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Abstract 
 
Ionic Liquids (ILs) as a class of materials that are composed of cations and anions have been attracted much attention and 
used in a variety of applications. Due to the negligible volatility, high chemical and thermal stability, high ionic conductivity 
and  wide  electrochemical  window,  ILs  have  been  used  in  the  electrochemical  devices,  electrocatalysis,  extraction, 
electrosynthesis, gas absorption and sensors. In addition to the application in electrochemical devices, ILs have been used in 
energy transformation devices. Therefore, in this review, we have focused on mainly the applications of ILs in electrochemical 
energy  storage, energy conversion and CO2  reduction. We also discuss  the  current  trend of  computational design  for  ILs 
electrochemical  system  and  IL-like  ion  conductor  from  nature,  which  could  be  employed  in  green  electrochemistry 
applications in the future. 
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1. Introduction 
Green energy is derived from natural resources such as 
sunshine, wind, storms, oceans, seeds, algae and geothermal 
energy.[1-3] These sources of energy are renewable, which 
means that they are naturally replenished. Fossil fuels, on the 
other hand, are a finite resource, taking millions of years of 
growth and rising as they are used. Renewable energy has a 
much smaller impact on the environment than fossil fuels, 
which contribute to climate change by producing pollutants 
such as greenhouse gases as byproducts.[4-6] Fossil fuels often 
require mining or drilling deep into the earth in ecologically 
sensitive locations. However, the energy available for green 
energy is readily available around the world, including in rural 
and remote areas without electricity. Advances of renewable 
energy technologies have lowered the cost of solar panels, 
wind turbines, and other green energy, allowing people to 
generate power instead of oil, gas, coal, and utilities.[7-9] Green 
energy will replace fossil fuels in all main applications, 
including power, water and space heating and vehicle gasoline. 
Investments in green energy production and advancement 
should thus be encouraged by governments and other 
authorities for green energy replacement of fossil fuels for a 
more environmentally sound and sustainable future.[10-12] 

 
Scheme 1. The properties of ionic liquid as a green electrolyte 
for energy storage and conversion and future directions. 

 
Ionic Liquids (ILs) are classified as molten salts with 

melting points below 100 °C, most of which are organic salts 
with a broad variety of designs.[12-14] These are known as the 
third group of solvents (and electrolytes) after water and 
organic solvents and are usually distinguished by unique 
properties such as non-volatility, strong thermal stability, and 
high ion conductivity.[13,15-16] ILs supports offer a better 
loading capacity than solid supports. Nevertheless, these 
properties are strongly affected by Lewis acidity/basicity of 
cations/anions (i.e. Coulombic interactions), spatial 
interactions between cations and anions, and van der Waals 
interactions between ions.[17] The strain of IL as an electrolyte 
component is very important due to its tunable characteristics, 
high electrochemical and thermal stability, low O2

-·reactivity 
and low volatility and flammability.[18] Among these very 
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interesting compounds, imidazole and pyrrolidinium-based 
electrolytes have shown promising results in lithium and 
sodium batteries.[19-21] In other words, with regard to the 
properties of ILs, it should be understood with the utmost care 
that the characteristics mentioned above are not always 
provided by all ILs, which, in turn, provide scope for the 
design of new task-specific ILs, such as the battery, capacitor 
sensor and catalytic systems.[22-26] The energy production 
through the IL-based systems and supercapacitor applications 
have been reviewed.[27-29] However, the exploration and 
understanding of ILs as both solvent and electrolyte for the 
new device systems such as Al oxygen/ion battery, 
supercapacitor battery, CO2 reduction and et.al. are in their 
infancy. In this review article, recent progress in the study and 
use of ILs energy storage and conversion in the newly 
developed systems (Scheme 1), its fundamental design and the 
future potential of IL-like ion conductor from nature will be 
discussed. 

 
2. Current Progress 
2.1. Application of ILs in electrochemical energy storage 
The demand for energy storage and conversion is increasing, 
and the battery and capacitor are becoming the main storage 
materials for energy.[30-33] However, the current lithium-ion 
battery also has a lack of lithium resources, and expensive, 
short-lived battery and a number of weaknesses. The 
introduction of sodium-ion batteries also provided an 
alternative to lithium-ion batteries.[34-36] The Na-S battery was 
designed by Ford but needed 300 °C to sustain the molten 
process between the two active materials, which resulted in 
low energy performance.[37-39] Aseveral studies have been 
carried out using enhanced electrochemical efficiency of 
EMIMFSI IL-based gel polymer electrolyte with temperature 
for rechargeable lithium batteries.[40-42] Rechargeable 
aluminum ion batteries (RABs) have attracted a lot of attention 
due to their high charging capacity, low cost and reduced 
flammability.[43-45] The special conversion mechanism of the 
Al battery chemistry stops cathode content from disintegrating 
through repetitive charging-discharge cycles, and this device 
effectively suppresses the IL dissolved polyiodide shuttle due 
to hydrogen bonding activity, resulting in a powerful 
rechargeable RAB method, which provides new insight into 
the designing system based on redox chemistry.[46-49] Here we 
summarized the most recent progress made by using ILs as a 
green electrolyte for the energy storage system. 
 
2.1.1 IL in lithium-oxygen battery 
The disadvantages of the lithium-oxygen battery hinder its 
applicability. Singh's group is trying to identify electrode 
materials with better stability and greater strength. 
Rechargeable lithium-ion batteries, supercapacitors, and other 
highly efficient energy storage devices are needed worldwide. 
Among the numerous electrolytes available, polymer 
electrolytes (PEs) are preferred over liquid electrolytes 
because they overcome the above-mentioned problems 

associated with liquid electrolytes and also offer several 
advantages such as the ability to form a thin film, flexibility, 
good electrode contact and convenience of preparation.[50] 
Normally, PEs are of two types: solid polymer electrolytes 
(SPEs) and gel polymer electrolytes (GPEs). SPEs are 
prepared using polar polymers (like polyvinyl acetate (PVA), 
polyethylene oxide (PEO), polymethylmethacrylate (PMMA), 
polyvinylidene fluoride (PVDF), etc.) with ionic salts (like 
LiPF6, LiBF4, LiClO4 and LiTFSI, etc.). However, the room 
temperature conductivity of SPEs was not as good as desired 
for use in Lithium-ion battery (LIBs). Armand et al. recorded 
ion conductivity ~10-5 S cm-1 at 40 °C in PEO dependent SPE 
for LIB use.[51] As a result, many researchers have focused on 
increasing the performance (such as ion conductivity, 
electrochemical stability, etc.) of SPEs.[52] 

