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Review

The Role of Interfaces in Ionic Liquid-Based Hybrid 
Materials (Ionogels) for Sensing and Energy Applications

Ji Wei Suen, Naveen Kumar Elumalai,* Sujan Debnath, Nabisab Mujawar Mubarak,* 
Chye Ing Lim, and Mohan M. Reddy

DOI: 10.1002/admi.202201405

1. Introduction

Ionogels are a new hybrid material class 
that confines the ionic liquids in a solid 
structure.[1] Ionic liquids (IL) are liquid 
salts comprised of anions and cations, 
exhibiting high thermal stability and neg-
ligible vapor at ambient temperature, thus 
responsible for the low flammability of 
ionic liquids.[2] The chemical composition 
and type of ionogel govern the properties 
of ionogel. Confining ionic liquid will lev-
erage the leakage issue incurred by ionic 
liquid while maintaining the high ionic 
conductivity.[1] Ionogels demonstrate high 
stability over time, even under reduced 
pressure, and retain the specific proper-
ties of IL, except for outflow.[3] In short, 
ionogels integrate the superiority of con-
ductivity, nonvolatility and transparent-
ness, enhancing their suitability in several 
energy-related applications, such as solid 
electrolytes for lithium batteries, electro-
chemical actuators and capacitors.[4] The 
application of ionogel in flexible electronic 
devices has also received tremendous 
research interest due to its excellent adapt-

ability, lightweight, and flexibility in areas ranging from clinical 
science to robotics.[5]

Ionogels can be classified into different categories, while 
various approaches must be considered to produce different 
types of ionogel. For instance, Le Bideau et  al. have provided 
a detailed review of the classification of ionogel.[6] Ionogel can 
be classified into inorganic, organic, and organic–inorganic 
ionogel. Precise synthesis methods and different types are dis-
cussed in the later section. Nevertheless, the ionic conductivity 
of ionogel may remain a concern, as it only achieved 30% to 
50% of pure ionic liquid conductivity, ranging from 10−8 to 
10−5 S cm−1, undoubtedly limiting its practical application.[7] 
Researchers have been focusing on enhancing the ionic con-
ductivity of ionogel in recent years. The main challenge is that 
the ionic conductivity is improved at the cost of the mechanical 
strength of ionogel. Hence, producing ionogel with high con-
ductivity and mechanical strength remains a challenging quest.

Prominent and rigorous research is carried out on hybrid 
ionogels with a consistent progress and development trend, 
as depicted in Scheme 1. The trends portray that the quest for 
higher performance is much greater in the last 2 years than 
in any other years before, owing to the recent development 
in new materials, characterization techniques and processing 

Ionogels have established themselves as an intriguing type of composites, 
owing to their distinctive properties, including superior thermal stability, non-
flammability, tunable electrochemical stability window, and high ionic conduc-
tivity. Hybrid materials based on ionic liquids (ionogels) are held together by 
interfaces arising out of intermolecular interactions, including electrostatic, van 
der Waals, solvophobic, steric, and hydrogen bonding. The interfaces within the 
ionic liquid (ILs) and its multifaceted interplay with the encapsulating matrix 
greatly influence the physicochemical and electronic/ionic interactions within 
the composite resulting in exceptional characteristics, allowing for the design 
of ionogels for targeted applications. Though ionogels have shown superior 
properties comparable to neat ILs, they still exhibit relatively low mechanical 
strength, limiting their application in several practical technologies. Simulta-
neous enhancement of mechanical durability while retaining high ionic con-
ductivity is indispensable, which requires understanding interfaces and related 
influencing parameters. This review provides a synergetic comprehension, 
focusing on the interactive forces and factors affecting the conductivity, sta-
bility, and robustness of ionogels. Correlating with interfaces, several strategies, 
including the implications of nanofiller incorporation on the electromechanical 
properties of ionogel, are also elaborated. Finally, a primer is provided on the 
application of ionogels in sensors and energy harvesting technologies.
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conditions. Therefore, any research in ionogels aimed at 
energy-related applications cannot overlook the role of inter-
faces and their implications on the functionality of the resultant 
material systems. Hence, a detailed understanding of the inter-
faces and associated mechanisms is indispensable to achieving 
higher performance and improving the viability of incorpo-
rating ionogels in real-world applications.

Furthermore, it is claimed that incorporating nanofiller could 
improve the mechanical and thermal properties of ionogel 
while mentioning that it would counterbalance the effect of 
high IL loading.[8] Different types of nanofiller have been intro-
duced in the synthesis of ionogel, such as nano alumina,[9] sil-
icon dioxide,[10] carbon nanotubes (CNTs),[11]titanium dioxide,[12] 
and aluminum oxide.[13] One nanofillers that has drawn atten-
tion among researchers is the incorporation of nanocellulose 
in ionogel. Nanocellulose possesses several properties such as 
high mechanical strength, nanoscale dimension, thermal sta-
bility, high aspect ratio, and large surface area.[11b] The large 
surface area of nanocellulose would offer better interfacial 
interaction between the polymer matrix and nanocellulose, pro-
vided the nanofiller is dispersed uniformly within the polymer 
matrix.[14] Moreover, the high aspect ratio of nanocellulose cre-
ates a significant degree of entanglement in the nanocomposite 
structure, further improving the mechanical properties.[14] In 
addition, the cellulose design consists of D-anhydro glucopyra-
nose units, which are linked together by β-1,4 glycosidic bond, 
rearranging forming crystalline and amorphous regions.[15] The 
amorphous region of nanocellulose progressively swells at high 
temperatures resulting in the rotation of the bond, thereby cre-
ating segmental motion and increasing the ionic conductivity.[16]

The ionic conductivity of ionogel is related to the segmental 
motion, which assists ion hopping between favorable conduction 
sites.[17] Polu and Singh studied the ionic conductivity of nanocom-
posite polymer electrolytes, with polyethylene oxide (PEO) as the 
polymer backbone.[18] It was revealed that nanocomposite polymer 
electrolytes enhanced the segmental motion of the PEO chain, 
thus improving the ionic conductivity by two orders of magnitude. 

Kim et  al. further clarified that the polar groups of polymer will 
lead to salt dissolution, where the dissociated cations will form pol-
ymer-cation complexes. At the same time, the segmental motion 
will result in the appearance of free volume.[19] Thus, free ions can 
move from one chain to another, enhancing ionic conductivity.

This study explores different approaches to synthesizing 
ionogel, explaining different confining polymer matrices. The 
possible interaction at the interfaces and interactive forces 
within ionogel and with the encapsulating matrices are com-
prehended, contributing to a significant understanding of the 
correlation between such interfacial interactions and ionogel 
performances. Besides, a summary regarding incorporating 
nanofillers in ionogel and its effect on electromechanical per-
formance has been discussed.

2. Why Ionogel?

2.1. Ionic Conductivity

The ionic conductivity is one of the critical properties of ionogel 
that determines its performance in task-specific applications. 
Ionogel is known for its vast applications, especially in lithium-
ion batteries. Figure 1a shows the application of ionogel in a 
supercapacitor, sandwiching between two electrodes. Figure 1b 
shows an example of an ion transport mechanism that deter-
mines lithium-ion batteries’ functional ability.

Ionic conductivity quantifies the mobility and availability of 
the ions for ongoing electrochemical reactions.[20] The ionic 
conductivity of ionogel is mainly attributed to the ionic liquid. 
Meanwhile, the ionic conductivity of the ionic liquid is based 
on the viscosity and the mobility of cations and anions in 
ionic liquid.[21] Increasing the length of the cationic alkyl chain 
generally causes the cation’s volume to grow, hence the viscosity 
of ILs. Reduced anions and cations mobilities in ILs exhibit 
a synergistic effect on lowering the electrical conductivity of 
ILs.[22] Confining different types of ionic liquids endows ionogel 

Scheme 1. (Inset) Graph showing the number of documents published w.r.t Ionogels in energy related applications. Graph details obtained from 
scopus with keywords as search filter from 2006 to 2022 with a total of 7720 documents. (Bottom) Graph showing the number of documents published 
w.r.t ionic liquids for energy-related applications from 1997 to 2022 with a total of 13041 publications.
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with varying ionic conductivities. Table 1 summarizes the ionic 
conductivities of ionogel with other ionic liquids, ranging from 
10−3 to 10−5 S cm−1. Thus, it can be observed that after confining 
ionic liquid, the ionic conductivity decreases by a few orders, 
which will impact the performance of ionogel. However, the 
ionic liquid ratio is essential in determining the ionic conduc-
tivity of ionogel. For instance, Li et al. explored the effect of dif-
ferent weight percent of ionic liquid on its ionic conductivity.[23] 
At 10 wt%, the ionic conductivity was low, reported with a value 
of 0.97  × 10−6 S cm−1. An increasing trend of ionic conductivity 
was reported as the loading of ionic liquid increases, up to 
50 wt%. The difficulty arises with the further expansion of the 
ionic liquid in fabricating supporting polymer films. However, 
D’ Anna et al. have found that when the ionogel is synthesized 
through the gelation process, the gelators exhibit a relaxation 
phenomenon, resulting in comparable ionic conductivity as 
that of pure ILs.[4d] Confining ionic liquid in a composite matrix 
could also enhance ionic conductivity. Weng et al. determined 

the ionic liquid in a composite polymer matrix (poly(vinyl 
alcohol) (PVA) and poly(vinylpyrrolidone) (PVP)) at different 
ratios of PVA and PVP.[24] It was reported that the ionic con-
ductivity was directly proportional to the content of PVP, as 
the presence of PVP leads to decreased crystalized segments in 
PVA. This has facilitated the movement of ions, thus improving 
ionic conductivity. Temperature also affects ionic conduc-
tivity, as polymer chains’ IL mobility and flexibility depend on 
temperature.

2.2. Thermal Stability

The thermal stability of ionogel is one of the crucial indicators 
of ionogel performance, as thermal stability is used to examine 
the operating temperature range of ionogel. In this context, 
thermogravimetric analysis is used to understand the degrada-
tion behavior of the ionogel.[3] Ionic liquid exhibits high thermal 

Figure 1. Application of ionogel. a) Application of ionogel in lithium-ion batteries application. Reproduced with permission.[263] Copyright 2020, Elsevier. 
b) Transport of ion within ionogel. Reproduced with permission.[264] Copyright 2019, Royal Society of Chemistry.

Table 1. Ionic conductivity of ionogel with different ionic liquids.

Ionic liquid/salt Preparation method Ionic conductivity Reference

Guanidium-based ionic liquid Guanidium-based ionic liquid confined in guanidium-based polymeric ionic liquid (host) 1.17 × 10−4 S cm−1. @ 80 °C
1.58 × 10−5 S cm−1. @ 50 °C

[237]

DMOImPF6 Solution casting method with PVDF-HFP as polymer matrix 4.11 × 10−5 S cm−1. @ 30 °C [238]

BMIPF6 In situ polymerization of methyl methacrylate (MMA) monomers in BMIPF6 1.50 × 10−4 S cm−1. @ 25 °C [23]

EMImSCN Solution casting method with polyethylene oxide (PEO) as polymer matrix  
and potassium iodide (KI) as salt

7.62  × 10−4 S cm−1. @ 25 °C [239]

PMII Solution casting method with polyethylene oxide as a polymer (PEO) 3.29 × 10−4 S cm−1. @ 25 °C [240]

BMI TFSI Sol–gel method, with molar ratio formic acid to TMO = 7.8:1 2.5 × 10−3 S cm−1. @475 K [241]

BMI TFSI Sulfobetaine vinylimidazole (SBVI) is used as a ZI monomer 6.5 × 10−3 S cm−1. @ 25 °C [242]

EMI TFSI Preparation of ionogel precursor solution by combining EMI TFSI, PETA-4, HOMPP,  
and methacrylate monomers in a small vial

7.6 × 10−3 S cm−1. @ 22 °C [243]

EMIm DCA PVP solution and PVA solution were dissolved in deionized water under  
magnetic stirring, then mixed with ionic liquid

19.7 × 10−3 S cm−1. @ 25 °C [24]

EMIM TFSI Mixing thiol, PEGMA, PEGDA under protected conditions, the ionic liquid was  
then added to obtain an electrolyte precursor solution

2.4 × 10−3 S cm−1. @ 25 °C [244]

Abbreviations: DMOImPF6: Dimethyl-1-octyl imidazolium hexafluorophosphate; BMIPF6: 1-Butyl-3-nethylimidazolium hexafluorophosphate; EMImSCN: 1-ethyl 3-methylim-
idazolium thio-cyanate; PMII: 1-methyl 3-propyl imidazolium iodide; BMI TFSI: 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide; EMI TFSI: 1-ethyl-3-methy-
limidazolium bis(trifluoromethylsulfonyl)amide; EMIM DCA: 1-ethyl-3-methylimidazolium dicyanamide; PEGMA: Poly(ethylene glycol) methacrylate.
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stability, such as inner evaporation and decomposition, the pre-
requisite for the wide range of industrial applications.[25] The 
thermal stability of ionic liquid also indirectly influences the 
thermal stability of ionogel. The structure of anions and cations 
in IL play a major role in determining the stability; studies have 
shown to improve the thermal stability of IL through modifica-
tion of the alkyl chain length, alkyl substituents and functional 
groups.[26] The effect of structural orientation on the thermal 
stability of ionic liquid was conducted by Akcay et al.[27] It was 
reported that the anion structure strongly impacted the thermal 
stability limit. At the same time, the acidic strength of the imi-
dazolium ring increases, accompanied by a decrease in the 
inter-ionic interaction strength, which will increase the thermal 
stability.[27] With ionogel retaining most of the properties of IL, 
the ionogel also exhibits high thermal stability. Such properties 
address the safety concerns and elevate the high-temperature 
limit during operation.[28] Table 2 summarizes the thermal sta-
bility of ionogel. It can be observed that the ionic liquid exhibits 
high thermal stability, though a slight decrement in the thermal 
stability is shown after being confined in ionogel. The thermal 
stability of ionogel corresponds to the components present in 
ionogel. For instance, the initial mass loss within a lower tem-
perature range is observed for silica ionogel due to silica degra-
dation. Further increasing the content of silica also augments 
the initial mass loss due to the condensation of silanols. In 
short, ionogel still displays thermally stable behavior in a wide 
range of operating temperatures (200 −461 °C).

2.3. Electrochemical Stability

The electrochemical stability of the ionogel is another essential 
property that controls the open-circuit voltage (VOC), which in 
turn determines the cycle life of the ionogel.[29] The oxidation 
potential and reduction potential determine the electrochem-
ical stability.[30] An ionogel with an excellent electrochemical 
stability window (ESW) should exceed the electrochemical 

potential of the cathode (μc) and anode (μa), as shown in 
Figure 2. Moreover, the electrochemical potential of anode and 
cathode should also fall within the valence band minimum 
(VBM) and conduction band maximum (CBM) of the electro-
lyte. If the electrochemical stability fails to fall within VBM and 
CBM, a passivation layer will form at the interface. Although a 
passivation layer can raise the electron-transfer barrier across 
the interface, it also prevents Lithium and Li+ ions from 
reaching the electrolyte, limiting the battery’s cycle life.[29]

Table 3 summarizes the ESW of various ionic liquids, indi-
cating a wide range of values up to 5.4 V, thereby suitable for prac-
tical applications. Han et  al. synthesized ionogel by employing 
polyurethane acrylate oligomer and IL under UV conditions and 
found that the increased content of IL in the ionogel would lead 
to poor electrochemical stability of ionogel.[31] In contrast, higher 
oligomer content would result in poor ionic conductivity but high 
electrochemical stability. Thus, an appropriate IL-to oligomer ratio 
is essential for ionogel to exhibit good ionic conductivity and elec-
trochemical windows. Moreover, Weng et al. explored the effect of 
the terminal group on the electrochemical window of ionogel.[24] 
By varying the molecular weight of the polymer, manipulating the 
more or less OH group would result in a narrowed or extended 
ESW. Furthermore, replacing OH groups with OCO(CH2)16CH3 
would also achieve electrochemical stability. In short, it is feasible 
to extend the electrochemical window of ionogel by substituting 
the unstable terminal OH group.

