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Dual Role is Always Better than Single: Ionic Liquid as a
Reaction Media and Electrolyte for Carbon-Based Materials
in Supercapacitor Applications

Karamveer Sheoran, Harjot Kaur, Samarjeet Singh Siwal,* and Vijay Kumar Thakur*

1. Introduction

The energy crisis increases worldwide due to environmental deg-
radation coupled with fossil fuel depletion, global warming, and a
rapidly surging population that necessitates the urgent demand
for sustainable development of energy storage devices.[1] Among
various energy storage devices, SCs attract researchers’ interest
due to their outstanding characteristics, such as long lifecycle,
easy and cost-effective preparation, and high-power density

because of their fast charge-discharge
mechanism. These features make SCs
potential candidates for power sources in
portable electrical devices and electric
vehicles, escalators, computer power
back-ups, etc. The mechanism of SCs
involves oxidation–reduction reactions in
the case of electrochemical double-layer
capacitance and charge transfer between
electrolyte and electrode in the case of
pseudo-capacitance.[2] The SC with dou-
ble-layer capacitance has a longer life span,
rapid charge-discharge rate, and high-
power density. The SC with pseudo-capaci-
tance can store more charge than the for-
mer due to reversible electron transfer
reaction but have a lower life span. To over-
come these limitations, electrode material
and the electrolyte play crucial role in the
designing and the performance of SCs.
Interaction between the electrolyte and
the electrode material surface can enhance
or reduce the performance of SCs in terms
of capacitance, stability, and safety. Therefore,

by optimizing the electrolyte and electrode’s surface with suitable
surface chemistry and tunable physiochemical properties, sustain-
able development in SCs can be obtained. Carbon-based materials
such as activated carbon (AC),[3] carbon nanotubes (CNTs),[4] gra-
phene and its derivates,[5] carbon nanofibers (CNFs),[6] and
others[7] are one of the most commonly utilized electrode materi-
als for SCs owing to versatile forms such as nanotubes, fibers,
powders, foils, and composites and exhibits high surface area
and flexible pore size for adaption of different sized ions.[8]
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The burgeoning energy demand necessitates the demand for alternative sources
of energy worldwide. The development and enhancement of energy storage
devices are the main focus of researchers for sustainable energy production.
Carbon supercapacitors have the potential applicability as a commercial source of
power. Carbon-based materials have been synthesized by utilization of ionic
liquids (ILs). ILs exhibit unique properties, making them valuable materials to be
utilized as a precursor, template, reaction media, and electrolytes for forming
carbon-based materials and enhancing supercapacitors (SCs) performance. This
review article provides detailed information about ILs in the field of SCs. First,
different attractive properties are illustrated, and then the role of ILs in producing
carbon-based materials in the SCs field is described. The next part provides
detailed information regarding the utilization of ILs as electrolytes in carbon-
based SCs. Further, the implementations of ILs as electrolytes in different carbon-
based materials (such as activated carbon, graphene carbon nanotubes, and
carbon nanofibers) in SCs are listed. Lastly, the importance of IL-based materials
from other materials and future prospects are provided to the readers, which
helps further improve the sustainable development of SCs.
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Carbon-based materials are used as electrode material and as cat-
alysts or catalyst support. The development in the synthetic pro-
cedure of carbon materials with desirable properties is of
significant importance.[9] ILs are potential candidates for produc-
ing carbon materials with controllable porosity and doping abun-
dant heteroatoms within carbonmaterials.[10] It is reported that ILs
can liquify biomass to form film materials and synthesize carbon-
based materials from biomass. Studies have shown that ILs serve
the role of both the templates and the stabilizer and solvent to con-
vert biomass into porous carbon.[11]

In the case of electrolytes, organic solvents such as propylene
carbonate or acetonitrile are utilized as they can operate at
2.7–3.0 V. However, these conventional organic solvents are
volatile, flammable, and toxic, which can be dangerous in some
situations like overpotential.[12] In 1992, Wilkes discovered air
and water-stable ILs, later recognized within the community of
advanced multifunctional materials.[13] ILs are attracting the focus
of researchers during the past couple of years as green solvents
or electrolytes owing to flexible and novel physiochemical features
such as they have a melting point of less than 100 °C, and most of
the ILs are liquids at room temperature (nearly 20 °C).[14] For energy
storage devices, ILs have been utilized as an electrolyte and
precursor for the fabrication of high-responding electrodes because
of their broad electrochemical window, flameproof, distinguishing
microstructure, thermal stability, and lower vapor pressure.[15]

This review paper describes the general outline, the role of ILs
in carbon-based SC, and the types of ILs. Then, we elucidate the
role of ILs as a precursor for the fabrication of carbon-based
material with further explanation of their application in SCs.
In addition, we provide a detailed overview of the utilization
of ILs as electrolytes and their performance for SCs with different
carbon-based materials as electrodes. Further, the applications of
ILs as electrolytes in carbon-based materials for SC have been
discussed. Finally, in the last section, we conclude the article

by providing future aspects of ILs in SCs having carbon-based
materials as their electrodes.

2. General Outline and the Role of Ionic Liquids
in Carbon-Based SC

In progressive SC appliances, new carbon materials incorporated
with various metal oxides or conducting polymers have been used
as electrodes. Researchers have recently presented MXenes and
chalcogenide-based substances into electrodes for SCs.[16] The
design and the constructed form of materials into the electrodes
specify the capacitance, energy/power density, rate ability, and
enduring steadiness of SC devices. Constant study efforts have been
applied to design electrode substances possessing nano-sized pores.
The objective is to improve the specific exterior area, efficiently per-
mitting electrolytes and shrinking ionic diffusion lengths to
enhance the activity of SCs.[17] In 1914, Paul Walden synthesized[18]

ethyl ammonium nitrate, the first low melting salt (12 °C) and was
considered the initial IL. ILs are prepared by combining cations and
anions through different types of bonds. Therefore, by using a spe-
cific type of cations and anions and introducing different substances
such as polymers and composites, we can customize the properties
of ILs per our requirements. Some common anions and cations
used to prepare ILs are shown in Figure 1.[19]

The electrolyte’s significant role is in maintaining the life
cycle, specific capacity, stability, and safety of energy storage devi-
ces. The chances of parasitic side reactions can be mitigated
using appropriate electrolytes, which ultimately results in maxi-
mum output. It is reported that the pronounced enhancement in
energy storage devices can be achieved using electrolytes with
decent ionic conductivity and a vast potential window.[20] The
physiochemical properties of ILs are directed by the structural
design of ILs, which is one of the advantages of ILs for self-
assembly in SCs. Besides this, ILs are environmentally and

Figure 1. Common cations and anions are utilized for the preparation of ILs. Reprinted with permission.[19] Copyright 2021, MDPI.
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ecologically friendly due to biodegradability and recyclability.
Therefore, ILs are suitable electrolytes for energy storage devices
in terms of life cycle and the safety of the devices.

