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Abstract: Ionic liquids have been used either as polymerization medium or as electrolytes for polyaniline (PANI) electrodes to
produce long cycle-stable supercapacitors with high capacitance. As a polymerization medium, ionic liquids play the role of a soft
template agent and induce the formation of nanostructured PANI morphology. Nanorod, nanowire, or spherical PANI morphology
has been obtained in ionic liquids instead of agglomerated particles resulted in the conventional media. The well-defined one-
dimensional PANI morphology ensures a short charge transfer distance in the PANI materials and low contact resistance between
PANI and electrolyte interfaces. The efficiency of ionic liquids as a soft template agent is related to their structure as well as to their
proportion in the reaction medium. As electrolytes, “neat” ionic liquids provide low but stable specific capacitance of PANI over
more than hundreds of cycles. Binary mixtures of ionic liquids and solvents (e.g. acetonitrile, water) have increased both the specific
capacitance and the capacitance retention of PANI compared with the performances resulting in the conventional aqueous acid
electrolytes. Using ionic liquids to carry out both the synthesis and the electrochemical characterization of PANI is an effective
approach to improve PANI cycle life. The key parameter is to choose the convenient ionic liquids. This review covers the most
significant studies conducted on PANI/ionic liquids for supercapacitor applications.
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1. Introduction

Supercapacitors, also known as ultracapacitors, are electrochemical energy storage devices that have become an essential daily
need in our life [1-3]. They are used either on their own or in conjunction with batteries (e.g. supercapattery) [3—5]. Supercapacitors
are made up of a positive and a negative side, called electrodes, separated from each other by an ion-permeable separator material
and an electrolyte. Their charge storage mechanisms are related to the electrode materials, which are divided into three categories
as follows [6—12].

e  Electric double-layer capacitors (EDLCs) are typically based on carbon derivatives and store charge through electrostatic
adsorption of ions at the electrode/electrolyte interface.

e  Pseudocapacitors are based not only on metal oxides/hydroxides but also on conducting polymer and storing charge mainly
electrochemically.

e  Hybrid capacitors are based on asymmetric electrodes of different types.

Supercapacitors almost follow the same design, and each type has its benefits and drawbacks [10—12]. Electric double-layer
capacitor (EDLC) is the most popular in the supercapacitor market since they provide instantaneous high power density with good
cycle life and fast charge/discharge rate. In contrast, its low energy density and its self-discharge are barriers to a wide range of use
[13]. Concerning hybrid capacitors, they have not had commercial success as they are non-reliable and cannot be fully discharged
[14]. Pseudocapacitors are a potential candidate to be an alternative to EDLCs since they literally keep the features of EDLCs and,
additionally, hold high energy density.

One of the most investigated electrode materials for pseudocapacitors is polyaniline (PANI), which is a conducting polymer
with organic semiconductors’ properties and a large surface area [7,12,15-24]. PANI electrodes are characterized by a high
theoretical mass specific capacitance (ca. 750 F/g), good thermal stability, high electronic conductivity (at its doped state), and low
cost owing to simple synthesis [7,12,15-24]. Another characteristic of PANI is that it stores electrochemical energy through a fast
reversible redox process [25-28]. On the other side, PANI electrodes exhibit limited cycle life and stability in conventional aqueous
acid electrolytes (H>SO4, HCI, and others) because of the intercalation/deintercalation of electrolytes ions into PANI chains [29-
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31]. To improve the cycle life of PANI electrodes, conventional aqueous electrolytes have been replaced by ionic liquids in recent
studies [16, 32-46].

Ionic liquids are salts with a melting point of less than 100 °C. They are investigated as electrolytes as well as polymerization
media for PANI. As electrolytes, ionic liquids have attracted attention owing to their wider potential window as compared with
conventional solvents [47]. As polymerization media, ionic liquids are considered green solvents owing to thermal and chemical
stability, negligible volatility, non-corrosively, low cost, low flammability, and nontoxicity features. Two main subclasses of ionic
liquids are mostly used in the studies on the combination of PANI and ionic liquids such as aprotic ionic liquids (AILs) and protic
ionic liquids (PILs) [48]. These subclasses differ from each other by the availability of labile proton (the presence and the absence
of labile hydrogen for PILs and AlILs, respectively) and by their transport properties (neat AILs are generally more conductive and
less viscous than neat PILs) [43,49,50].

This article comprises four sections. In the first section, we show the synthesis conditions to obtain PANI films by
electrodeposition in ionic liquids. Secondly, we discuss the effect of ionic liquids as polymerization medium on PANI morphology
and its related properties in the second section. In the third section, we present how ionic liquid-based electrolytes affect the
electrochemical performances as well as the charge storage mechanism of PANI electrodes. Finally, all ionic liquids used for
synthesis or electrochemical evaluation of PANI material are listed.