2.4. Mechanical Properties

For practical applications across diverse technologies, ionogel 
has to show good mechanical properties to ensure that it will 
not break, which will also impact the longevity and perfor-
mance of ionogel. The incorporation of ionic liquid in different 
matrices plays a crucial role in governing the mechanical prop-
erties of ionogel.[32] Visentin et  al. studied the impact of ILs 
with other anions (tris(pentafluoroethyl)trifluorophosphate, 

Table 2. Thermal stability of ionogel.

Ionic liquid Polymer matrix/confining system Decomposition temperature Reference

BMIM BF4 Synthesis of ionogel through the sol–gel process, with TEOS as silica percussor Pure IL: 461 °C
Ionogel (97:3, IL:SiO2): 453 °C

[245]

Bronsted acidic ionic liquid 
(eim4s, HTf2N)

Sol–gel method, while percussor used is TMOS Eim4s:HTf2N (50:50), 352 °C [246]

BMIM FeCl4 Prepared by solution casting of IL in dissolved PMMA in acetone Pure IL: 330 °C
Ionogel: 290 °C (20 wt%)–305 °C (80 wt%)

[247]

BMIM CI Synthesized by a self-initiated mechanism under UV irradiation condition 200 °C [12]

BMIM N(Tf)2 Prepared by mixing ionic liquid with PMMA insolvent (THF), then cast  
on Petri dishes and allowed to dry for 24 h.

Pure IL: 350 °C
Ionogel (PMMA and IL): 305 °C

[248]

BmpyrTFSI They were prepared by dispersing silica nanofiller grafted with SpmIm 
TSFI in the IL host.

Pure IL: 450 °C
Ionogel: 583 K

[249]

[Bmim][N(Tf)2]
[Bmim][MO] as dye-IL

Mixing Bmim Mo and Bmim N(Tf)2 with PMMA solution in acetone,  
then cast on a petri dish, then vacuumed

Ionogel: 285 °C [250]

C2mim NTf2 Confined in PEA based elastomer through hydrogen bonding Ionogel: 330 °C [76]

Abbreviations: BMIM BF4: 1-Butyl-3-methylimidazolium tetrafluoroborate; HTf2N: 1-(1-ethyl-3-imidazolio)butane-4-sulfonate (eim4s), bis(trifluoromethyl sulfonyl)imide; BMIM 
FeCl4: 1-butyl-3-methylimidazolium tetrachloroferrate; BMIM Cl: 1-butyl-3-methylimidazolium chloride; BMIM N(Tf)2: 1-butyl-3-methylimidazolium bis(trifluoromethane sul-
fonyl)imide; BmpyrTFSI: 1-Butyl-1-methylpyrrolidinum bis (trifluoromethylsulfonyl)imide; [Bmim][N(Tf)2]: 1-butyl-3-methylimidazolium bis(trifluoromethane sulfonyl)imide; 
[Bmim][MO]: 1-butyl-3-methylimidazolium methyl orange; C2mim NTf2: 1-ethyl-3-methylimidazolium bis- (trifluoromethylsulfonyl)imide.
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FAP, bis(trifluoromethanesulfonyl)imide, TFSI, tetracyano-
borate TCB) on the properties of ionogel with poly(ethylene 
glycol) diacrylate (PEGDA) support.[33] At a constant PEGDA 
support weight fraction, the elastic modulus values were in 
EMI FAP > EMI TFSI > EMI TCB. However, it is also reported 
that by altering the density of anions (manipulating the IL vis-
cosity), a lesser amount of polymer is required to realize the 
gelation of ionogel. Furthermore, the mechanical properties of 
ionogel were in the range of 103–104 Pa, which indicates weak 

mechanical property.[34] However, Rizzo et al. synthesized iono-
gels with organic salts, showing self-strengthening behavior 
and good load-bearing capacity. The synthesized ionogel could 
hold a metal or ceramic weights of up to 50  g.[35] The cross-
linking process within ionogel would enhance the mechanical 
strength of ionic liquid and polymer-based ionic liquid.[32] 
Saricilar et al. employed a PEGDA in the synthesis of ionogel, 
the formation of crosslinked ionogel is shown in Figure 3a.[36]  
The shape of the network increases the elastic modulus  

Figure 2. Energy diagram for interface with anode and cathode. Reproduced with permission.[29] Copyright 2019, American Chemical Society.

Table 3. Electrochemical stability of ionogel.

Ionic liquid/salt Preparation method Electrochemical  
stability window

Reference

BMIM BF4 Dissolve acrylate terminated hyperbranched polymers in IL under magnetic stirring; the mixture was treated in 
UV curing condition after the initiator was added

4.3 V [251]

EMITFSI Synthesized by using PUA oligomer and IL, then treated by UV ramp. The weight ratio of PUA is varied  
(15, 20, 25, 30, 35)

At 25 wt% PUA: 4 V [31]

VI-TFSI SPS was dissolved in THF solvent with stirring then cast on a glass slide; liquid VI-TFSI was then used to fill the pores 5.1 V [252]

PYR14TF2N Syndiotactic polystyrene pellets were dissolved in ionic liquid 4.8 V [253]

LiTFSI Produced through the melt-infusion process by melting PEGDME electrolyte that is impregnated in porous celgard 4.3 V [24]

LiFePO4 Dissolving PVDF-HFP in DMF, followed by dispersion of SiO2 through ultrasonication, PEGDA and DPPO were 
then added to obtain a mixture solution

5.4 V [254]

Py13 TFSI Sol–gel method, by first dissolving LITFSI in ionic liquid, then added SCA and formic acid  
at the ratio of 0.75:1:5.9. The solution was poured into a round mould

5.1 V [49]

LiClO4 When prepared by dissolving PVDF-HFP in N-methyl pyrrolidone with constant stirring, ZnO is added.  
The membrane is then soaked in IL for the formation of ionogel

4.6 V [255]

EMIMTFSI Solution casting method, with PEO as polymer matrix 4.6 V [256]

PMpyr NTf2 Solution casting method, with PVDF-HFP and THF as polymer matrix and solvent, respectively 50 wt% IL: 4.0 V
80 wt% IL: 4.7 V

[257]

Pyr14TFSI Prepared by heating IL, then followed by addition of PEC to obtain a dense mixture 4.3 V [258]

Abbreviations: VI-TFSI: 1-ethyl-3-vinylimidazolium bis (trifluoromethylsulfonyl) imide; PYR14TF2N: 1-n-butyl-methylpyrrolidinium bis (trifluoromethane sulfonyl)imide; Py13 
TFSI: 3-Glycidyloxypropyltrimethoxysilane; LiClO4: Lithium perchlorate; PMpyr NTf2: 1-methyl-1-propylpyrrolidinium bis(trifluor-omethyl sulfonyl)imide; Pyr14TFSI: N-nbutyl-
N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide; sPS: syndiotactic polystyrene.
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(130–470  kPa) when the crosslinker concentration increases. 
Further studies have been conducted to realize the high 
mechanical strength of ionogel. For instance, the mass ratio 
of polymethyl methacrylate (PMMA) to tetraethylorthosilicate 
(TEOS) was varied to understand the impact of the ratio on 
mechanical strength. At a ratio of 80:20, the ionogel shows 
uniform extension and no fracture after 200% strain; mean-
while, it was also observed that the increasing IL content 
would exert a plasticizing effect, decreasing the Young mod-
ulus.[37] Nevertheless, Gayet et  al. found that a higher range 
of TEOS leads to ionogel with greater strain values, endowing 
the ionogel with high flexibility.[37] Preparation of ionogel by 
confining IL in a charged double network based on poly(2-
acrylamido-2-methyl-1-propanesulfonix acid (PAMPS) would 
equip ionogel with good mechanical strength as a result of 
the nonlinear effect exerted by the binary structure.[38] Without 
adding a crosslinker, the enhancement of mechanical strength 
could also be achieved through zwitterions (ZIW) networks. 
Sun et  al. reported an increase in the tensile strength of 
ionogel from 0.12 to 2.3  MPa with an increasing concen-
tration of ZIW.[39] The ZIW network (Figure  3b) endowed 
ionogel with superior mechanical properties comparable to 
crosslinked ionogel. Moreover, the enhancement of mechan-
ical strength is due to the increasing density of dipole-dipole 
physical crosslinking between polymer chains. The formation 
of hydrogen bonds and ion aggregation also enhances the 
mechanical properties of ionogel.[40]

3. Ionogel Classification

Ionogel is synthesized through entrapment, incorporation, or 
confinement of ionic liquids in hybrid, inorganic or organic 
matrix Table 4. Ionogel possesses higher thermal stability, 
which provides a stable and wide temperature range.[41] The 
classification of ionogel is based on the type of matrix, which 
are inorganic matrix, organic–inorganic (hybrid) matrix, and 
organic matrix.[42]

3.1. Inorganic Ionogel

Figure 4 depicts the further classification of inorganic ionogels 
based on the synthesis method, where the details of each pro-
cess are explained in Sections 3.1.1 and 3.1.2.

3.1.1. “Bucky” Gel

The “Bucky” gel is prepared mechanically by mixing IL and CNT. 
CNTs are nanostructures that are derived from rolled graphene 
planes, which exhibit interesting physical and chemical proper-
ties; they can be classified into single-walled carbon nanotubes 
(SWCNTs) and multiple-walled carbon nanotubes (MWCNTs).[43] 
The mixture of ILs and CNTs will turn into a dense suspen-
sion due to the gelification process, which indicates possible 

Figure 3. Interactions within ionogel. a) Interaction between crosslinker and ionic liquid in ionogel. Reproduced with permission.[265] Copyright 2014, 
American Chemical Society. b) Interaction between ZIW and ionic liquid within ionogel. Reproduced with permission.[39] Copyright 2017, Elsevier.

Adv. Mater. Interfaces 2022, 9, 2201405
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Table 4. Summary of ionogel classification.

Type Method Reference

Inorganic ionogel Bucky gel IL: 1-butyl-3-methylimidazolium tetrafluoroborate (BMIBF4)
CNT: Single-walled nanotubes (SWNTs)

Matrix: Poly(vinylidene fluoride-hexafluoropropylene) PVdF(HFP),4-methyl-
2-pentanone (MP)

Application: Actuator

[45]

IL: 1-butyl-3-methylimidazolium tetrafluoroborate (BMIBF4)
CNT: Single-walled nanotubes (SWNTs)

Matrix: Poly(vinylidene fluoride-hexafluoropropylene) PVdF(HFP), dimethylacet-
amide DMAc (solvent)

Application: Actuator film

[46]

IL: TEMPO-MelmTFSI
CNT: Multi-walled nanotubes (MWNTs)

Application: Actuator film

[44]

Silica-based ionogel IL: 1-ethyl-3-methylimidazoliumbis(trifluoromethylsulfonyl)imide (EMI TFSI)
Silica precursor: Tetramethoxysilane (TMOS)

Catalyst: Formic acid
Application: Energy storage application

[48]

IL: 3-glycidyloxypropyltrimethoxysilane (Py13TFSI)
Salt: bis(trifluoromethane)sulfonimide (TFSI)
Silica precursor: Silane coupling agent (SCA)

Catalyst: Formic acid
Application: Lithium-ion batteries

[49]

IL: 1-butyl-3-methylimidazolium tetrafluoroborate (BmIMBF4)
Salt: Lithium trifluoromethanesulfonate (LiOTf) or bis(trifluoromethane)sulfon-

imide (LiTFSI)
Silica precursor: Tetraorthosilicate (TEOS)

Catalyst: Hydrochloric acid
Application: Lithium-ion batteries electrolytes

[50]

IL: (N-methyl-N-propylpyrroli-dinium bis(trifl uoromethanesulfonyl)imide 
(Pyr13TFSI)

Salt: bis(trifl uoromethanesulfonyl)imide (LiTFSI)
Silica precursor: Tetraorthosilicate (TEOS)

[51]

IL: 1-ethyl 3-methylimidazolium trifluoromethanesulfonate (EMIM TF)
Salt: Lithium tri-fluoromethanesulfonate (LiTF)

Catalyst: Formic acid
Silica precursor: Tetraorthosilicate (TEOS)

[52]

Organic ionogel Addition of low molecular weight gelator IL: Tetramethylammonium bromide (TMABr)
Gelator: Methyl-4,6-O-(p-nitrobenzylidene)-a-d-glucopyranoside

[58]

Gelation by organic 
polymer

Doping of polymers with ionogel IL: 1 ethyl 3 methylimidazolium dicyanamide (EMIM DCA)
Polymer: Polyvinylidene fluoride (PVDF)

[60]

IL: 1-ethyl-2,3-dimethylimidazoliumtetrafuoroborate (EDiMIM)(BF4)
Polymer: poly(vinylidene fuoride-co-hexafuoropropylene) [PVdF(HFP)]

[259]

Polymerization of monomers in 
ionic liquid

IL: 1-ethyl-3-methyl imidazolium bis(trifluoromethane sulfonyl)imide (EMITFSI)
Monomer: methyl methacrylate (MMA)

[62]

IL: 1-butyl-3-methylimidazolium hexafluorophosphate (BMIPF6)
Monomer: methyl methacrylate (MMA)

[63]

Organic–inorganic ionogel (hybrid ionogel) IL:
1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (BMImNTf2)
1-ethyl-3-methylimidazolium bis(tri-fluoromethylsulfonyl)imide (EMImNTf2)

1-butyl-1-methylpyrrolidi-nium bis(trifluoromethylsulfonyl)imide (BMPyrrNTf2)
1-ethyl-3-methylimidazolium trifluoroacetate (EMImATf)
1-butyl-3-methylimidazolium trifluoroacetate (BMImATf)

1-ethyl-3-methylimi-dazolium trifluoromethanesulfonate (EMImOTf)
1-butyl-3-methylimi-dazolium trifluoromethanesulfonate (BMImOTf)

Monomer:
trimethylolpropane tris(3-mercaptopropionate andtriallylisocyanurate

[64]

Adv. Mater. Interfaces 2022, 9, 2201405
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interaction between IL and the surface of CNTs, such as electro-
static interaction and van der Waals.[44] The “Bucky gel” is often 
applied as an electrode layer, as depicted in Figure 5.

Layer-by-layer casting with the ionic liquid method based on 
bucky gel was employed by Fukushima et al. to produce a fully 
plastic actuator.[45] The actuator has displayed several advan-

tages, one of them being simple and can be readily extended 
to printing-based processing, which is crucial for machinery 
miniaturization.[45] Mukai et  al. proposed a two-step process, 
including the ball-mill method, to prepare a gelatinous mixture 
containing ILs, polyvinylidene fluoride-co-hexafluoropropylene 
(PVDF-HFP), and SWCNT.[46] The actuator performance is 

Type Method Reference

IL: N-butyl-N-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (BMPTFSI)
Hybrid cross-linker: (poly(ethylene oxide)-co-methacryloxypropyl)silsesquioxane) 

(PEO-SQ)
Salt: Lithium bis(trifluoromethylsulfonyl) imide (LiTFSI)

[66]

IL: N-butyl-N-methyl-pyrrolidinium bis(trifluoromethylsufonyl)imide (BMPTFSI)
Hybrid cross-linker: Polysilsesquioxane, LTATFSISQ

Salt: Lithium bis(trifluoromethylsulfonyl) imide (LiTFSI)

[67]

IL: 1-butyl3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide
Filler: Graphene

Polymer: Poly(methylmethacrylate) (PMMA)

[69]

IL: 1,2-dimethyl3-ethoxyethyl imidazolium bis(trifluoromethane- sulfonyl)imide 
(EtO(CH2)2MMI]TFSI)

Salt: Lithium bis(trifluoromethylsulfonyl) imide (LiTFSI)
Polymer: Glycidyl polyhedral oligomeric

silsesquioxane (GPOSS)

[25]

IL: 1,3-butylmethylimidazolium bis(trifluorosulfonyl)imide (BMIMTFSI)
Salt: Lithium bis(trifluoromethylsulfonyl) imide (LiTFSI)

Silica precursor: Tetraethylorthosili-cate (TEOS), methyltrimethoxysilane (MTMS)

[71]

Table 4. Continued.

