the cationic groups 

are more preferred to preparing ionogels for wound healing applications. ILs confined within 

ionogels reduce the potential ILs leakage for antibacterial usage, as well as can also obtain 

skin adhesive ability and increase the local ILs concentrations. 

More recently, Villar-Chavero’s group136 fabricated a chitosan-reinforced cellulosic 
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ionogel using an ecologically safe ionic liquid of cholinium lysinate and chitosan, which was 

formed by hydrogen bonds. The rheological properties study indicated that with the increase 

of chitosan loading, the viscoelastic properties were higher, which reached the highest when 

the chitosan loading was 1%. The ionogels showed good anti-bacterial ability towards S. 

aureus and E. coli., which presented potential applications in pharmaceutical area. Fujita’s et 

al.286 developed a rapid and simple one-pot approach for the synthesis of transparent 

cellulose ionogels. They dissolved cellulose using [C4MPYR]+[OH]- as the solvent, after 

cellulose was crosslinked with epichlorohydrin (ECH): an ionogel was therefore prepared. 

They found the ionogels formation time was as fast as 30 minutes and related to the 

crosslinker concentrations. The ionogels could swell in aqueous solutions. The water uptake, 

swelling ratio and mechanical strength of ionogels could be controlled by adjusting the 

cellulose concentration and employed water. Moreover, the cellulose ionogels here showed 

strong anti-bacterial activities towards E. coli B/r and B. subtilis, which made the ionogels as 

promising anti-bacterial materials for dressing wound, especially against the antibiotic-

resistant strains.

Figure 14. (A) Schematic representation for the design of the PIL ionogel membranes and the 

wound-healing assessment: (a1) illustration of the PIL membranes preparation; (a2) 

representative images of MRSA-infected wound healing process; (a3) wounds closure rate at 

14 days post-operation from PBS negative controls, the PIL membrane treated mice and 

MRSA positive controls. Reproduced with permission from ref 287. Copyright 2019 American 

Chemical Society (B) Schematics of poly (ionic liquid)/Ce-based membranes (PIL-Ce) for 

wound treating: (b1) illustration of the PIL membranes preparation with the ability of anti-

bacterial and disintegrating antibiotic resistance genes; (b2) images illustrating the wound 
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treating assessment of PIL based membranes in mouse model infected with bacteria. 

Reproduced with permission from ref 288. Copyright 2021 John Wiley & Sons, Inc.

Imidazolium salts based ILs are usually made into ionogels for antibacterial and wound 

healing applications because of the strong anti-bacterial effect. As an example, Dong and co-

workers252 prepared an ionogel based on [EMIM]+[DCA]-, polyurethane and Ag-Lignin 

nanoparticles (Ag-Lignin NPs). The ionogels were self-healed due to the presence of disulfide 

bonds and exhibited excellent mechanical properties. The catechol groups of Ag-Lignin NPs 

endowed the ionogels with repeatable and long-lasting adhesiveness. The obtained ionogels 

presented excellent anti-bacterial properties due to numerous positive imidazole ion groups 

and silver ions. Considering the promising applications of ionogels in wound healing, Yan’s 

group prepared amino acid-based PILs membranes for dressing skin wounds,287 which was 

infected by methicillin-resistant Staphylococcus aureus (MRSA) (Figure 14A). The anti-

bacterial effect of the PILs membranes enabled them to accelerate wound healing, alleviate 

tissue inflammation. They found that the PILs membranes based on ionic bonds presented 

higher antibacterial activity than those of based on covalent bonds. The PILs membranes 

based on D-enantiomeric amino acid showed higher antibacterial activities compared with 

those based on L-enantiomeric amino acids. Furthermore, the fabricated ionogel membranes 

could alleviate tissue inflammation and accelerate the wound healing process. Mao and co-

workers288 synthesized PIL/cerium (IV) based electrospun membranes (PIL-Ce) (Figure 14B). 

The membrane exhibited excellent anti-bacterial ability and could break down drug-resistant 

genes. The wound healing test demonstrated that the membranes with good 

cytocompatibility and hemocompatibility could be used for blocking the spread of drug 

resistance in clinic applications. Yan et al.25 reported Zn-containing PILs membranes which 

showed antibacterial activities. The wound healing test demonstrated that the membranes 

were biologically safe and could accelerate wound healing.