Carbon-based materials have been utilized to improve the spe-
cific capacitance of SCs, owing to their porosity and high surface
area. However, for the optimization of the operating voltage and
the overall performance of the SC, electrolytes also contribute
crucially regarding conductivity and interfacial capacitance,
which are directly affected by the viscosity of the electrolytes.[21]

The most utilized IL families as prospective electrolytes for SCs
are imidazolium, pyrrolidinium (Pyrr) and quaternary ammonia-
based cations. Generally, imidazolium-based ILs have lesser
viscosities, making them highly conductive in nature and a desir-
able characteristic for rapid charge–discharge cycles. Conversely,
Pyrr-based IL has more stability against oxidation and reduction
reactions, whereas ammonia-based ILs exhibit a larger electro-
chemical stability window. However, Pyrr and imidazolium-
based ILs offer high capacitance to the cell.[22] Anions of ILs also
influence the performance of SCs. Fluorides such as BF-4 and
PF-6 provide more capacitance than other anions because they
fit into the pore size of carbon-based nanomaterial-based electro-
des of SCs. Meanwhile, ILs can also act as supporting electrolytes
in solvent-based electrolytes. In the case of supporting electro-
lytes, ILs provide anions and cations for charge transport same
as other salts provide. Compared to pure ILs, IL-solvent mixtures
offer a wide range of operating voltage and higher electrical con-
ductivity. But the thermal stability of IL-solvent electrolytes is
less, i.e., they have a narrower temperature range due to conven-
tional solvents. Therefore, for utilizing IL-solvent mixtures as an
electrolyte in SCs, one must identify temperature limits for the
sake of the stability of the system. The flammability of organic
solvents also adds risk in the applications of IL-solvent mix-
tures.[23] The mixing of ILs is not limited to conventional solvents;
eutectic mixtures of ILs have also been utilized as electrolytes in
SCs.[24] The properties of ILs are described in Figure 2 along with
their applications in SCs where carbon-based electrodes are uti-
lized as electrodes.

The characteristics mentioned above of ILs are also beneficial
for forming new materials, which opens new paths in material
chemistry. Carbon-based materials have been synthesized from

ILs. Initially, ILs were utilized as templates for producing carbon-
based materials and later they were recognized as suitable porosity-
directing regulators and reaction media for converting biomass
into porous carbon-based materials.[9a,25] In the next section, we
shed light on the aspects of ILs in forming carbon-based
materials.

3. Ionic Liquids as Advanced Reaction Media to
Synthesize Carbon-Based Materials and Their
Performance in Supercapacitors

Carbon materials have been fascinating materials for supercapa-
citors due to various microstructures, interconnected pore size,
good wettability for electrolytes, high surface area, and stable sur-
face functionalities.[26] Different carbon-based materials for SCs
application are described in Figure 3. The addition of heteroatom
practical groups upon the exterior of carbon material further
enhances the material’s reactivity. Several methods have been
made to fabricate carbon-based materials with desired functional
groups.[27] Usually, pyrolysis is carried out using polymers or raw
biomass to prepare carbon-based materials.[28] It can introduce

Figure 2. Properties of ILs along with their applications in SCs where carbon-based electrodes are utilized as electrodes.

Figure 3. Different carbon-based materials are utilized in SCs.
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heteroatoms into carbon materials by treating carbon material
with reactive gases like H2S and ammonia or by carbonizing
heteroatom-containing polymers.[9a] Owing to attractive charac-
teristics such as low volatilities and flammability, carbon-rich
nature, high thermal and electrochemical stability, versatile com-
bination of cations and anions, low toxicity etc., ILs have been
utilized as precursors or reaction media for the synthesis of car-
bon-based materials. Compared to other techniques, ILs offer a
more straightforward carbonization procedure.[8a] Porous
carbon materials can be synthesized by ionothermal carboniza-
tion, where ILs act as reaction media[29] or via direct carboniza-
tion, where ILs are utilized as precursors.[30]

Various studies reported that ILs had been utilized as tem-
plates for producing carbon-based materials used as SC electro-
des. For instance, a team of researchers fabricated CNT/N-doped
mesoporous carbon by utilizing IL (1-alkyl-3-methylimidazolium
bromide) as a nitrogen source and template for the carbon source
they utilized resorcinol-formaldehyde and as an assistant agent,
tetraethyl orthosilicate was used. This material was used as an SC
electrode and provided decent specific capacitance of 244 F g�1.
It was modifying CNTs with 1-alkyl-3-methylimidazolium bro-
mide results in a higher dispersion degree of CNTs as IL forms
interweaved networks via surface electrostatic interactions. The
synthesized material exhibits a surface area of 857m2 g�1 and a
pore volume of 0.79 cm3 g�1. SC displayed high stability as it
showed a retention capacity of nearly 92% after 5000 cycles.[31]

The sol–gel technique was utilized to synthesize carbon xerogels,
where 1-butyl-3-methylimidazolium tetrafluoroborate was
employed as a template. The synthesized substance had a specific
surface area of 2391m2 g�1 and decent stability after 12 500
charge/discharge cycles.[32]

Furthermore, ILs have been utilized as precursors, such
as nitrogen-doped porous carbon fabricated from 1-butyl-3-
methylimidazolium dicyanamide by carbonization process
where mesoporous silica was utilized as a template.[33] The pre-
pared substantial was applied as an SC electrode, and the system
exhibited stability of 95% after 1000 cycles. Temperature played a
vital character in the prepared material’s morphology as the
surface area increased with the increased temperature. The
obtained material had a specific area of 931m2 g�1 and a specific
capacitance of 210 F g�1. Further, for developing nitrogen and
oxygen-doped porous carbon material, Li Z. et al.[34] utilized car-
boxymethyl-based protic polyanion ILs as a precursor. The car-
bonization technique followed by KOH activation of ILs was
used to prepare the material. A specific exterior area of 3757m2 g�1

was observed. When this substance was utilized as the electrode of
the SC, high electrochemical performance was obtained with
cycling stability of nearly 99% after 10 000 cycles, a capacitance
of 291 F g�1, and a power density of 26W kg�1 corresponding to
the energy density of 10.11Wh kg�1. Phosphoric acid protic IL
of arginine was used as a precursor for synthesizing nitrogen and
phosphorous-doped porous carbon material.[35] The device had a
stability of 94% after 10 000 cycles, a surface area of 751m2 g�1,
and a specific capacitance of 170 F g�1.

Zhou H. et al.[36] incorporated nitrogen-sulfur-doped porous
carbon material via direct carbonization of amino-acid protic
ILs. The authors observed that aromatic amino-acid ILs yield
more carbon than aliphatic and heterocyclic morphology. Thus,
carbon material formed from lysine (Lys) and tryptophan (Trp)

was triggered via NH4Cl, KOH, and K2CO3, correspondingly.
And the surface appearance of the Lys, Lys-NH4Cl, Lys-KOH,
and Lys-K2CO3 was defined through SEM image, as shown in
Figure 4a–d. It can be observed Lys’s loose laminated structure
within Figure 4a. Figure 4b–d demonstrates the corresponding
porous carbons with an enormous amount of interface for charge
storage acquired through activation. It may notice the large inter-
connected pores network frameworks in Figure 4b, showing the
prosperous “gas escaping channels” influenced by NH4Cl.
Figure 4e illustrates the CV arcs of Lys, Lys-NH4Cl, Lys-KOH,
and Lys-K2CO3 probes on the sweep rate of 100mV s�1, that
is calculated within a voltage range of�1–0 V. It is essential men-
tioning that Lys-K2CO3 showed the main rectangular-designed
site between the probes, showing the perfect electric capacitance
owing to the most elevated SBET with micropores and mesopores.
On the other side, Lys showed the most negligible double-layer
capacitance, ascribed to the little exact area only with narrow
micropores. The distinctive GCD curves of the specimens at
1 A g�1 are illustrated in Figure 4f, indicating an isosceles trian-
gle form, although insufficient balance. The obtained specific
capacitance of the four conductors concerning the CD curves
is shown in Figure 4g, which delivered a higher specific capaci-
tance than the reported carbon materials. Furthermore, the elec-
trochemical activity of Lys-K2CO3 is deeply studied within
Figure 4h–j. The rectangular form of CV arcs at various sweep
rates (Figure 4h) ensures that the ingredients have an excellent
electrochemical capacitor. Figure 4i shows the balanced triangu-
lar GCD shapes upon a broad range from 1 to 20 A g�1 deprived
of a substantial drop. Similarly, the long-life GCD at a current
density of 5 A g�1 was tried and offered superior cycling resil-
ience with nearly 100% afterwards 5000 runs (Figure 4j), show-
ing outstanding electrochemical steadiness.