Figure 4. Inorganic ionogel classification. a) Carbon nanotube structure. Reproduced with permission.[266] Copyright 2012, Elsevier. b) General mole-
cular structure for ionic liquid. Reproduced with permission.[267] Copyright 2007, Hindawi. c) Different types of silica precursor structure, source: figure 
reproduced from Ikeda and Nomura (2016262). Reproduced with permission.[267] Copyright 2007, Hindawi.

Adv. Mater. Interfaces 2022, 9, 2201405
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enhanced by developing a bucky gel electrode layer with high 
SWCNTs content, where the maximum stress and strain 
were reported to be 4.7  MPa and 1.9%, respectively. Mourad 
synthesized redox bucky gel based on room temperature redox 
ionic liquid and different content of CNTs while the elec-
trochemical behavior was analyzed.[44] At 2 wt% of CNTs, the 
formation of the percolating network is confirmed through 
electrochemical impedance spectroscopy, which imparts the 
system’s electronic conductivity. In short, the application of 
bucky gel in the actuator is widely explored. It is also possible 
to comprehend CNTs’ mechanical and electrical properties.[47]

3.1.2. Silica-Based Ionogel

Silica is the most used oxide network in the immobilization of 
ionic liquid. Silica-based ionogel can be synthesized by dispersing 
silica nanoparticles in ILs or using sol–gel techniques. The latter 
employed sol–gel synthesis to produce a silica scaffold and immo-
bilized ionic liquid. This route explores the reaction between 
tetramethoxysilane (TMOS), formic acid, and silica precursor 
to generate a scaffold. Figure  4 shows a simple schematic for 
sol–gel synthesis; the silica precursor is responsible for forming 
the silica network, while the electrolyte solution is accountable 
for the transport of ions. Horowitz employs TMOS, formic acid, 
and 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl 
imide (EMI TFSI) as the ionic liquid to synthesize ionogel.[48] 
In this study, the formulations of ionogel have been improved, 
which possess advantages in mechanical and electrical prop-
erties. During the sol–gel synthesis, the ionogel retains good 
dimensional stability in having negligible volume change 
during change, which maintains the electrical contact between 
the electrolyte and electrode. As a result, the ionogel exhibits 
superior electrical performance. Furthermore, the ionogel has 
displayed ionic conductivity and capacitance almost equivalent 
to the neat ionic liquid. Wu et  al. synthesized a new class of 
ionogel by modifying its silica-supported ionogel organically.[49] 
Wu et  al. used epoxy functionalized as silane coupling agent 
(SCA), as it is commercially available and contains one organic 
functional group and three hydrolyzable groups. The SCA is 
used as a silica precursor and N-propyl-N-methylpyrrolidinium 
bis(trifluoromethylsulfonyl)imide ([Py13][TFSI] as an ionic liquid. 
However, the SCA is a precursor and interfaces between organic 

and inorganic material. This approach led to the fabrication of 
soft, mechanically compliant ionogel while varying ionic liquid 
content. It is also worth mentioning that such ionogels exhibit 
higher ionic conductivity than neat ionic liquids. Cheng et  al. 
synthesized two types of ionogel by using lithium trifluorometh-
ansulfonate (LiOTf) and bis(trifluoromethane) sulfonide lithium 
(LiTFSI), respectively, as different lithium salt would result in the 
different microstructure of the ionogel.[50] The ionic liquid used 
was 1-butyl-3-methylimidazolium tetrafluoroborate ([BM1M]
[BF4]). The ionogels displayed good thermal stability and high 
ionic conductivity due to their cross-linked and rich porous 
structure, providing a pathway for active ion transport. Cheng 
et  al. further explored the application of ionogel in LiFePO4 
coin cells and showed stable discharge capacity (141 mAh g−1)  
for more than 100 cycles.[50] Apart from synthesizing silica-
based ionogel, the fabrication of silica hybrid ionogel was 
also explored by other authors. Guoyomard-Lack et  al. pro-
duced ionogel through straightforward one-pot solubiliza-
tion of a polymer. The resultant ionogel is comprised of SiO2 
from TEOS, electrolyte solution (N-methyl-N-propylpyrroli-
dinium bis(trifluoromethanesulfonyl)imide lithium salts, and 
PVDF-co-hydroxyethyl acrylate (PVDF-co-HEA) as polymer.[51] 
The polymer matrix contains a pendant alcohol group which 
will provide linkage to the silica. The ionogel exhibited supe-
rior transparency and high ionic conductivity (10−4–10−3 S cm−1)  
in a wide temperature range (10 −60 ○C). The authors also found 
that the properties could be tuned by varying the composition in 
the ionogel. Khurana investigated a similar material system but 
employed PVDF-HFP as a polymer. The non-aqueous sol–gel 
route was used where the silica particles are uniformly dispersed 
in the host matrix and have no noticeable aggregation.[52] The 
amorphicity of the hybrid ionogel was increased compared to the 
pure polymer (PVDF-HFP), which facilitates ion transportation, 
thereby achieving high ionic conductivity (≈10−3 S cm−1). As the 
amorphicity increases, the hybrid ionogel exhibited a wide ESW 
(4.63 V) and high thermal stability (≈320 °C).

To summarize, the silica-based ionogel has significantly 
improved the ionic conductivity of ionogel, either in the form 
of a silica network or being included in ionogel as a nanofiller. 
The formation of the silica network has provided an additional 
pathway that facilitated ion transportation—in contrast, adding 
silica as the filler has increased the amorphicity, resulting in 
enhanced mechanical properties of ionogel. Though silica-
based ionogel was shown to improve ionic conductivity, its 
implications on mechanical properties were not fully explored. 
It is expected that increasing the amorphicity of ionogel due 
to the incorporation of silica filler could lead to a potential 
decrease in the mechanical performance of the ionogel.

3.2. Organic Ionogels

The further breakdown of organic ionogel is displayed in 
Figure 6, indicating that the organic ionogel can be prepared 
by two routes: the addition of a low molecular weight gelator 
(LMWG) and gelation by an organic polymer. Meanwhile, the 
gelation by organic polymers can again be attained by two 
methods. Detailed description and explanation are provided in 
Sections 3.2.1 and 3.2.2.

Figure 5. Application of “Bucky” gel as electrode.

Adv. Mater. Interfaces 2022, 9, 2201405
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3.2.1. Addition of a Low Molecular Weight Gelator

Adding a low molecular weight organogelator (LMWG) to the 
ionic liquid at a high temperature (95 °C) results in physical 
gelation during cooling.[6,53] The physical gelation is due to inter-
actions such as π − π interactions,[54] hydrogen bonding,[55] and 
electrostatic interactions.[56] However, a co-solvent is required 
in addition to LMWG as it is insoluble in ionic liquid; the gel 
is then formed after evaporation of LMWG.[57] Bielejewski et al. 
used methyl-4,6-O-(p-nitrobenzylidene)-a-D- glucopyranoside as 
an organic gelator to immobilize tetramethylammonium bro-
mide through the sol–gel technique.[58] The concentration of the 
gelator was varied to evaluate the effect of gelator concentration 
on the electrochemical performance of ionogel. The ionogel fab-
ricated exhibited higher ionic conductivity than pure electrolyte 
solution, which is attributed to the solvent-gelator interactions 
in the solvent electrolyte gel matrix. These interactions are fur-
ther justified by the FC NMR relaxation method. McNeice et al. 
conducted insightful research on the formation of ionogel by 
adding LMWG.[53] The appearance of ionogel with different 
molecular weight gelators and the ionic liquid was investigated 
in this study. It was found that there are three LMWGs capable 
of entrapping a diverse range of ionic liquids.

Furthermore, McNeice et  al. explored the effect of steric 
and hydrogen bonding on changing anion and cation compo-
nents.[57] Hanabusa conducted a detailed review of the impact 
of different gelator and gelation behavior.[59] It was reported that 
polymer-based gelators, such as polyether, polysiloxane, and 
polycarbonate, had enhanced gelation ability. The gels formed 
by the polymer-based gel are transparent and stable, not trans-
forming into crystals. However, limited research has been con-
ducted on the electrochemical performance (electrochemical 
stability, ionic conductivity) of the ionogel formed by the addi-
tion of gelator, whereby most of the studies have focused on 
gelation behavior.

3.2.2. Gelation of Ionic Liquid by Organic Polymers

Polymeric ionogel can be synthesized through 3 main routes, 
which are i) doping polymers with ionic liquids, ii) monomers 
polymerization in ionic liquids, and iii) polymeric ionic liquid. 
These synthesis methods can be classified into different routes, 
summarized in Figure 6.

Doping of Polymers with Ionogel: The doping method can 
be further classified into solvent blending and impregnation 

Figure 6. Synthesis method for organic ionogel. a) Molecular structure for organogelator. Reproduced with permission.[267] Copyright 2007, Hindawi. 
b,f) General molecular structure for ionic liquid. Reproduced with permission.[267] Copyright 2007, Hindawi. c) Molecular structure for polyethylene 
oxide. Reproduced with permission.[268] Copyright 2017, Elsevier. d) Molecular structure for PVDF. Reproduced with permission.[269] Copyright 2017, 
Elsevier. e) Molecular structure of PVDF-HFP. Reproduced with permission.[270] Copyright 2017, Royal Society of Chemistry.
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synthesis. The solvent casting method involves blending IL 
and solvent to form a homogeneous solution, then cast into 
shape. Drying is required to remove the solvent, leaving the 
IL to solidify. This method allows for controlling ionic liquid 
content and type of polymer material in composite mem-
branes, which will adjust the ionic conductivity of ionogel. 
Furthermore, the characteristics of the ionogel are determined 
by the loading of IL in the ionogel. Singh et al. blends 1-ethyl 
3-methyl imidazolium dicynamide (EMIM DCA) with PVDF-
HFP at different loading of ionic liquids.[60] The comparison 
of ionic conductivity was made with and without ionic liquid. 
Obviously, with the inclusion of ionic liquid, a sharp increase 
in the ionic conductivity is observed, from 1.20 × 10−6 to  
25 × 10−3 S cm−1. The ionic liquid loading was further increased, 
whereby leakage was reported at 250 wt% of ionic liquid. This 
implies that in this method, a more significant amount of ionic 
liquid cannot be confined within the polymer matrix, indicating 
that the ratio between the ionic liquid and polymer matrix plays 
a role in determining the performance of ionogel. This solvent 
casting method involves polymer dissolution and solvent evapo-
ration, which is energy and time-consuming, thus possesses a 
limitation, and the commercial application of this process is 
constrained.[61]

For the impregnation synthesis of ionogel, the impregnated 
membrane is prepared by soaking a polymer in an ionic liquid. 
Impregnation synthesis is an easy way to produce IL-based 
polymer, in which the morphology of the ionogel is determined 
by the polymer. Thus, this method is restricted by the selection 
of polymer, and the tuning of interactions between the polymer 
and ionic liquid is limited. Furthermore, this method also pos-
sesses specific limitations, such that the maximum swelling 
capacity has impeded the composition range of the ionic liquid, 
thereby limiting the maximum achievable ionic conductivity. A 
proper combination of polymer and ionic liquid could achieve 
desirable properties for specific applications.

Polymerization of Monomers in Ionic Liquid: In this method, 
ionic liquid and all reactants are mixed before the crosslinking 
or polymerization. This route allows large amounts of mono-
mers to be confined in ionic liquid. It also enables the control 
of the chemical and physical nature of ionogel, subject to the 
compatibility of ionic liquid and polymer matrix. Susan et  al. 
proposed the polymerization of vinyl monomers (methyl meth-
acrylate) in 1-ethyl-3-methyl imidazolium bis(trifluoromethane 
sulfonyl)imide (EMITFSI) in the presence of a cross-linker.[21] It 
was found to produce a transparent, flexible, and self-standing 
film.[62] The ionic conductivity of the ionogel was reported to be 
≈10−2 S cm−1, similar to the behavior observed in the ionogel, 
where the cation tends to diffuse faster than the anion. Further-
more, as the concentration of ionic liquid decreases, the cation 
transference number increases due to the interaction between 
polymer matrix and TFSI− ions, which restricts the formation 
of ion clusters. Jiang et al. performed polymerization on 1-butyl-
3-methylimidazolium hexafluorophosphate BMIPF6 using 
methyl methacrylate.[63] The glass transition temperature and 
the ionic liquid loading behave as a compatible binary system, 
whereby the loading of ionic liquid decreases and the transition 
temperature increases. At the same time, ionic conductivity 
augmented as ionic liquid loading increased. The optimal mass 
fraction of the ionic liquid was reported to be 50 wt%, where 

the highest ionic conductivity, 0.2 m S cm−1, was observed. 
Marcinkowska et al. polymerize trimethylolpropane tris(3-mer-
captopropoinate) via photo-induced polymerization in different 
ionic liquids (BMImNTF2; EM1mNTf2; BMPyrrNTf2; EMI-
mATf).[64] Based on the analysis, the morphology of the ionogel 
from the polymerization of ionic liquids showed a “colloidal 
gel” structure built of interconnected microspheres, which will 
form a 3D network that percolates throughout the IL. The mor-
phology analysis also displayed that there is phase separation, 
resulting in high ionic conductivity of the ionogel. It was also 
observed that the ILs had exerted an anti-plasticization effect, 
indicating the phase separation was not incomplete and only a 
low amount of IL was dissolved.

3.3. Organic–Inorganic Ionogels

Hybrid ionogel, called organic–inorganic ionogel, results from 
ionic liquids, nanofiller, and polymer matrix.[4c] The organic–
inorganic ionogels are prepared by mixing polymer solution 
in ionic liquid in an inorganic oxide nanofiller. This can be 
achieved through in situ formations of the inorganic filler in IL/
polymer solution in the non-aqueous sol–gel route.[65] On the 
other hand, incorporating inorganic nanoparticles is commonly 
employed because it is well known to improve mechanical prop-
erties. It’s a technique for counteracting the plasticizing effect 
of high IL loadings while keeping the ionogel’s flexibility and 
tractability.[6] Na et  al. developed ionogel to apply lithium-ion 
capacitor using poly(poly(ethylene oxide)-co-methacryloxypropyl)
silsesquioxane) (PEO-SQ) hybrid type polymer.[66] The PEO-SQ 
type polymer possesses a ladder-like structure, which acts as a 
backbone accountable for its electrochemical and thermal sta-
bility. Furthermore, the PEW-SQ polymer contains an organic 
pendant group that enhances lithium ion’s dissociation and 
thermal curing functions. As a result, 1  m of LiTFSI is suc-
cessfully crosslinked, which equips ionogels with non-leaking 
properties, large ionic conductivity, high thermal stability, and 
excellent lithium-ion capacitor. Lee et  al. synthesized hybrid 
ionogel by utilizing multifunctional cross-linkable and ionic-
group functionalized ladder-like polysisesquioxane.[67] The utili-
zation of a ladder-like crosslinker has endowed the ionogel with 
enhanced thermal stability and improved lithium mobility for 
lithium-ion batteries. Yang et  al. proposed using a hybrid host 
based on SiO2 and MMA to synthesize functional ionogels.[68] 
The resultant composite shows uniform and homogeneous 
monolith, which combines the rigidity of silica network and 
softness of PMMA, which makes it suitable for application in 
optical data storage technology. The application of hybrid ionogel 
in optical-electrical devices is explored by Liu et al.[69] The cova-
lently modified graphene was incorporated into the ionogel 
matrix, while the resultant composite exhibits a transparent 
appearance and green under UV light. The photoluminescent 
properties exhibited broad excitation spectra corresponding to 
long luminescence lifetimes, indicating the suitability of syn-
thesized ionogel in optoelectronic applications.[69] Yu et  al. 
designed ionogel based on the organic–inorganic double net-
work through a non-hydrolytic sol–gel reaction.[70] The double 
network was comprised of PDMA and silica forming an inde-
pendent crosslinked network. The primary network is a rough 
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surface consisting of groups of silicon-oxide nanoparticles, while 
the secondary network is a flake-like network constructed by the 
polymerized PDMA. The design of the double network struc-
ture has imposed synergistic effect on the performance of the 
ionogel as a lithium capacitor. Combined with high cyclability 
(500 cycles) and enhanced columbic efficiency (>99.8%), it has 
also effectively restrained the growth of lithium dendrites during 
discharge cycles. The resultant ionogel exhibited deformation up 
to 80 MPa without damage while simultaneously achieving high 
Li-ion transfer number and rendering excellent compatibility. 
Su et al. designed hybrid semi-interpenetrating network by con-
fining IL with a NH2 pendant group optimized copolymer back-
bone and glass fiber scaffold.[25] For further clarification, the NH2 
pendant group was used to optimize imidazolium-based PIL, 
and glass fiber consisting of interconnected porous channels 
was employed as an inorganic scaffold. The designed network 
structure endowed the ionogel with high mechanical strength 
and electrochemical stability. It is also worth mentioning that 
the semi-interpenetrating network has efficiently provided stable 
interface interaction and significantly suppressed lithium den-
drite formation up to 1800 h. Koc fabricated ionogel through the 
sol–gel method with organically modified silica and inorganic 
silanes.[71] It was observed that during the drying stage of the 
process, alkoxy groups or hydroxyl groups would react and form 
new siloxane bonds, resulting in the monolith form of ionogel, 
which is crucial in electrochemical applications. To add on, the 
synthesized ionogel exhibited an ionic conductivity of 4.06 × 
10−4 S cm−1. and maintained an electrochemical window of 3.3 V.