Various approaches have been used to enhance the ionic 
conductivity of SPEs. One of the possible solutions is the 
processing of GPEs, owing to their many advantages over 
SPEs, such as increased mechanical durability, versatility, 
enhanced ion conductivity, strong interfacial interaction with 
electrodes, etc. Organic plasticizers such as ethylene carbonate 
(EC), propylene carbonate (PC), dimethyl carbonate (DMC) 
can be used to prepare GPEs,[53] etc. Since these organic 
plasticizers can improve ionic conductivity by several orders 
of magnitude but show poor chemical, thermal and 
electrochemical stability due to their volatile nature.[54] A 
promising approach is now being adopted to develop high-
temperature sustainable GPEs for LIB applications in which 
organic plasticizers are replaced by room temperature ILs 
(RTILs). RTILs have been deemed a perfect ionic solvent 
owing to some unique properties such as moderate ionic 
conductivity (~0.01 S cm-1), outstanding thermal stability 
(~400 °C – 500 °C), strong electrochemical stability (~4.0 V – 
6.0 V), non-flammability, non-volatility, simple miscibility 
with organic solvents, marginal vapor pressure, and 
reasonable plasticization potential, which improves the 
amorphicity of the polymer matrix. RTILs are therefore used 
in a number of electrochemical applications, such as 
rechargeable batteries, supercapacitor, fuel cells, solar cells 
etc.[55-56] ILs can be classified according to electrochemical 
stability, ion conductivity and electrode compatibility. Among 
them, phosphonium-and ammonium-based ILs families 
demonstrated better electrochemical stability and good cyclic 
performance at low current rates when used in LIBs.[57] But, 
imidazolium-based ILs are also offering applicants for use in 
LIBs due to many important properties such as high thermal 
stability, low viscosity, high ionic conductivity, a wide 
electrochemical working window and good cycle performance 
at high current rate etc.[58-59] Thus, ILs need to be stored in 
SPEs that provide strong ion conductivity and reasonable 
electrochemical/thermal stability.[60-61] Some publications on 
IL-based GPEs for lithium metal polymer batteries (LMPBs) 
applications also have been reviewed, for example, Kim et al. 
observed that Li/P(EO)10LiTFSI + 0.96PYR1ATFSI/LiFePO4 
was capable of producing a discharge capacity of ~84.1 mAh 
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g-1 at a rate of 0.1 C at 25 °C.[62] and Li et al. reveals the 
electrochemical performance of the Li/LiFePO4 cell using the 
PRY14TFSI IL-based gel polymer electrolyte, which received 
a discharge capacity of ~120.4 mAh g-1 at a rate of 0.1 C at 
room temperature.[63] Zhu et al. published the ionic 
conductivity value of pyridinium-based electrolyte 
(P(EO)20LiTFSI+1.0PP13-TFSI) ~ 8.9×10-5 S cm-1 at 40 °C 
with 123 mAh g-1 and 91 mAh g-1 discharge capacities at 0.1 
C and 0.5 C rates, respectively.[64] Most studies have been 
conducted using PEO polymer. However, some PEO-based 
ILGPEs are structurally unstable at high temperatures due to 
their low melting temperature (~56 °C). Thus, PEO-based 
ILGPEs are not feasible for high-temperature LIB applications. 

In the current investigation, Singh's group used polymer 
poly(vinylidene fluoride-cohexafluoropropylene) (PVdF-HFP) 
due to its high excellent electrochemical stability, excellent 
mechanical strength, high thermal stability, high dielectric 
constant, ability to easily separate salts, simple thin film form 
and IL 1-ethyl-3-methylimidazolium bis(fluoromethyl 
sulfonyl)imide (EMIMFSI) because of its high ionic 
conductivity, low viscosity, and its good plasticizing effect. 
Lithium imide salt lithium bis(trifluoromethyl sulfonyl)imide 
(LiTFSI) has been chosen for its high thermal stability and low 
lattice energy so that it could be effectively disassociated into 
cations/anions. Lithium foil is considered as an anode due to 
its high energy density and lithium iron phosphate (LiFePO4) 
is used as a conventional cathode substance for LMPBs due to 
the following advantages such as good thermal stability, 
higher discharge voltage base, lower electrolyte sensitivity, 
high capacity, low cost and non-toxicity. Here polymer 
electrolyte is not only used as a separator and more as an ion-
conductor for transporting ions from anode to cathode or vice 
versa. The test indicates that even the 40wt. percent IL 
comprising GPE has a ΔT of ~3.8×10-4 at 25 °C and a peak 
ionic conductivity value of ~4.6×10-4 S cm-1 at 25 °C when the 
60 wt.% EMIMFSI was introduced into the PVdF-HFP + 20 
wt.% LiTFSI framework. Also, Fig. 2(c, d) shows the 
temperature dependence of the ion conductivity, which is 
reported to improve with temperature, as the segmental motion 
of the polymer chain rises and the mobility of the ions in the 
polymer matrix also continues to increase with the 
temperature increase. Maximum ΔT was gained from 
~6.0×10-4 S cm-1 and ~9.8×10-4 S cm-1 at 50 °C at 40 wt.% and 
60 wt.% of GPE-containing IL. 

This work suggests the feasibility of DEMETFSI-based 
ionic liquid for effective use in high-performance lithium-
oxygen batteries. Such morphological modifications are due 
to various electrochemical processes, which include Li2O2-
growth both on the electrode surface and through the 
electrolyte. It produced a proof-of-concept, lithium-ion-
oxygen battery, including a conversion/alloy dependent anode 
instead of lithium oxide. The cell provided a reversible 
capacity of 500 mAh g-1 with a working voltage of 
approximately 1.6 V, therefore a theoretical energy density of 

approximately 900 Wh kg-1 which is considered desirable for 
Li-ion battery devices. 

