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During the past two decades, ionic liquids (ILs) have blossomed as versatile task-specific materials with a unique

combination of properties, which can be advantageously used in a plethora of different applications. The additional need

of incorporating ILs into solid devices led to the development of a new class of ionic soft-solid materials, named here

iongels. Nowadays, iongels cover a wide range of materials mostly composed by an IL component immobilized within

different matrices such as polymers, inorganic networks, biopolymers or inorganic nanoparticles. This review aims at

presenting an integrated perspective on the recent progress and advances in this emerging type of materials. We provide

an analysis of the main families of iongels, and highlight the emerging types of these ionic soft materials offering additional

properties, such as thermoresponsiveness, self-healing, mixed ionic/electronic properties, (photo)luminescence, among

others. Next, recent trends on additive manufacturing (3D printing) of iongels are presented. Finally, their new

applications open in the areas of energy, gas separation and (bio)electronics, are detailed and discussed in terms of

performance, underpinning it to the structural features and processing of iongel materials.

1. Introduction

Gels are known as soft-solid, jelly-like materials that do not
flow.! They can be classified as hydrogels, mostly composed by
water,? or organogels mostly composed by an organic solvent.3
In the last years, ionogels or ion gels were proposed as an
intermediate type of gel where the main component is an ionic
liquid (IL), instead of water or an organic solvent. lonic liquid-
based gels show some similarities to hydrogels because of
their ionic nature and to organogels due to their nature and
composition. Nonetheless, the ion gels possess a unique
combination of properties not seen in hydrogels or organogels.

Since the first report on ion gels by Watanabe and
coworkers in 2005, there have been plenty of works reported
in the literature dealing with these ionic soft solid materials.>*
The first observation is that there is not a common name in
the literature to refer to gels based on ILs. Many naming
systems have been simultaneously adopted, making this a
difficult subject to reference. The most common names are
ionogel, ion gel, ion-gel, iongel liquid gels.
Throughout this review, we will use the term iongel due the

and ionic

simplicity of its spelling and the pronunciation benefits. The
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second observation is that the iongel family includes materials
with notable diversity of chemical compositions and
combination of components. On the one hand, there are
numerous ionic liquids based on the high number of
combination of cations and anions available.’> Novel ILs are
designed daily, and new ionic compounds, such as protic ILs'3
or deep eutectic solvents (DES),'* continue to be discovered.
On the other hand, it is possible to form a three dimensional
network using different type of gelators, namely linear or
polymer networks, block copolymers, supramolecular
compounds, biopolymers, small molecular weight gelators,
organosilane networks or inorganic nanoparticles, among
others. All the variables regarding different ILs and gelators,
makes that under the name of iongels there is a myriad of
diverse soft materials with varying composition and
properties, such as mechanical, electronic, chemical or
electrochemical. The third observation is that iongels have
being successfully tested in many applications ranging from
batteries,’®> supercapacitors °, fuel cells,’” catalysis,®
analytical chemistry,’® gas separation membranes,?
biosensors,?! transistors?? or electrodes?? in bioelectronics. For
each application, the requirements are very different. Thus,
the best iongel does not exist and it definitely depends of the
property requirements for each application.

In this review, we primarily analyse the main soft ionic
materials covered under the umbrella of iongels, ionogels or
ionic gels. Next, we will focus on the emerging types of iongels
that present additional properties to those typically associated
with ILs, such as ionic conductivity, thermal stability, gas
solubility or electrochemical widow. The emerging iongels
present properties such as thermoresponsiveness, self-healing,
mixed ionic/electronic conductivity, superelasticity or (photo-
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electro)luminescence properties. Another important goal of
this review is to highlight the emerging trends on advanced
processing methods such as additive manufacturing or 3D
printing. Finally, the design versatility towards the applications
of iongels in areas of energy and (bio)electronics will be
highlighted.

2. Chemistry of iongels
2.1 lonic liquids

In the last two decades, the unique properties of ILs, namely
low volatility, thermal stability, ionic conductivity and
electrochemical stability, have been advantageously used in a
vast number of different applications across all technological
fields. However, the greatest feature of ILs is perhaps their
designer nature.!> Nowadays, one can find a wide range of
functional ILs with completely different properties. For
instance, ILs can be acidic or basic, hydrophobic or hydrophilic.
Some ILs are very expensive, some others are commodities
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with low cost. In some cases ILs can be biocompatible in others
have toxic tendencies or cause environmental damage,?* while
others are made from renewable resources,? and designed to
be biodegradable.?® Some ILs are able to dissolve cellulose?’ or
to kill microbes?® and bacteria,”® others have functional
pharmaceutical therapeutic qualities.3° ILs can be designed as
excellent battery electrolytes3! or as alternative solvents for
CO, separation processes.?? It is evident from literature that,
the optimum IL chemistry can be vastly different for each
application. Some examples of ILs, as well as protic ILs and
DES, that have been used to create diverse iongel materials,
are presented in Fig. 1.

In the last few years, there have already been excellent
reviews in the area of ILs for different applications.313° For this
reason, in this review we will not discuss in detail the IL
component of the iongels. Only in the last section, we will
highlight the main IL components for each particular
application along with the remaining challenges. Herein, we
remark on some general trends relating to ILs, which have
been observed under the umbrella of iongel materials:

Fig. 1 Chemical structures and abbreviations of a selection of ILs (top), protic ILs (middle) and DES (bottom) used to create diverse iongel

materials.
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(1) The main driving force behind the development of iongels
is to have a material with the properties of an IL, and the
mechanical properties and processability of a solid. For this
reason, iongels are usually designed using as the main
component the highest performing ILs for each specific
application.

(2) Occasionally, the liquid phase of iongels includes one IL and
a second (and possibly third) component. For instance, in the
case of iongels for batteries, the liquid phase of the iongel is
formed by a mixture of IL and a Li* or Na* salt. In other cases,
the additional component may be a fluorescent, biologically
active or electrochromic compound.

(3) Most of the iongels have been designed using the common
ILs used in electrochemistry having imidazolium, pyrrolidinium
or phosphonium cations combined with fluorinated based
anions such as [TFSI]- and [FSI]". Nevertheless, there are
numerous of emerging ionic liquids and new ionic compounds,
including protic ILs or DES, which are yet to be exploited for
the design of iongels.

2.2 Types of gelators

Different types of gelators have been demonstrated to be
effective in iongel formation, as schematically illustrated in Fig.
2. These include polymer block copolymers,
biopolymers, small molecular weight gelators, supramolecular

networks,

gelators, organosilane networks or inorganic nanoparticles. In
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this sub-section, the main issues, advantages and limitations of
each type of gelator will be discussed.

Mixing ILs with polymers is the most straightforward
strategy to obtain iongels. For instance, Watanabe et al.*
prepared self-standing, flexible and transparent iongels
through polymerization of methyl methacrylate (MMA) in
[Comim][TFSI] IL and a small amount of the cross-linker
ethylene glycol dimethacrylate (EGDMA). However, very soon
it was realized that the miscibility of ILs with polymers is
problematic and dependent on each individual type of IL
compound. For this reason, rather than employing
commercially available polymers such as poly(methyl
methacrylate) (PMMA),%% 41 poly(vinyl alcohol) (PVA),%% 43
poly(vinylidene fluoride) (PVDF),** 45> or poly(ethylene oxide)
(PEQ)?*¢ 47 as gelators, polymeric versions of the ILs named
poly(ionic liquid)s (PILs) were used to develop iongels.*® Here,
poly(imidazolium)**->* and poly(diallyldimethylammonium)>>-58
type PILs have been the most popular in combination with a
variety of counter-anions. However, when mixing high IL
contents (on average > 50 wt% depending on the IL/polymer
system), the obtained materials do not behave as a gel and are
often able to flow. Alternatively, polymer cross-linking
methods based on UV-curable resins or thermally curable
polymers have been used to develop iongels with high IL
content and low polymer gelator content.>*%2 Once more, the
main challenge here is to prevent the leaching of the IL in the

PEGDA O

D-Gluconic acetal
derivative
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Cl

Fig. 2 Schematic representation of different types of iongels and chemical structures of gelators.

This journal is © The Royal Society of Chemistry 2021
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iongel. Therefore, ionic polymer networks, which can strongly
interact with the IL cations and anions, are preferred.®3-%®

Another gelator type within the synthetic polymer family is
the use of block copolymers as pioneered by Lodge et al.6’-%°
ABA type triblock copolymers are known as good gelators if
the ‘A’ block is insoluble in the solvent, while the ‘B’ block is
soluble. In the case of iongels, the most used ABA triblock
copolymers are based on PS-b-PEO-b-PS,® since PEO is a
relatively IL-philic block and PS is wusually IL-phobic.
Nonetheless, various ABA type triblock copolymers have
recently been synthesized and successfully used to prepare
iongels, including polystyrene-b-poly(methyl methacrylate)-b-
polystyrene (PSt-b-PMMA-b-PSt),”° poly(phenethyl
methacrylate)-b-poly(methyl methacrylate)-b-poly(phenethyl
methacrylate) (PPhEtMA-b-PMMA-b-PPhEtMA),”* and
polystyrene-b-poly(diallyldimethylammonium)-b-polystyrene
(PS-b-PDADMA-b-PS).”2 As a drawback, for many types of ILs,
the block copolymer has to be specifically designed in terms of
composition and chemical nature of the A-B blocks. This fact
limits the use of block copolymers due to the need of creating
a tailored ABA block copolymer for each type of iongel.
Furthermore, the relative amount of IL vs block copolymer is
usually limited to a maximum of 80 wt% IL, and over this value,
soft materials are typically obtained.