Now, we illustrate several studies where ILs can act as a tem-
plate and precursor in generating carbon-based materials. Chao
Liu et al.[37] utilized 1,3-dimethyl-imidazole dimethyl phosphate
to prepare nitrogen and phosphorus-doped porous carbon micro-
spheres. The material was made by a two-step method, as dis-
played in Figure 5a. In the preoxidation step, the IL acted as a
medium, while in the carbonization procedure, the IL worked
as a template. The mixture of lignin and IL provided heteroatoms
to the carbon framework, where lignin worked as a carbon
source, and IL worked as a dopant. The developed material’s
well-developed microporous and mesoporous structure was con-
firmed by N2 absorption–desorption isotherms and pore size cir-
culation curves, as showcased in Figure 5b,c. The synthesized
material had a specific surface area of 938.1m2 g�1 with a pore
volume of 0.64 cm3 g�1 and was used as SC electrode material.
When ran the system at 750 °C, the system showed the highest
specific capacitance of 338.2 F g�1. CV curves of the prepared
material at diverse scan rates are displayed in Figure 5d; the
curves showed that the material had a decent pace and capacitive
performance. By increasing the value of current densities, the
specific capacitance of the device was also increased, as demon-
strated in GCD curves (Figure 5e). Specific capacitance along
with LED light is shown in Figure 5f, and electrochemical imped-
ance spectroscopic value of the device was 0.508Ω (Figure 5g),
which suggested the material exhibited good electrical conductiv-
ity due to lower charge transfer resistance. For the system’s sta-
bility analysis, the CD test was utilized, which revealed that after
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5000 cycles, the system exhibited a retention capacity of 97.3%
within the potential range of 0–1 V (Figure 5h). Ragone plot
Figure 5i demonstrated that the system had an energy density
(ED) of 7.81Wh kg�1, corresponding to a power density (PD)
of 62.5W kg�1.

Another team of researchers synthesized nitrogen-doped
porous carbon through direct carbonization of sodium lignosul-
fonate and 1-allyl-3-methyl imidazolium chloride-based IL,[38]

where IL acts as a precursor and additional template or activation
agent was not required as utilized IL was self-activating and self-
templating. The obtained material showed decent performance
as an SC electrode. At 700 °C, the system had a 230 F g�1 capaci-
tance and a retaining capacity of 90.3% afterward 2000 runs. It
exhibited ED of 7.99Wh kg�1 with a PD of 25W kg�1. Protic
salts are considered a type of ILs produced via the neutralization
of N-containing bases and acids[30] and can be utilized to prepare
carbon-based materials. For instance, Miao et al.[39] developed
N, S doped porous carbon nanosheets using the protic salt of
p-phenylenediamine toluene sulfate, which served as a precursor
and a template. This protic salt not only served as a carbon source

but also as a source of N and S. When the as-synthesized material
was modified on SC’s electrode, it showed high electrochemical
performance involving cyclic stability of 94.4% after 10 000
cycles. The system exhibited a decent gravimetric capacitance
of 280 F g�1 in KOH electrolyte.

Table 1 summarizes ILs utilized as reaction media, templates,
and precursors for forming carbon-based materials and their
application in SCs.

4. Ionic Liquids as Electrolytes in Carbon-Based
Supercapacitor Application

IL-based, organic-based, and water-based solutions have been uti-
lized as electrolytes in SCs. Some scholarly works have previously
elucidated different electrolytes for SCs.[40] Water-based (aque-
ous) electrolytes have some limitations, such as their life cycle
and energy density being less, although their power density
and capacitance are high. The major demerit of water-based elec-
trolytes is the narrow range of electrochemical stability as water is

Figure 4. SEM pictures: a) Lys, b) Lys-NH4Cl, c) Lys-KOH, and d) Lys-K2CO3. Electrochemical presentation of the Lys, Lys-NH4Cl, Lys-KOH, and Lys-
K2CO3: e) CV arcs at 100mV s�1; f ) GCD arcs below 1 A g�1; g) disparity of the specific capacitances on diverse current densities. Electrochemical activity
of the Lys-K2CO3; h) CV profiles vs dissimilar sweep rates; i) GCD arcs versus diverse current densities; j) cycling presentation by repetition GCD at
5 A g�1. Reprinted with permission.[36] Copyright 2019, American Chemical Society.
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stable in the field of 1.23 V, and after the introduction of salts, can
be expanded this range to 1.6–1.8 V[41] and, in some cases, can
expand it up to 2.5 V[42] which is still not enough for most of the
applications. Most organic electrolytes comprise the dissolution
of acetylnitrile/propylene carbonate and quaternary ammonium
salts. The operating voltage range of organic electrolytes in com-
mercially available SCs is 2.7–2.8 V, which cannot exceed further
because of the degradation of organic solvents.[43] At the same
time, ILs formed by cations and anions with melting tempera-
tures below 100 °C have a wide range of electrochemical stability
of 6 V[44] and can be utilized without solvents. Thus, they can be
considered potential candidates as electrolytes in SCs.

Moreover, the required temperature for SCs to be used in mil-
itary equipment is nearly �55 °C; for automotive devices, SCs
should work at 125 °C, and for consumer electronics, the
required temperature range is �20–85 °C.[45] Therefore, organic
solvents can be dangerous due to flammability, whereas ILs are
suitable electrolytes because of their thermally stable and non-
flammable characteristics.[46] Further, it is revealed that the pore
size of the material and the ion size of the electrolyte affect the
capacitive performance of the system. The pore size should be

comparable with the size of the ions of electrolyte as too smaller
pore size are ion-inaccessible while too larger pore size creates
wider space between the pore wall and ions, both lead to a con-
siderable decrease in capacitance value of the system.[47] Thus,
utilizing appropriate IL electrolyte and carbon material with com-
parable dimensions favors the efficient capacitive performance of
SCs. For instance, Song Z. et al.[48] synthesized heteroatom-
doped hydrangea-like porous carbon with a pore size of 0.80
and 0.50 nm which were comparable to the ion size of the uti-
lized ILs named EMIMBF4 and EMIM bis(trifluoromethyl
sulfonyl)imide with 0.76 nm size of cation while 0.48 nm
for BF4

�. The authors observed high specific energy of
101.2Wh kg�1. In this section, we elucidate different ionic
liquids utilized as electrolytes in SCs applications where carbon-
based materials are used as electrodes.