2. Ionic liquids for electrochemical synthesis of PANI: PILs vs AILs

Electropolymerization of aniline in solvent-free ionic liquids is considered a solution to prevent side reactions due to
electrolyte-solvent electrolysis during the polymerization, as ionic liquids exhibit more electrochemical stability than molecular
solvents [45,51-53]. According to Refs. [52,53], PILs with high proton activity are appropriate for the electropolymerization of
aniline. However, AILs require an exogenous proton source (extra acid or pre-protonated anil2ine) to achieve this
electropolymerization.

Wei et al. showed that the electropolymerization of aniline was possible in 1-butyl-3-methylimidazolium hexafluorophosphate
(BMIPF¢) mixed with 1 mol/l trifluoroacetic acid, which was a source of necessary protons for aniline electropolymerization [51].
In other work, Snook et al. demonstrated that it was impossible to prepare PANI film from aniline in neat 1-butyl-1-
methylpyrrolidinium bis (trifluoro-methane-sulfonyl) imide (C4smpyrTFSI), which do not have enough excess protons [45]. To
obtain the polymerization reaction, pre-protonated aniline (i.e. anilinium nitrate) was used as an alternative to aniline. Therefore,
the polymerization takes place without the need for another proton source [45].

A comparative study on the electropolymerization of anilinium nitrate was carried out with PIL (i.e. ethyl ammonium nitrate
(EAN) with pH ca. 5) and AIL (i.e. CsmpyrTFSI of low proton activity) to study the possible suitability of each media [45]. The
electrodeposition was conducted by cyclic voltammetry in a three-electrode system with a platinum disk (100 pm diameter) as a
working electrode. The study result showed that the deposition of PANI was possible in both ionic liquids. However, the resulting
PANI film thickness was different. A thin film was obtained in C4smpyrTFSI but EAN led to thick and porous films [45]. This
difference is due to the limited solubility of anilinium in C4smpyrTFSI (much less than 300 mM) while the concentration solution of
anilinium nitrate in EAN was 380 mM. The electrochemical performances of PANI film obtained in EAN were then studied by
cyclic voltammetry in neat EAN. This film exhibited a relatively high specific capacitance of over 0.6 F/cm? at 20 mV/s with up to
4 C/cm? deposited charges [45].

In terms of the quality of PANI films obtained using EAN, Shen et al. compared the electropolymerization of aniline in two
PILs with different anions namely pyrrolidinium hydrogen sulfate ((Pyrr)HSO4) and pyrrolidinium nitrate ((Pyrr)NO3) [53]. Fig. 1
A shows the CV cycles during the anodic deposition of PANI. The CV experiment was conducted in neat (Pyrr)HSO4, and the
voltage scan (forward and backward scans) was repeated for 30 scans. During the forward scan, aniline started to oxidize and thus
polymerize at a relative potential around -0.5 V. The resulting polymer settled down on the electrode by changing its electrochemical
response. During the backward scan, the potential reduction peaks (a’ and b’), related to the p-dedoping of the polymer, were
observed since the first CV cycle and its courant increased during the following CV cycles. The oxidation peaks (a and b) are related
to the doping process of PANI. Furthermore, the p-doping and dedoping processes were highly reversible as evidenced by the two
pairs of redox (a, a’ and b, b’) peaks. The oxidization peak corresponds to the leucoemeraldine and emeraldine salts, and the
reduction peaks are attributed to by the leucoemeraldine and emeraldine base. The obtained PANI exhibited a nanoporous
morphology as evidenced by the SEM image shown in the inset of Fig. 1A. However, in neat (Pyrr)(NOs3), the CV of aniline did not
display the redox peaks of PANI (Fig. 1B), indicating the inability to electropolymerize aniline in neat (Pyrr)NOs. Thus, to obtain
the electropolymerization in (Pyrr)NOs, sulfuric acid was added as an exogenous proton source to the medium. The resulted CV
curves of aniline displayed two pairs of redox peaks of PANI as presented in Fig. 1B. The electrodeposition of PANI in (Pyrr)NO3
required the presence of H,SO4 due to the low proton activity of neat (Pyrr)NOs. As a result, the electropolymerization of aniline
was possible in neat (Pyrr)(HSO4) (~ pH 1.9) but this is not the case in neat (Pyrr)(NOs) (~ pH 6.9), revealing that good proton
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activity (i.e. high concentration of the proton in the solution) of ionic liquid media is a requested for efficient electropolymerization
of aniline. The specific capacitance of the PANI electrode prepared in (Pyrr)(HSOs) is estimated to be ca. 0.6 F/cm?at 20 mV/s with
3.6 C/cm? deposited charges (close to that presented by Snook et al. [45] under similar conditions).