N-butyl-N-methylpyrrolidinium bis(trifluoromethane-
sulfonyl) imide (PyR14TFSI) is particularly well suited for 
lithium-air batteries with low cathodic polarization and 
remarkable electrochemical performance. N, N-diethyl-N-(2-
methoxyethyl)-N methylammonium bis(trifluoromethane-
sulfonyl)imide (DEMETFSI), an IL with lower viscosity than 
the former, was also suggested for use as an electrolyte part 
for lithium-air batteries. Here, Hassoun's group applied this 
study by properly describing the electrolyte based on 
DEMETFSI in aspects of electrochemical and chemical 
stability, as well as the charge-discharge cycle in lithium-
oxygen cells at different temperatures.[65] The increase in 
temperature has resulted in a change in the morphology of the 
Li2O2 deposited at the cathode and an improvement in cell 
energy efficiency. In addition, the suitability of the 
DEMETFSI-based electrolyte for use in lithium-ion-oxygen 
cells is conclusively demonstrated. This study describes a 
move forward in the development of feasible, IL-based 
lithium-oxygen batteries for new innovative energy storage 
systems. 

 

 
Fig. 1 (a) Arrhenius plot of the DEMETFSI-LiTFSI 
electrolyte with the viscosity vs. temperature plot (inset) (b) 
Current vs. potential plot of the LSV and of the CV performed 
on a Li/DEMETFSI LiTFSI/Super-C65 cell using a scan rate 
of 0.1 mV s-1 at various temperatures: 30 °C (blue), 40 °C 
(orange), 60 °C (red). (c) Time evolution of the interphase 
resistance of symmetrical Li/DEMETFSI-LiTFSI/Li at 
various temperatures: 30 °C (blue), 40 °C (orange), 60 °C (red). 
(d) Time evolution of the cell voltage and, in the inset, 
magnification of the 1st, 2nd, 123rd, and 124th cycle during 
stripping-deposition measurements performed on 
asymmetrical Li/DEMETFSI-LiTFSI/Li cell using a current 
of 0.1 mA cm-2 and a deposition-stripping time of 1 hour 
(Reproduced with permission from ref. 65). 
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Fig. 2 Voltage profile (a) and energy efficiency upon cycling (b) of the Li/DEMETFSI, LiTFSI/O2 cell cycled at various 
temperatures: 30 °C (blue), 40 °C (orange), 60 °C (red). Current density 50 mA g-1. Capacity is limited to 500 mAhg-1 
(Reproduced with permission from ref. 65). 
 
Fig. 1 demonstrates the electrochemical properties of the 
electrolyte DEMETFSI-LiTFSI. The Arrhenius plot at 0-60 ° 
C temperature range (Fig. 1a) shows a conductivity of 3.5 × 
10-4 S cm-1 at 0 °C, which greatly enhances with a temperature 
of 2.2 × 10-3 S cm-1 at 30 °C, 3.4 × 10-3 S cm-1 at 40 °C and 
6.6 × 10-3 S cm-1 at 60 °C, i.e. values considered suitable for 
high-performance lithium-oxygen batteries.[66] Fig Inset. 1a 
displays the viscosity of the electrolyte DEMETFSI-LiTFSI in 
the same temperature range. The graph illustrates a relatively 
high value at 0 °C (above 500 mPs) which quickly reduces by 
increasing temperatures to 30 ° C (80 mPs) and 60 °C (24 mPs) 
respectively. Conductivity and viscosity, consistent with the 
Walden law in this range of temperatures and working 
conditions,[67] differ from the linear Arrhenius-type behavior 
and are better understood in the Vogel-FulcherTammann (VFT) 
Model at the low-temperature domain.[68] A more detailed 
analysis, based on the VFT simulation, has previously been 
mentioned for this group of electrolytes within a larger 
temperature range.[69] The improvement in electrolyte 
conductivity at higher temperatures, directly attributable to the 
lowered viscosity, 21 is predicted to greatly improve the 
electrochemical performance of the system. The properties of 
the electrolyte have also been studied at various temperatures. 
Fig. 1b reports the electrochemical stability window of the 
carbon electrode at different temperatures., i.e., 30 °C (blue 
line) 40 °C (orange line) 60 °C (red line). The first cathodic 
scan shows a wide peak (circulated in green) which has no 
related peak in the next anodic scan. It is therefore correlated 
with the irreversible solid electrolyte interphase (SEI) 
formation on the carbon surface, which restricts further 
electrolyte decomposition during the following cycles. (see 
2nd cycle in the inset of Fig. 1b). The permanent plateau 
correlated with the SEI development changes to higher 
potential values by growing the temperature from 0.4 V at 
30 °C (blue curve) to 0.5 V at 40 °C (orange curve) and to 0.6 
V at 60 °C (red curve). In addition, higher temperatures can 
lead to faster kinetics of the reductive forming of the SEI layer 
and improved electrolyte conductivity. As a result, electrolyte 

decomposition occurs at higher potentials. At the lowest 
temperature (30 °C), the anodized side of the SEI-formation 
point is detected, which may be linked to the introduction of 
the IL cation into the carbon prior to the formation of SEI.   
The limited range conditions used for cycling have already 
been proposed for lithium-oxygen cells as the optimal 
conditions for a stable, continuous charge/discharge procedure. 
The results suggest a stable trend and only slight impacts of 
repeated heating/cooling on cell results. In light of the higher 
capacity, the cell displays steady cycling activity and 
demonstrates the reduction of the polarization of the cells by 
increasing the temperature and thus enhancing energy 
efficiency. Hassoun's group believed that the positive effect of 
the temperature increase on cell energy efficiency could be due 
to enhanced kinetics of the process of deposit of 
electrochemical lithium peroxide, affecting both the direction 
of reaction and the structure of the products produced. 
Nevertheless, further investigation is still needed to make this 
aspect fully clear. The proof-of-concept cell has a discharge 
working voltage focused at approximately 1.6 V and provides 
a reversible capacity of approximately 500 mAh g-1 carbon, 
but with a reasonably high polarization mostly related to the 
reaction. Despite the need for long-term cycling, especially in 
the air rather than pure oxygen, the cell originally mentioned 
here may represent a promising and safe system for storing 
energy. 
 