4.1. Ionic Liquids as Electrolytes for Activated Carbon-Based SCs

The electrical double-layer capacitors (EDLC), established upon
particular exterior area carbon probes, which work by separating
charges at the electrode/media boundary, are the most developed

Figure 5. a) Graphical design of the synthetic procedure of carbon microspheres; b,c) N2 absorption–desorption isotherms with pore size distribution
curves; d,e) CV and GCD curves at different scan rates; f–h) gravimetric capacitance with LED lighting in the inset, EIS spectra and stability curve of the
device; i) Ragone plot for the analysis of EDs corresponding to PDs. Reprinted with permission.[37] Copyright 2022, Elsevier Ltd.
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and are already in demand. ACs are the most generally utilized
electrode substances for EDLC applications owing to their mod-
erately economical and increased surface area than other carbon
materials. The possible potential of any SC appliance relies on
the potential electrolyte range, where the performance depends
both upon the electrode core and electrolyte characteristics; thus,
selecting the electrolyte is essential.

In this regard, dimethyl thioformamide-based IL was prepared
by Kong J. et al.,[49] which was utilized in AC-based SCs and
exhibited higher thermal stability up to 351 °C and a decent spe-
cific capacitance of 90 F g�1. Fleischmann et al.[50] proposed
alkali ion-based IL electrolytes for asymmetric hybrid SC. AC-
based electrode and Li-bis(trifluoromethyl sulfonyl)imide and
Na bis(trifluoromethyl sulfonyl)imide (with 99.9% purity) as

electrolytes were utilized in this system. Briefly, 1 M Li-based
IL showed coulombic efficiency of 90% at 2 V and a capacity
of 80mAh g�1 with a maximum capacity of 143mAh g�1, while
0.5 M Li-based IL electrolyte obtained a specific capacity was
138mAh g�1. The coulombic efficiency proves the compatibility
of Li-based IL electrolytes. The coulombic efficiency remains
99.8% even after 200 runs, which showed that the system was
highly stable in 1 M Li-based IL electrolyte. In the case of Na-
based IL, 98% coulombic efficiency was obtained after 200 cycles.

Therefore, alkali ion-based ILs enhance the anodic stability,
improving the specific energy. Also, the system was thermally
stable up to 80 °C. ACs can be fabricated from biomass or organic
wastes such as corn grains, rice husk, human hairs, dead leaves,
coconut shells, and banana fibers, which is eco-friendly and can

Table 1. Utilizing ILs as reaction media, template, and precursor for forming carbon-based materials and their application in SCs.

Types of ILs Role of IL Types of carbon
materials

Preparation
technique

Performance in SC References

1,3-Dimethyl-imidazole Dimethyl
Phosphate

Template and
reaction media

Porous carbon
materials

Direct carbonization Exhibited ED of 7.81 Wh kg�1 corresponding to PD of
62.5 W kg�1 and specific capacitance of 338.2 F g�1

[37]

1-Butyl-3-methylimidazolium
dicyanamide

Precursor Nitrogen-doped
mesoporous carbon

Carbonization 210 F g�1 was specific capacitance and showed stability of
95% after 1000 cycles

[33]

Carboxymethyl-based protic polyanion Precursor Nitrogen and
oxygen-doped

mesoporous carbon

Carbonization Cycling stability of nearly 99% after 10 000 cycles,
capacitance of 291 F g�1 and PD of 26 W kg�1

corresponding to ED of 10.11 Wh kg�1 was obtained

[34]

Phosphoric acid protic IL of arginine Precursor Nitrogen-
phosphorous-doped

porous carbon

Carbonization Had a stability of 94% after 10 000 cycles [35]

Amino-acid protic ILs Precursor Nitrogen-sulfur-
doped porous

carbon

Direct carbonization Exhibited ED of 6.9 Wh kg�1 corresponding to PD of
248W kg�1 and specific capacitance of 350 F g�1

[36]

Sodium lignosulfonate and 1-allyl-3-
methyl imidazolium chloride-based IL

Precursor as
well as template

Nitrogen-doped
porous carbon

Direct carbonization Had capacitance of 230 F g�1, retention capacity
of 90.3% after 2000 cycles and ED of 7.99 Wh kg�1

with PD of 25W kg�1

[38]

Dilute sulfuric acid and phenothiazine-
based IL

Precursor Nitrogen-sulfur-
doped porous

carbon

One-step
carbonization

Exhibits specific capacitance of 302 F g�1 and cyclic
stability of almost 100% over 5000 cycles

[81]

Alginic-based protic polyanion ILs Precursor Nitrogen-doped
porous carbon

Carbonization
followed by
activation

Exhibits surface area of 3638 m2 g�1, pore size of 2.44 nm,
gravimetric capacitance of 354 F g�1 and delivered ED of
12.3 Wh kg�1 corresponding to PD of 26W kg�1. had cyclic

stability of 95% over 10 000 cycles

[82]

1-Ethyl-3-methylimidazolium dicyanamide Precursor Nitrogen-doped
porous carbon

One-step
carbonization

Showed specific capacitance of 335.3 F g�1 and ED of
10.1 Wh kg�1

[83]

Task-specific ILs with dicyanamide anions Precursor Nitrogen-doped
ordered porous

carbon

Soft template
strategy

Delivered high specific capacitance of 427 F g�1 with nearly
98% retention capacity after 2000 runs and surface area of

1919 m2 g�1

[84]

1-Vinyl-3-butylimidazolium bromide and
divinylbenzene based IL

Precursor Nitrogen-doped
porous carbon

Carbonization Delivered specific capacitance of 243 F g�1 with almost
100% stability after 2400 cycles and had surface area of

1324m2 g�1

[85]

1-Butyl-3-methylimidazolium
tetrafluoroborate

Template Carbon xerogels Sol–gel
polymerization

Exhibits specific surface area of 2391 m2 g�1 and decent
stability after 12 500 CD cycles

[32]

1-butyl-3- methylimidazolium
tetrafluoroborate

Template Graphene-carbon
xerogels

– Delivered 230 F g�1 and almost no degradation after 5000
runs

[86]

Resorcinol/formaldehyde-based ILs Template Nitrogen-doped
mesoporous carbon

spheres

Sol–gel method and
carbonization

Showed good capacitance of 159 F g�1 and 88% stability
after 5000 runs

[87]
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produce many ACs that can be utilized as electrodes in energy
storage devices.[51] N-doped AC was obtained from palm flowers
by Sahoo and Rao,[52] when employed with IL-based electrolyte in
SCs showed PD and ED of 38.9 and 8.6Wh kg�1, correspond-
ingly, at an operating voltage of 1.5 V and current density of
0.1 A g�1. Other researchers also derived AC from biomass,
i.e., rice straw, through carbonization and activation. By utilizing
1-ethyl-3-methylimidazolium tetrafluoroborate [EMIMBF4] as an
electrolyte for SC, the catalyst has a specific surface area of
1007m2 g�1 that enhances the interface among electrode and
electrolyte, which results in better capacitance and ED of SC.
The system exhibits an ED of 17.4Wh kg�1 with a specific capac-
itance of 80 F g�1 and a PD of 174W kg�1.[51a]

Mesoporous AC having a fiber-like structure was fabricated by
a team of researchers[53] to use as an electrode for SCs with IL-
based electrolytes. Mesoporous AC fibers were synthesized via
the carbonization-activation technique using polyacrylonitrile
as a precursor, as showcased in Figure 6a. The obtained material
exhibited ionic conductivity of 57–195 S cm�1 and a surface area
of 2404m2 g�1. Ions of electrolytes were diffused rapidly along
the radical direction owing to the 1-dimensional fiber structure,
which favors the high CD capability and better power perfor-
mance of SCs. [EMIMBF4] was utilized as an electrolyte at an
operating voltage of 4 V; the as-prepared system displayed energy
density at 1 kW kg�1 and capacitance of 113Wh kg�1 and
204 F g�1 at 0.5 A g�1, correspondingly. CV curve elucidating
the capacitance performance of the as-synthesized material at
scan rates of 100–1000mV s�1 is shown within Figure 6b.
The comparative capacitance performance of the prepared
material with other materials is shown in Figure 6c. Linear
response of the charge–discharge process with different current

densities can be seen from GCD curves, as showcased in
Figure 6d.