The third type of gelator within the polymer family are
biopolymers such as gelatin,”® agarose,’* xanthan gum,’> guar
gum,’® starch,”” chitosan,’® or cellulose.”® Biopolymer gelators
have been shown to be very effective especially in the case of
hydrophilic type of ILs, such as [Csmim][CI], [amim][Br],
[Comim][Ac], [C;mim][EtSO4] which interact positively with the
biopolymers.8% 81 However, the biopolymers are usually not a
good matrix in the case of iongels based on hydrophophilic ILs
for specific applications, where the presence of reactive
groups such as amine or hydroxyl may interfere, as for
instance in batteries.

The fourth type of gelators and one of the most popular
ones are organosilane organic/inorganic networks obtained by
sol-gel methods.8> 83 Le Bideau et al.,® who proposed the
name of “ionogels”, pioneered the preparation of soft solids by
incorporation of IL in organosilica networks at high IL loadings
(97 wt%).8> The main difficulty here is that the sol-gel method
is a reactive process, in which temperature and pH conditions
need to be closely monitored and strongly depend on the type
of IL. For instance, the sol-gel method should be adapted to
each different IL and it is not applicable with some reactive ILs.
Furthermore, in order to obtain free-standing and flexible
iongels, the combination of organosilane networks with
mechanically robust polymer matrices are needed, such as
PVDF,%% 87 or even a poly(diallyldimethylammonium) type
poly(ionic liquid).®®

Inorganic nanoparticles are another popular type of
gelator. For example, an iongel can be obtained by dispersing 3
wt% silica (SiO,) nanoparticles into [C,mim][TFSI] IL, because of
the formation of interconnected particulate silica networks in
the IL.2° Nanoparticles are very powerful gelators and can give
rise to iongels with many potential applications.®®°3 However,
the iongel formation strongly depends on the size, shape and
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surface of the inorganic nanoparticle, as well as the chemical
nature of the IL component.®*

Probably the less studied type of gelators are low
molecular weight molecules, which induce a physical cross-
linking due to non-covalent interactions. Among them,
supramolecular interactions such as H-bonding,®® host-guest
chemistry,®® stacking,’” metal-ligand coordination,®®
electrostatic,® or hydrophobic interactions,® are commonly
used. Although low molecular weight gelators are particularly
specific, they are also very interesting to impart additional
properties to the iongels, such as thermoresponsiveness!® or
self-healing,%? as will be discussed in a subsequent section.
Another advantage of these gelators is the fast preparation
and processing of the iongels.

T-TU

2.3 Conventional properties of iongels

longels usually preserve the intrinsic IL properties. As
mentioned before, the gelator forms the three-dimensional
network within the IL and is the responsible for the solid-like
gel behaviour. The iongel properties can be tailored by varying
the IL and gelator chemical structures, the proportions amid
them, and their interactions (covalent vs non-covalent).
Amongst the diverse iongel properties, the main ones are the
ionic conductivity, selectivity towards CO,, and the mechanical
and rheological properties. It should be pointed out that those
properties have been already discussed in previous reviews'%
38,103-105 gnd will be only briefly mentioned here.

The high ionic conductivity is a very attractive property of
iongels. Adjusting the composition of the IL and the gelator in
the iongel can easily control the ionic conductivity. As
illustrated in Fig. 3a, increasing the amount of the ionic liquid
electrolyte (ILE), enhance the ionic conductivity of the iongels,
near to the value of the neat ILE.1%®

Another attractive property of iongels is their high carbon
dioxide (CO,) solubility over light gases such as methane (CH,),
hydrogen (H,), or nitrogen (N>) that is illustrated in Fig. 3c. This
property is especially important for membrane-based CO,
separation applications.1971%° |n this context, iongel materials
enable the IL functionality to be used by providing solid
structures  whilst retaining liquid-like gas transport
properties.?’ Depending on the chemical nature of the IL and
gelator, and their respective contents, it is possible to fabricate
iongels with gas separation performances similar to their liquid
counterparts.18

The mechanical and rheological properties of iongels are
also key features to consider depending on the application. For
instance, in lithium batteries, the Young modulus of the
iongels is an important parameter to try to limit the
detrimental formation of lithium dendrites. In the case of gas
separation membranes, mechanical stability is also a key
parameter in long-term operational stability, particularly at
high temperatures and pressure gradients, which can limit the
practical application of iongel membranes.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) lonic conductivity and (b) DMTA analysis vs temperature of iongels containing PEGDA and 90, 80 and 70 wt% ILE ([Csmpyr][FSI] IL and
NaFsSI salt). Adapted with permission from Fdz de ARastro et al.**® Copyright 2019, American Chemical Society. (c) CO2 and N2 solubilities of iongel
membranes prepared with poly(DADMA C(CN)s) (PIL) and 20, 40, 60 wt% [Comim][C(CN)s] (IL). Adapted with permission from Tomé et al.**°

Copyright 2015, Elsevier.

Overall, the chemical structure of both IL and gelator, as
well as the proportion between them, are key factors that
affect the mechanical and rheological properties of iongels. As
an example, Fig. 3b displays the dynamic mechanical thermal
analysis (DMTA) of iongels consisted of poly(ethylene glycol)
diacrylate (PEGDA) as polymer network and an ILE containing
NaFSlI salt dissolved in [Campyr][FSI] IL.2% The storage modulus
significantly decreases when increasing the amount of ILE and
soft materials are obtained. This is mainly due to a decrease in
the network density, as the PEGDA content into the iongel
decreases from 30 to 10 wt%. From Fig. 3b, it can also be
observed that the storage modulus is practically constant
between room temperature and 80 °C, meaning that the
rubber-like behaviour is preserved and the solid-state
structures of the iongels are not destroyed. This demonstrates
that cross-linked PEGDA iongels maintain their mechanical
properties at different temperatures, which is particularly
interesting not only for battery applications,'%¢ but also for gas
membrane operation.1!?

Additionally, the effect of the IL chemical structure on the
mechanical and rheological properties of iongels has also been
addressed using different types of gelators.11>11 For instance,
Tamate et al.''” recently studied the influence of IL cation and
anion on the viscoelastic properties of iongels based on
jamming and H-bonding of diblock copolymer micelles in IL.
The results showed that when the hydrogen bonding ability of

This journal is © The Royal Society of Chemistry 2021

the IL becomes very weak, for example, when a methyl group
is present at the C(2) position of imidazolium ring, macroscopic
phase separation occurs due to strong H-bonding between the
diblock copolymer micelles, resulting in opaque and fragile
iongels. Conversely, when the H-bonding ability of the ILs is
relatively strong, as the case of [C;mim][(MeO)HPO,], the H-
bonding among the micelles is significantly suppressed,
resulting in lower storage and loss moduli values *'7. Control of
competitive H-bonding interaction between polymers and ILs
is thus crucial to obtain the desirable mechanical properties.
Furthermore, Brogan et al.''® systematically explored the
stress-strain relationships of iongels containing cross-linked
PEGDA and ILs with different anion basicity (8). The results
showed that the strength of iongels is inversely related to the
IL anion polarity. The better solvents for PEGDA were the less
polar ILs, ensuing iongels with improved strength and
toughness.11®

Unfortunately, there has not been any study that compares
the mechanical properties of different iongels having the same
IL component and different gelators at the same ratio. Here,
intuitively, it is expected that inorganic particles or aromatic
compounds lead to iongels with superior Young modulus.03

2.4 longels with “additional properties”

In the last years, a great amount of work has been devoted to
preparation of iongels with additional properties besides those

Mat. Horiz. | 5
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discussed in the previous section. As shown in Fig. 4, a large
variety of emerging iongels have been synthesized showing
new functionalities in addition to the conventional properties
of iongels (ionic conductivity, thermal, electrochemical). This
has led to a new generation of iongels with unique mechanical
properties such as self-healing, stretchability, shape memory
or hyperelasticity. Responsive iongels, demonstrating thermo-
or photo-responsiveness, have also been very extensively
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researched. More recently, other attractive properties have
also been added to the iongel materials portfolio, including
mixed ionic/electronic conductivity, luminescence, magnetism,
biocompatibility and bioactivity. In this section, we will
highlight some examples of these emerging iongels showing
additional properties or functionalities.

Fig. 4 Pictures of emerging iongels with additional properties or functionalities. Adapted with permission from (a) Noro et al.**® Copyright 2013,
American Chemical Society. (b) Li et al.*?° Copyright 2019, American Chemical Society. (c) D’Angelo et al.*?* Copyright 2019, American Chemical
Society. (d) Tamate et al.!®? Copyright 2018, John Wiley and Sons. (e) Del Agua et al.?* Copyright 2017, American Chemical Society.