2.1.2. IL Gel in Sodium Metal Battery 
When the demand for lithium rises, sodium becomes an 
excellent replacement. Because sodium is cheaper, greater in 
content, less toxic and has an energy density comparable to 
that. Organic capture of the liquid electrolytes in sodium 
batteries has been widely reported. But it also has some issues 
like toxicity, flammability, and potential leakage. Sodium 
metal is highly reactive to organic liquid electrolytes and 
suffers from severe sodium dendrite formation, a problem that 
could potentially lead to an explosion. So, gels or solid 
electrolytes were of interest, as they prevent dendrites 



Engineered Science                                                                                                   Review article 

© Engineered Science Publisher LLC 2020                                                            Eng. Sci., 2020, 11, 3-18 | 7 

formation. IL gel is a classic electrochemical semi-solid 
energy storage device with good mechanical elasticity and 
high ionic conductivity. Due to its low cost and excellent 
conductivity of the impregnated IL gel we use commercial 
glass fiber separator in this present manuscript.[40] The IL N-
propyl-N-methyl pyrrolidinium bis(Fluor sulfonyl)imide 
(C3mpyrFSI) has been reported to have excellent thermal 
stability and electrochemical efficiency on sodium-based 
electrochemical instruments.[70-71] In addition, the use of this 
IL gel film in versatile sodium batteries based on carbon-
coated sodium vanadium phosphate cathode content 
(Na3V2(PO4)3@C (abbreviated as NVP@C) was 
demonstrated, demonstrating the system's superior protection. 

The silicon-based sodium metal battery's current density 
with a certain capacity is 92%. It has an efficiency of 99.9 % 
after 150-coulomb charge and discharge cycles at the current 
density of 1 C. In particular, at the end of the cycle, emissions 
appear to be getting more stable. This can be because silicon 
magnesium and NVP materials are highly stable. High 
supporting IL gel film stability and interface stability is also 
beneficial for improving circulation performance.[73] (Fig. 3). 
Electrochemical impedance spectroscopy (EIS) was 
conducted on new cells and 150 deep 1c (10-6-10-2 Hz 
frequency) cycles to examine dynamic changes in the polymer 
gel electrolyte's interfacial resistance. It is important to note 
that the Nyquist curve at the intermediate frequency shows an 
extra half-circle after 150 cycles. It is well known that this 
particular electrolyte's SEI layer can form a uniform 
electrolyte and dense layer, making the anode side of the 
sodium plating/stripping more efficient. Thus, due to the 
forming of the SEI layer during the process, the extra 
semicircle created at high frequencies is. It is worth noting that 
the bulk resistance (the semi-circle intersection point to the x-
axis, Rb), which is ascribed to the resistivity of the gel-
electrolyte, does not change obviously after 150 cycles, 
implying that the cell's impedance response is ruled by the 
formation of the SEI layer and the transfer of charge occurring 
at the electrode/electrolyte interphase. A 6 cm × 4 cm 
laminated cell was assembled in the argon glove box to 
confirm the safety and flexibility of the SILGMs by 
sandwiching the SILGM NVP@C coated on aluminum foil 
and a sodium metal foil anode between normal plastic 
laminating film. It is constructed that the SILGMs could be an 
attractive option as a strong electrolyte, both as an electrolyte 
and as a separator for sodium batteries, even ideal for rolling 
to rolling output.[72] 

 

2.1.3. IL Electrolytes for Sodium-Ion Batteries 
Sodium has a deep, lithium-like source which makes it a good 
replacement. P2-layered transition metal oxide, consisting of 
two layers of the prism and MO6 octahedron, displays greater 
phase stability through electrochemical sodiation and 
desodation in the cathode content of the sodium ion battery 
than other layered transition metal oxides. However, during 
the descaling process, the jantler distortion of manganese ions 

occurs which means that the cyclic stability of layered 
manganese oxides as cathode materials is not sufficient. In 
carbonate solvents (ethylene carbonate (EC), propylene 
carbonate (PC), dimethyl carbonate (DMC), etc.), the 
traditional sodium-ion battery electrolyte dissolves in sodium 
perchlorate.[73] However, in these traditional electrolytes, 
NaMnO2 and its accessories display poor cyclic stability.[74-75] 
Recently IL electrolytes have been reported to improve the 
cyclic stability of the sodium ion battery cathode materials. 
This effect has been described to vary with varying sodium 
salts or levels. Hence the purpose of this paper is to study the 
influence of IL electrolyte-conductive salts composed of 
BMPTFSI solvent and various sodium salts on the cycling 
stability of cathode materials P2-Na0.6Co0.1Mn0.9O2+z (NCO) 
(0 ≤ z ≤ 0.25).[76] 

 

 
Fig. 3 XRD pattern (a) and Raman spectrum (b) of the as-
synthesized NVP@C. TEM images: (c) low magnification, (d) 
HR-TEM (Reproduced with permission from ref. 73). 
 

 
Fig. 4 Potential profile vs time during subsequent sodium 
stripping/plating behavior performed in the symmetric 
Na/electrolyte/Na cell at a current rate of 0.1 mA cm−2 and 
stripping/plating time of 1 h (Reproduced with permission 
from ref. 79). 
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Fig. 5 Impedance spectra of NCO after 1 cycle (a), after 30 cycles (b), and after 500 cycles (c) (Reproduced with permission 
from ref. 79). 
 

Overall, IL electrolyte conductivity is lower, and the 
viscosity is greater than that of the traditional NaClO4-OR 
organic electrolyte.[77] As shown in Fig. 4 and Fig. 5, the 
conductivity and viscosity change with the salt carrying 
sodium. Among the three salts, NaClO4 has had the greatest 
impact on IL electrolyte conductivity and viscosity. The 
electrolyte NaTFSI-IL has larger conductivity than NaFSI-IL. 
As a result, NaFSi-IL cells had the highest coulomb efficiency, 
around 100 percent, in terms of coulomb efficiency. NaClO4-
or battery has 98% coulomb efficiency. The coulomb output 
of the NaFSi-IL battery is also over 99 %, but the coulomb 
performance of the NaFSi-IL battery varies widely in the first 
100 cycles, which may be correlated with some unavoidable 
side reactions while charging. NaClO4-IL cells had the lowest 
coulomb efficiency of the measured electrolyte, about 92 %. 
The choice of sodium salt in IL electrolyte can be seen to have 
a significant effect on the coulomb efficiency. IL electrolytes' 
low rate performance can be explained by their high viscosity 
and low conductivity as compared with OR electrolytes. And 
they also discussed the properties of the CEI layer. It is evident 
that the shift of salt dissolved in the BMPTFSI IL results in the 
discrepancy in the properties of structure in the CEI ground 
(Fig. 6).  