In addition to this, trihexyl (tetradecyl) phosphonium bis
(trifluoromethane sulfonyl) imide was utilized as an electrolyte
for AC-based SC by Pilathottathil et al.[54] The authors observed
that the as-synthesized material displayed high ED and specific
capacitance of 110Wh kg�1 and 300 F g�1, respectively, at a
working potential of 3.5 V and showed stability up to 1000 cycles.

Pyrrolidinium (Pyrr) methane sulfonate (MeSO3) and diisoprpy-
lethylammonium MeSO3 was utilized as electrolyte for AC-based
SCs by Anouti et al.,[55] which exhibited a PD of 13.9 kWkg�1

and specific capacitance of 102 F g�1 at a current density of
15 A g�1. Timperman, L. et al.[56] utilized Pyrr with nitrate and
bis(trifluoromethanesulfonyl)imide prepared via equimolarmetath-
esis as an electrolyte for AC-based SCs. At a cell potential of 2 V, the
SC showed a specific capacitance of 148 F g�1, and at 25 °C, more
than 80% capacitive retention was observed up to 110 hr. Table 2
summarizes the utilization of ILs as electrolytes for AC-based SCs.

4.2. Ionic Liquids as Electrolytes for Graphene and Its
Derivative Based SCs

Graphene and its derivatives have high electric conductivity, wide
potential windows, and large surface area, which provides high
electrochemical efficiency to SC.[57] ILs enhance these character-
istics of graphene-based materials, improving the overall perfor-
mance of the SCs. Here, we elucidate the version of SCs with
graphene and derivative-based electrodes utilizing ILs as
electrolytes.

Zhu H. et al.[58] fabricated flexible IL-based SC where gra-
phene quantum dots (GQDs) modified with MnO2 were used

Figure 6. a) Graphical representation of the fabrication method of mesoporous AC fibers; b) CV curve at scan rates of 100mV s�1 to 1000mV s�1;
c) comparison of the capacitance performance of mesoporous AC fibers with other material; d) GCD arcs of the prepared material with IL as electrolyte.
Reprinted with permission.[53] Copyright 2019, Elsevier Ltd.
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as electrode material prepared via the modified solvothermal
method. The authors reported a decent ED of 82.2Wh kg�1,
an excellent specific capacitance of 208.2 F g�1, and a PD of
11.6 kW kg�1. Reduced graphene oxide (rGO) modified with
α-MnO2 fiber combined with nitrogen and sulfur (α-MnO2/N-S/
rGO) was synthesized as an electrode for SC by Poochai et al.,[59]

where N,N-diethyl-N-methyl-N-(2-methoxy-ethyl)ammonium bis
(trifluoromethyl-sulfonyl)amide IL was utilized as electrolyte mate-
rial. The systematic preparation procedure is displayed in Figure 7a.
Electrochemical investigation revealed that the as-synthesized mate-
rial exhibits a specific capacitance of 165 F g�1 at a cell voltage of
4.5 V. CV and GCD curves of the synthesizedmaterial, as showcased
in Figure 7b,c, depicted that the material had an ED of 110Whkg�1

and PD of 550 kWkg�1 at a current density of 0.25A g�1. Further,
the stability of the system can be seen from graphs Figure 7d,e, with
a retention capacity of approximately 96% even after 10 000 cycles.
The GO-based electrode was synthesized by another team of
researchers[60] for SC based on a eutectic mixture of ILs (N-methyl-
N-propyl piperidinium bis(fluorosulfonyl)imide (PIP13-FSI) and
N-butyl-N-methyl pyrrolidinium bis(fluorosulfonyl)imide) electrolyte.
The electrode exhibits a surface area of 1901m2 g�1, and the system
was stable over an extensive range of temperature (�50–80 °C). At
3.5 V, a specific capacitance of 180 F g�1 was reached.

The graphene-based electrode was fabricated by dispersion
technique for IL-based SC, and 1-butyl-3-methylimidazolium
tetrafluoroborate was used as electrolyte.[61] The system had
high ionic conductivity with a low charge transfer resistance
of 0.79Ωcm2. In addition, the electrochemical study showed that
the device had a specific capacitance of 214 F g�1 and energy

density of 33.3Wh kg�1 at a current density of 3 A g�1 with a
power density of 24.7Wh kg�1. The GO-based electrode was syn-
thesized using urea phosphate through one-step hydrothermal
technique, and EMIMBF4 was used as an electrolyte in SC.[62]

Researchers observed a high ED of 97.2Wh kg�1 with
0.9 kW kg�1 PD. At 1 A g�1, the device had a specific capacitance
of 196.7 F g�1 and a high retention capacity of 78.3% after 5500
cycles which proved the system’s stability. Modified Hummer’s
method, followed by a one-pot hydrothermal approach, was uti-
lized by Chen Y. et al.[63] to fabricate N-S/rGO aerogel for the
electrode of the SC device. When an IL named EMIMBF4 was
used as an electrolyte, the device showed good energy density
and specific capacitance performance. The system displayed high
conductivity of 11.5 S cm�1. At 0.9 kW kg�1 of power density,
75Wh kg�1 of energy density was produced, and 180.5 F g�1

of specific capacitance was observed at 1 A g�1. When the PD
was 15 kW kg�1, the device delivered 33Wh kg�1 of ED.

Wong et al.[64] recently developed a binary mixture of IL to use
as an electrolyte for graphene-based SC. Two ILs, i.e., 1-ethyl-3-
methylimidazolium bis(trifluoromethyl sulfonyl)imide and butyl
trimethylammonium bis(trifluoromethyl sulfonyl)imide, were
mixed in different ratios to form binary IL. When it obtained
equal proportions of both the ILs, the excellent specific capaci-
tance of 293.1 F g�1 and high ED of 177Wh kg�1. EMIMBF4
IL was used as an electrolyte in graphene-based SC.[65] The pre-
pared system displays a high specific capacitance of 144.4 F g�1

at an operating voltage of 3.5 V with an ED of 60.7Wh kg�1 and a
PD of 10 kW kg�1. Table 3 summarizes the utilization of differ-
ent ILs as electrolytes for graphene and its derivative-based SCs.

Table 2. Summary of the utilization of ILs as electrolytes for AC based SCs.