Patil et al. [52] reported that N-methyl-2-pyrrolidonium hydrogensulfate (NMP)(HSO4), which has protonated anion, was also
an appropriate medium for PANI electrodeposition. In this study, the electropolymerization of aniline was carried out by using a
three-electrode system in a 0.1 mol/l (NMP)HSO4 aqueous medium. It was possible to control the thickness of PANI film from 0.98
to 7.02 um by varying the deposition cycles from the 1 cycle to the 5" cycle. The specific capacitance of each film was calculated
from CV curves recorded at a 5 mV/s scan rate within a potential window of -0.2 to 0.8 V versus a saturated calomel electrode
(SCE) in 0.1 M (NMP)HSO4 ionic liquid. The specific capacitance increased (from 338 to 581 F/g) along with the increment of the
film thickness (from 0.98 to 6.58 um) then it decreased to 560 F/g for PANI film thickness of 7.02 um due to the high inherent
resistance of PANI.

Recently, deep eutectic solvents (i.e. a type of ionic liquid), which are defined by having a melting point that is lower than
their components, have been investigated as electropolymerization medium of aniline [54,55]. Ismail et al. reported the
electrodeposition of PANI in propeline 200 (prepared by combining choline chloride in a 1:2 molar ratio with 1,2- propylene glycol)
by cyclic voltammetry with a scan rate of 100 mV/s at 25 °C in the three-electrode system [54]. Pure propeline 200 electrolyte (~pH
7) is not an appropriate medium for the growth of PANI film as this electrolyte does not have protons that participates in the
oxidation reaction of aniline. The addition of 1 M H>SO4to propeline 200 was not effective to induce the polymerization of aniline.
For electropolymerization, 10 % volume H,O was added to 1 M H>SOu/propeline 200 as the species diffuse faster in the propeline
200-water solution [54]. Thus, the electropolymerization of aniline requires a highly protonated medium. Hence, PILs with high
proton activity are convenient media to achieve the electrodeposition of PANI without the need for an exogenous proton source.
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Fig. 1. CV curves of aniline (0.3 M) at platinum disk electrode with the scan rate of 20 mV/s (a) in neat (Pyrr)(HSO4) (insert image
shows the SEM image of the obtained PANI film) and (b) in neat (Pyrr)(NOs) (insert figure shows CV curves of aniline in H2SO4
spiked (Pyrr)(NO3)) (data are reproduced from Ref. [53], Copyright 2018, Elsevier B.V. )

3. Ionic liquids for chemical oxidative polymerization of PANI

PANI has typically been prepared in situ oxidative polymerization of aniline monomer in the conventional aqueous acid media
by adding the oxidant agent dropwise. The PANI generally experiences an agglomerated granular particles or inhomogeneous
fibrillar morphology, depending on the synthesis conditions such as dopant/aniline molar ratio [56], pH of polymerization media
[57-60], polymerization temperature and time [61], stirring conditions [62,63], dopant size and type [16,23, 64—67], and oxidant
type [68—70]. As the morphology of PANI largely affects its electrochemical performances [31,33,52,61,71], the conventional acidic
media have been replaced by ionic liquids to obtain nanostructured porous materials with a large surface area. Several studies have
been carried out using AILs with different aniline to ionic liquid mole ratios [34,35]. Other studies have discussed the effect of AILs
structures (i.e. alkyl chain length, anion groups, or head group structures) on PANI morphology and related properties [16,35,72,73].
The use of PILs for the synthesis of PANI has been also researched [46,74]. In this section, we present how the composition of ionic
liquids (i.e. aniline/AIL mole ratio, alkyl chain length of AILs, and the structure of the anions and the cations of AlLs), used as
polymerization medium, can affect the morphology and the related properties of PANI.