 

 
Fig. 6 Rate test performance at five different rates 
(Reproduced with permission from ref. 80). 

The CEI layer structure is close to that of the SEI layer 
(that is when sodium is injected into the oxide). The cleavage 
of TFSI anion in NaClO4-IL electrolyte (Fig. 7) occurs at the 
C-F bond.[78] No NaClO4 has been decreased in the case of two 
other electrolytes, NaFSi-IL and NaFSi-IL, thus the above 
process may be unsuccessful. The observed components such 
as CF3SO3N−, CF3SO2N−SO2, and NSO2

− indicate, according 
to the XPS results, that N-S cleavage can occur (reaction 1).[79] 
These organic compounds can have a positive effect on long-
term circulation. 
 
2.1.4. Rechargeable aluminum ion batteries 
Rechargeable aluminum ion batteries (RABs) are considered 
to be one of the most exciting rechargeable batteries of the 
next decade because Al is the most abundant metal product in 
the earth's crust.[80-84] But, the development of RABs has been 
hindered by two major bottlenecks: 1, Difficulty surrounds the 
design of a proper electrolyte with a wide electrochemical 
stability window; 2, Only a small proportion of cathode 
materials can intercalate and deintercalation the Al3

+ ion 
reversibly. Graphite, due to its effective electrochemical 
intercalation AlCl4

− within graphite, has been proven to be an 
appropriate candidate.[85] Rani et al. used natural graphite 
fluorinated as a cathode in RABs, offering stable performance 
but delivering only low operating voltage.[86] Lin et al. have 
used a three-dimensional (3D) graphite foam as a cathode for 
RABs, indicating an operating voltage of 0.2 V.[87] Given the 
strong operating voltage, though, due to its low power (60 
mAh g-1), the graphic foam/Al battery can not meet the 
demand for high energy density applications. The high-
capacity cathode element, iodine (211 mAh g−1), has proved 
to be a suitable candidate in Li/I2,[88] Zn/I2,[89] and Mg/I2

[90] 
batteries.  
 

 
 
Fig. 7. Decomposition pathway of the TFSI anion 
(Reproduced with permission from ref. 80). 
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An Al/I2 rechargeable battery is extremely attractive due to its 
high energy density, reasonable theoretical operating voltage, 
and low cost. A primary Al/I2 battery and a combination of 
dye-sensitized solar cells (DSSC) based on AlI3 electrolytes 
were first reported by Xue et al.[91] This primary Al/I2 battery 
can unfortunately not be recharged. A rechargeable Al/I2 
battery is not reported mainly due to the obstacle of finding a 
suitable cathode based on iodine and highly reversible Al 
deposition−stripping electrolyte. The above reported an Al/I2 
rechargeable battery using the PVP-I2 complex as a cathode 
and the IL as an electrolyte at room temperature. The hydrogen 
bonds between the PVP and the iodine element ensure highly 
reversible conversion reaction of the I3

−/I− redox pair in the 
cathode, effectively mitigating the polyiodide shuttle effect 
towards the Al anode. As shown in Fig. 8a, the iodine-based 
cathode undergoes a conversion reaction process in the Al/I2 
battery, triggering some kind of novel redox chemistry in RAB 
system design. 

 
The mechanism of the rechargeable Al/I2 battery can be 
written according to the above discussion 
where P is PVP (polymeric matrix).  
 

 
Fig. 8. Schematic illustration of the rechargeable Al/I2 battery. 
(a) Schematic of rechargeable Al/I2 batteries. (b) Capacity and 
voltage of the iodine cathode compared to reported 
rechargeable nonaqueous aluminum batteries (RABs) 
(Reproduced with permission from ref. 49). 

It is reported that a rechargeable Al/I2 battery is based on 
a PVP-I2 cathode and an ionic liquid electrolyte for the first 
time. The rechargeable Al/I2 battery is controlled by the 
conversion reaction mechanism as compared to the poor 
diffusion by intercalation in a traditional cathode in RABs. 
Due to the unique configuration of PVP-I2 with hydrogen-
bonding interaction, the shuttle effect of polyiodide could be 
greatly reduced in this method. Throughout long-term load 
cycling, the bond between the polymer PVP and the iodine 
portion may maintain the redox conversion reaction highly 
reversible in this method. The Al/I2 rechargeable battery 
delivers a high capacity of > 200 mAh g-1, corresponding to an 
energy density of > 150 Wh kg-1 (based on iodine mass) at 0.2 
C (Fig. 8b), and excellent stability even after 150 cycles at 1C, 
which is one of the best RABs. The low cost, safe, and unique 
Al/I2 rechargeable battery makes it a promising candidate for 
multivalent metal ion rechargeable batteries. 