(f) Zidtkowski et al.*?® Copyright 2012, John Wiley and Sons.

longels can show interesting thermoresponsive behaviour
(Fig. 4a). In this case, the mechanical/rheological properties,'®
swelling degree or volume'?* of iongel change reversibly with
the temperature. These iongels can be used in different
applications, namely reversible water uptake, actuators, or
flexible optical devices.’® In a typical example, iongels formed
by inorganic nanoparticles and ILs are in the gel state at room
temperature, but they able to flow at high temperature
showing a fluid-like behaviour. In this case, the iongel show a
gel-sol transition temperature typical of many types of

6 | Mat. Horiz.

supramolecular gelators. This property can be advantageously
used to process iongel materials by advanced methods, such
as 3D printing, as will be discussed in the next section. On the
other hand, iongels can also unveil thermo-responsive
behaviour as other type of poly(N-isopropylacrylamide), i.e.
PNIPAM gels, which can be swollen or collapsed reversibly
with temperature. Benito-Lopez et al.'?>* showed that an iongel
consisting of [C;mim][EtSO,4] and cross-linked PNIPAM can be
used as a thermoresponsive valve in microfluidic devices
taking advantage of this property. The use of gelators or ILs

This journal is © The Royal Society of Chemistry 2021
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comprising photosensitive moieties has also been reported as
a straightforward strategy to prepare photo-responsive
ionge|$.71' 126-128

Luminescent iongels have been prepared by adding a
number of organic and inorganic luminescent dyes to iongels.
For instance, Lunstroot et al.'?° reported an imidazolium-based
IL with an europium (lll) tetrakis P-diketonate complex
confined in a silica network. The resulting materials revealed
intense red photoluminescence under UV irradiation.
Moreover, the same authors have described the first
lanthanide-containing luminescent iongels based on a polymer
matrix.’3° Highly luminescent and flexible iongel films were
obtained by incorporating europium (lll) complexes in the
PMMA/[Csmim][TFSI] matrix. Later on, Xie et al.'3! developed
iongels with a chromophore of platinum and europium
bimetallic complex. The chromophore was combined with
PMMA and [Csmim][TFSI], yielding transparent, flexible, ion
conductive, and luminescent iongels, which are interesting
candidates for soft organic light emitting diodes. More
recently, Li et al.1?° prepared luminescent iongels (Fig. 4b) by
mixing sodium deoxycholate and europium nitrate in a protic
IL ([EA][NOs]). In comparison to other lanthanide-iongels,
typically obtained by doping lanthanides in ILs, polymer
matrices or solid supports, the sodium deoxycholate-based

iongels were straightly built into nanofibers by metal
coordination and hydrogen bonding. These reports
demonstrate that luminescent iongels with enhanced

mechanical properties hold great potential for applications in
the fields of solid electrolytes, biosensors and optical devices.

longel materials showing shape-memory and self-healing
properties (Figs. 4 ¢ and d,) are also of particular interest. To
illustrate with some recent examples, Li et al.*3? reported such
behaviours in a iongel supported by a silicone backbone
containing [Comim][TFSI] and tannic acid. Singh et al.**3 also
observed that an iongel formed from [C,min][EtSO,] and
gelatin showed highly stretchable and self-healing behaviour,
while an analogous gelatin-based hydrogel did not. Trivedy et
al.'3* also reported an agarose-based iongel with self-healing
properties. On the other hand, synthetic supramolecular
polymers have also been explored as gelators in the
preparation of iongels with self-healing properties. For
instance, the use of gelators based on D-gluconic acetal
derivatives®” or PILs having ureido-pyrimidinone (UPy)*3% with
dynamic cross-linking points resulted in iongels displaying self-
healing behaviour. In general, shape memory and self-healing
properties are usually boosted through multiple forms of non-
covalent supramolecular interactions,'*® namely H-bonding
and coulombic forces, between the IL and gelator.

Conducting polymer hydrogels are driving increased
attention because of their ability to conduct both electrons
and ions.'37 138 Nevertheless, conducting polymer hydrogels
suffer water evaporation that results in the loss of mechanical
stability and conductive properties. Recently, del Agua et al.*??
reported a conducting iongel (Fig. 4e) formed by guar gum,
poly(3,4-ethylenedioxythiophene) (PEDOT) and [Csmim][CI] IL.
A unique combination of properties was obtained in this iongel
material that includes the electronic conductivity of PEDOT,

This journal is © The Royal Society of Chemistry 2021
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the support and flexibility given by guar gum, as well as the
ionic conductivity and negligible vapour pressure of the IL.
Nowadays, the development of conducting polymer type
iongels is a very active field of research because of the
interesting mixed ionic/electronic conductivity and the
potential use of these materials as sensors and electronic skin
in bioelectronics.3% 140

longels presenting magnetic properties can be classified in
two types, depending on the material that generates the
magnetic properties. First, paramagnetic iongels have been
developed based on ILs containing paramagnetic anions such
as [FeCly]~.1*! The resulting iongels were transparent, flexible,
and combined the paramagnetic functionality of the metal-IL
with mechanical properties of the matrix. Second, magnetic
iongels have also been prepared using magnetic nanoparticles
as gelator,*? or by introducing iron oxide (Fe,0s) nanoparticles
into a typical iongel formulation including ILs and a polymeric
gelator.’>® These iongels respond to external permanent
magnets (Fig. 4f) and thus, they are promising materials for
new soft magnetic actuators.

During the past few years, due the increasing demand of
soft ionic materials, considerable research efforts have been
made in the development of iongels showing biocompatibility,
biodegradability and bioactive properties (Fig. 4g). In the first
case, the most investigated iongel types have been those that
include biocompatible ILs, such as the ones based on
cholinium, and gelators of biocompatible synthetic polymers
or natural biopolymers. As an example, Isik et al.}** proposed a
series of biocompatible iongels by trapping cholinium lactate
ILs into methacrylic polymer networks. Later on, Yuen et al.}4
reported the use of polycarbonate networks as gelators to
form iongels that were hydrolytically degradable. This function
allowed for the possibility of having biodegradable iongels.
Furthermore, Jo et al.'*> recently suggested a biocompatible
and biodegradable iongel composed of cholinium malate and
levan polysaccharide. On the other hand, in order to produce
soft solid materials with excellent antibacterial properties,
bioactive iongels have been prepared by incorporation of
bioactive cholinium-based ILs having carboxylate?® or amino
acid!*® anions into polysaccharides, such as chitin, chitosan or
cellulose.

3. Advanced processing methods

Because iongels contain ILs (which can have essentially zero
vapour pressure) they are not subject to desiccation (i.e.,
“drying out’) and a change in properties over time and
temperature as do hydrogels or organogels. This affords
advantages in terms of their ability to be processed using both
simplistic and sophisticated methods. In this review, we are
highlighting some recent examples of advanced processing
methods, such as electrospinning, sol-gel techniques, inkjet
printing, transfer stamping and 3D printing of iongels (Fig. 5),
each of which has relative advantages and disadvantages
depending on the desired form of the iongel and the end-use
application.
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Sol-gel processing methods are typically used to form a
network of inorganic oxides such as SiO, or TiO, and can result
in highly porous solids such as xerogels or aerogels after the
liquid is removed from the gel via evaporation.?3 8 However,
ILs will not evaporate and will be retained within the inorganic
component. Sol-gel processing allows for control over shape,
thickness and flexibility of the iongel product.83 8% 129,147 The
good solvation power of ILs allows for the inclusion of
functional solutes within the iongel, which would not be

Inkjet Printing (a)

Sol-gel (b)

Transfer Stamping (c)

Crosslinking (d)
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possible if the liquid was volatile. Some interesting examples
have include luminescent lanthanides,®® 12° photoluminescent
polymers,1#8 catalysts,'#° and carbon dots.'*” In the case of the
carbon dots, control over iongel thickness directly impacted
the colour observed.'#”

Relatively stiff, non-crosslinked iongels containing only
organic species, such as those produced by Voss et al.*>° from

3D Printing (e)

v
Electrospinning (f)

Fig. 5 longel materials processed using different methods. Adapted with permission from: (a) Ha et al.**! Copyright 2013, American Chemical
Society. (b) Wang et al.**” Copyright 2014, American Chemical Society. (c) Kim et al.*>> Copyright 2017, American Chemical Society. (d) Zhong et
al.*>® Copyright 2018, American Chemical Society. (e) Wong et al.*** Copyright 2019, John Wiley and Sons. (f) Ye et al.**> Copyright 2015, Royal

Society of Chemistry.

[Cemim][TFSI] and gelators such as 12-hydroxystearic acid (12-
HSA) can be manually shaped, molded and spread as thin
coatings, although they may be easily deformed under applied
stress. Relatively complex and large structures of such iongels
could be produced through syringe-based 3D printing. Of
course, the durability of such printed iongel structures would
need to be enhanced through a curing step. In these non-
crosslinked iongels formed around gelators, the cooling rate
can have an impact on the nature of the self-assembly and
mechanical properties. For example, Takeno and Kozuka found
that an iongel formed from [abim][TFSI] showed a twisted
structure that resulted when a slow cooling rate (0.4 °C/min)
was applied.’>® However, spherical domains and a fibrous
structure were observed when rapid quenching was applied,
thus the processing conditions may be critical to achieving a
desired morphology.

longels which are more robustly stabilized through the
presence of a polymer or crosslinked networks are desirable in
many applications. As previously discussed, the use of
photocrosslinking techniques is a straightforward method by
which to produce mechanically stable iongels. While the

8 | Mat. Horiz.

predominant use of this technique has been to conveniently
produce simple two-dimensional thin films in situ for use as
polymer-stabilized and gas separation
membranes,'>® iongels can be processed into more complex
geometries using several techniques.