Electrolyte Electrode Preparation
technique/conditions

Cell
voltage

Surface area
[m2 g�1]

Specific
capacitance

[F g�1]

Stability Energy
density

[Wh kg�1]

Power
density
[kW kg�1]

References

EMIMBF4 Brinjal biomass
derived AC

One pot chemical
activation technique

– 850 133 – 41 – [3a]

Pyrrþ nitrateþ bis(trifluoromethane
sulfonyl)imide

AC – 2.0 – 148 80% for 110 hr – – [56]

[Pyrr][MeSO3] and
[diisoprpylethylammonium][MeSO3]

AC – – – 102 – – 13.9 [55]

Li- bis(trifluoromethyl sulfonyl)imide AC – 4 – – 99.8% after 200
cycles

98 1.9 [50]

Na- bis(trifluoromethyl sulfonyl)imide AC – 4 – – 98% after 200
cycles

90 1.8 [50]

[EMIM][ESO4] Palm flower derived
AC

Hydrothermal
method

1.5 164 – – 8.6 38.9 [52]

EMIMBF4 AC Carbonization and
activation process

4 V 2404 204 – 113 – [53]

EMIMBF4 Rice straw derived AC Carbonization and
activation

2.5 V 1007 80 78% after 5000
cycles

17.4 174 [51a]

Tetrabutylammonium bromide AC supported
vanadomolybdates

– 1.2 V – 146 – 29.2 1440 [88]

Trihexyl (tetradecyl) phosphonium bis
(trifluoromethanesulfonyl) imide

AC – 3.5 V – 300 Stable up to
1000 cycles

110 – [54]

1-Butyl-3-methylimidazolium iodide AC – 2 V – 56.5 82.5% after
1000 cycles

31.39 5012.58 [89]
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4.3. Ionic Liquid as Electrolytes for CNTs and CNFs-Based SCs

In recent years, ILs integrated with CNTs have been prepared for
application in energy storage/transformation owing to their
excellent electronic and electrochemical activity. Among ILs,
surface-active 2-ethylhexyl sulfate (EHS) tetraoctylammonium
([N8,8,8,8][EHS]) was used as an electrolyte for multiwalled

CNTs (MWCNTs) based SC.[66] The surface-active IL is proven
a potential electrolyte as it exhibits decent electrochemical perfor-
mance with a higher PD of 169 kW kg�1 and higher ED of
94Wh kg�1 at a scan rate of 2mV s�1. The obtained specific
capacitance was 169 F g�1 with a working potential of 4 V. The
surface-active IL was fabricated via ion exchange reaction and
had an electrical conductivity of 99 μS cm�1 at 373 K and stable

Figure 7. a) Graphical representation of synthetic procedure of α-MnO2/N-S/rGO; b,c) CV, GCD curves of α-MnO2/N-S/rGO in IL electrolyte at different
scan rates; d) capacitive retention of the prepared SC; e) self-discharge curves w.r.t. discharge time of all electrodes. Reprinted with permission.[59]

Copyright 2021, Elsevier Ltd.

Table 3. Summary of the utilization of ILs as electrolytes for graphene and its derivative-based SCs.

Electrolyte Electrode Cell
voltage [V]

Surface
area

Specific
capacitance

[F g�1]

Stability Energy density
[Wh kg�1]

Power
density

References

1-ethyl-3-methylimidazolium tetrafluoroborate
(EMIMBF4)

GQDs@ MnO2 – – 208.2 – 82.2 11.6 kW kg�1 [58]

EMIMBF4 Graphene areogel – – – – 104-33 944-15 860 kW kg�1 [90]

N,N-Diethyl-N-methyl-N-(2-methoxy-ethyl)
ammonium bis (trifluoromethyl-sulfonyl)amide

α-MnO2/N-S/
rGO

4.5 – 165 67% after
10 000 cycles

110 550 kW kg�1 [59]

(N-methyl-N-propyl piperidinium
bis(fluorosulfonyl)imide (PIP13-FSI) and N-butyl-
N-methyl pyrrolidinium bis(fluorosulfonyl)imide)

GO 3.5 1901 m2 g�1 180 – – – [60]

1-butyl-3-methylimidazolium bis[(trifluoromethyl)
sulfonyl] imide ([Bmim][Tf2N])

Graphene aerogel – – – – 115-28 946–
11 586 kW kg�1

[91]

1-butyl-3- methylimidazolium tetrafluoroborate Graphene 2 – 214 – 33.3 24.7 Wh kg�1 [61]

EMIMBF4 GO – – 196.7 78.3% after
5500 cycles

97.2 0.9 kW kg�1 [62]

EMIMBF4 rGO-aerogel – – 180.5 – 33 15 kW kg�1 [63]

1-ethyl-3-methylimidazolium bis(trifluoromethyl
sulfonyl)imide and butyl trimethylammonium
bis(trifluoromethyl sulfonyl)imide

Graphene based 4.1 – 293.1 – 177 – [64]

EMIMBF4 Graphene based 3.5 – 144.4 – 60.7 10 kW kg�1 [65]
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up to 530 K temperature as observed from the thermal gravimet-
ric analysis. In addition to this, Jain and Antzutkin[67] again pre-
pared surface-active IL [EHS][1-methyl-3-hexylimidazolium]
through metathesis reactions which were utilized as an electro-
lyte for MWCNT-based SC. The observed ionic conductivity of
the system at 298 and 373 K was 73.19 μS cm�1 and 1.62mS cm�1,
respectively. Further, at 298 K, a specific capacitance of 148 F g�1

and ED of 82Wh kg�1 was obtained, and at 373 K, the obtained
specific capacitance was 290 F g�1 with an ED of 161Wh kg�1.
Li M. et al.[68] fabricated α-MnO2 on CF-modified CNT (α-
MnO2@CNTs/CNFs), which was used as positive and negative
electrodes for SC. The electrode was prepared by chemical vapor
deposition followed by the hydrothermal method as described in
Figure 8a along with b unit cell and c crystal structure of α-
MnO2, and EMIMBF4 was utilized as electrolyte. At an operating
voltage of 4 V, CV curves, as shownd in Figure 8d, confirmed that
the material showed pseudocapacitive property even at a sweep rate
of 2400mV s�1 and exhibited a specific capacitance of 78.2 F g�1.
GCD curves in Figure 8e show that the device displays an energy
density of 160.4Wh kg�1 with a power density of 2000Wkg�1.
Furthermore, the machine had a capacitive retention of 78.95%
after 5000 runs.

By single-step neutralization method, nonfluorinated IL
[P4444][HFuA] was prepared by a team of researchers[46b] to uti-
lize as an electrolyte in MWCNTs/AC electrode-based SC.
Electrochemical measurements revealed that the device had a
maximum specific capacitance of 174.2 F g�1 with a scan rate
of 5 mV s�1 at 100 °C. CV study displayed that the device shows
a retention capacitance of 90% at 60 °C. Noremberg et al.[69]

utilized 1-n-butyl-3-methylimidazolium bis(trifluoromethane
sulfonyl)imide as an electrolyte in cellulose/MWCNTs-based SC.
The surface area of the as-preparedmaterial was 74.4 m2 g�1, and
the system had a specific capacitance of 34.37 F g�1 with a retain-
ing capacitance of 97.9% after 5000 runs. Other researchers
reported the effect of the size of the diameters of single-walled
CNTs (SWCNTs) on the performance of IL-based SC.[4a]

Triethyl(2-methoxyethyl) phosphonium bis(trifluoromethyl sul-
fonyl)imide was utilized as an electrolyte, and electrochemical
performance was measured up to 150 °C. The capacitance value
surges from 15.8 (room temperature) to 27.5 (150 °C) on a cur-
rent density of 5mA g�1 when SWCNT of 1 nm was used. The
SWCNTs having a diameter of more than 1 nm did not signifi-
cantly affect the device’s capacitance with increasing temperature.