 
2.1.5. IL for Supercapacitor-battery 
While electrochemical double layer capacitors (EDLCs) 
provide high power density, they typically only store a small 
fraction of the energy of the battery (< 30 percent). Both 
devices can benefit from combining the batteries with EDLCs. 
They are known as supercapacitor-battery combination. The 
focus of the group is to combine a sodium metal battery type 
electrode with a pseudo-capacitor electrode, which combines 
high energy density with high power density to allow quick 
charging and discharge. The simple synthesis (a one-step 
calcination process of starting materials) and the direct 
application of N, S co-doped mesoporous carbon material 
(NDMC) in symmetric supercapacitors have been documented 
recently. The NDMC material has a good porous structure 
which enables ions to easily spread through the carbon frame, 
resulting in a high capacity rate (high power density) and 
excellent capacity retention.[92] Taking into account the 
advantages of the sodium metal anode in energy storage 
devices (ESDs), the MacFarlane group has now introduced a 
supercapacitor based on sodium metal or battery hybrid (here 
called sodium hybrid) with the NDMC cathode.[93] This 
combination should result in a safety device with low costs, 
high capacity and high power density. In addition, the group 
presented a hybrid sodium metal-based device that uses an 
easily and cheaply produced carbon cathode. Stable and high 
rate cycling at both room temperature and 50 °C is 
demonstrated. The IL electrolyte ensures that the 
“supercapacitor-battery” shows much higher stability of 
cycling against sodium-metal than traditional electrolytes. The 
functionality of chemically bound sulfur within the cathode 
means that our device can exploit Na-S chemistry in the IL. 
The hybrid system could be regarded as a possible part of 
large-scale energy storage systems at both room temperature 
and 50 °C, due to its high efficiency at low and high 
load/discharge rates. The XPS analysis of the post-cycled 
electrodes demonstrates the concentration profile of carbon, 
sulfur and sodium across the whole etching profile. 
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Fig. 9  (a). Voltage profiles at different current densities after 3,000 cycles at room temperature (b). Ragone plot comparing 
other Li/Na-ion based hybrid devices (all data at room temperature) (Reproduced with permission from ref. 93). 
 
As shown in Fig. 9, these findings clearly show Na-S 
significant role in the NDMC-10 electrode's large capacity 
cycling.[93] It is also easy to produce, as the cathode content 
can be easily obtained from a straightforward process that does 
not require components of transition metals. 

Mao et al. reported a method to prepare a high-
performance solid-state electrolyte based on porous 
polybenzimidazole (pPBI) and IL ((1-(3-
trimethoxysilylpropyl)-3-methylimidazo-lium chloride).[94] 

The obtained porous composite film electrolyte is assembled 
with an activated carbon electrode to prepare an all-solid-state 
supercapacitor (ASSC) (Fig. 10). The result of 
electrochemical performance displayed that ASSC has a 
specific capacitance of 85.5 F g−1 at 120 °C and keeps 91.0% 
capacitance and 95.8% coulomb efficiency after 10 000 
constant current charges. IL could improve the ionic 
conductivity and mechanical properties of the electrolyte film. 

 
2.2. Application of ILs in energy conversion 
With the continuous depleting of fossil fuels and the 
development of global culture, much research have been 
interested in developing efficient energy conversion 
technologies. Particularly, the highly efficient electrocatalysts 
for the electrode reactions, such as oxygen evolution reaction 
(OER), oxygen reduction reaction (ORR) and hydrogen 
evolution reaction (HER). However, the high cost and low 
diffusion rate of gases towards the electrode limit their 
widespread applications. Recently, some workers reported that 
the use of IL as a non-volatile electrolyte or as a single-source 
precursor for the preparation of electrode materials, which 
could improve the efficiency and decrease the cost.[20,28] In the 
processes, ILs played three distinct roles viz. solvent, template, 
and catalyst. Later, Chaugule et al. reported IL-derived Co3O4-
N/S- doped carbon catalysts for the enhanced OER. It 
demonstrated that the obtained Co10-NS-C displayed excellent 
OER with a low overpotential of 350 and 270 mV at the 
current density of 10 mA cm-2 in 0.1 and 1 M KOH (Fig. 11).[95] 

It shows that the structural diversity of ILs could control 
properties and the defect structure of the carbon material.[96-97]  

ILs have been widely used for ORR via the formation of 
a superoxide radical anion (O2

•−). The stability of O2
•− could 

be affected by the IL cations, IL structures, and the electrode 
materials. It founds that the accumulating O2

•− near the IL-
electrode interface is affected by the affinity between the O2

•− 
and IL cation. Zeng et al.[98] had reported an approach to study 
the facet effects of the ORR process in an ionic liquid 1-butyl-
1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide 
([Bmpy][NTf2]). The results demonstrate the facet-
dependence of oxygen reduction in an ionic liquid medium. 
Kuwabata and co-workers[99] reported an 
electropolymerization reaction which is observed at the thin 
ionic liquid (IL) layer between Pt nanoparticles and carbon 
support on Pt nanoparticle-modified carbon electrocatalysts 
prepared using an N, N-diethyl-N-methylammonium 
hydrogen sulfate ([DEMA][HSO4]) protic IL with a 
[DPA][HSO4] POS. The result shows that the Pt nanoparticle 
dispersed ILs enhanced catalytic performance. To understand 
the structuring of IL on the surfaces in the presence of oxygen 
or water is necessary. 
 

 
Fig. 10. Schematic representation of an ASSC consisting of 
the pPBI-IL-x% films and activated carbon electrodes 
(Reproduced with permission from ref. 94). 
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Fig. 11. Evaluation of electrocatalytic activity of for C10-NS-C for the OER; (a) polarization curve of different catalysts 
collected at a scan rate of 0.2 mV s−1 in 0.1 M KOH, (b) Corresponding Tafel plots, (c) Chronopotentiometric curves, and (d) 
LSV curves collected before and after stability test (Reproduced with permission from ref. 96). 
 

Silvester[100] reported that there is a significant amount of 
water incorporated at the electrode-RTIL interface in 
[C2mim][NTf2] and [N4,1,1,1][NTf2], but not in the more 
hydrophobic [P14,6,6,6][NTf2] and the presence of moisture has 
a significant impact on ORR currents in [C2mim][NTf2] even 
at extremely low humidity levels (Fig. 12). 