Zhong et al.*>® demonstrated patterning of an iongel
prepared via photocrosslinking of PEGDA and a thiol in the
presence of [Comim][TFSI]. The presence of residual thiol
groups resulted in a reactive surface, which could be patterned
via photolithography using water as the photoresist developer.
This process vyields iongels with intricately patterned, three-

electrolytes,*?

dimensional microstructures. These processing techniques
could enable the production of flexible microdevices for
electrochemical applications.

Blade coating and printing are methods that can be used to
produce iongel materials dimensions at small length scales.'>
160 | odge, Frisbie and co-workers have demonstrated that
thermoreversible iongels composed of [Comim][TFSI] and a
block copolymer can be printed in the liquid state using
aerosol jets at elevated temperatures to produce printed
circuits on plastic substrates with features as small as 25 pm.#®

This journal is © The Royal Society of Chemistry 2021




Page 9 of 26

151, 161 Aerosol jet printing of iongels is viewed as more
practical than inkjet printing as it tolerates a wide range of
“ink” viscosity. Lodge also points out that simple techniques
such as spin-coating and solvent casting are very useful for
iongel processing, as demonstrated by the formation of thin
films comprising 20 wt% of poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP) and 80 wt%
[Comim][TFSI].*>! These iongels can then simply be cut and
applied to surfaces,'®? although the overall dimensions (i.e.,
length, width) of films produced through solvent casting and
especially spin coating will be limited to tens of centimeters.

Transfer stamping has also been employed as a method of
applying iongels of specific sizes/areas/thicknesses to surfaces.
Lee and co-workers have spin-coated an iongel comprised of
PVDF-HFP and [Comim][TFSI] onto poly(dimethylsiloxane)
(PDMS) stamps of various sizes. These iongel-PDMS stamps
were then contacted with various flat and curved surfaces and
the iongel was partially melted to improve adhesion to the
substrate. Upon cooling, the PDMS was peeled away and the
iongel transferred. This technique was demonstrated with
aluminium, polyimide (PI), poly(ethylene terephthalate) (PET)
and glass surfaces.’®? 163 However, this process may require
great care and meticulous preparation in order to achieve
success.

Electrospinning is a process in which a polymer solution or
polymer melt is drawn through a narrow orifice as a response
to an applied voltage and electrostatic repulsion.
Electrospinning can be used for a wide variety of polymers
(both neutral and charged) as well as iongels. Electrospinning

(a)
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of iongels produces non-woven mats of iongel nanofibers in
random patterns, which leads to high surface area materials
that can be applied to applications such as sensing, catalysis,
biomedical and healthcare, to name a few. As a detailed
review on electrospinning of iongels was published by Taubert
several years ago, the reader is referred to that work for more
details on this method.’®* As with the other methods
previously described, electrospinning is also limited in terms of
the overall throughput of iongel and is limited to perhaps a
few grams per hour.

The growth of mask projection stereolithography (SLA) 3D
printing will certainly enable iongels to be formed into high-
resolution objects of virtually any geometry. Long and co-
workers first demonstrated this technique on IL-based
substrates through the copolymerization of a phosphonium-
based IL monomers with poly(ethylene glycol) dimethacrylate
(PEGDMA).1%> While the resulting material did not meet the
definition of an iongel as the cationic components were
attached to the polymer backbone and there was no “free” IL
present, SLA-based 3D printing has recently been extended to
iongels. Furukawa and co-workers demonstrated SLA-based 3D
printing of complex, high-resolution objects built from an
iongel containing [Csmim][FSI] immobilized by the UV-induced
crosslinking of a thiol-ene network.’®® As shown in Fig. 6,
freestanding objects of various shapes, sizes and complexity
could be printed from the pre-gel solution with rapid curing of
the iongel. Features with dimensions as small as 200 um were
achieved.

Laser source ———»

Printed objects

Pre-gel solution
Stage

Fig. 6 (a) Schematic of SLA 3D printing of an iongel, (b-d) various printing iongel freestanding objects, (e-f) printed features on the order of 200

um. Reprinted with permission from Ahmed et al.'%® Copyright 2018, John Wiley and Sons.

This journal is © The Royal Society of Chemistry 2021
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Additionally, Wong et al. used 3D printing and UV curing to
produce iongels that were used as strain sensors.’> Very
recently, Luque et al. explored the 3D printing via direct-ink
writing of thermoreversible iongels by extrusion.'®” In this
case, the iongel material had to flow through the nozzle and
needed to undergo rapid regelation just after ejection in order
to maintain high shape fidelity of the printed structures, which
were integrated in different body sensor devices.'®” Amrita et
al. also used direct-ink write 3D printing to deposit iongel inks
and create multimaterial objects that wuse a single
mechanoactivation event to elicit both a mechanochromic
response and an autonomous shape change.%®

Undoubtedly, 3D printing is a versatile and universally
accessible technique for processing iongel materials as
researchers can now purchase a range of SLA 3D printers at
various price points. The growth in 3D printing as a
democratized processing tool will undoubtedly lead to more
advances in the production of iongel materials and devices.
Current 3D printing techniques are unable to produce features
at the 1-um scale, which may be possible with solvent casting
or spin coating. However, 3D printing holds significant
advantages in terms of automation of the processing and
allows for much larger objects and complex designs to be
produced than are possible with the other techniques
described here which yield 1D (i.e., fibers) or 2D materials.

Diglectric
{ o
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4. Applications

The recent trends on iongels for emerging technological
applications are highlighted throughout the next sub-sections.
In particular, real progress has been made on iongels for
energy conversion and storage, gas separation and
(bio)electronics as illustrated in Fig. 7. Specific and selected
examples of iongels are detailed and discussed, including an
integrated  perspective in  terms of performance
improvements, underpinning it to the structural features of
iongel materials.

As discussed before iongels bring some of the properties of
IL to soft solid materials and thus, offer a way to further utilise
ILs in solid devices. Many technological applications have the
need of circumventing drawbacks related to the shaping and
risk of leakage of ILs. This makes that iongels are very popular
in final devices/applications, where issues like fabrication and
durability are mandatory. Through the next pages, the
versatility of iongels will be illustrated showing examples of
different iongel materials and their wide range of applications,
ranging from solid state batteries (Li, Na), supercapacitors,
solar cells, fuel cells, gas separation membranes,
bioelectrodes, electronic skin or drug delivery devices.

GAS o2
b SEPARATION

Fig. 7 Perspective of new applications of iongels. (a) Electrodes for cutaneous electrophysiology. Adapted with permission from Isik et al.'®®

Copyright 2015, Royal Chemistry Society; (b) Organic transistors. Adapted with permission from Jo et al.**> Copyright 2020, John Wiley and Sons;
(c) All-solid-state rechargeable sodium batteries. Adapted with permission from Fdz De Afastro et al.°®® Copyright 2019, American Chemical
Society; (d) Flexible supercapacitors. Adapted with permission from Zhang et al.*® Copyright 2018, John Wiley and Sons; (e) Olefin-facilitated
transport membranes. Reprinted with permission from Tomé et al.}’® Copyright 2014, Royal Society of Chemistry; (f) CO. separation. Adapted
from Martins et al.**!
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4.1 Energy conversion and storage

Safety and performance stringent parameters for
electrolytes in energy storage and conversion applications.
Conventional liquid electrolytes based on organic solvents, e.g.
mixtures of linear and cyclic carbonates in the case of Lithium
ion batteries, are generally volatile and highly flammable.
Therefore, complex thermal management is required to
operate devices under safe conditions. In contrast, iongels
show high thermal stability that not only increases safety but
also simplifies device fabrication. For instance, Le Bideau and
co-workers described iongels compatible with the reflow
soldering process used in electronic circuit fabrication.!’? In
addition, a wide electrochemical stability window makes
iongels suitable for high voltage applications.'® Hence, iongels
rapidly gained attention for application in next-generation
solid state energy storage and conversion technologies,

are

namely lithium and sodium metal batteries, fuel cells,
supercapacitors, and dye sensitized solar cells.
Most of the ILs used in iongels for lithium battery

applications are based on quaternary ammonium cations,
namely tetraalkylammonium, pyrrolidinium or imidazolium
types,> 172 combined with fluorinated anions, such as [TFSI],
[FSI]~, [BF4] or [PF¢]~. However, in recent years, new families
of IL and ionic compounds are being investigated, such as
phosphonium ILs,'7® bisoxalatoborate ILs,*5% 174 solvated ILs,'7®
and DES.'76 A wide variety of gelators have been employed
including inorganic ones, such as titania or silicon oxides
particles,*”” and polymeric ones, such as PVDF-HFP, PEO,
PMMA, poly(vinyl chloride) (PVC) and poly(acrylonitrile)
(PAN).178, 179