5.4 Biochemical Detection

Biochemical detection is an emerging application of ionogels in recent years. Due to the 

high conductivity and broad electrochemical window as well as the thermal stability inherited 

from the nature of ILs, ionogels are widely employed as electrochemical sensors. As an 

example, Silvester et al.289 fabricated an electrochemical sensor for detecting 2,4,6-
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trinitrotoluene based on ionogel films, made from [P14,6,6,6]+[NTf2]- and poly(hexyl 

methacrylate). The IL of [P14,6,6,6]+[NTf2]- provided ionic conductivity and facilitated the 

preconcentration of 2,4,6-trinitrotoluene into the films. This electrochemical sensor realized 

the sensitive detection for 2,4,6-trinitrotoluene with the detection limit of 0.37 μg/mL. Huang 

et al.290 prepared an electrochemical sensor for detecting rutin, on basis of PIL/IL-graphene 

modified electrode.246 Owing to the presence of ILs as good conductivity agents, the 

electrodes modified with ILs of carboxymethyl-3-methylimidazolium chloride showed the 

best electrochemical performance compared to those without ILs, thus exhibiting excellent 

detection ability towards rutin. Linearity from 0.03 to 1 μM for rutin analysis was obtained by 

the electrochemical sensor, and the limit of detection was as low as 0.01 μM. Moreover, the 

sensor could selectively detect rutin and be utilized for determining rutin in tablets. Valentini 

and co-workers291 fabricated graphene/ILs ionogel electrodes for caffeic acid determination. 

[BMIM]+[Br]- and [BMIM]+[Cl]- were selected to prepare graphene/ILs composite ionogels 

because of their relatively high electrochemical conductivity, wide potential window and low 

viscosity. This electrochemical sensor could selectively detect caffeic acid with fast response 

time (2 s) and detection limit of 0.005 mM. Wang’s group292 developed a screen-printed 

electrode based on tetrathiafulvalene (TTF)-tetracyanoquinodimethane 

(TCNQ)/[BMIM]+[PF6]- ionogels for the detection of tyrosine. Ag/AgCl was selected as the 

reference electrode, and ionogels modified carbon served as the working electrode. Due to 

the high electronic conductivity and stability of the ionogels, this electrochemical sensor 

could selectively detect tyrosine with good stability and sensitivity. 

The sensitive detection for ultralow concentrations of NOx in exhaled breath is 

significant for diagnosing health disorder, such as asthma, cystic fibrosis, and bronchiectasis. 

Following this thought, Ha’s group fabricated an electrochemical gas sensor employing 

ionogels for detecting biomarkers in exhaled breath.27 The ionogel was fabricated by 

immobilizing [EMIM]+[TFSI]- within PVDF-HFP polymer matrix, which was developed for NOx 

gas sensors on polyethylene terephthalate substrates. The thermal stability of [EMIM]+[TFSI]- 

and hydrophobicity of PVDF-HFP ensured the long-term stability of the ionogel-based gas 

sensors. The sensing performance of the gas sensor increased as IL content increased because 

of sufficient ions reacting with gas molecules, then decreased abruptly as the amount of IL 

increased owing to the low viscosity of the ionogel. The electrochemical gas sensors 

presented a sensitive response towards 300 ppb of NOx target gas for 15 s of exhaled breath 
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duration. In addition, Silvester and co-workers293 fabricated [C2MIM]+[NTf2]-/PILs membranes 

on planar electrode devices for electrochemical gas sensing. The mixture of ILs and PILs 

endowed the membranes with adequate conductivity and robustness for gas determination. 

These membranes were mechanically stable and reproducible current responses, which could 

be utilized for O2, NH3, SO2 sensors. Gruber’s group fabricated an electronic nose based on 

ionogels,294 which served as the sensitive layers for detecting volatiles. After absorbing and 

dissolving volatiles, the viscosity of ionogels changed, leading to the increase of conductance. 

This could realize the detection for volatiles. The fast-response electronic nose could 

distinguish different volatiles with the accuracy above 98%.

6. Conclusion and Future Perspective 

In recent years, ionogels, as soft materials composed of ionic liquids confined within 

various matrices, have aroused more and more attentions. The preparation, properties and 

the processing methods of ionogels are introduced here. We then focus on the emerging 

biomedical applications in this review. The properties and biomedical applications of ionogels 

are related much on the ILs species and the processing methods. Due to the ionic conductivity, 

non-flammability, thermal stability and wide electrochemical window, ionogels present 

promising applications in wearable strain sensors and electrochemical detection. The cations 

endow the ionogels with excellent antibacterial performance and wound healing. Drug 

release is based on the fact that ionogels could slowly lose ILs and internal loads. The ionogels 

based on biodegradable ILs also facilitate the applications in drug release. 