4. Interfacial Interactions in Ionogels

4.1. Hydrogen Bonding Interactions

Ionogels are composites exhibiting the characteristics of ionic 
liquid while behaving like a solid. The properties of ionic liq-
uids are tuneable by the choice of anions and cations. The 
intermolecular interaction between cations and anions has 
dominated the properties and structure of the coulombic 
system, where hydrogen bonding plays a massive role. As 
shown in Scheme 2, hydrogen bonding interaction is one of the 
governing interfaces exist within ionogel, It was demonstrated 
that hydrogen bonding impacts the reaction dynamics of the 
coulombic systems significantly.[72] The presence of a hydrogen 
bond in the imidazolium ILs upsets the coulomb forces, leading 
to deviation from charge symmetry.[73] The variation will result 
in viscosities reduction and fluidization enhancement of the 
ILs.[73] Besides, the hydrogen bond is one of the main non-
covalent interactions accountable for the gelation process of the 
ionogel. The hydrogen bond is usually formed between polar 
solvents and gelator molecules, which would compete with the 
hydrogen bond formation of the gelator-gelator. At the same 
time, the presence of charged species would cause electrostatic 
interactions between anions and cations, disrupting the gela-
tion process.[74]

The hydrogen bonding between ILs and polymer matrix 
in the ionogel was also demonstrated. For instance, Cao et  al. 
employed bis(trifluoromethylsulfonyl)imide as IL and PEO as a 
polymer matrix.[75] It was observed that the anion of the IL has 

interacted with the polymer chain in PEO through hydrogen 
bonding. Hydrogen bonding occurs when the electronega-
tive f atoms in IL interact with the polymer chain’s positively 
charged atom, characterized by the shifting of hydrogen peaks. 
This interaction has endowed ionogel with high toughness and 
mechanical strength. Previous studies have investigated the 
reinforcement of mechanical properties as a result of hydrogen 
bonding interaction between the polymer chain. Cao et al. pro-
duced ionogels with good mechanical robustness (favorable 
elasticity of 15–484  kPa), excellent transparent and stability by 
confining 1-ethyl-3-methylimidazolium bis-(trifluoromethyl 
sulfonyl)imide ([C2mim][NTf2]) into poly(ethyl acrylate) (PEA)-
based elastomer.[76] The confinement of ionic liquid in the 
polymer matrix is attainable due to hydrogen bonding, as 
shown in Figure 7a. The [NTf2] anion interacts with the PEA 
matrix through hydrogen bonding, forming ionogel.

Sun et  al. fabricated a double network ionogel by interpen-
etrating poly(hydroxyethyl acrylate) into an agarose network in 
1-ethyl-3-methylimidazolium chloride.[77] Figure  7b shows the 
interfacial interaction within the confining system.[78] The for-
mation of a double network has enhanced the mechanical prop-
erties of ionogel (0.37 MPa stress); this is due to the existence of 
a hydrogen bond between HEA and ionic liquid, constituting a 
physical cross-linking network. Yong et al. prepared the ionogel 
by copolymerizing 1-vinylimidazole monomer and acrylic acid 
within 1-butyl-3-methylimidazollium.[79] The schematic forma-
tion and interaction of ionogel are depicted in Figure 7c. It was 
reported that the hydrogen bond formed between the carboxylic 
acid group and imidazole worked as a reversible “sacrificial” 
bond, thus toughening ionogel and imparting recovery from 
mechanical damage.

4.2. Electrostatic and Van der Waals Interactions

Electrostatic interaction is one of the weak interactions, which 
has an important impact in influencing the system thermo-
dynamic properties,[80] chemical bonding,[81] biomolecular 
system,[82] and determination of intermolecular orientation.[83] 
It is proposed that the electrostatic interaction between the con-
ducting ionic liquids and charged polymer network is respon-
sible for the enhanced performance of ionogel.[84] Lee et  al. 
fabricated ionogel with cellulose nanocrystals (CNC) network 
and 1-ethyl-3-methylimidazolium bis(trifluoromethyl sulfonyl)
imide as an ionic liquid.[85] It was observed that the integration 
of the CNC and IL would stimulate the formation of electro-
static interaction and hydrogen bonding, thus allowing confine-
ment of a high amount of ionic liquid. The schematic diagram 
pertaining to the interfacial interactions (electrostatic interac-
tion and hydrogen bonding) are shown in Figure 8. The electro-
static interaction exists between the anions and cations within 
the ionic liquid. Meanwhile, the ionic liquid interacted with 
CNC through hydrogen bonding.

Moreover, Zhang et  al. reported that the electrostatic inter-
action between ionic liquids and polymer networks improvised 
the substitution speed and stabilized the polymer network.[84] 
Moreover, the electrostatic interaction also allows for incor-
porating high content of ILs for the reported ionogel, thus 
resulting in high ionic conductivity. It was also shown that the 
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electrostatic, hydrogen bonding and host-guest interactions 
would lead to self-assembly to form a simple three-component 
system spontaneously, where such a simple system would 

result in supramolecular ionogel.[86] The formation of supra-
molecular ionogel would induce β  −CD molecular structure, 
changing from “cage type” to “channel type,” referring to the 
interaction between the polymer matrix and the ionic liquid. 
Furthermore, it was reported that the anions would be encap-
sulated in the cavity of the formed molecular structure, thereby 
decreasing the anions population. As a result, they induce Li+ 
ions and imidazole cations surrounding the β −CD molecular 
structure. In other words, electrostatic interactions would 
repulse the cations, taking up more ions to maintain the bal-
ance of the charge.[86]

Moreover, electrostatic interaction also exists between dipoles 
of the host polymer and the cations of the ILs, exhibiting 
decoupling behavior in terms of diffusivity of ions as a result 
of segmental relaxation.[87] Prasad Thapaliya et al. also reported 
the existence of solid electrostatic interaction between polyca-
tions and polyanions, which has enhanced the mechanical 
strength of ionogel without affecting its ionic conductivity.[88] 
The substantial electrostatic interaction endowed ionogel with 
self-standing membrane behavior. It was also observed that the 
electrostatic interaction between the local dipole moment of 
the polymer chain and IL would significantly impact the crys-
tallization kinetics of polymer.[89] The electrostatic interaction 
between polymer matrix and IL will induce polymer chain crys-
tallization, eventually leading to a more significant degree of 
crystallinity. This hinders efficient ion transport, thus lowering 
the ionic conductivity.[90] However, electrostatic interaction also 
exists between ion pairs; therefore, the resulting materials 

Scheme 2. Interfacial interactions in ionic liquid based hybrid materials 
(Ionogels).

Figure 7. a) Schematic diagram for hydrogen bonding between (NTf2) anion and PEA matrix. Reproduced with permission.[76] Copyright 2020, Royal 
Society of Chemistry. b) Interaction between ionic liquid, PHEA chain, and Agarose double helix within ionogel. Reproduced with permission.[78] Copyright 
2020, American Chemical Society. c) Schematic interaction within ionogel. Reproduced with permission.[79] Copyright 2020, American Chemical Society.
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exhibit high glass transition temperature, concomitantly low-
ering polymer mobility and ionic conductivity.[91] Ma et  al. 
added that electrostatic interaction between oppositely charged 
ions leads to ion pairing.[92] This was further confirmed by Mar-
savelski et  al., where such enhancement of ionic conductivity 
was observed, accompanied by a reduction of electrostatic inter-
action between ions.[93] To summarize, the electrostatic inter-
action between ionic liquid and polymer matrix enhanced the 
mechanical performance of ionogels. In contrast, interactions 
between ions hinder the transport of ions, hence reducing ionic 
conductivity.

4.3. Solvophobic Interaction

The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory 
defines the colloidal dispersion stability by interpreting elec-
trostatic and Van der Waals interactions.[94] The development 
of the idea is based on the assumption that the van der Waals 
force and electrostatic double-layer forces are independent and 

thus can be superimposed at each interacting distance between 
two distinct particles.[95] Meanwhile, hydrophobic force is 
another non-DLVO force acting on the colloidal system, influ-
encing stability.[96] This hydrophobic force is solvophobic in 
terms of a colloidal system based on ionic liquid (as displayed 
in Figure 9). The solvophobic interaction involves the aggrega-
tion of nonpolar species in dilute nonelectrolyte solutions due 
to increased entropy associated with the desolvation of species 
experiencing association. This process is accompanied by the 
transfer of part of the solvate-shell molecules into the bulk solu-
tion.[97] When the nanoparticle surface is solvophobic compared 
to the ionic liquid medium, the nanoparticles tend to cluster to 
reduce the contact area with the ionic liquid, similar to poly-
mers in a poor solvent condition.[98] The solvophobic interac-
tions play an essential role in the compatibility of the ionogel. 
The compatibility between ILs and polymer networks improved 
when the alkyl chain length on the imidazolium cations of 
ILs decreased. This phenomenon is ascribed to the enhanced 
affinity between ILs and a nonpolar component due to solvo-
phobic interactions that enhance the miscibility.[99] Besides, 

Figure 9. Formation of gel due to solvophobic interaction. Reproduced with permission.[271] Copyright 2017, Elsevier.

Figure 8. Schematic diagrams for the formation of ionogel through electrostatic interactions and hydrogen bonding. Reproduced with permission.[85] 
Copyright 2021, Wiley-VCH.
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solvophobic interaction also determines the gelation process of 
the ionogel. It was found that the anions present in ethylam-
monium nitrate have a weaker solvophobic effect, rendering 
the self-assembly process into a gel state unfeasible.[100] Li et al. 
also observed poor solvophobic interaction due to the extension 
of the hydrophobic chain, thus resulting in gelation failure and 
limited gelation range.[100] Kitazawa et  al. also stated that the 
gelation of the ABA-triblock copolymers and ionic liquids with 
bis(trifluoromethanesulfoly)amide ([TFSA]−) anion at 10 wt% 
of concentration of polymer is due to the solvophobic inter-
action.[101] Wang et  al. reported that the solvophobic interac-
tions with the other non-covalent interactions have resulted in 
multiple aggregation morphology of the ionogel; the increasing 
concentration of sebacic acid also promotes the solvophobic 
interaction.[102]

4.4. Steric Interaction

While the polymer is added to the dispersion containing ionic 
liquid and nanoparticles in small amounts, the nanoparticle 
surface will be covered by a polymer. In contrast, a polymer 
coil will extend from one particle surface to another, estab-
lishing polymer contact. Meanwhile, excess polymer addition 
will comprehensively cover the nanoparticle’s surface, forming 
adsorbed polymer layer.[103] When two nanofillers approach 
each other at the polymer surface, the compression is expe-
rienced by the polymer layer caused by strong repulsion as a 
result of steric interaction.[104] Based on the ionic liquid, a bulky 
group in a molecule will develop steric interactions in the col-
loidal system.[105] Hence, the rise of steric repulsion due to the 
adsorbed polymer layer (as shown in Figure 10) within neigh-
boring nanoparticles will repulse each other.[106]

Sai et  al. investigated the effect of steric interaction on the 
transport and coordination of lithium ions.[107] It was found that 
the glass transition temperature has decreased with increasing 
salt concentration. This implies that there is more free volume 
available in the system. This is due to sterically impeded Li+ 
coordination with the leading chains and preferential Li+ coor-
dination with polar side chains that would result in a more 
loosely packed segmental arrangement.

5. Influence of Polymer Matrix

The polymer has replaced metal in various applications due 
to its advantages over conventional materials. Easy processi-
bility, lightweight, increased productivity, and lower cost is the 
polymer’s most crucial properties. To meet the high strength 
modulus requirements of many practical applications, the 
characteristics of polymers are altered by utilizing fillers and 
fibers.[108] Apart from that, another importance of polymer is 
that it could provide support and act as a matrix to contain or 
confine ionic liquid. This combination allows the application 
of ionic liquid as a solid polymer electrolyte, or ionogel, which 
also addresses the leakage issue in conventional ionogel sys-
tems. Generally, three types of polymer matrixes are commonly 
used in the synthesis of ionogel, which are PEO, polyvinylidene 
fluoride (PVDF), and PVDF-HFP.

5.1. Polyethylene Oxide

PEO is a commonly discussed polymer matrix, as it could 
coordinate with abundant salt cations.[109] The main advantage 
is that PEO exhibits high solvation power, which allows com-
plex formation with alkali salts easily, with the presence of 
(CH2CH2Ö)n in the polymer’s backbone. This provides 
a pathway for the migration of cations.[110] Furthermore, ether 
oxygen has a high affinity for lithium ions; it forms polymeric 
coordination complexes that can act as lithium conducting 
solids,[111] as shown in Figure 11b. Choi et  al. synthesized 
polymer electrolyte based on ionic liquid and PEO, reporting 
that the polymer electrolyte has a lower melting tempera-
ture, Tm, than pure PEO.[112] This implies that the “O” atoms 
in PEO have interacted with Li+ ions, inhibiting the efficient 
PEO chain rearrangement required for crystallization. This is 
further confirmed by Chaurasia et al. based on Raman spectro-
scopic studies that the ether oxygen present in PEO interacts 
with cations from ionic liquids.[112] Chaudoy et  al. employed a 
one-step in situ method to produce a cross-linked PEO-ionic 
liquid gel electrolyte.[113] The cross-linked ionogel can confine 
a high amount of ionic liquid without syneresis. Song et  al. 
confined ionic liquids in PEO as a polymer matrix, enabling 
high loading of ILs, up to 50 wt%.[114] The use of PEO to con-
tain IL has been shown to improve ionic conductivity. However,  
the PEO chains are plasticized, making the membranes sticky. 
Furthermore, the ionic conductivity of the ionogel is reported to 

Figure 10. Steric force exerted by polymers (polyethylene oxide, PEO) 
between nanoparticles (carbon black particles). Top picture shows 
that polymer act as a connection, while the bottom panel shows that a 
polymer layer is formed. Reproduced with permission.[106] Copyright 2015, 
Royal Society of Chemistry.
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be 7.28 × 10−4 S cm−1. Na et al. proposed (poly(ethylene oxide)-co-
methacryloxypropyl)silsesquioxane) (PEO-SQ) hybrid type 
polymer to produce ionogel for capacitor application.[66] The 
polymer contains a ladder-like backbone which is accountable 
for electrochemical and thermal stability. The hybrid ionogel 
also exhibits high ionic conductivity. This implies that the net-
work structure acts as a pathway for effective ion mobility, while 
providing mechanical robustness. Moreover, the improvement 
in ionic conductivity is also attributed by the free-dangling PEO 
groups.