Among energy storage devices, solid state batteries with
lithium metal electrodes are the technology that may benefit
the most from the unique properties of iongels. ILs are widely
recognized as promising candidates for lithium metal
electrodes. However, IL electrolytes require porous separator
and are still affected by the risks of leakage. longels could
overcome these issues and enable solid-state batteries, as long
as an appropriate combination of mechanical properties and
high IL loading is achieved. PEO mixtures with pyrrolidinium
and imidazolium can be readily crosslinked by means of UV
irradiation in the presence of benzophenone.'8% 18 These
studies show that chemical crosslinking can be used to prepare
mechanically robust iongels with high IL loadings. longels are
also prepared by mixing ILs with block copolymers having a
hard structural domain and a soft ionic-conducting domain, as
showed by the pioneering work of Lodge and co-authors.®
Schulze et al.*® described a nanostructured iongel based on a
highly cross-linked PS block PEO matrix comprising and
[Camim][TFSI]/LIMTFSI mixture. In this system, PS plays the
role of the high modulus block, whereas the PEO plays the role
of the ion-conductive block where most of the IL/salt mixture
was concentrated (Fig. 8 a-c). More recently, Goujon et al.83
proposed a block copolymer having a polystyrene block and an
intrinsically conductive PIL block, 1-((2-acryloyloxy)ethyl)-3-
butylimidazolium  bis(trifluoromethanesulfonyl)imide. The

This journal is © The Royal Society of Chemistry 2021
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block copolymer with [Csmpyr][FSI]/LiFSI showed good ionic
conductivity values (7.6 x 10 mS cm™ at 50 °C). Kitazawa et al.
described a series of iongels based on ABA-triblock
copolymers,17> consisting of PS ‘A’ blocks and PMMA, PEO, and
poly(butyl acrylate) (PBA) ‘B’ blocks. The triblock copolymers
were mixed with a Li-glyme solvate IL. These iongels reached
(at room temperature) a conductivity of 10# S cm™ and their
electrochemical stability window exceeded 4V. This interesting
strategy holds tremendous potential for replacing expensive
ILs with cheaper alternative ionic compounds in iongels. In
recent years, the use of block copolymers became a viable
strategy complementary to chemical crosslinking for achieving
iongels with good mechanical properties and high IL loading.

A common issue with high IL loading is the compatibility
between the polymer matrix, since poor compatibility can
cause the leakage of IL outside the iongel matrix. Poly(ionic
liquid)s are very popular gelators for the preparation of iongels
due to their excellent chemical affinity with ILs and intrinsic
ionic conductivity. In particular, poly(DADMA) is one of the
most studied because of its excellent mechanical
properties.'8418 For instance, Zhou et al.*® prepared
hierarchical PIL-based iongel electrolyte (HPILSE) based on 1,4-
bis[3-(2-acryloyloxyethyl)imidazolium-1-yl]butane bis[-
bis(trifluoromethanesulfonyl)imide], [Comim][TFSI]-based
electrolyte and poly(DADMA TFSI). The iongel membrane
provided a tensile strength of 2.4 MPa and high ionic
conductivity up to 1 mS cm™ at 25 °C. A lithium
metal/LiHPILSE/LiFePOy cell delivered 97.7% capacity retention
after 100 cycles at 0.1C with approximately 100% coulombic
efficiency (Fig. 8d). Thapaliya et al.'%8 used a layer-by-layer
fabrication method for reinforcing a [Csmpyr][TFSI]-based
iongel with lithiated nafion and poly(DADMA) chloride. The
reinforced iongels showed increased tensile strength values
and ionic conductivities in the range of 10 S cm™ at room
temperature. In addition to polymer gelators, composite or
hybrid iongels were investigated to combine high IL loadings
and mechanical properties into iongel membranes. For
instance, Na et al. '8 prepared hybrid iongels for lithium-ion
capacitors based on polysilsesquioxane crosslinkers bearing
pendant PEO chains and methacryloxypropyl groups. The
[Campyr][TFSI] IL was mixed with the polysilsesquioxane
crosslinkers and thermally cured, resulting in highly conductive
hybrid iongels (0.62 mS cm™ at 30 °C). Interestingly, only 5 wt%
polysilsesquioxane crosslinker was used to obtain mechanically
stable and leak proof iongels.

Aiming at developing high energy density lithium metal
batteries, Chen et al.'®® developed an iongel electrolyte by
confining [Csmpyr][TFSI] IL and LiTFSI salt within an biocinspired
SiO, scaffold. The biomimetic ant-nest architecture showed
high ionic conductivity (1.37 mS cm™ at 30 °C), exceptional
cycling  performance in lithium metal cells with
LiNi1/3Mn1/3C01/30, and LisTisO12 electrodes and long cycling
stability (up to 3000 cycles). Similarly, Wu et al.*** confined
[Comim][TFSI] IL and LiTFSI salt inside a TiO; inorganic matrix
and tested this iongel in lithium metal/LiFePO, cells with stable
cycling at room temperature.
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Fig. 8 longel-based electrolytes for lithium metal batteries. (a) Chemical structure, (b) schematic illustration and (c) SEM picture of a bicontinuous

nanostructure iongels based on

1-butyl-3-methylimidazolium

bis(trifluoromethylsulfonyl)imide (BMITFSI), lithium

bis(trifluoromethylsulfonyl)imide (LiTFSI) and poly(styrene-block-ethylene oxide). Reprinted and adapted with permission from Schulze et al.'®?
Copyright 2014, American Chemical Society. (d) Schematic illustration of a hierarchical poly(ionic liquid)-based iongel electrolyte (HPILSE) and its
main components. Reprinted and adapted with permission from Zhou et al.*®” Copyright 2017, Elsevier.

In recent years, there was a growing interest in post lithium
technologies. Among various candidates, sodium ion batteries
are the closest to marked readiness. However, sodium ion
batteries display lower energy densities than their lithium
counterparts. The use of sodium metal electrodes could
mitigate this issue if suitable electrolytes for sodium metal are
found. This need constitutes an opportunity for the
development of sodium conducting iongels. Hashmi and co-
workers'9? studied a ternary sodium iongel comprising PVDF-
HFP, [Comim][CF3SO3] IL and NaCFsSOs salt, exhibiting ionic
conductivities up to 5 mS cm™ at room temperature. Later, it
was demonstrated that the addition of NaAlO, particles
slightly enhanced the ion conductivity of the composite
electrolyte, where comparable conductivity values were
measured in the case of Al,O3 particles.'®® Nevertheless, the
stable cycling of sodium metal batteries using iongels was only
recently demonstrated.'%41% Mendes et al.**” combined PVDF-
HFP, [Compyr][FSI] IL and NaFSI salt into an iongel electrolyte
showing excellent performances in a sodium
metal/NasV,(POa)s cell operating at room temperature (Fig. 9a-
c). Parallelly, Fdz De Anastro et al. studied a sodium metal

12 | Mat. Horiz.

battery with a NaFePO, cathode operating at 70 °C, the cell
comprised a sodium iongel combining poly(DADMA TFSI),
[Campyr][FSI] IL and NaFSI salt.1®® The same authors used UV
photopolymerization of PEGDA in the presence of
[Csmpyr][FSI] and NaFSI to prepare a mechanically robust
iongel that showed ionic conductivity values close to those of
the liquid counterpart (7.8 x 103 S cm™) and stable cycling in
NaFePO, metal batteries.1%®

Zinc metal batteries are another interesting post lithium
technology that may benefit from the use of iongel
electrolytes. Fdz De Afiastro et al. used a ternary mixture of
[Comim][N(CN),;] and Zn(N(CN),)2 and poly(DADMA TFSI)
showing a high ionic conductivity of 1.1 x 1072 S/cm™ at 50 °C
and wider electrochemical than its liquid
counterpart.1®® Furthermore, iongels were recently applied to
lithium sulphur batteries. Baloch et al. demonstrated that an
iongel coating based on a ternary mixture of poly(DADMA
TFSI), [Campyr][TFSI] and LiTFSI salt can delay polysulfide
diffusion into the electrolyte and improve performance in
lithium sulphur cells.2%°

window
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Fig. 9 longel-based on PVDF-HFP, [Campyr][FSI] IL and NaFSI for sodium metal batteries (a) iongel chemical structure and preparation schematic,
(b) charge and discharge profiles of a sodium metal/NasV»(POa)s battery at different current rates (c) long-term cycling performance of a sodium
metal/NasV2(POa); at fixed 1C-rate for 150 cycles. Reprinted with permission from Mendes et al.'®” Copyright 2019, American Chemical Society.
(d) Photocurrent curves and power conversion efficiency curve for a dye sensitized solar cell based on PEO, [Comim][TFSI] and Nal. Reprinted
with permission from Nair et al.*® Copyright 2015, American Chemical Society.