The main existing challenges of ionogels for biomedical applications are mainly how to 

balance the cost and performance, how to develop more biocompatible ILs and design clever 

structures. In addition, ILs have a high affinity with water, leading to additional efforts to be 

dried, which may in turn increase the cost of final products. A Lot of ILs are neither 

biocompatible nor biodegradable, which limit the further applications of ionogels in human 

body, but well chosen, ILs are human body compatible. For the drug release and wound 

healing applications, in addition to concern on the biocompatibility of ILs, we should also pay 

enough attention to prepare more intelligent ionogel systems, for example, stimuli-

responsive drug release systems. The biodegradability of ionogels should also be concerned. 

The complete degradability of ionogels should include the degradability of both ILs and host 

networks. However, currently, quite limited data are available on fully biodegradable 

Page 50 of 62Chemical Society Reviews



50

ionogels. The present reports of biodegradable ionogels mainly focus on the use of 

biodegradable polymers as the matrix, rare attention is paid to the simultaneous degradation 

of ILs and the matrix. A feasible way to fabricate fully biodegradable ionogels is to select ILs 

with biodegradability discussed in Section 2.2, and biodegradable polymers as gelators, for 

instance, poly(lactide), poly(hydroxybutyrate) or nature-derived biopolymers. In short, it is 

better to select high conductivity, cheap, degradable, and biologically safe ILs to prepare 

ionogels for biomedical applications. In addition, complicated synthetic processes should also 

be avoided. 

The future exploration on biomedical applications of ionogels are mainly (i) to develop 

new ionogels by customizing cations and anions meeting specific applications in biomedical 

area; (ii) through rational design, reducing the toxicity of imidazolium-based ionogels, or 

developing other more biocompatible ionogels for potential human body applications; (iii) to 

fabricate stimuli-responsive ionogels for potential drug release applications, for example, 

fabricating magnetic-responsive ionogels employing magnetic ILs; (iv) to build the recycling 

procedures for ionogels, decreasing the negative impact to environments and save costs. 

In conclusion, this review offers a comprehensive perspective on the recent progress of 

ionogels for biomedical applications ranging from wearable strain sensors to biochemical 

detection. Considering the numerous ILs types and various host networks, ionogels with new 

properties and biomedical applications are expected to continue to emerge in coming years, 

this research area is still in its infancy. We believe that ionogels for biomedical applications 

will be commercially available in the near future. 
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Abbreviations
[TFSI]-                       Bis(trifluoromethylsulfonyl)imide    

[NO3]-                        Nitrates

[BF4]-                 Tetrafluoroborate

[PF6]-                         Hexafluorophosphate

[HSO4]-               Hydrogen sulfate

[DCA]-                Dicyanamide

[Ac]-                  Acetate

[EtSO4]-               Ethyl sulfate

[MeSO3]-              Methanesulfonate

[DEP]-                Diethyl phosphate

[MeO(H)PO2]-      Methylphosphonate

[FSI]–                          Bis(fluorosulfonyl)imide

[OTf]-                 Trifluoromethanesulfonate

[ESO4]-                        Ethyl sulfate

[DMP]-                Dimethyl phosphate

[OAc]-                           Acetate

[Lac]-                 Lactate

[ES]-                  Ethyl sulfate

[NTf2]-                         Bis(trifluoromethanesulfonyl)amide    

[DCA]-                 Dicyanamide

[OH]-                  Hydroxide

[Ch]+                  Cholinium

[EMIM]+               1-Ethyl-3-methylimidazolium 

[DEIM]+ 1,2-Dimethyl-3-ethoxyethyl-imidazolium

[BMIM]+               1-Butyl-3-methylimidazolium

[C6MIM]+              1-Hexyl-3-methylimidazolium

[C2MIM]+                     1-Ethyl-3-methylimidazolium   
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[VEIM]+             1-Vinyl-3-butylimidazolium

[EtMeIM]+            1-Ethyl-3-methylimidazolium

[(EtO)3SiPMIM]+   3-Methyl-1-(3-(triethoxysilyl)propyl)-imidazolium

[C18C1IM]+            1-Octadecyl-3-methylimidazolium

[C6C1IM]+              1-Hexyl-3-methylimidazolium

[C4MPYR]+            N-Butyl-N-methylpyrrolidinium

[CMMIM]+            1-Cyanomethyl-3-methylimidazolium

[P66614]+                Trihexyltetradecylphosphonium

[P14]+                   1-Butyl-1-methylpyrrolidinium

[Py13]+                   1-Methyl-1-propylpyrrolidinium 

[DMAEA-Q]+         Acryloyloxyethyltrimethylammonium 

[N4111]+             Butyltrimethylammonium

[PMEA-co-MTMA]+ Poly 2-methoxyethyl acrylate-co-[(2-(methacryloyloxy)ethyl)] 
trimethyl ammonium
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