However, PEO is a semi-crystalline polymer (as depicted in 
Figure 11a), with the presence of an amorphous phase with acti-
vated chain segments aids in the transportation of ions. The 
crystalline region of the PEO could be inhibiting ion transporta-
tion, impacting ionic conductivity due to lowered dynamics of 
the polymer chains.[115] In short, PEO exhibits high crystallinity, 
which has limited segmental motion, resulting in poor ionic 
conductivity of ionogel.

5.2. Polyvinylidene Fluoride

PVDF is a semicrystalline polymer with high hardness, impact 
strength, and crystallinity.[116] PVDF also possesses better pyro-
electric and piezoelectric properties.[116] PVDF polymer also 
exhibits a larger dielectric constant (ε  =  8.4), which would 
dissociate more ions in lithium salt, increasing the concen-
tration of charge carriers.[117] The ion dynamics and structure 
of PVDF-based solid polymer electrolyte was studied by Shen 
et  al. with varying salt concentration.[118] The PVDF’s crystal-
linity has decreased with the increasing salt concentration, 
thereby improving ionic conductivity. The strong growth in CF2 
stretching examined through FTIR indicates the acid-base com-
plexation of PVDF with salt. Mejri et al. investigated the effect 
of cations and anions from different ILs on the properties of 

polymer blends, with PVDF as the polymer matrix.[90] All the 
combinations presenting spherulitic microstructure were sim-
ilar to the neat PVDF. Adding ILs exerts the plasticizer effect, 
reducing the polymer-ILs blend’s elastic modulus by 20%.

Moreover, an increase in the ionic conductivity is observed 
compared with neat PVDF, depending on the type of anions 
and cations. Composites with [NTf2]− have displayed ionic 
conductivity four orders of magnitude higher than PVDF, 
while composites with [Cl]− showed the highest ionic conduc-
tivity, around eight orders of magnitude. Chen et  al. grafted 
unsaturated IL onto PVDF by IL immobilization and elec-
tron-beam irradiation to study the dielectric, mechanical and 
electric properties.[119] The beam irradiation has also affected 
the mechanical properties as the irradiated samples showed 
a decrease in elongation at break but an increase in Young’s 
modulus. The effect on the mechanical properties is due to 
the dilution of PVDF as the ILs increased.[120] The diluted 
polymer would result in less overlap and unfold polymer 
chains. In this context, the formation of intrachain crystalliza-
tion is more beneficial than interchain crystallization, which 
is relatable to a cross-linked network, thus losing its tensile 
strength and elasticity.

Moreover, a pronounced effect on dielectric and electrical 
properties was observed, whereby the dielectric loss is due to 
the confined motions of IL in an electric field. Correia et  al. 
found that determining ILs in PVDF would increase the content 
of the electroactive β phase.[121]The β phase increases when the 
alkyl chain length increases eventually resulting in enhanced 
viscosity, which would then hinder segmental motion, thus 
unfavorable for the transportation of ions. The transformation 
of phases of PVDF is investigated through XRD in previous lit-
erature.[40,122] The XRD results show that ionic liquid serves as 
a potential additive for the preparation of β phase due to the 
strong polar nature of IL and the interaction between PVDF 
and IL.

Figure 11. a) Morphology of semi-crystalline PEO. Reproduced with permission.[272] Copyright 2015, American Chemical Society. b) Interaction between 
ether oxygen and ions in ionic liquid. Reproduced with permissions.[273] Copyright 2019, Elsevier.
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5.3. Polyvinylidene Fluoride-co-Hexafluoropropylene

PVDF-HFP displays reduced crystallinity,[123] low glass-transi-
tion temperature,[123] promising electrochemical stability and 
affinity to electrolyte solution.[124] The presence of HFP groups 
provides better properties, such as higher solubility and better 
mechanical strength, while the HFP groups enhance the 
fluorine content, thus resulting in hydrophobicity of PVDF-
HFP.[125] Kumar observed changes in the spectral response of 
PVDF-HFP while the ionic liquid and ionic liquid-salt solu-
tion were added.[126] The observations implied that substantial 
conformational changes occurred in the crystalline region of 
the PVDF-HFP polymer. For instance, the addition of IL has 
resulted in the broadening of the amorphous area of PVDF-
HFP and the disappearance of the α-phase of the PVDF-HFP 
polymer. Similar observations were reported by Pandey and 
Hashmi;[127] the substantial conformational changes were due 
to the interaction between IL and polymer matrix, which also 
implies that the crystallinity of the polymer is reduced and the 
dominance of the amorphous phase in the ionogel. Liu et  al. 
studied the effect of increasing the concentration of PVDF-
HFP and found that it would lead to a smaller pore size of the 
ionogel membrane.[128] It was also reported that the larger pore 
size of the membrane indicates that the network is sparse and 
the mechanical strength is non-viable. The effect of the con-
centration of PVDF-HFP is also reflected in reduced ionic con-
ductivity due to increasing impedance. Shalu et al. studied the 
crystallization behavior of PVDF-HFP in the absence and pres-
ence of ionic liquid.[129] It was reported that ionic liquid would 
suppress the crystallization of PVDF-HFP, causing a lower 
crystal growth rate. This is due to the plasticizing effect exerted 
by IL, which has hindered the chain folding, thus consuming 
more time for crystallization.

6. Interaction between Ionic Liquid and Polymer 
Matrix
The properties of the ionogel are mainly governed by the 
ionic liquid; thus, the amount of ionic liquid present in the 
ionogel plays a crucial role in determining the resultant prop-
erties of the system. In terms of the ionic conductivity of 
ionogel, at the initial stage, the increase in the concentration 
of ionic liquid is accompanied by an increase in ionic conduc-
tivity. Na et al. employed PVDF-HFP as polymer and reported 
structural changes of PVDF-HFP with the addition of ionic 
liquid.[130] PVDF-HFP consists of large crystalline grains with 
a lamellar structure; the grain size decreases when the ILs are 
added, enhancing the amorphous region. This is further jus-
tified by the XRD study, where the intensity of the crystalline 
phase decreases due to amplified amorphicity. Shalu et al. also 
reported that the IL would be entrapped in a polymer matrix, 
providing a pathway to transport ions.[129] Figure 12a-i,ii, show 
the differences between pure PVDF-HFP and IL-incorporated 
PVDF-HFP, supporting the entrapment of IL. A similar obser-
vation was found by Tang.[131] Still, a different interpretation is 
provided, that is, when the ILs are introduced in the ionogel, 
this also introduces new charge carriers or ions, thus enhancing 
the ionic conductivity of the ionogel. Sim et  al. also claimed 

that the ionic conductivity is directly proportional to the den-
sity (n) of free ions and mobility (μ). Hence the introduction 
of new charge carriers is accompanied by improved ionic con-
ductivity.[132] At a low concentration of ILs, the ionic liquid will 
act as a plasticizer.[133] The enhancement in ionic conductivity is 
linked to the plasticizing effect exerted by the ionic liquid at a 
low concentration.[134] This plasticizing effect softens the poly-
mer’s backbone and produces sticky polymer electrolytes. The 
matrix softening will weaken the coordinative bond and rapid 
ion conduction, promoting charge dissociation.

Moreover, the sticky behavior could provide a better elec-
trolyte-electrode contact, which is one of the vital features in 
fabricating an electrochemical device. Figure 12a compares the 
FTIR results for the effect of increasing IL concentration. Sing 
et  al. reported that when the concentration of IL increases, a 
shift of COC stretching mode and CH stretching vibration 
were observed, which weakened the CH bonds and COC 
bonds, thus enhancing the flexibility of polymeric chains.[135] 
Shalu et al. also justified the enhancement of amorphicity with 
IL loading (Figure  12b), where the decrease in crystallinity is 
observed through the peaks broadening and reduction in 
intensity.[129]

Though the presence of ionic liquid in ionogel could 
enhance ionic conductivity, the constantly increasing ionic 
liquid concentration could have an adverse effect. Yan et  al. 
observed that the addition of ILs in PEO does not affect the 
crystalline structure; hence the conductivity remained low (6.03 
× 10−5 S cm−1).[136] Apart from ionic conductivity enhancement, 
the addition of ionic liquid also lead to declining mechanical 
performance. Tang et  al. found that adding ionic liquids has 
decreased the mechanical properties of the polymer electrolyte. 
In contrast, the lowest mechanical properties were observed at 
the highest concentration of IL.[137] This was due to the inter-
ruption of crystalline structure and enhancement of the amor-
phous form. Furthermore, the polymer film exhibits a porous 
structure. Table 5 summarizes the findings on the effect of 
ionic liquid concentration in ionogel. To conclude, the incor-
poration of ionic liquid would enhance the ionic conductivity 
of ionogel due to several reasons, i) the introduction of ionic 
liquid also introduces more free charges and ions, and ii) inter-
action between polymer matrix and ionic liquid has enhanced 
the amorphous region, declining the crystallinity, thus pro-
viding more spaces for ion hopping, iii) ionic liquid exerts plas-
ticizer effect on the composite, which softens the backbone of 
polymer.

7. Influence of Nanofillers

One of the significant drawbacks of ionogel is that it exhibits 
low ionic conductivity and weak mechanical properties. Dif-
ferent approaches have been proposed to address this issue; it is 
also suggested that the addition of nanofiller would resolve the 
electro-mechanical issue of ionogel. For instance, various nano-
fillers have been introduced, such as nano alumina,[9] silicon 
dioxide,[10] CNTs,[11] titanium dioxide,[12] and aluminum oxide.[13] 
The enhancement of ionic conductivity with the nanofiller is due 
to several reasons. The nanofiller minimizes the crystallinity of 
polymers, enhancing the amorphous region, thus improving 
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the ionic conductivity through penetration into the polymer 
matrix.[138] The incorporation of nanofiller leads to the disruption 
of crosslinking density and dense packing of the polymer due to 
the recrystallization affinity of the polymer. This has provided a 
favorable conduction pathway for the migration of ions.

Moreover, nanofiller aids in inhibiting the recrystallization 
of polymer, decreasing the glass transition temperature, which 
improves ionic conductivity.[139] Furthermore, the increase in 
ionic conductivity is also attributed to interactions between 
the surface group of nanofiller and conductive species, which 
changes the polymer chain’s arrangement and decreases the 
tendency of polymer reorganization.[138,140] For example, the 
inclusion of inorganic filler will intensify the mobility of redox 
couples between PEO chains, magnifying the transport prop-
erties, electrode-electrolyte stability, and resistance to crystalli-
zation.[141] The ceramic filler will also affect the orientation of 
polymer dipole, thus promoting flexible segmental motion and 
ion pairs dissociation due to surface charge on ceramic filler.[142] 
Different types of fillers are reviewed in this section to under-
stand how other fillers will exert varying impacts on the perfor-
mance of ionogel.

7.1. Types of Nanofiller

7.1.1. Metal-Based Filler

Metal-based fillers have garnered significant attention due to 
their specific chemical and physical properties. At the same 
time, it is also widely applied in different fields, such as sen-
sors, optoelectronics, sensors, and catalysis.[143] Nakashima 
et  al. have proposed a synthesis method for preparing hybrid 
materials involving ionic liquids with the inclusion of gold nan-
oparticles, whereby the content of gold nanoparticles is achiev-
able up to 40 wt%.[144] Even at a high loading of nanoparticles, 
the nanoparticles were well-dispersed. The resultant polymeric 
composite also displayed promising thermal stability. The 
effect and possibility of increasing the concentration of metallic 
nanoparticles in polymer nanocomposite were explored by 
Aziz et  al.[145] With the increasing amount of silver nanopar-
ticles, the enhancement in surface plasmonic resonance was 
reported. The presence of silver nanoparticles serves as grain 
boundaries while the second circuit element is also observed, 
influencing the electrochemical properties of the composite. 

Figure 12. a) FTIR spectra of a) pristine BMIM-MS, b) pristine PEO, c) PEO + 10 wt% NaMS, d) PEO + 20 wt% BMIM-MS, e) (PEO + 10 wt%NaMS) + 20 wt% 
BMIM-MS, and f) (PEO + 10 wt% NaMS) + 60 wt% BMIM-MS. Reproduced with permission.[135] Copyright 2016, Royal Society of Chemistry. b) XRD 
profile of a) pure PVdF-HFP, b) PVdF-HFP + 20 wt% LiTFSI, PVdF-HFP + x wt% BMIMTFSI, c) x = 20, d) x = 60, (PVdF-HFP + 20% LiTFSI) + x wt% 
BMIMTFSI, e) x = 20, and f) x = 60. Reproduced with permission.[130] Copyright 2015, Royal Society of Chemistry. c) SEM photographs of i) pure PVDF-
HFP and ii) IL incorporated PVDF-HFP polymer electrolyte films. Reproduced with permission.[274] Copyright 2016, Elsevier.
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It was also observed that the increase in nanoparticle concen-
tration decreases the dielectric constant, thereby affecting the 
ionic conductivity. Similar findings have been reported by 
Abdelhamied et al.[146] Initial increment in the nanoparticle has 
improved the dielectric properties and ionic conductivity, while 
further increment has decreased performance. This trend was 
attributed to the aggregation of the nanoparticles due to the 
increasing crystallite size. Moreover, metal fillers are potential 
candidates for the fabrication of nanocomposite-based strain 
sensors, attributed to controllable shape, size, and combination 
of various facile and economical fabrication strategies.[147] Sun 
et al. prepared a strain sensor based on ionogel-silver nanocom-
posite by employing a copper-silver transmetalation reaction.[148] 
In terms of sensor performance, the conductive network with 
fragility has equipped the sensors with high sensitivity, stretch-
ability, and enhanced stability.

7.1.2. Metal Oxide Nanofiller

Aluminum Oxide: Nano alumina exhibits interesting thermo-
chemical properties and cost-effectiveness; thus, it is often con-
sidered a nanofiller in ionogel. Nano alumina is also present in 
different meta-stable structural phases, where each phase has 

other thermochemical properties and degrees of crystallinity.[148] 
Klongkan prepared ionogel through the ball milling method 
and incorporated it with alumina. The ionic conductivity of 
ionogel was enhanced to 10−5–10−4 S cm−1.[149] The effect of alu-
mina is reported to decrease the degree of crystallinity due to the 
destructive effect on the ordered arrangement of the polymer 
side chains, increasing the amorphous phase. A similar obser-
vation was reported by Chee et al., where the ionic conductivity 
is enhanced up to 1.52 × 10−4 S cm−1.[150] The enhancement in 
ionic conductivity is attributed to the large surface area of nano-
particles, which provides a new conducting pathway for ionic 
transportation. Sai Prasanna also added that the large surface 
area of filler prevents the reorganization of the polymer chain, 
thus increasing the degree of disorder, resulting in improved 
ionic conductivity.[151] Though adding filler could enhance the 
performance of ionogel, the amount of filler added would also 
affect the performance of the ionogel. Delgado et al. varied the 
concentration of nano alumina (0.0, 3.0, 6.0, 10.0, 20.0, 30.0 
wt%) in the synthesis of ionogel.[152] The interaction between 
filler and electrolyte is observed at 3 wt%, which is accountable 
for decreasing the degree of crystallinity. However, the crystal-
linity increases again at a concentration of more than 6.0 wt% 
due to the aggregation of nano alumina particles. This finding 
is consistent with that of Pradeepa et  al., who reported the 

Table 5. Effect of ionic liquid loading.