Supercapacitors are energy storage devices with better
power density and longer cycle life compared to batteries.
Supercapacitors could benefit from iongels in order to increase
safety, as well as energy density. For instance, Negre et al.
prepared SiO, matrices in the presence of a IL mixture
containing [Campip][FSI] and [Campyr][TFSI],2°t or simply the
pure [Comim][TFSI] IL.2°2 The latter showed a 3 V voltage
window which could increase the energy density of the device,
high capacitance (between 80 and 90 F g at room
temperature) and wide operating temperature ranges (-30 to
80 °C). Pazhamalai et al.2%% incorporated PVDF-HFP/[N2222][BF3]
iongels into a self-charging supercapacitor based on MoSe;
electrodes and a NaNbO3z/PVDF piezoelectric electrospun mat
that delivered a specific capacitance of 18.93 mF cm™ when
charged at 0.5 mA. However, low temperature performance of

iongels is still an issue for developing solid-state
supercapacitors despite the larger voltage windows
achievable.

Recent studies extended the range of properties and
applications of iongels to the preparation of proton conductive
membranes. Thus, Chopade et al.2%* studied polymerization-
induced microphase separation to prepare a proton
conducting iongel for application in high-temperature fuel

This journal is © The Royal Society of Chemistry 2021

cells. This polymerization method allowed for the creation of a
bi-continuous morphology containing PEOQ/protic IL conducting
pathways and cross-linked polystyrene domains. In fact, this
approach revealed to be of great promise for the development
of highly conductive (14 mS cm™ at 180 °C) and mechanically
robust membranes (E = 10 MPa at 180 °C). Kim et al.2%
prepared nanophase separated iongels by incorporating a
aprotic IL poly(styrene sulfonate)-b-
polymethylbutylene diblock copolymer. The iongels showed

neutral into a
high conductivity values up to 45 mS cm™ in the temperature
range between 115 and 165 °C.

Dye-sensitized solar cells (DSSCs) attracting
considerable attention because of their ease of fabrication and

are

low cost. Traditional electrolytes for DSSCs are based on an
I-/13~ redox couple dissolved in volatile organic solvents, which
are not practical for long-term operation, due to leakage and
evaporation risks. ILs in the form of iongel solid electrolytes
could remediate these issues and extend the device life span.
Imidazolium type ILs have been extensively used because of
their low viscosity in combination with polymeric296-210 or
inorganic?'¥: 212 gelators. Nair et al.*8° reported multifunctional
iongels comprising [Comim][TFSI] crosslinked PEO
produced by UV polymerization. The iongels were tested in

and
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quasi-solid DSSCs with conversion efficiency exceeding 6% at 1
sun (Fig. 9d). Yu et al.?'* proposed a series of iongels based on
imidazolium type ILs and different metal oxide nanoparticles.
The authors observed increased conversion efficiency
produced by the iongels based on TiO, particles with respect
to the neat ILs, which was attributed to enhanced charge
mobility via a Grotthus type mechanism on the surface of the
particles.

Materials challenges and perspectives on iongels for energy
Despite iongels shows generally favourable properties, the use
of iongels in every day energy devices is still far from market
readiness. There are still challenges that the scientific
community needs to overcome to turn iongels into a
commercial reality. This section aims to highlight these
challenges:

(1) lonic liquids are the most expensive components of iongels
due to their limited market demand. At the current stage,
iongels are not yet cost competitive in most cases with respect
to currently used organic electrolytes and this aspect limits
their commercial implementation.

(2) The conductivity of iongels strongly depends on the IL
loading, best performances are obtained when the IL loading is
higher than 50% wt. However, high loading iongels may lead to
soft materials with low modulus as previously remarked.

(3) longels usually possess low ionic conductivity with respect
to traditional organic electrolytes, as illustrated with an
Arrhenius plot in Fig. 10. In some cases, this can reduce the
efficiency, safety and life-time in high-density energy storage
devices. More work is still required to reach higher ionic
conductivity. For instance, the use of superconcentrated ILs
might help in mitigating these issues.?!> However, very few
reports exist on the use of superconcentrated ILs for iongels
and more studies need to be performed in this direction.
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Fig. 10 lonic conductivity of various iongel families represented on an
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conductivity of iongel electrolytes.
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4.2 Gas separation

lonic liquids for gas separation processes have attracted
significant attention during the past two decades, mainly due
to their high solubility capacity for gases contained in industrial
gas mixtures, such as CO,, SO,, H,S, O,, hydrocarbons, etc.214
In fact, CO, separation from different point sources is the most
studied technology.%7-10® Amongst the different strategies that
have been explored towards iongel-based CO, separation
membranes, the simplest one is the blending of ILs with
polymer matrices. Different polymers, such as PVDF,2!5 216
Nafion,?!” Kapton,?!® or Pebax copolymers,2'% 220 have been
employed in combination with up to 80 wt% of imidazolium-
based ILs bearing [TFSI]~, [CF3SOs]~, [BF4]” or [B(CN)4]™ anions.
The development of iongel membranes combining the
characteristics of ILs and poly(ionic liquid)s (PIL) has also been
conducted,?® taking advantage of their ability to strongly
interact through electrostatic interactions. Bara et al.
fabricated linear PIL/IL iongels through UV polymerization of
imidazolium-based monomers in different type of free ILs.22%
222 | ater on, Tomé et al.110 223226 reported another series of
linear PIL/IL iongels comprising pyrrolidinium polymer matrices
produced by solvent casting. The CO, permeability and
selectivity of these membranes can be adjusted by varying the
amount of IL,22® using pyrrolidinium random copolymers
224 or PIL and IL components bearing

different anions,??> and even by changing the polymer

having anion mixtures,

molecular weight.?26 The best performances were achieved
with the PIL/IL membranes bearing cyano-functionalized
anions, in particular the one containing 60 wt% of
[C.mim][C(CN)3], that surpassed the Robeson 2008 upper
bound (CO, permeability of 440 barrer and CO,/N, selectivity
of 64).11% Ppyrrolidinium-based PIL/IL systems
successfully tested for CO,/H, separation in hydrogen
purification.?27-22%

Emphasis should also be given to linear PIL/IL iongels using
ionic polyimides,23% 231 due to their excellent mechanical

also been

strength and thermal stability. For example, Watanabe and co-
workers combined different ILs, namely [Csmim][TFSI],
[Camim][PFg] and [Csmpyr][TFSI]), and sulfonated polyimides
(SP1).2%2 The highest performance was attained by the
[Camim][TFSI]/SPI iongel (75 wt% IL), with CO, permeability of
431 barrer and CO,/N; selectivity of 30, while retaining
superior mechanical strength (modulus > 10 MPa) due to the
formation of bicontinuous nanostructures of ionic and non-
ionic domains. As illustrated in Fig. 11a, the ionic domain
consists of the the IL is
preferentially incorporated and serves as the gas transport

sulfonate structure where
path, while the non-ionic domain comprises the aromatic
sulfone structure that presents high rigidity and contributes
for the mechanical properties. Protic ILs were also employed
and their [N12][TFSI]/SPI iongels exhibited higher CO;
permeabilities, though slightly lower CO,/N, selectivities, when
compared to aprotic IL ([N1123][TFSI]/SPI).233

Bara and co-workers have also reported on the synthesis of
ionic polyimides and polyamides (PI-
derivatives).2?4236 |nterestingly, the thin films (via melt

and PA-ionene

This journal is © The Royal Society of Chemistry 2021
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pressing) of ionic polyimides spontaneously absorb ILs,
experiencing an ordering/self-assembly process.?** Although
the CO, separation performance of ionene iongels falls short of
the CO,/N, and CO,/CH; Robeson 2008 upper bounds, the
work developed so far provides a strong foundation to
understand structure—property relationships, and in due
course produce high-performance membranes.?37, 238

Cross-linked iongels based on polymer networks have also
been intensively investigated during the last few years,
because this strategy allows the preparation of membranes
with high IL content. Carlisle et al.?3® developed cross-linked
PIL/IL iongels (= 80 wt% [Comim][TFSI] IL) with CO,
permeabilities of 500 barrer and CO,/N, selectivities of 24.
lonic

---» N,pathways
——>» CO, pathways

(d) S Lo
Hzc:{ ’ NN ° |
d° %09 + H‘}o’\v}o +
W S T | "o
R= CFyor CjH;
MILs PEGDA
._\_\_. P

Sulfonated polyimide(SPI)

Review

Here, the use of a PIL network showed advantages in the
fabrication of thin-film composite (TFC) membranes. MacDanel
et al.?* used step-growth polymerization to produce epoxy-
amine PIL/IL iongels that enable CO,-facilitated transport (Fig.
11b). Under simulated biogas processing conditions, high CO,
permeabilities (600 — 700 Barrier) an acceptable CO,/CH4
selectivities (25 — 35) were obtained.?*! Matsuyama and co-
workers focused on the double-network concept (Fig. 11c) and
reported a tough iongel membrane (80 wt% [Pa4s4][Pro] IL)
with outstanding performance for low CO, concentration
capture.?*?2 Yin et al.?*? fabricated cross-linked PIL/IL iongels via

Non-ionic

~onti

"i? C.OZ lonic / Non-ionic

3 Ly
Py

FriflL l’lll'\l
© | —
]