 
2.3 Application of ILs for the conversion of CO2 

CO2 as one kind of greenhouse gases is from burning 
fossil fuels and plays an important role in global climate 
change. The reduction of CO2 emission or the utilization of 
CO2 is necessary for human society. Yet, CO2 with cheap and 
low toxic could be a source of carbon for organic chemicals 
such as carboxylic acids, organic carbonates, urea and 
fertilizers, and methanol. Up to now, there are many methods 
for the conversion of CO2, such as photochemical, thermal and 
electrochemical. Electrochemical methods have gained much 
attention because the method is a low cost, compact, modular 
and easy to control different parameters such as potential, 
electrolyte and electrode materials. IL with high CO2 solubility, 
intrinsic ionic conductivity, and wide potential windows have 
gained much attention as the solvent for CO2 electroreduction. 
The electrochemical reduction of CO2 could be generated 
CO,[101-103] methanol,[104] CH4,[104-106] C2H4,[107] acetic 
acid/acetate,[108] as well as others via two-, four-, six-, and 
eight-electron reduction pathways in different electrolytes 

over metals, metal complexes, and non-metallic 
electrodes.[109-112]  

Han et al.[113] studied the efficient reduction of CO2 into 
formic acid in the IL catholyte mixture. They found that the 
addition of the small amount of H2O to IL/acetonitrile 
electrolyte mixture could enhance the efficiency of the 
electrochemical reduction of CO2 into formic acid (HCOOH) 
on a Pb or Sn electrode, Fig. 13 shows the effect of applied 
potential and H2O content in the ternary mixture. Using 
[Bmim]PF6 (30 wt.%)/AcN-H2O (5 wt.%) as the electrolyte, 
current densities as high as 37 and 32 mAcm-2 and faradaic 
efficiencies as high as 91.6 and 92.0%, were reached on a Pb 
and Sn electrode, respectively. 

Hardacre et al.[114] reported a new low-energy pathway 
for the electrochemical reduction of CO2 to formate and 
syngas at low overpotentials, using IL as the solvent. The 
results show that super-basic tetraalkyl phosphonium IL 
[P66614][124Triz] can chemisorb CO2 through equimolar 
binding of CO2 with the 1,2,4-triazole anion and the 
overpotentials for CO2 reduction to form formate is as low as 
0.17 V at silver electrodes. However, using [P66614][124Triz] 
with physically absorbed CO2 or [P66614][NTf2] with 
chemisorption, the overpotentials increase and only CO as the 
product. It may be due to the reactive anions that can provide 
a new low energy pathway for CO2 electroreduction. 
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Fig. 12. Effect of humidified environments on the normalized 
current for oxygen reduction in [C2mim][NTf2] (■), 
[S2,2,1][NTf2] (─), [C4mpyrr][NTf2] (▲), [C4mim][NTf2] (•), 
[N4,1,1,1][NTf2] (▼), [N7,2,2,2][NTf2] (+), [C6mim][NTf2] (○) 
and [P14,6,6,6][NTf2] (ǀ) with increasing relative humidity 
percentage (RH%). CVs at 100 mV s-1 were carried out on Pt-
TFEs and each scan was taken after 45 min equilibration time. 
The scans were taken at 100 mVs-1 and with a step potential 
of -2.5 mV[99] (Reproduced with permission from ref. 99). 

 
Dimethyl carbonate (DMC) has attracted much attention 

as an environment-friendly intermediate for organic synthesis 
and an option for meeting the oxygenate specifications on 
gasoline. Recently, electrochemical activation of CO2 in the 
ionic liquid is considered to be an effective route for synthesis 
DMC. In these methods, the electrolysis experiments are 
carried out by constant-potential electrolysis in an undivided 
cell under mild conditions without any toxic solvents, catalysts 
and supporting electrolytes. Importantly, the ILs could be 
recyclable. The yield could be affected by the temperature, 
working potential, electrode material, the structure of IL, 
reactant concentration and the passed charge.[110-112,115] 

 
3. Future Directions and Perspectives 
3.1 Computational simulation for IL Electrolyte Systems  
With climate destruction and fossil fuel depletion people need 
to find a sustainable process. That is what hydrogen does a 
good job. The hope is to make hydrogen, such as fuel cells, 
more effective in renewable and zero-emission systems. Due 
to its unique properties, such as low volatility, high ionic 
conductivity and wide range of liquid phase, ILs are expected 
to be used as an electrolyte as a kind of liquid salt at medium 
temperature. Umebayashi and colleagues suggest a cave-like 
mechanism for the conduction of protons where proton 
transitions commonly occur between ions and neutral particles 
without barriers to high energy.[116-117] Protons transmit 
charges through this mechanism through an extended three-
dimensional network of hydrogen bonds, which enables them 

to disperse at a relatively high level. They analyzed the 
possible proton hopping paths and addressed the mechanism's 
structural key elements. AIMD simulation is especially suited 
for spontaneous occurrences. The density values of the 
climhoac mixture can be found differing in the literature.[118] 
Utilizing different densities they set up two simulation 
groupings. They constructed three different boot settings, one 
consisting solely of ions, the only one in neutral colors, called 
n-methylimidazole and acetic acid (called neuro membrane), 
and one mole 50:50 neutral and ionic mixture. The easiest 
method of transporting protons is the carrier system, where 
protons are transported by molecules or cations serving as 
"carriers." The proton's conductivity is then constrained by the 
rate of diffusion from the carrier.[119] By shifting the ex-bond 
in favor of hydrogen bond networks the Grotthuss mechanism 
bypasses this problem. The quick passage of certain small 
particles can often be done by pushing the pore in the liquid, 
although these are expressed in the quicker actions of small 
particles to diffuse. Through AIMD models, an imidazole, 
anion, and proton, we can gather information about the 
diffusion behavior of different species in the system. Based on 
all the outcomes mentioned in this article, including direct 
visualization of the process of transferring protons, it can say 
that the balance of the mixture studied includes continuous 
protons exchange between ions and neutral species. The                
system has many mechanisms for proton transfer which have 
synergistic effects. 

The perfect procedure for proton conduction in energy 
unit electrolytes is a cavern-like dispersion component that 
favors much slower vehicle instruments. For glorious 
dissemination to happen, in any case, the vitality obstruction 
for proton move must be lower. They considered the elements 
of proton move between n-methylimidazole positive particles 
and acetic acid derivation anions and found that initiation 
obstructions could be overlooked and effectively defeat in 
fluid frameworks. This is the reason there is such astounding 
proton action in the reproductions. Low DpKa frameworks can 
display high ionic conductivity through the grotthuss-like 
proton conduction instrument, while high DpKa PILs cannot. 
These frameworks are for the most part maintained a strategic 
distance from in light of the fact that they display poor thermal 
dependability and higher unpredictability than high DpKa 
PILs. By the by, there is potential to distinguish profoundly 
conductive media by structuring objective guided tests with 
low vitality proton move boundaries. Right now, they have 
gathered and given data that will help accomplish this 
objective. Grotthuss dispersion method in PILs has incredible 
potential and merits further examination. 
 