Ionic liquid/salt Polymer matrix Ratio Main findings Reference

[EMIM][TFSI] PVDF-HFP The solution casting technique was used for
the preparation of ionogel by

varying the concentration of ILs

The increase of ILs has led to the enhancement of the 
amorphous region. Hence, increasing ionic conductivity 
was observed as the ionic liquid concentration increased.

[130]

LiTFSI PEO The molar ratio was of PEO to LiTFSI was kept at 3:1 The addition of ILs into PEO does not affect the 
crystalline structure; thus, the ionic conductivity was 

reported to be 6.03 × 10−5 Scm−1.

[136]

[EMIM][BF4] PVDF-HFP In this study, the LiBF4 (salt) is dissolved in PVDF-HFP 
at a ratio of 85:15. The ionic liquid is then added to this 

polymer at different concentrations (5, 10, 15, and 20 wt%)

The ionic conductivity has decreased even with higher 
content of ILs; the ions would be forming ion triplets and 

ion pairs, thus hindering the transport of ions.

[131]

BMII PVDF-HFP The concentration of ILs was varied in the preparation 
of the polymer electrolyte (5, 10, 12.4, 15, 17.5, and  

20 wt%)

Further increasing IL content will also lead to decreasing 
density as it is claimed that ionic conductivity is proportional 

to the thickness (n) of free ions and mobility (μ).

[132]

EMITf PVDF-HFP The salt is incorporated in PVDF-HFP, then combined 
with different concentrations of ionic liquids (10, 20, 30, 

40, 50 wt%)

The addition of ionic liquids has decreased the 
mechanical properties of the polymer electrolyte due to 

the interruption of crystalline structure and enhancement 
of the amorphous form.

[137]

LiTFSI PEO The salt is incorporated in PEO and the mix with 
different concentrations of ionic liquids  

(0, 5, 10, 20, 30 wt%)

The highest ionic conductivity is observed  
at the concentration of 30 wt%.

[259]

[BMPyr.TFSI] PMMA The ionogel is prepared at different ratios of BMPyr.
TFSI to PMMA is 100/0, 90/10, 80/20, and 70/30, 

respectively.

Further increasing the concentration would only lead to a 
decreased ionic conductivity due to a lack of pathways for 

ion transportation.

[260]

EMITFSI PEO The ratio of polymer to IL was varied accordingly, 1:0, 
1:0.3, 1:0.5, and 1:0.7, respectively.

EMITFSI acts as a suitable solvent and efficient 
plasticizer for PEO, which has amplified the mobility of 
the polymer’s backbone and enhanced the diffusivity of 

Li-ion concentration of IL.

[261]

BMIMBr PVA The ratio of PVA to BMIMBr are varied accordingly 
(1:0.1, 1:0.2, 1:0.3, 1:0.4, 1:0.5, 1:0.6)

The ionic conductivity increased from 4.87 × 10−6 to  
2.31 × 10−3 S cm−1.at concentration of 50 wt% of BmImBr.

[262]

Abbreviations: BMII: 1-butyl-3-methylimidazolium iodide; EMITf: 1-ethyl-3-methylimidazolium trifluoromethanesulfonate; [BMPyr.TFSI]: 1-butyl-1-methylpyrrolidinium 
bis(trifluoromethyl sulfonyl)imide; BMIMBr: 1-Butyl-3-methylimidazolium bromide.
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highest ionic conductivity at a concentration of 4 wt%.[153] The 
filler grains are uniformly and randomly distributed at a low 
concentration of nano alumina.[153] Filler grains have provided 
additional favorable pathways, improving ionic conductivity. In 
contrast, a further increase in filler concentration would lead to 
geometrical constrictions or blocking effects imposed by large 
alumina grains,[153,154] lowering the ionic conductivity. B. Aziz 
added that white aggregated clusters were formed at a high 
alumina concentration.[155] The cluster’s formation is due to 
the phase separation of alumina from the polymer matrix, and 
at high filler concentration, the nanoparticle is incompatible 
with the polymer matrix. Hence, the addition of nano alumina 
to a certain extent could enhance the ionic conductivity of the 
ionogel due to the large surface area, which provides an addi-
tional pathway for the transportation of ions.

Titanium Oxide: Titanium oxide (TiO2) is another potential 
candidate as a nanofiller. It augments ion mobility due to sub-
strate characteristics and shape, disrupting the polymer chains’ 
order packing tendency.[156] The incorporation of titanium dioxide 
has improved ionic conductivity in the lower range (0–5 wt%) 
due to inhibition of intra/inter-molecule cross-linking interac-
tions.[157] This finding is consistent with the result reported by 
Polu.[158] The optimum ionic conductivity is attained at a low con-
centration due to the interaction between titanium dioxide and 
anion or cation. In contrast, at higher concentrations, the filler 
would act as a mere insulator, impeding the movements of ions.

Moreover, the interaction between the surface of filler and 
polymer chains could change the kinetics of the chain, thus 
orientating and conforming to the segments of the chain.[159] 
Figure 13a shows the schematic of the interaction between tita-
nium dioxide and imidazolium-based ionic liquid, and this inter-
action is evidenced in Figure 13b. Figure 13b,c shows the spectra 
of pure BMImCF3SO3, where the observed bands at 1258, 1155, 
and 1027 cm−1 correspond to the asymmetric stretching of the 
SO3 group, CH vibrating mode, and SO3 stretching vibration. 
However, these observed bands have broadened after the addi-

tion of titanium dioxide, which suggests an interaction between 
the TiO2, CF3SO3

−, and BMIm+ cations in the ionic liquid. 
Hema et  al. varied the concentration of TiO2 from 2 to 8 wt%. 
They found the presence of TiO2 enhanced the volume fraction 
of the amorphous region through Lewis acid–base interaction, 
providing a pathway for ion conduction.[160] Besides, improving 
ionic conductivity, the filler’s presence enhances the toughness 
and rigidity. Ganesan et al. incorporated TiO2 in a solid polymer 
electrolyte, ranging from 0, 5, 6, 7, 8, and 9 wt%, respectively.[161] 
The highest ionic conductivity was achieved at a concentration of 
9 wt%. The addition of TiO2 promotes the interaction between 
Ti atoms (acidic) and oxygen atoms (basic site) of the nanofiller 
with triflate ions and lithium ions of lithium triflate salt, thus 
minimizing the ion-pairing between triflate ions and lithium 
ions; such interaction leads to the increasing density of charge 
carrier. Banitaba et al. reported that the introduction of TiO2 will 
form small pores in the structure of electrolyte due to its compat-
ibility between the filler and polymer.[162] These pores serve as a 
pathway for the migration of ions. Furthermore, the Li+ ions are 
attracted to the carbonyl groups, enhancing the free ions fraction 
from 63% to 78%. It is also reported that TiO2 has better perfor-
mance in dissociating ion pairs since it exhibits a high dielectric 
constant. To conclude, incorporating titanium dioxide promotes 
interaction with the ionic liquid polymer matrix, altering the 
kinetics of the polymer chain. At the same time, the addition of 
titanium dioxide will induce the formation of pores ascribed to 
compatibility, thus resulting in enhanced performance.

Zinc Oxide: Zinc oxide (ZnO) has a good effect on enhancing 
the chemical and thermomechanical properties. Zinc oxide also 
exhibits good physicochemical properties, high stability, and 
non-toxic behavior, thus acting as a potential filler in polymer 
electrolytes.[163] When the ZnO is dispersed, the distribution of 
white spots in nano-sized is observed; this implies that ZnO is 
present in the network of ionogel as a separate phase. More-
over, smaller pores and crystallites are reported, indicating an 
interaction between ZnO and polymer systems.[164] In terms of 

Figure 13. a) Interaction between titanium dioxide and imidazolium-based ionic liquids. Reproduced with permission.[275] Copyright 2013, American 
Chemical Society. b) FTIR spectra of a) pure PVDF-HFP membrane, b) PVDF-HFP + TiO2 membrane, c) pure BMImCF3SO3, d) BMImCF3SO3  + 
NaCF3SO3 liquid electrolyte, e) PEM0.0, f) PEM0.5. Reproduced with permission.[276] Copyright 2021, Elsevier.
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the morphology of the ionogel, Sachdeva et  al. also observed 
that the pure polymeric film appears to be rough and dark 
due to the crystalline nature of the polymer.[165] Meanwhile, 
the film also showed a cloudy appearance after adding filler, 
which is attributed to its amorphous nature. Zebardastan et al. 
reported that the addition of zinc oxide as the filler improved 
the ionic conductivity up to 8.63 × 10−3 S cm−1.[166] The pres-
ence of zinc oxide as the filler has provided a 3D channel for 
ion transportation through the Grotthus mechanism. Tripathi 
varied the concentration of ZnO from 0 to 20 wt% and reported 
two maxima values of ionic conductivity at 3 wt% and 12 wt%, 
respectively.[167] The first observed maxima are caused by the 
ion aggregates dissociating into free ions. At the same time, 
the interaction between polymer gel electrolyte and nanofiller 
has resulted in the second maxima of ionic conductivity. How-
ever, Ramesan et  al. observed increasing ionic conductivity as 
the concentration of ZnO increased up to 7 wt%, similar to that 
of Sachdeva et al.[165,168] The high surface area of nanoparticles 
ensures nanoparticle distribution acts as a conductive system 
at a low loading of ZnO. High filler loadings will narrow the 
particle distance, thus decreasing the nanofiller’s surface area.

7.1.3. Carbon-Based Nanofiller

Carbon Nanotubes: CNTs are often considered as filler in 
composites due to their unique properties such as high thermal 
conductivity, superior electrical conductivity and high aspect 
ratio length/diameter.[169] One of the main concerns with CNTs 
is the dispersion of CNTs. Ducros et al. studied the dispersion 
behavior of CNTs with the inclusion of imidazolium ILs.[170] 
The CNTs are well dispersed due to weak physical interaction 
between CNTs and ILs. However, the origin of the exchange is 
not comprehended. Researchers also suggested that promoting 
the covalent or non-covalent intermolecular interactions 
between CNTs and polymer matrices could enhance the disper-
sion of polymer nanocomposite.[171] In other words, the cova-
lent bonding of the polymer functionalizes the surface of CNT, 
which can increase the degree of interfacial adhesion relative to 
the degree of interfacial adhesion of non-functionalized CNT.[172] 
Salavagione et  al. explored the effect of tacticity on the nano-
composite interface to investigate the characteristics of inter-
action between polymer matrix and CNTs.[173] It was observed 
that a higher number of specific C = O···ClC interactions 
in more isotactic polymers would result in enhanced stability 
and higher rigidity. The improved rigidity and strength arise 
from the halogen bonding between carboxylic groups present 
in CNTs and chlorine atoms, which has inhibited the initiation 
stage of degradation. In 2011, Ducros et al. dispersed CNTs in 
N-methyl-N-propoylpyrrolidinium bis(trifluoromethasulfonyl)
imide was confined in a silica matrix.[174] In this study, it was 
observed that the ILs containing non-pi-conjugated cation 
would result in better CNT dispersion of the CNTs, at a loading 
level lower than 3.6 wt%. Singh et  al. dispersed MWCNTs 
in 1-butyl-1-methyl pyyrolidinium bis(trifluoromethane sul-
fonyl)imide for the synthesis of “bucky” gel.[175] The study 
aimed to investigate the application of the “bucky” gel in elec-
trical double-layer capacitors (EDLCs). The properties of the 
composite ionogel were compared with pristine MWCNTs, 

and the ionic conductivity of the ionogel was reported to be  
1.5  ×  10−3 S cm−1, indicating its suitability as a separator in 
EDLCs. Furthermore, morphological changes were observed 
due to carbon chain swelling due to the interaction with IL,[175] 
which also enhances the compatibility of ionogel and its capaci-
tive performance. Li further explored the application of inor-
ganic ionogel by dispersing CNTs in ILs in optoelectronics and 
electrochemistry.[176] Li synthesized ionogel by confining IL with 
MWCNTs in a cross-linked PMMA network, which results in 
electric multifunctional hybrid materials.[176] It was also demon-
strated that the incorporation of CNTs could improve the ionic 
conductivity of ionogel from 3.7 × 10−4 to 8.23 × 10−2 S cm−1.[177] 
The percolation threshold was attained at 0.4 wt%. Sachdeva 
et  al. investigated the effect of incorporation of wide range of 
CNTs (1–30 wt%) on the ionic conductivity of ionogel, observing 
highest ionic conductivity (17.6  × 10−3 S cm−1) at 7 wt% CNTs, 
followed by a drastic decrease in the ionic conductivity.[178] Fur-
thermore, Cheng et  al. reported highest ionic conductivity at 
2 wt% of CNTs, up to 17.6  × 10−3 S cm−1.[50] Hence, it is clear 
that an increasing trend in ionic conductivity was observed as 
the concentration of CNTs increased.

However, the ionic conductivity decreases after achieving 
the maximum, which is attributed to the space charge region 
in the CNT-polymer boundary. Fan et  al. dispersed CNTs into 
ILs through the ultrasonication method.[11b] CNTs turned into 
smaller bundles and are uniformly dispersed as a result of the 
greater affinity of cations of ILs toward the electronic surface 
of CNTs. It was also observed that the incorporation of CNTs 
results in a significant rise in ionic conductivity from 3.9 × 10−3 
to 17.6  × 10−3 S cm−1.[178]

Graphene: Graphene is a pure carbon structure in a nearly 
transparent, thin, one-atom-thick.[179] Graphene also exhibits 
superior mechanical properties (Young’s modulus ≈1TPa), 
high ionic conductivity (≈10−3 S cm−1), and high specific area  
(>2600 m2 g−1).[146,180] Yuan et al. has employed graphene oxide 
as filler in ionogel at different concentrations.[181] Meanwhile,  
1 wt% of graphene oxide has shown an increase in ionic con-
ductivity by two orders of magnitude, roughly ≈10−5 S cm−1. The 
graphene oxide possesses good affinition for ions and forms a 
network through interconnection, facilitating ion-conducting 
channels. Another explanation is that graphene oxide induces 
a free ion fraction. The polymer chain grafted to the surface 
of graphene oxide could result in lithium-ion solvation due to 
the ethylene oxide units, hence increasing the dissociated free 
ions.[182] The dissociation of the ions is also accelerated by the 
Lewis acid–base interaction between lithium salt and OH and 
COOH groups.[182] Jia et al. also observed an increasing trend of 
ionic conductivity at low concentrations (0.2–0.4 wt%).[183] The 
pores in graphene oxide provide a large specific area and trans-
port pathway for lithium ions.

Nevertheless, the graphene oxide aggregates at a concentra-
tion beyond 0.4 wt% due to the increasing amount of graphene 
oxide, thus decreasing the ionic conductivity. This trend is con-
sistent with the findings reported by Zhao et al, observing high 
ionic conductivity at 0.3%.[184] Presence of functional groups on 
graphene surface augments the lithium dissociation, promoting 
ion transportation, thus increasing the ionic conductivity up to 
1.3 × 10−3 S cm−1.[184] Hu et al. explored the interaction between 
filler, PEO polymer matrix, and IL-cation. OH hydrogen bond 
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is quickly formed between PEO and GO.[185] With a hydrogen 
bond, the ether oxygen in PEO and hydrogen could attract each 
other. Furthermore, π −π interaction also existed between gra-
phene oxide and imidazolium rings. The intermolecular inter-
action has exerted effect which enables disordered polymer 
chain, forming 3D polymer network, resulting in enhancement 
of amorphous region.
Table 6 summarizes the main finding reported based on dif-

ferent types of filler. The addition of filler could enhance the 
performance of ionogel in terms of its ionic conductivity; inter-
action exists upon the addition of filler. For instance, the surface 
of the filler would interact, thus changing the chain’s kinetics, 
conformation, and orientation. Figure 14 shows the optimum 
filler concentration; it can be observed that the optimum con-
centration of aluminum oxide ranges from 4 to 6 wt%. Mean-
while, the optimum concentration of titanium oxide has a 
higher range (5–10 wt%). Titanium oxide offers interaction pos-
sibilities between the surface of filler and the anions and cations 
present in the ionic liquid. However, it is worth mentioning 
two optimum concentrations were observed for zinc oxide, 
while optimum performance was observed. The first maxima 

are due to the aggregation of the filler, while the second is due 
to the interaction between the filler in the polymer matrix. 
Hence, it can be noted that at a lower concentration of the filler 
(<10  wt%), the presence of free ions could improve the ionic 
conductivity of the ionogel because of increased pathways for 
ion transport. At higher concentrations (>10 wt%), the augmen-
tation of ionic conductivity is still feasible, subject to the inter-
action between the filler and the polymer system. At the same 
time, this may explain that the titanium dioxide and zinc oxide 
are in the higher optimum concentration range. Research has 
been devoted to enhancing the CNT dispersion of CNTs in the 
polymer system for carbon-based fillers, CNTs, and graphenes. 
It was later reported that the well dispersion behavior of the 
CNTs could be achieved through weak interactions. In terms of 
the optimum concentration of the carbon-based filler, which is 
summarized in Figure 15 the optimum range is generally lower 
than the optimum range of metal oxide filler. This could be due 
to the fact that carbon-based filler is well-dispersed in ionogel at 
a lower concentration (Figure 15).