1-Butyl-3-methylimidazolium bis (trifluoromethyl sulfonyl)
imide was employed as electrolytes for SC based on MWCNTs
electrode modified with the same IL and hydrogen exfoliated gra-
phene. The role of MWCNTs was a bridge and spacer for the
transfer of electrons between graphene sheets. The obtained
material had a larger exterior area of 166.47m2 g�1 and a pore
volume of 4.429 cm3 g�1, corresponding to a pore size of 3.54 nm.
The larger pore size of nanocomposite compared to IL results in
the enhancement of specific capacitance due to better accessibility
of electrolytes. The device displayed a higher specific capacitance
of 201 F g�1 with an ED of 171Wh kg�1 and a PD of 148 kWkg�1

at an operating voltage of 3.5 V.[70] Tamilarasan and Ramaprabhu
synthesized MWCNT-based electrode modified with 1-butyl-3-
methylimidazolium bis(trifluoromethyl sulfonyl)imide via the
Hummers method for SC device.[71] The authors related the

Figure 8. a–c) Graphic illustration of the synthetic procedure of α-MnO2@CNTs/CNFs, unit cell and crystal structure of α-MnO2; d,e) CV, GCD curves of
α-MnO2@CNTs/CNFs. Reprinted with permission.[68] Copyright 2022, MDPI.
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performance of IL-based material with bare MWCNTs and
observed that IL enhances the device’s performance by 85%.
The observed specific capacitance was 242 F g�1 at a current den-
sity of 2 A g�1 and showed a retention capacitance of 98% after
1000 cycles. Observed maximum ED and PDs were 107.06Whkg�1

and 8.79 kW kg�1. [EMIM] bis(trifluoromethyl sulfonyl) imide-
based gel electrolyte was utilized in CNT-based SC.[72] At a current
density of 2 A g�1, the SC exhibits 135 F g�1 of specific capaci-
tance, 41Wh kg�1 ED, and 164 kWkg�1 PD.

[EMIM] bis(trifluoromethyl sulfonyl)imide was utilized as an
electrolyte in CNF-based SC by Kim et al.,[73] which results in an
excellent energy density of 246Wh kg�1 by a specific capacitance
of 161 F g�1. The surface area of the CNF-based electrode was
1624m2 g�1 with a pore size of 0.831 nm. This larger surface
area helped in achieving outstanding electrochemical perfor-
mance. Again, [EMIM] bis(trifluoromethyl sulfonyl) imide-based

ionogel was used as an electrolyte for CNF-based SC. The surface
area of the electrode was 2282m2 g�1, which results in higher
interaction of the surface of the electrode with the electrolyte
and improves the device’s electrochemical performance. The
device’s energy density was 65Wh kg�1 with a gravimetric capac-
itance of 153 F g�1 at a cell voltage of 3.5 V. The device is highly
stable and showed retention capacitance of 96% after 20 thou-
sand cycles.[74] Sun Y. et al.[75] prepared porous CNF-based mate-
rial by electro-spinning technique to use it as an electrode and
EMIMBF4 as an electrolyte in SC. The electrode modified
with as-synthesized material had a surface area of 1177m2 g�1

and a specific capacitance of 101.9 F g�1 with ED and PD of
60.1Wh kg�1 and 35 kW kg�1, correspondingly. The trial of the
PCF-x is sequentially shown within Figure 9a. Figure 9b illus-
trates CV arcs of PCF-1.0//PCF-1.0 SC from 10 to 200mV s�1

in EMIMBF4 media. All CV arcs are comparable at sweep rates

Figure 9. a) Diagram design of the formulating of the PCF-x model. SC routine of the PCF-1.0 electrode utilizing IL of EMIMBF4. b) CV graphs. c) GCD
arcs. d) Nyquist designs. Inserts demonstrate high-frequency area and tailored equivalent circuit style. e) Ragone schemes of a symmetrical capacitor
based upon diverse carbon substances. f ) Long-standing cycling recital of the PCF-1.0 electrode at 4 A g�1. g) Picture of LED bulbs power driven by one
device. Reprinted with permission.[75] Copyright 2021, Elsevier Ltd.
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varying as of 10–200mV s�1. Similarly, the GCD arcs demon-
strate an alike isosceles triangle-shape form, displaying better
reversibility and EDLC performance (Figure 9c). Particularly,
the apparatus also shows a suitable capacitance about 101.9 F g�1

and maintains 61% of its preliminary capacitance once raised the
current density after 0.5 A to 20 A g�1. To show the kinetics of the
PCF-1.0//PCF-1.0 machine, EIS analyzed occurrences 0.01Hz to
100 kHz (Figure 9d). Lower resistance values of Rs (2.54Ω), Rct

(4.31Ω), and Warburg constant (Zw, 7Ω) intended for the PCF-
1.0 appliance may be accredited toward the favorable configuration
of as-obtained PCF-1.0. Similarly, the PCF-1.0-based apparatus pro-
vides the most increased ED (Emax) of 60.1Wh kg�1 on a PD of
0.35 kWkg�1, more elevated compared to some documented

carbon-based apparatuses (Figure 9e). The electrochemical stability
with better retaining (87.3%) for 10 000 runs and nearly 100%
Coulombic efficiency also shows the high reversibility and durable
electrochemical performance of PCF-1.0-based SC. It is crucial not-
ing that after cycling trials, the apparatus may still show gratifying
EDLC behavior backed via CV and GCD data (Figure 9f ), which
may hold around 80% capacitance retaining of the primary behav-
ior. Additionally, the formed SC based upon the IL approach imme-
diately operated as the power origin to light parallel LED lights (3 V)
intersection upon a Christmas tree, showing the practical imple-
mentation of the appliance (Figure 9g).

Table 4 summarizes the utilization of ILs as electrolytes for
CNTs, CNFs, and other carbon-based SCs.

Table 4. Summary of the utilization of ILs as electrolytes for CNTs, CNFs, and other carbon-based SCs.

Electrolyte Electrode Cell voltage
[V]

Surface
area

[m2 g�1]

Specific
capacitance

Stability Energy
density

Power
density

References

[N8,8,8,8][EHS] MWCNT 4 – 169 F g�1 – 94Wh kg�1 169 kW kg�1 [66]

EMIMBF4 α-MnO2@CNTs/CNFs 4 – 78.2 F g�1 78.95% after
5000 cycles

160.4 Wh kg�1 2000 W kg�1 [68]

[EHS][ 1-methyl-3-hexylimidazolium] MWCNT – – 290 F g�1 – 161Wh kg�1 – [67]

1-n-butyl-3-methylimidazolium
bis(trifluoromethane sulfonyl)imide

MWCNT – 74.4 34.37 F g�1 97.9% after
5000 cycles

– – [69]

1-butyl-3-methylimidazolium bis
(trifluoromethyl sulfonyl) imide

MWCNTs/hydrogen -
exfoliated graphene/1-butyl-
3-methylimidazolium bis
(trifluoromethyl sulfonyl)

imide

3.5 166.47 201 F g�1 98% after
1000 cycles

171Wh kg�1 148.43 kW kg�1 [70]