Fig. 11 longel-based CO; separation membranes. (a) Formation of a bicontinuous nanostructure consisting of ionic and non-ionic domains in
IL/sulfonated polyimide iongels. Reprinted with permission from Ito et al.23? Copyright 2018, American Chemical Society; (b) Fixed-site facilitated
CO: transport through epoxide-amine PIL/IL iongels. Reprinted with permission from Cowan et al.?° Copyright 2016, American Chemical Society;
(c) Double-network iongel containing an amino acid IL as the CO: carrier. Reprinted with permission from Moghadam et al.?** Copyright 2015,
Royal Society of Chemistry; (d) Anionic PIL/IL iongel membranes with cross-linked PEGDA network. Reprinted with permission from

Kammakakam et al.>*> Copyright 2020, American Chemical Society.

reactions amongst amino-terminated PlLs and glycidyl ether
crosslinkers. The membrane with 66 wt% [Comim][TFSI] IL
showed an excellent CO, permeability (2070 barrier) but
modest CO,/N; selectivity (25). Very recently, Kammakakam et
al.?*> 2%6 introduced the first examples of anionic PIL/IL iongel
membranes. For instance, as show in Fig. 11d, methacryloxy-

This journal is © The Royal Society of Chemistry 2021

based IL monomers (MlLs), having highly delocalized anions
and mobile [Comim]* counter-cations, were successfully
synthesized and photopolymerized in the presence of free
[Comim][TFSI] IL (0.5 and 1 eq.), and an appropriate amount of
PEGDA crosslinker (20 wt%) to form flexible and free-standing
iongel membranes. The membranes showed CO;
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permeabilities between 5 and 20 barrier, and superior CO,/N,
(47 — 87) and CO,/CH4 (56-119) selectivities. Nevertheless, the
aforementioned cross-linked iongels involve multi-pot
procedures and several organic syntheses/purification steps at
the monomer level.

Another relevant and simpler strategy is the preparation of
iongels in a single-pot using commercially available non-ionic
polymer networks. Kusuma et al.?*” combined several ILs with
PEO/siloxane networks and showed that imidazolium and
pyridinium (aromatic cations with acid protons) combined with
a low basicity anion ([TFSI]") imparted more stable
membranes. Deng et al.?*® used [Csmim]* based ILs bearing
[TFSI]-, [BFa]~, [PFs]™ and [C(CN)s]~ anions to prepare PEGDA
membranes with interpenetrating networks by aza-Michael
addition and acrylate homopolymerization. The membrane
with 80 wt% [Camim][C(CN)]s IL disclosed 134 barrer of CO,
permeability and 49.5 of CO,/N, selectivity. Conversely,
Martins et al.'! reported an iongel membrane, merely based
on PEGDA and 70 wt% [Comim][C(CN)s], with CO, permeability
of 583 barrer and CO,/N, selectivity of 66, but future
improvements regarding mechanical stability should be
addressed to circumvent the use of a porous support.

Materials Horizons

In order to improve the CO, separation performance,
three-component mixed matrix membranes combining solid
fillers, such as zeolites?*® 259 or metal organic frameworks
(MOFs),?°1 252 have also been investigated. As an example,
Nabais et al.?*! incorporated MOFs, i.e. MIL-53(Al), Cus(BTC),
and ZIF-8, into a pyrrolidinium-based PIL/IL (60/40 wt%)
matrix. The membrane loaded with 30 wt% MIL-53(Al) showed
the CO,/H; selectivity of 13, while that of ZIF-8 revealed a CO,
permeability of 97 barrer. These PIL/IL/MOF surpassed the
upper bound limit for CO,/H, separation.

The CO,/N,, CO,/CH,4 and CO,/H; separation performances
of the abovementioned iongels are illustrated in the so-called
Robeson plots (Fig. 12), which display solid black lines that
represent the empirical upper bounds for each gas pair and
illustrate the tradeoff between permeability and selectivity. In
brief, strategies such as the use of polymer/IL, linear PIL/IL or
cross-linked iongel materials with high IL contents (= 60 wt%),
have been successfully applied in the preparation of
membranes with improved CO,/N, separation performances
(Fig. 12a). Likewise, the recent advances on ionic polyimide/IL
and PIL/IL/porous solid iongels have shown promising results
regarding CO,/CH,4 and CO,/H, gas pairs, with the advantage of
improved thermal and mechanical properties in same cases.
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Fig. 12 CO. separation efficiencies of iongel membranes represented on (a) CO2/Nz, (b) CO2/CHa and (c) CO2/H2 Robeson plots. Data from refs.*'%

111, 215-218, 220-228, 232-236, 239, 241, 243, 245, 247-252

majority of the data points are results of dry single gas studies.

are illustrated and the upper bounds were adapted from Robeson?>® and Rowe et al.>** Note that the

16 | Mat. Horiz.

This journal is © The Royal Society of Chemistry 2021




Page 17 of 26

Materials challenges and perspectives on iongels for gas
separation

Despite the different polymer and IL features used so far, we
underline here on some general trends that have been
observed:

(1) As the IL content increases, the CO, separation
performance of the iongels approaches that of their parent
supported IL membranes SLIMs.

(2) High amounts of IL means that the polymer content is
rather low and the mechanical stability of the iongels is
generally comprised. The need of porous membranes to
support the iongels reduce their potential, since the CO,
performance is limited by the thickness of the support used.
(3) Notwithstanding the great advances in permeability and
selectivity, larger permeabilities will be obtained if thin films of
iongel materials can be fabricated. Although a detailed work
about thin active layers of PIL/IL iongels has been summarized
by Noble, Gin and coworkers in 2016,%° the fabrication of thin-
film iongel defect free membranes (ca. 100 nm thick active
layer) still constitutes a real challenge in the application of
iongel materials for CO,/light gas separation.

(4) External variables such as temperature, pressure and
relative humidity greatly influence the CO, separation
performance. For instance, in the case of epoxy-amine PIL/IL
membranes (Fig. 12b), when the CO, partial pressure
decreases and the relative humidity increases, the CO,
permeability and selectivity increase due to facilitated CO,
transport.?*® Nevertheless, there still is a lack of data testing
the efficiency of iongel membranes at specific target operating
conditions, as well as performing long-term experiments.

4.3 (Bio)electronics

The association of electronics and biology is gaining great
interest due to the applications of bioelectronic devices in
health monitoring and therapeutics.’®® Nevertheless,
developing the next generation of flexible (bio)electronics
needs new materials and tremendous efforts have been made
in this direction.?>> Organic materials showing ionic/electronic
conductivity, flexibility and biocompatibility are urgently
needed in this area. Among them, iongels have recently
emerged as alternative soft solid materials by virtue of their
good ionic conductivity, high mechanical strength, optical
transparency and high flexibility.
investigated in several applications
electrophysiology, artificial skin devices, sensors and organic
transistors.

longels appealing option for cutaneous
electrophysiological recordings since they do not leak or dry
out. In this case, Malliaras and coworkers reported iongels-
assisted electrodes for long-term cutaneous recordings.??
Conformal electrodes made of gold and PEDOT:PSS were
fabricated and their performance compared in a dry state and
in conjunction with an iongel based on [C,mim][EtSO,4] IL and
PEGDA. At the interface with human skin, the iongel decreased
impedance to levels similar to those of commercial electrodes

longels have been

including devices for

are an
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(1 kHz). The electrode showed this low impedance during 3
days, which makes them appropriate for long-term monitoring
of electrophysiological activity.?3

Following the same research line, Isik et al.1®® synthesized
cholinium-based iongels through photopolymerization of
poly(cholinium lactate methacrylate) network in the presence
of [Ch][Lac] IL. These iongels showed good adhesion to the skin
and electrocardiography (ECG) signals were recorded with
iongel assisted electrodes up to 3 days. The low toxicity of
cholinium ILs make these iongels highly attractive for
cutaneous electrophysiology.'®® Therefore, Bihar et al.?>¢ used
inkjet printing to fabricate PEDOT:PSS electrodes and the
contact with the skin was improved using cholinium lactate
iongel (Fig. 13a-b). The fully printed electrodes were used to
record cardiac activity (Fig. 13c), paving the way for the
fabrication of customizable health monitoring devices for
cutaneous applications.?*® In addition, Yuen et al.*** prepared
biodegradable iongels via ring-opening polymerization of cyclic
carbonate monomers within [Csmim][Lac]. The recorded
electrocardiography signals were similar to those of a standard
medical electrode. The main advantage of this iongel material
is the fast degradability in water at room temperature, that is
particularly interesting for implantable electrodes.#*

More recently, Luque et al.'®’ designed 3D printable and
biocompatible iongels by taking advantage of polyvinyl
alcohol/phenol interactions to gelify cholinium carboxylate
ionic liquids. These supramolecular cholinium-based iongels
showed excellent performance in electrodes for long-lasting
ECG recording, until 2 weeks, and the response was
comparable to that of commercial medical electrodes.'®’
Moreover, Velasco-Bosom et al.?>’ proposed a new fabrication
method to obtain adhesive electrode arrays for cutaneous
electrophysiology. The authors developed 4 x 4 array of 1.5 x
1.5 mm? electrodes with a center-to-center distance of 3 mm
using PEDOT:PSS composite with the [Ch][Lac] IL as electrode,
showing an impedance of 2.7 MQ at 60 Hz. The mm-sized
cutaneous arrays recorded high quality spatiotemporal surface
electromyography (EMG) maps, allowing to identify the
motions of the index, little, and middle fingers, and to directly
visualize the propagation of polarization/depolarization waves
in the underlying muscles.?%’