7.1.4. Synthesis Method for Incorporation of Filler

The sol–gel method is an efficient and commonly used method 
to synthesize porous ionogel. Traditionally, this method 
involves removing the liquid phase and maintaining the porous 
solid network, allowing the addition of an ionic liquid to form 
ionogel.[186] The sol–gel process consists of a compound with a 
high chemically active component as the precursor and mixes 
uniformly in the liquid phase. Hydrolysis and condensation 
are then performed to form a stable and transparent sol system 
in the solution.[187] The sol will slowly polymerize, resulting in 
a gel with a 3D network structure. The sol–gel method also 
allows the adjustment of physicochemical properties under 
mild conditions.[188] This also enables the potential expansion 
of functionalities by incorporating organic functional groups 
into an inorganic matrix. Hybrid ionogel produced through the 
sol–gel method is more adaptable to materials engineering and 
possesses specific properties for various applications. A pre-
vious study demonstrated that the sol–gel reaction is versatile 
for producing silica-supported ionogel, with a wide possibility 
of tunability.[189] Trivedi et  al. employed a sol–gel process to 
prepare ionogel by incorporating silver oxide as a nanofiller.[190] 
The ionogel was produced via in situ formation of silver oxide Figure 14. Optimum concentration of metal oxide filler.

Table 6. Main findings from different types of filler.

Filler Main finding

Metal oxide filler Aluminum oxide Incorporation of low concentration results in random and uniform distribution of the grans; this provides a pathway for ion 
transportation, while higher concentration would exert a blocking effect of geometrical constriction.[153]

Titanium oxide The presence of titanium dioxide exerts interaction between filler surfaces, thus altering the chain kinetics,  
resulting in chain orientation and conformation. It would also interact with the cations and anions  

from imidazolium-based ionic liquid.[159]

Zinc oxide The presence of zinc oxide as the filler has provided a 3D channel for ion transportation  
through the Grotthus mechanism.[167]

Carbon based filler Carbon nanotube It exhibits unique properties such as high thermal conductivity, high electrical conductivity,  
and high ratio length/diameter.[169b]

Graphene The incorporation of graphene in ionogel promotes ion dissociation within ionogel.

Adv. Mater. Interfaces 2022, 9, 2201405
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in IL and simultaneous dissolution of biopolymers. Biopolymer 
dissolution in the IL has a synthesized blend with strong filler 
compatibility due to strong hydrogen bonding. The resultant 
composite materials showed the enhanced material property 
and good stability. Lee et al. prepared ionogel with zirconia as 
nanofiller though one-po via the in situ sol–gel method.[191] This 
method displayed the possibility of incorporating a nanofiller 
exhibiting high ionic conductivity (10−3 S cm−1) and enhanced 
electrochemical stability (6.9  V). Sert Cok et  al. studied the 
effect of different drying techniques (freeze-drying method, 
supercritical, ambient pressure) on the sol–gel method.[192] The 
method which involved drying displayed a monolithic appear-
ance of ionogel. In contrast, another drying method has a pro-
nounced effect on the morphology of ionogel in terms of the 
surface area of pore distribution.[192] The drying of ionogel 
using ambient conditions has shown pore distribution with the 
lowest surface area, 95 m2 g−1.[192]

7.2. Natural Fibers as Fillers

Natural fibers offer various advantages to be applied as filler 
in polymer composites, plastics, or rubber. Incorporating 
natural fibers as fillers includes renewable nature, low cost, 
easy availability, and chemical and mechanical modification 
ease.[193] Moreover, reinforced polymers with natural fibers 
would enhance heat resistance and mechanical properties and 
minimize swelling, heat, expansion, and shrinkage.[194] The 

different types of natural fibers have been widely applied in 
various applications. For instance, Obada et al. investigated the 
mechanical, dynamic, and physical properties of coconut husk 
and coconut coir polymer composites.[195] With the increase 
in the loading of coconut coir, the hardness, rigidity, and flex-
ural strength were reported to attain values of 92.5 MN m−2, 
17.0  MPa, and 7.1 MN m−2. This could be attributed to the 
increasing fiber length, which induced the increment in com-
posite elasticity and strengthened the bonding interface, thereby 
promoting stress transfer from the matrix. Ridzuan et al. inves-
tigated the effect of pineapple leaf, hemp fibers, and napier as 
filler on the scratch resistance of epoxy composites.[196] The 
parameters explored are coefficient of friction, horizontal load, 
penetration depth, and scratch observation. It was reported that 
at a higher wt% of pineapple fiber as filler, the resistance of the 
flat load is enabled before brittle failure of all composite sam-
ples. However, compared with other fillers such as napier fiber, 
and hemp fiber, the former offered a greater scratch distance 
at peak load due to the higher coefficient fraction. In terms 
of utilization of bamboo fiber as filler, Zhang et  al. employed 
bamboo fiber as filler in polypropylene composite through 
injection molding and melt compounding.[197] Bamboo fiber 
as the filler has increased the decomposition temperature of 
the polypropylene and the melting temperature and enthalpy. 
Ezenkwa et  al. incorporated rice husk in polypropylene. Rice 
husk as the filler has increased young modulus by 28%.[198] 
This could be due to the high elastic modulus possessed by rice 
husk, which leads to increasing composite stiffness. The wheat 

Figure 15. Optimum concentration of carbon based filler.
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husk was employed by Aouat et al. as a reinforcing filler in the 
polyvinyl chloride matrix, and the treatment effect was also 
investigated.[199] It was found that the initial incorporation of 
wheat husk has decreased the tensile strength of the composite. 
In contrast, modified wheat husk has shown different results 
where an increasing trend of composite’s Young’s modulus 
was observed. The improved mechanical properties are due to 
chemical modification, which reduced the hydrophilic property, 
thus ensuring better interfacial adhesion between matrix and 
fiber, imparting promising mechanical performances. In short, 
natural fiber has received wide attention to be used as filler as 
it could aid in the mechanical properties of the composite; the 
advantages include low cost, fewer emissions of carbon dioxide, 
and biodegradability. Moreover, incorporating natural fiber 
could also act as a solution to waste management, reducing the 
environmental pollution. Besides, the above-mentioned natural 
fiber, cellulose, or nanocellulose is another potential candidate 
to be incorporated as filler.

7.2.1. Potential of Cellulose

Cellulose is one of the most extensive and omnipresent biopoly-
mers[200] produced; simultaneously, it is also considered an 
almost infinite source of raw material, fulfilling the expanding 
demand for biocompatible[201] and green products.[202] Cellulose 
is a homopolymer of anhydroguclose, where the residues are 
linked through a β  −1, 4 glycosidic bond. The uniqueness of 

cellulose is that it can retain a state of semi-crystallinity, even 
in an aqueous environment.[203] Figure 16a shows the cellulose 
structure with the repeating unit made of two anhydroglucose 
rings (C6H10O5)n, linked by an oxygen. Interchain and intra-
chain hydrogen bonding also exist within the cellulose system, 
as shown in Figure  16b. Hence, with the glycosidic and intra-
molecular hydrogen bonds, such interactions are responsible 
for the rigidity of cellulose. Meanwhile, the interaction between 
cellulose chains is due to intermolecular hydrogen bonding. 
The combination of hydrogen bonding and glycosidic bond 
allows the assembly of cellulose in layers, forming the crystal-
line region, as shown in Figure 16c.[204] Dash explored the appli-
cation of cellulose in the biomedical field by preparing a novel 
nanometric carrier molecule for drug delivery employing cel-
lulose nanowhiskers.[205] Cellulose was chosen due to its high 
surface area, hydrophilicity, and biodegradability.[205,206]

Furthermore, Kim et  al. prepared a chitosan-cellulose com-
posite, demonstrating that the chitosan molecules penetrate 
the cellulose, forming a structured multi-layer.[207] The resultant 
scaffold has an interconnected porous network and a significant 
aspect surface. The prepared scaffolds are bioactive and thus 
suitable for cell attachment/adhesion, which could be applied 
as wound dressing or tissue-engineering scaffolds. Angelova 
et al. also employed the sol–gel route to produce hybrid mate-
rials based on hydroxypropyl cellulose and tetraethoxysilan for 
biomedical applications.[208] Besides, the broad application of 
cellulose in biomedical and tissue engineering, cellulose is also 
feasible in polymer nanocomposites.[209]

Figure 16. a) Cellulose structure. Reproduced with permission.[277] Copyright 2014, Taylor & Francis Ltd. b) Intramolecular and intermolecular hydrogen 
bonding within cellulose. Reproduced with permission.[277] Copyright 2014, Taylor & Francis Ltd. c) Crystalline region and amorphous region of cellulose 
structure. Reproduced with permission.[278] Copyright 2013, Hindawi.
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7.2.2. Nanocellulose as Filler

Cellulose, also known as nanocellulose, is a potential candidate 
for a filler or reinforcing agent in polymer nanocomposite. For 
instance, Orts et  al. incorporated cellulose microfibrils at low 
concentrations (2–10% w/w) as reinforcing agents.[210] With 
cellulose microfibrils as a reinforcing agent, apparent changes 
were observed in the tensile strength and maximum load. 
Cocca et  al. performed a mechano-chemical process on cellu-
lose without solvent to obtain amorphous cellulose particles, 
which are then applied as filler in biodegradable composites.[211] 
Veigel et  al. investigated the effect of cellulose as filler on the 
mechanical properties of wood adhesive bonds.[212] The addi-
tion of cellulose has resulted in the feasibility of the toughening 
of urea-formaldehyde wood adhesive bonds, accompanied by a 
toughening effect of 45%. Moreover, Bodkhe et  al. compared 
the impact of cellulose, CNT, and kaolinite clay on initiating the 
beta phase of PVDF.[213] This is crucial as it is responsible for 
pyro, ferro, and piezoelectric properties, essential in sensing, 
actuating, and memory applications. Among other fillers, cel-
lulose showed enhanced beta degree at loading fractions as low 
as 1 wt%. Due to the delicate balance between the size and sur-
face area of the cellulose fibers, the abundance amount of OH 
groups positively impacts the retainment and formation of the 
beta phase. In this context, cellulose is better performing than 
other fillers. Furthermore, Montero et al. used nanocellulose as 
reinforcement to understand the effect of filler amount on the 
crystallinity and plasticization of thermoplastic starches.[214] It 
was observed that the presence of nanocellulose resulted in the 
induced formation of hydrogen bonding between plasticizer 
and nanocellulose, preventing movement of the chain, which 
is accountable for the increasing matrix stiffness. Martelli-Tosi 
et  al. examined the implementation of nanocellulose as fillers 
in soy protein isolate films.[215] Pronounced mechanical proper-
ties were reported, which could be comprehended as the con-
sequence of modified chemical and physical bonding. When 
the nanocellulose is incorporated as filler, it diffuses and entan-
gles with the matrix, presenting an isotropic alignment, which 
acts as pinning, minimizing the chain’s flexibility. Trifol et  al. 
compared the effect of nanocrystalline cellulose, nano clay, 
and partially acetylated nanocellulose as filler in nanocompos-
ites.[216] In common, the nanocrystalline cellulose partially acet-
ylated nanocellulose, and nano clay act as nucleating agents, 
impacting crystallization kinetics. Nanocellulose exhibits better 
performance as a filler which causes about a 10% increase in 
the stress at break and elongation by 1%. However, slight differ-
ences were observed between nanocrystalline and partially acet-
ylated cellulose, as the latter shows a well-dispersed behavior.[216] 
To summarize, the application of nanocellulose as the filler 
has been explored in different fields. One of the pronounced 
effects of incorporating nanocellulose is the augmentation of 
the mechanical properties due to the formation of hydrogen 
bonds. Hence, nanocellulose presents a promising potential 
as a filler in ionogel. As mentioned earlier, one of the major 
drawbacks of ionogel is the weak mechanical strength, which 
has limited its practical application, and ionic conductivity is 
another key identification of the performance of ionogel. In 
terms of ionic conductivity, Matsumi et al. produced novel iono-
gels through condensation between boric acids and cellulose in 

IL at different content of cellulose (5 wt% and 7 wt%).[217] 5 wt% 
of cellulose has shown higher conductivity than 7 wt%, attrib-
uted to the lowered activation energy.[217] The higher polymer 
solution viscosity could explain this under high polymer con-
centration. Moreover, Abidin et  al. synthesized polymer gel 
electrolyte based on lithium bis(oxalate)borate salt with cellu-
lose acetate.[218] It has been demonstrated that the ionic conduc-
tivity increases even at low concentration of cellulose acetate, 
up to 1.41  × 10−2 S cm−1. at 2.4 wt%. Addition of cellulose ace-
tate was also shown to induce an increase in the pressure of 
the system. The pressure increase is due to the unfolding and 
folding of the chain, which assists the motion of Li+ ions. In 
this context, Gan et  al. observed the impact of hydroxypropyl 
content (HPC) on the conductivity of ionogels.[219] The incre-
ment of the HPC content from 0 to 6.67 wt% resulted in ionic 
conductivity from 2.17 to 3.39 S m−1. The higher HPC content 
exhibits more pores, thus absorbing more ions and minimizing 
ion migration resistance. To summarize, previous research has 
shown that incorporating nanocellulose or cellulose-based filler 
could positively affect the performance of the composite, which 
indicates the potential of nanocellulose to be incorporated as 
filler for enhanced performances in ionogel.

8. Applications

Ionogel is a hybrid material consisting of ionic liquid, confined, 
or immobilized in a polymer or inorganic matrix. The polymer 
matrix acts as solid support to the ionic liquid while simultane-
ously exhibiting similar properties as that of ionic liquid, such 
as ionic conductivity, electrochemical stability, and thermal sta-
bility. The commonly used polymer matrix for the immobiliza-
tion of ionic liquids includes PEO, PVDF, and poly(vinylidene 
fluoride-hexafluoropropylene) (PVDF-HFP). Both PEO and 
PVDF are known as semi-crystalline polymers. PEO displays 
high solvation power, allowing complex formation with alkali 
salts to provide a pathway for cation migration. At the same 
time, PVDF exhibits a large dielectric constant, where more 
ions will be dissociated, improving the charge carriers’ con-
centration. PVDF-HFP is slightly different where the pres-
ence of HFP in the matrix, incorporates better performance 
such as reduced crystallinity, low glass transition temperature, 
and pronounced electrochemical stability. However, it is worth 
mentioning that the presence of the semi-crystalline region in 
PEO and PVDF has somehow inhibited the transportation of 
ions, thus affecting its ionic conductivity. Hence, a combination 
of different types of ionic liquid with varying polymer matrix 
endows ionogel with other performance, mainly attributed to 
the possible interactions within ionogel. One of the possible 
interactions is hydrogen bonding, which will enhance IL flu-
idization. The most crucial attribution of hydrogen bonding 
is the high toughness and mechanical strength, thus enabling 
ionogel to be practically applied.