3.2 Cellulose ionic conductors  
Poor quality thermal force age has pulled in enthusiasm for a 
considerable length of time. Petroleum derivatives, atomic 
force age and modern procedures, and sun-oriented thermals 
are basic second-rate heat sources. 
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Fig. 13. Effect of H2O content in a [Bmim]PF6(30 wt.%)/AcN-H2O mixture. A) Nyquist plots for a Pb electrode in various 
electrolytes; B) conductivities and double-layer capacitance of [Bmim]PF6 (30 wt.%)/AcN-H2O mixtures containing different 
amounts of H2O (AcN basis); C) SAXS curves of [Bmim]PF6 (30 wt.%)/AcN-H2O with different amounts of H2O (AcN 
basis)[112](Reproduced with permission from ref. 112). 
 
Be that as it may, just the Kalina cycle, natural Rankine cycle 
and thermoelectric impact are utilized to change over poor-
quality thermal sources into electricity. The adaptable use of 
these procedures in heat recuperation is to a great extent 
problematic. The analyses, which depend on probes natural 
materials, can be adaptable and can be spent on minimal effort 
arrangements. The distinction in thermal portability between 
electrolyte anions and particles is the way to amplify the 
utilization of thermal produced electrical signs. Accordingly, 
there has been ongoing hypothetical guess of utilizing accused 
nanochannels of an articulated electric twofold layer for the 
program the age of the thermally produced voltage. Hu's 
gathering's work exhibits a critical increment in the 
electrothermal pressure created by osmosis.[120-125] The 
electrolyte enters the cellulose film by improving the 
selectivity and cooperative energy of particles in the charged 
atomic chain. The development of cellulose II in the 
subsequent film prompts Na - cellulose complex arrangement 
after electrolyte invasion. Oxidation of 2,2,6 - 
tetramethylpiperidine-1-oxyl (TEMPO) upgrades the negative 
charge thickness of the cellulose nanofibres, which prompts 
extra improvement in the thermally produced voltage. As 
shown in Fig. 14 and 15,  Hu's gathering's proposed wood-
based ionic conductor is additionally adaptable, conceptual a 
progression of potential uses of particle specific cellulose 
films have prospected, including temperature detecting and 
poor quality thermal vitality assortment.[126]  
 
The SEM picture shows the wood cells (i.e., veins and fiber 
tracheid) vertically properties. Use SANS included (Fig. 15), 
It estimated the fundamental fiber distance across of film for 
~ 4 nm. The thermal rate is 10 °C min-1 when the thermo-
gravimetric investigation indicated that the cellulose layer at 
315 °C in great thermal soundness. They surveyed the 
nanofluids of cellulose film execution. In such a little 
convergence of sodium hydroxide, the conductivity is 
consistent (totally controlled by the fixed charge on the 
cellulose), for example, electrical conductivity and salt 
fixation reliance of level. So as to comprehend the connection 
between the structure and execution, we assessed the thermal 

voltage, and the structure of various kinds of the film has 
carried on the extensive examination, including regular wood, 
unadulterated cellulose type I variation to remove the lignin 
and cellulose layer type II variation to remove the lignin layer.  
The watched heat produced voltage is driven by temperature-
related electrophoresis particle development brought about by 
particular particle dispersion, which is typically not is believed 
to be engaged with the conventional thermoelectric case of 
structure designing. 
 

 
Fig.14 Schematic of the ionic conductor composed of high 
aspect ratio, aligned cellulose nanofibres. (Left), the cellulose 
fibers are naturally aligned along the tree growth direction 
(white arrow). Cellulose exhibits a hierarchical alignment, in 
which the nanofibres consist of aligned cellulose molecular 
chains. (Right), Schematic of the ionic device after infiltrating 
electrolyte into the nanofluidic cellulosic membrane. Under a 
thermal bias, the surface charged nanofibers regulate ionic 
movement via nanofluidic effects (that is, the overall effect 
created by a high degree of confinement and the charged walls 
of the cellulose nanochannels) (Modified from ref. 127). 
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Fig. 15 Schematic of the testing setup for the nanofluidic ionic 
device, where the oxidized cellulosic membrane is infiltrated 
with polymer electrolyte and sandwiched between two 
platinum electrodes (Modified from ref. 127). 
 
Ionic thermal charging practices. The more drawn out the 
release time of the cellulose layer, the more prominent the 
charge put away in the nanofluid film under a similar outside 
thermal predisposition. Run of the mill nanofluidic gadgets is 
manufactured by base up get together of low-dimensional 
structures or top-down scoring. Our technique maintains a 
strategic distance from these customary, however costly 
miniaturized scale/nano producing forms, utilizing basically 
adjusted cellulose nanofibers extricated from common wood. 
To exhibit extensibility, Hu's gathering built up a 10 cm2 
nanofluid layer that holds extraordinary adaptability because 
of its mesoporous structure acquired from regular wood. This 
adaptable cellulose film gives poor quality thermal assortment 
to control age. 
 
4. Conclusion 
ILs as “green solvents or electrolyte” has been designed for 
many applications via tuning their properties. In this review, 
we have given an overview of the ILs for the green 
electrochemistry application. The combination of 
electrochemical and ILs will be a potential filed. The good 
property of IL or IL-based composite materials with simple 
preparation procedures will promote the development of the 
electrochemical device and the conversion of CO2. Taking 
advantage of the ILs could promote the electron transfer to 
nearby the electrode provides a good platform for the 
electrocatalysis and electrochemical synthesis. However, there 
is still a technical challenge to bring the device or the method 
in practical applications. To understand the fundamental 
electrochemistry of these electrochemical reactions, the role 
of ILs and the choice of electrode material will improve the 
property of the device and expand the application of ILs. A 
combination of IL with simulation computation, 
electrochemistry, and material chemistry will broaden the 
range of the electrochemical methods. In the last five years, 
many new reports are emerging providing new avenues for 
future research. The computational design has been involved 
in the IL-based systems by more understanding has achieved. 
It notes that the new ionic conductors produced from the 
natural material such as the cellulose have been attracted more 

attention currently with the potential to use as the next 
generation green materials. 
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