1-butyl-3- methylimidazolium
bis(trifluoromethyl sulfonyl)imide

MWCNTs – – 242 F g�1 98% after
1000 cycles

107.06 Wh kg�1 8.79 kW kg�1 [71]

[EMIM] bis(trifluoromethyl sulfonyl)imide CNF 3.5 1624 161 F g�1 – 246Wh kg�1 – [73]

N-butyl N-methyl pyrrolidinium
bis(trifluoromethanesulfonyl)imide

Lignin-derived CNF 3.5 2770 87 F g�1 98% after
1000 cycles

38Wh kg�1 1666 W kg�1 [92]

EMIMBF4 CNT/stainless steel
core-sheath yarn

– – 329.13 F g�1 – 6.67�
10�2 Wh cm�3

8.89 W cm�3 [93]

[EMIM] bis(trifluoromethyl sulfonyl)imide CNF 3.5 2282 153 F g�1 96% after
20 000 cycles

65Wh kg�1 – [74]

EMIMBF4 CNF 3.5 1177 101.9 F g�1 87.3% after
10 000 cycles

60.1 Wh kg�1 35 kW kg�1 [75]

[EMIM] bis(trifluoromethyl sulfonyl)imide CNF 3.5 2282 144 F g�1 – 61Wh kg�1 – [94]

[EDMF]BF4 Glassy carbon 2.7 2073 165 F g�1 Stable up to
5000 cycles

489.5 kWh kg�1 – [95]

Imidazolium type N-doped porous carbon 2.3 1310 333 F g�1 53.5 % after
10 000 cycles

48.3 Wh kg�1 1.75 kW kg�1 [96]

EMIMBF4 Cu-Co selenide nanowires
modified CNFs

– 195.652 28.63 F g�1 77.3% 191.6 mWh kg�1 36.65 W kg�1 [97]

EMIMBF4 Porous carbon – 2807 218 F g�1 88% after
10 000 cycles

93Wh kg�1 1.75 kW kg�1 [98]

EMIMBF4 gel electrolyte N, O doped carbon
hydrangeas

3.5 2212 218 F g�1 90% 101.2 Wh kg�1 875 W kg�1 [48]

EMIM-thiocyanate Porous carbon – 879.69 294 F g�1 – – – [99]

1-Methyl-1-propylpyrrolidinium
bis(trifluoromethyl sulfonyl)imide

Diamond-coated Si-wires 4 – 105 μF cm�2 – 84 μJ cm�2 0.94 mW cm�2 [100]

EMIBF4 Porous carbon – – 166 F g�1 93.1% 59 Wh kg�1 59 kW kg�1 [101]

www.advancedsciencenews.com www.advenergysustres.com

Adv. Energy Sustainability Res. 2023, 2300021 2300021 (13 of 17) © 2023 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advenergysustres.com


5. Importance of IL-Based Materials from Other
Materials

Physical properties such as absorption/desorption, surface area,
and coupling between electrode and electrolyte are involved in
the performance of SCs. Capacitance of SCs depends on the
interaction of electrode and electrolyte, and the energy density
of the system is dependent on potential window. Larger potential
window results in higher energy densities of the system.[45]

Further, wide temperature range is required for the devices
specially in portable devices.

ILs are adequate nominees for SCs, specifically that function-
ing based upon the double-layer charging, for two reasons: the
initial task of the media is to provide charge species at the elec-
trode/electrolyte boundary rather than diffusion of specific elec-
troactive types, vast and the steady potential range of ILs ensures
better EDs even more significant than those of organic media.
Additionally, the practical applications of ILs as solvent-free elec-
trolyte-based procedures for elemental analyses to understand
the essence of electrode/electrolyte interface in SCs. Remark that
the complexity of ILs is owing to the originality of these electro-
lytes compared with conventional electrolytes. The developing
curiousness in ILs was owing to the practical possibility, and
inappropriately, there are only an inadequate number of essential
analysis (primarily theoretical) concentrating upon the electrode/
electrolyte edge of SCs in ILs: 1) ILs provide stable broad poten-
tial window that surely provides high-energy densities to the sys-
tem.[76] Also, ILs are thermally more stable which ensures
elevated temperature range to SC systems. Hence, ILs are con-
sidered as superior electrolytes over other conventional electro-
lytes for energy storage devices.

For instance, Oyedotun et al.[77] fabricated carbon nanofibers
to be utilized as electrode material in SCs. The authors studied
the effect of electrolytes on the system’s performance and
observed a wider potential window of nearly 3 V for IL electro-
lytes compared to aqueous electrolytes Na2SO4 and KOH, which
showed a potential window of 0.8 V. Due to this broader potential
range, the device obtained a high energy density of 24.0Wh kg�1

at a power density of 750.3W kg�1, while energy densities for aque-
ous electrolytes Na2SO4 and KOH were 3.3 and 8.1Wh kg�1 at
power densities of 200 and 177.4Wkg�1, respectively.

In addition to this, controlled growth of carbon materials can
be achieved by utilizing ILs as reaction media, which helps in
avoiding cross-linking of neighboring carbons, so minimizes
the agglomeration. The porosity of carbons can also be improved
by utilization of ILs as reaction media.[78] Conventional solvents/
catalysts are not recycled frequently; however, recycling of ILs is
easy particularly in case of two-phase system.[79] Other important
feature of ILs which make them superior solvent/catalyst over
other conventional materials is their high durability and high
degree of conversion without much loss of IL solvent/catalyst.[80]

6. Conclusion and Future Prospects

The significant advancement in energy storage devices is moti-
vated by the emerging expectations toward sustainability in the
energy technology field caused by the ever-growing energy crisis
globally. SCs attract tremendous focus for mobile power supply

and instant storage of energy. The performance of SCs relies on
physiochemical and dynamic interactions at the interface of the
electrolyte and the electrode. Carbon-based materials are widely
used as SCs electrodes. ILs anticipate the development of
advanced SCs with high energy owing to their outstanding
characteristics, which are illustrated in the sections mentioned
are. ILs are versatile in SCs as ideal precursors and media for
generating carbon-based materials and as electrolytes for carbon-
based SCs.

There are numerous applications of IL-based carbons.
Nitrogen-doped carbons are broadly employed as electrode sub-
stances within fuel cells and SCs. Heterogeneous catalysis, for
example, selective oxidation, is another primary application of
these carbons. However, the prospect of ILs in carbon substances
still needs to be wholly manipulated. It must consider cost and
sustainability cases for practical applications, which could
impede the commercial-scale preparation of carbons via the
direct carbonization of ILs.

It can achieve the requirement of sustainable and green pro-
cedures for producing carbon-based materials due to the versatile
structure of ILs, tuned porosity, and their recycling property.
Nevertheless, the exploitation of ILs in carbon-based materials
is still needed, and for large-scale production of carbons, we must
consider the issue of sustainability and cost. For the fabrication
of functionalized carbon electrodes, we must take the direct
pyrolysis of ILs method into account, where ILs act as dopants,
template, and source of carbon. Multiple coupling of anions and
cations can ameliorate the performance of the electrode; there-
fore, we must understand the correlation of structure and the
property of IL and carbon material. In addition, some efforts
must be attempted to build an all-in-one IL-derived SC device
where the single system consists of IL-derived electrodes and
electrolytes. For the future growth of this domain, the coating/
captivity of ILs on/in affordable bulk supports is advantageous.
Additionally, somewhat inexpensive ILs, such as those emanat-
ing from biomass, are also attractive for carbon-based materials
preparation.
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