Moreover, there is also the existence of electrostatic interac-
tion, which has influenced the chemical bonding, thermody-
namic properties, determination of intermolecular orientation, 
and biomolecular system. This interaction also allows immo-
bilization of a large amount of ionic liquid, equipping ionogel 
with suitable ionic conductivity in the range of 10−3–10−5 S cm−1. 
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This has opened a wide application window for ionogel, such as 
flexible sensors, supercapacitors, electrochemical devices, and 
solar cells.

8.1. Flexible Sensors (Strain Sensor)

Ionogel possesses the exciting potential to be applied in the 
flexible sensor. For instance, the leakage problem and con-
tamination issues are a challenge to biosensing techniques. 
Khodagholy et al. integrated room temperature ionic liquid in 
a gel to perform detection of lactate, which is a crucial ana-
lyte in the physiological measurement of the performance 
of athletes.[220] As shown in Figure 17b, it has been success-
fully demonstrated that the organic electrochemical transistor 
sensor with ionogel solid-state electrolyte could detect lactate 
in a relevant range of physiological, including the amount 
of lactate present in sweat, thus making it appropriate for 
sport science and healthcare applications. Similarly, a port-
able system for analysis of in situ colorimetric water quality 
was developed by Czugala et  al.[221] Here, the paired emitter 
detector diode device system was combined with a portable 
dye-ionogel sensing area to monitor the turbidity degree and 
pH of the water samples, which is illustrated in Figure  17c, 
where the ionogel is represented as the yellow region. Sun 
et  al. produced a novel ionogel through photo polymerization 
of butyl acrylate in the ionic liquid, and the resultant ionogel 
has shown high transparency and enhanced stretchability.[77] 
Due to the superior electromechanical properties, ionogels 
are also suitable for monitoring human motion, as shown in 
Figure 17a. During human activity, bending or unbending, the 
sensor remains attached to the finger due to self-adhesion; 
the finger bending angle could be detected by monitoring the 
change in resistance. In short, the ionogel-based sensor could 
detect huge deformation motion.

To be applied as flexible sensors, ionogels must possess good 
fatigue resistance and stretchability. Lai et al. produced ionogel 

consisting of poly(acrylic acid) (PAA) and 1-ethyl-3-methylimida-
zolium dicyanamide ([EMIm][DCA].[222] The synthesized ionogel 
was then deployed in pressure and strain sensors. The flexible 
sensors have effectively detected various physiological activities 
and motions of the joints of fingers, as shown in Figure 18a. 
When there is a bending motion of the fingers between 0° and 
90° (Figure 18a-ii), the cyclic variation of resistance was found. 
This implies that the strain sensors based on ionogel can detect 
the fingers’ bending motion. Moreover, Zhang et al. investi-
gated the self-healing ability of ionogel in applying strain sen-
sors by integrating the metal coordination bonds in a loosely 
linked ionogel network.[223] The produced ionogel shows self-
healing ability, attributed to the bond feature in Figure 18b. The 
self-healing ability is mainly due to the reversible and dynamic 
bonding nature of the Fe(III)Ocarboxyl group. The formation of 
such a bond allows reorganization of the polymer network at 
the fractured part interface. Hence, ionogels containing higher 
PAA content would promote the efficiency of self-healing of 
nanocomposite as PAA provides more carboxyl groups for com-
bination with Fe(III) at the fracture interface. Furthermore, the 
operability of the ionogel-based strain sensors in extreme con-
ditions was also explored by Xiang et  al.[224] The ionogel was 
synthesized through a facile one-step solvent displacement 
method. The ionogel was applied as a strain sensor and tested 
in different conditions, such as in an extra cold refrigerator at 
− 60 ○C and oven at 180  °C, to mimic the hot and cold oper-
ating conditions. The combined effect of polyimide and IL 
endow ionogel with a wide operating temperature range, thus 
making it suitable for application under high- and low-tem-
perature conditions. Figure  18c shows that the ionogel-based 
strain sensors at low temperature where the bending actions 
could be identified with a conductivity of 0.0036 mS cm−1.  
At high temperatures, the closing and opening of the gripper 
can also be distinguished with a conductivity change of  
35.0 mS cm−1. As the application of ionogel in stretchable elec-
tronics gained significant traction in recent years, the pros-
pect of its the self-healing ability and operation under extreme 

Figure 17. Various applications of ionogel. a) Application of ionogel and human motion sensing. Reproduced with permission.[77] Copyright 2019, Royal 
Society of Chemistry. b) Schematic diagram of OECT device with ionogel. Reproduced with permission.[220] Copyright 2012, Royal Society of Chemistry. 
c) Application of ionogel as a sensor. Reproduced with permission.[221] Copyright 2012, Royal Society of Chemistry.
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temperatures was also a topic of interest among researchers.[224] 
Besides that, high sensitivity and wide detection range are also 
crucial behaviors exhibited by the ionogel. Zhou et al. realized 
ionogel with such properties by forming the porous segregated 
conductive network within the ionogel composite.[225] The 
compression molding and self-leaching method was employed 
to produce ionogel with TPU and CNT complex powder. The 
strain sensor has displayed a wide sensing range of up to 800% 
strain and a high gauge factor (356.4), showing good conjunc-
tion between high sensitivity and wide detection range.

Li et al. produced ultra-durable ionic skins with high sensi-
tivity and outstanding healability by confining ionic liquids in 
a mechanically robust poly(urea-urethane) (PU) network.[226] 
The synthesized ionogel was then applied to the strain sensor 
for monitoring small or large-scale human body motions. The 
I-skin was demonstrated to detect the subtle change in the 
pressure of the human wrist pulse, providing physiological 
information. The application of ionogel in amputee prosthese, 
soft machines, and physiological sensing was evaluated by 
Shen et  al.[227] Shen et  al. combined the ionic gel with other 
conductive fabrics to produce a susceptible and robust soft-
touch skin; the sensing system can provide pressure sensing 
for wearable electronic and prosthetic robots. Such automated 
skin could supply an industrial robot or a trans-radial amputee 
with real-time sensory feedback and secure interaction 

with the environment.[227] In addition, Lan et  al. produced a 
dual-network ionogel with chemical and physical crosslinks 
and evaluated the application of built ionogel in flexible strain 
sensors.[228] Ionogel with a double network structure has shown 
better mechanical and conductive properties. It was applied 
as a strain sensor and displayed good durability, fast response 
speed, and high sensitivity in a wide temperature range. Wong 
et  al. proposed a new concept for producing ionogel, where 
it could be 3D printed into ionically conductive geometrics 
objects.[229] In this case, the ionogel has shown excellent tough-
ness, and it is suitable for fabricating strain sensors, sensitive 
to the stretching, bending, and twisting motion.

8.2. Supercapacitor

Despite flexible sensors, the application of ionogel in a super-
capacitor was also exploited. Possible environmental hazards 
impede the application of IL as an electrolyte in capacitors due 
to corrosion, leakage, and packaging issues. Hence, ionogel 
is considered a potential candidate to overcome such chal-
lenges.[230] Negrem et  al. synthesized ionogel in a 1:1 molar 
ratio of ionic liquid and polymer matrix through the sol–gel 
method.[231] The synthesized ionogel is then applied to the 
supercapacitor using two activated carbon electrodes. The 

Figure 18. a) Ionogel based strain sensor. Reproduced with permission.[222] Copyright 2019, American Chemical Society. b) Schematic illustration 
of stretched PAA network and self-healing mechanism. Reproduced with permission.[223] Copyright 2019, Wiley-VCH. c) Current correspondence of 
sensors to bending motion of mechanical gripper at −60 °C (i and ii) and 180 °C (iii and iv). Reproduced with permission.[224] Copyright 2019, Royal 
Chemistry of Society.
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operation of an ionogel-based supercapacitor is demonstrated 
over a 3 V voltage window achieving capacitance up to 90 F g−1. 
The supercapacitor is also known as electrochemical double-
layer capacitors (EDLCs). However, the mechanical properties 
of ionogel are often a concern that constrains the practical 
application of ionogel in supercapacitors. Liu et  al. investi-
gated the mechanical properties of the ionogel by preparing 

an ionogel-mask hybrid gel electrolyte through UV-initiated 
polymerization, as shown in Figures 19a-ii.[232]

The ionogel-in-mask hybrid gel electrolyte combines strain flex-
ibility and puncture resistance, preserving high puncture strength. 
This significant enhancement in the mechanical properties had 
endowed the ionogel with promising mechanical tolerance in the 
fabrication of supercapacitor, which corroborates sturdy capacitive 

Figure 19. a) i) Molecular structure for materials used. ii) Process of UV polymerization. iii) Preparation of ionogel via in situ UV-initiated poly-
merization. Reproduce with permissions.[232] Copyright 2017, Wiley-VCH. b) Synthesis process of solid-state EDLC. Reproduced with permission.[233] 
Copyright 2019, Elsevier. c) Schematic diagram of ASSC with redox-active ionogel. Reproduced with permission.[11b] Copyright 2020, Elsevier.
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performance when various stresses were applied. In terms of the 
operating temperature of ionogel-based supercapacitors, Asbani 
et al. fabricated ionogel-based supercapacitors using carbon elec-
trodes where the resultant supercapacitor can operate at high 
temperatures, up to 100 °C.[233] The synthesis process of the all-
solid stated-based supercapacitor is displayed in Figure  19b. In 
the EDLC, the ionogel was used as a separator and solid electro-
lyte. The application is justified where the ionogel-based EDLC 
can operate up to a temperature of 100 °C and under a 2.5 V cell 
voltage. However, the enhancement of mechanical properties is 
accompanied by a declining performance in the ionic conductivity 
of ionogel, which limits the application. Thus, an aligned nano-
composite ionogel is prepared through direct freezing and solvent 
replacement.[42] The aligned ionogel has shown a higher capaci-
tance, up to 29%, than the normal nonaligned form. Similarly, a 
wire-shaped supercapacitor (WSSCs) has received wide attention 
due to its high flexibility, less weight, and tiny volume. In this 
context, Liu et  al. have demonstrated high-performance coaxial 
WSSCs by encapsulating PCDs/ALF film electrodes on FeOOH 
NSs/CFTs yarn electrodes; such arrangement has favored ionic 
diffusion and charge transport.[234]

Furthermore, ionogel is also utilized as a solid-state electro-
lyte, demonstrating high operating voltage and excellent reli-
ability. On the other hand, Fan et  al. reported all-solid-state 
supercapacitors (ASSC), as this type of supercapacitor acts as an 
alternative to leakage issues associated with liquid-electrolyte- 
based supercapacitors (Figure  19c).[11b] A high-performance 
redox-active ionogel incorporating CNTs was synthesized 
in this study. With the presence of CNTs, a CNT network is 

formed within ionogel, thus achieving high ionic conductivity, 
up to 17.6 × 10−3 S cm−1. The ASSC was produced by coupling 
ionogel with a pair of AC electrodes, with the redox actions pro-
viding additional pseudocapacitance. The ASSC exhibited high 
specific energy up to 50.1  Wh. In short, ionogel is a potential 
candidate to be applied in different supercapacitor types, such 
as EDLC, WSSC, and ASSC, while manipulating the contents 
or synthesis method in ionogel could result in performance 
enhancement of the supercapacitor.

8.3. Solar Cells

Wu et al. employed solution-processable ionic liquid as an inde-
pendent or modifying electron transport layer for perovskite 
solar cells (PSCs).[235] Ionic liquid (IL, 1-ethyl-3-methylimi-
dazolium hexafluorophosphate ([EMIM]PF6)) was employed 
as either a TiO2-modifying interlayer or an independent ETL 
in the PSCs. The Ionogel incorporated devices using [EMIM]
PF6-IL onto TiO2 ETL as a modification layer exhibited an 
average PCE of 18.42%, higher than commonly used TiO2 ETL 
(14.2%). The Ionogel layer was found to reduce the changes to 
the crystallinity and optical absorption of CH3NH3PbI3 perov-
skite film during device fabrication and improved the interfa-
cial contact between CH3NH3PbI3 perovskite and HTM layer, 
thereby facilitating efficient electron transport in the devices. 
Ionogels are used as an encapsulation strategy for perovskite 
modules which inhibits lead leakage and endure long-term sta-
bility tests. Xun et al. reported that the ionogel layers integrated 

Figure 20. A) Device structure of perovskite solar cells incorporating Ionogel as encapsulation layers. Reproduced with permission.[236]  Copyright 2021, 
Elsevier. B) Water soaking test results for damaged minimodules. Reproduced with permission.[236] Copyright 2021, Elsevier.
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into both modules augment impact resistance.[236] The ionogel 
also prevents water from penetrating the perovskite layer and 
adsorbing any escaping lead, as shown in Figure 20. In addi-
tion, the authors discovered that ionogel encapsulation reduces 
lead leakage by three orders of magnitude even after being 
rolled over by a car and soaked in water for 45 days.

9. Conclusion and Future Outlook

Ionogels research has gained immense popularity owing to 
the tunability of properties for targeted applications. Under-
standing the role of functional additives and their implication 
in enhancing the physicochemical interactions leading to the 
confinement of ionic liquids within the host matrix is crucial for 
effectively designing highly functional ionogels. The challenge 
is that their physicochemical properties become unpredictable 
once the ionic liquids are confined within the solid-state matrix. 
In other words, the stability and electrochemical properties of 
the hybrid ionogels are a collated consequence of various inter-
molecular interactions, including electrostatic, van der Waals, 
structural, and hydrogen bonding. As a result, nanoconfined 
ionogels have the potential to exhibit tunable multifaceted 
properties due to spatial confinement and dominant surface 
forces at small length scales. The interplay between the ionic 
liquid and the matrices can be precisely modified by a system-
atic variation of the structure and chemical composition of 
ionic liquids, such as cations, anions, alkyl chain length, func-
tional moieties, filling ratio, pore size, surface chemistry, and 
density of electrical charges and external conditions such as 
temperature. It is possible to create ionogels with exceptional 
mechanical properties; however, the synthesis methods are so 
intricate that it is difficult to regulate the contour or shape of 
the resulting material. In this context, the polymeric ionogels 
exhibit high homogeneity to prevent leaking under use, but the 
polymerization process contributes to low ionic conductivity. 
Suppose the ionic liquid content is increased to compensate for 
the conductivity losses. In that case, the mechanical properties 
of the ionogel get compromised owing to interrupted crystalline 
structure and enhancement of amorphous form. This trade-off 
makes the use of nanofiller quite indispensable.

Cellulose ionogels research has increased in the last ten 
years, especially in the electrochemical field. The prospect of 
immobilizing the ionic liquids using a biodegradable solid 
matrix such as cellulose is highly sought in electrochemistry 
and other areas such as medicine and pharmacology. Recently, 
the third generation of ionic liquids, or bio-based ILs, are being 
studied for their potential use as a dressing or drug delivery 
system. Also, developing novel biodegradable and safe ionic 
liquids is needed to minimize the environmental impact of 
ionogels. The research on cellulose extraction sources is also 
essential for producing low-cost cellulose from lignocellulose 
wastes (forestry, agriculture, etc.).

Although ionogel has recently advanced in fundamental 
and applied research, several issues must be addressed in 
the coming years. For instance, i) the confinement effect and 
the interplay between the ionic liquid and matrices are not 
fully understood. ii) The interaction between ionic liquid and 
other molecules and impurities within the confined envi-

ronment is less probed. iii) Finally, the interfacial properties 
between the nanofiller and the ionogel that contribute to the 
stability and electrochemical properties of the composite need 
a thorough investigation through experimental and computa-
tional approaches, which could provide fundamental knowl-
edge and strategies for the rational design of novel ionogels for 
a wide range of energy applications.
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