Considering the increasing interest in artificial skin devices
for application in soft robotics and healthcare, the
development of iongels operating in response to diverse
human movement has also been expanding in recent years. To
illustrate with some examples, Ren et al.?>® prepared iongels,
using thiol-ene click chemistry under mild conditions. Due to
the stretchability and flexibility of the click-iongels, the
fabricated triboelectric nanogenerator device exhibited high
mechanical stability in a wide operating temperature range (—
60 to 200 2C).%°® Tee and coworkers?>® reported a self-healing
PVDF-HFP/[Comim][TFSI] iongel, which endured strains as high
as 2000 %, for the application of electronic skins operating
under water. The authors fabricated a touch, pressure and
strain sensor platform to demonstrate the sensory capability
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Fig. 13 (a) Photographs of the inject printing process and printed electrodes on a commercial textile. (b) Images of the pristine textile, the textile
with 8 layers of PEDOT:PSS, and the textile with 8 layers of PEDOT:PSS and 5 layers of cholinium lactate-based iongel. (c) Electrocardiograms
(ECG) data acquired under different conditions: static recoding at t o in the top left corner; static recording at t o + 40 days in the top right corner;
and dynamic recording under repeated hand motion atto+ 40 days in the bottom center. Reprinted with permission from Bihar et al.?*®

Copyright 2017, John Wiley and Sons.

of the iongel. Son et al.?® fabricated an iongel based on PVC,
[Comim][TFSI] IL, and dibutyl adipate (DBA). The application of
this iongel material in human motion was tested by monitoring
sign language and control a mouse pointer in the screen (Fig.
14).2%0 Cao et al.?®! synthesized an iongel by entrapping
[Comim][TFSI] into a poly(ethyl acrylate) (PEA)-based
elastomer and tested it as mechanically compliant conductor
for a flexible skin sensor. The transparent hydrophobic iongel
exhibited elasticity of 15 — 484 kPa, ultrahigh stretchability >
5000 %, and fracture toughness up to 4.7 k)] m=2. The skin-like
sensor fabricated using this iongel showed remarkable
durability (10,000 cycles at 100 % strain) and various motion
behaviours were monitored at high vacuum (6x10™* Pa),
low/high temperatures (=70 and 100 °C), and high relative

18 | Mat. Horiz.

humidity (99 %).2%* Furthermore, Luque et al.'®’ fabricated a
pressure sensor, containing a supramolecular iongel based on
PVA, tanic acid and [Ch][Lac] IL, that was also capable to detect
human motion, showing a high sensitivity (0.1 kPa™1) with an
excellent reversibility.

Aiming at a more sustainable and economically viable
approach, Panzer and coworkers’? fabricated DES gel materials
with choline chloride (ChCl)/ethylene glycol and gelatin for the
fabrication of ionic skin prototype sensor devices to monitor
human finger bending and multi-touch stimuli.”® Likewise,
Hong et al.?%? prepared a gel-based material containing PAAM
and ChCl/Urea/Glycerol. The resulting material displayed
strain-sensitive of conductive elastomers and exhibited great
real-time monitoring ability.

This journal is © The Royal Society of Chemistry 2021
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Another example is iongels that demonstrated potential for
their application in electrolyte-gated organic transistors. For
instance, Thiburce et al.?®® reported high performance
electrolyte-gated organic thin-film transistors employing a
PIL/IL iongel, that is, poly(DADMA TFSI)/[Campyr][TFSI], as a
gate insulator. The devices revealed high transconductance of
3 mS and channel current > 1 mA at operating voltages of only
—1.0 V. On the other hand, Kim and coworkers,*> recently
proposed biocompatible and biodegradable organic transistors
using an iongel as solid-state electrolyte, composed of levan
polysaccharide and cholinium-based ILs. Owing to its
electrochemical properties, namely large specific capacitance
(40 uF cm™ at 10 Hz), the electrolyte based organic transistors
operated at low voltage range (Vps = —1.0 V and Vgs = —2.0).
This nontoxic organic transistor was also applied for
electrocardiogram (ECG) recordings on human skin and the
heart of a rat.145

Materials challenges and perspectives on
bioelectronics

In summary, the device demonstrations discussed above
reinforces that iongels represents a promising non-volatile
alternative to hydrogels for (bio)electronics. The main
conclusions and perspectives in this section are:

(1) The use of iongels in (bio)electronics is the most recent
area of applications and probably the one that offers more
possibilities for the future.

(2) longels having additional properties such as electronic
conductivity, biocompatibility or biodegradability need to be

iongels for

This journal is © The Royal Society of Chemistry 2021

developed to push the different applications and discover new
ones.

(3) The use of biologically active iongels in new drug delivery
devices such as ion-pumps should become one of the fields of
future applications for these materials.

5. Conclusions

Nowadays, iongels cover a wide range of soft solid materials
mostly composed by an IL component which can be
immobilized within different matrices (polymers, inorganic
networks, biopolymers, inorganic nanoparticles). Although
there have been a great number of articles published relating
to iongels, the emergence of alternatives to the expensive ILs,
such as DES,?%% 265 still offer a lot of room for development. We
provided an analysis of the main families of iongels, and
highlighted the new ionic soft materials offering additional
properties, such as thermoresponsiveness, self-healing, mixed
ionic/electronic properties, (photo)luminescence or magnetic
properties. Furthermore, recent success stories in additive
manufacturing (3D printing) of iongels anticipate the future
implementation of these soft ionic materials.

The applications of iongels so far were centred through the
areas of energy (battery, supercapacitors, solar cells) and the
area of gas separation membranes. However, most of the
remaining challenges are related to the robustness of the
materials and the cost/performance balance of the different
technologies. On the other hand, (bio)electronics has emerged
in the last years as a future field of application of iongels. In
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this case, iongels having additional properties such as
electronic conductivity, biocompatibility, biological activity or
biodegradability, need to be developed to push the different
application possibilities. All in all, this review presents an
integrated perspective on the recent progress and advances in
the field of emerging iongel materials.
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Abbreviations

Chcl Choline chloride

CH, Methane

Co, Carbon dioxide

DBA Dibutyl adipate

DES Deep eutectic solvents

DMTA Dynamic mechanical thermal analysis

ECG Electrocardiography

EMG Electromyography

EGDMA  Ethylene glycol dimethacrylate

H, Hydrogen

H,S Hydrogen sulphide

ILs lonic liquids

ILE lonic liquid electrolyte

MiLs Methacryloxy-based ionic liquid monomers
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PBA
PDMS
PDADMA
PEA

PEO
PEDOT
PEGDA
PEGDMA
PET
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PILs
PMMA
PNIPAM
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PVA

PVC
PVDF
PVDF-HFP
SILMs
SLA

TFC

i

UPy

uv
12-HSA
[Romim]*
[Rampyr]*
[Rampip]*
[Pm.n.o.p]+
[Nm.n.o.p]+
[Ch]*
[Br]”
-
[TFSI]~
[FSIT~
[PFe]”
[BF4]~
[EtSO4]~
[CF3SOs]~
[N(CN)2]-
[C(CN)s]
[B(CN)4l-
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Methyl methacrylate

Metal organic frameworks

Nitrogen

Oxygen

Polyamide

Poly(acrylonitrile)

Poly(butyl acrylate)

Poly(dimethylsiloxane)

Poly(diallyldimethylammonium)

Poly(ethyl acrylate)

Poly(ethylene oxide)

Poly(3,4-ethylenedioxythiophene)

Poly(ethylene glycol) diacrylate

Poly(ethylene glycol) dimethacrylate

Poly(ethylene terephthalate)

Polyimide

Poly(ionic liquid)s

Poly(methyl methacrylate)

Poly(N-isopropylacrylamide)

Poly(styrene)

Poly(vinyl alcohol)

Poly(vinyl chloride)

Poly(vinylidene fluoride)

Poly(vinylidene fluoride-co-hexafluoropropylene)

Supported ionic liquid membranes

Stereolithography

Thin-film composite

Li* transference number

Ureido-pyrimidinone

Ultraviolet

12-hydroxystearic acid

1-Alkyl-3-methylimidazolium

1-Alkyl-3-methylpyrrolidinium

1-Alkyl-3-methylpiperidinium

Tetraalkylphosphonium

Tetraalkylammonium

Cholinium

Bromide

Chloride

Bis(trifluoromethylsulfonyl)amide

Bis(fluorosulfonyl)imide

Hexafluorophosphate

Tetrafluoroborate

Ethyl sulfate

Trifluoromethanesulfonate

Dicyanamide

Tricyanomethanide
Tetracyanoborate

[(MeQ)HPO,]- Methylphosphonate

[FeCls]™ Tetrachloroferrate
[Ac]™ Acetate

[Lac]~ Lactate

[Pro]~ Prolinate
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