3.1 Aniline/AIL mole ratio
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The effect of the molar ratio of aniline to 1-butyl-3-methylimidazolium chloride [bmim)Cl on PANI properties was evaluated
through an investigation of PANI prepared via chemical oxidation of aniline in aqueous HCI containing (bmim)Cl [34). All the
experimental conditions were fixed except the molar ratio of aniline to (bmim)Cl [34]. Table 1 shows a detailed description of the
morphology of the obtained PANI as a function of the mole ratio of aniline/(bmim)CI. The dependence of PANI morphology on
aniline/[bmim)CI mole ratio is notable. When (bmim)Cl was added to a reaction medium, PANI exhibited nanowire morphology
instead of agglomerated granular morphology of conventional PANI (aniline/(bmim)CI mole ratio of 1/0). Nanowire structure was
the dominant morphology when the polymer was prepared at the aniline/(bmim)Cl mole ratio equal to 1:1. Then nanowire
morphology was replaced by lamellar structure when the ratio of [bmim)CI1 was higher than that of aniline (aniline/(bmIm)Cl mole
ratio equal to 1/2 or 1/4). Despite the dependence of the morphology of PANI on the aniline/(bmim)Cl mole ratio, its structure
(determined by Fourier-transform infrared spectroscopy) and molecular-weight characteristics were not affected by the
aniline/(bmIm)Cl mole ratio. The relationship between PANI morphology and aniline/AIL mole ratio was later confirmed by
Pahovnik et al.[35] and Zhang et al. [75].

Table 1. Morphology description of PANI prepared in the presence of (bmIm)CI with different aniline/(bmIm)Cl mole ratio (data are
adapted from Ref. (34]. Copyright 2010, Elsevier B.V.)

Aniline/(bmIm)Cl description of the PANI morphology
mole ratio
1/0 Strongly agglomerated granular morphology
4/1 Granular morphology was dominant ; some nanowires were present
2/1 Increment in the fraction of nanowire morphology
11 Only nanowire structure (diameter of 80 — 100 nm)
172 Nanowire structure was dominant; Lamellar structure was present
1/4 Leaf-like lamellas was dominant (they were organized into complex

three dimensional fan-shaped structures)

3.2 AILs chemical structure

The effect of the chemical structure of AILs, including alkyl chain length or the structure of the head groups or the structure
of the anion, on PANI morphology, and related properties are described in this section.

3.2.1 AlLs Alkyl chain length

1-alkyl-3-carboxymethylimidazolium chloride (RCMIm)CI (an AIL containing carboxyl group) with different alkyl chain
length were used as a polymerization medium for PANI to study the impact of the alkyl chain length on the PANI properties [72].
1-alkyl-3-methylimidazolium chloride (RMelmi)(Cl) (an AIL without carboxyl group) were also investigated [35].

When (RCMIm)CI (where R was methyl M, vinyl V, allyl A, butyl B1, or hexyl H groups) was added into polymerization
medium, the morphology and the electrochemical performances of the obtained PANI were effectively affected by the R group [72].
Fig. 2 shows the SEM images of PANI obtained in (RCMIm)CI as well as that of the conventional PANI. Firstly, the significant
change in PANI morphology when (RCMIm)Cl was added to the reaction medium. It was petal-like morphology for the
conventional PANI (Fig. 2a) but maize-like nanorods for (RCMIm)CI@PANI (Fig. 2b-f). The nanorods number decreased along
with the increment of alkyl chain length in AILs. The well-organized maize-like structure was obtained in (VCMIm)Cl owing to
the interaction between PANI and (VCMIm)CI (Fig. 2b). In addition to the effect of (RCMIm)CI on the nanostructuring of PANI,
(RCMIm)CI doped PANI was confirmed by FT-IR spectroscopy. Fig. 2g compares the FT-IR spectra of (RCMIm)CI@PANI with
that of the conventional PANI. The FT-IR spectra reveal that the spectra of (RCMIm)CI@PANI displayed the characteristic
vibration bands assigned to the ionic liquid in addition to those attributed to by PANI and that (RCMIm)CI@PANI was doped with
the ionic liquids.

The effect of (RCMIm)CI on the electrochemical performances of PANI was also studied. The electrochemical measurements
were carried out using a three-electrode system in H>SO4 0.5 mol/l. A glassy carbon electrode with a diameter of 3 mm and loaded
with 0.10 mg of the thin film of active material (containing one part (by mass) of PANI and 11 parts of 0.5 wt% Nafion). The
specific capacitance values, calculated from the galvanostatic charge/discharge at 1 A/g, were as follows: (VCMIm)CI@PANI (624
F/g) > (ACMIm)CI@PANI (337 F/g) = (MCMIm)CI@PANI (331 F/g) > (BCMIm)CI@PANI (262 F/g) > (HCMIm)CI@PANI
(216 F/g) > conventional PANI (166 F/g). Remarkably, the specific capacitance of (RCMIm)CI@PANI experienced higher specific
capacitance (whatever the alkyl chain length) than the conventional PANI. This enhancement occurs as the imidazole and carboxyl
groups in AlILs improve the electrode wettability to facilitate the surface reactions of electrode materials. It is also noticeable that

-< AFM 2022, Vol 2, Issue 1, 51-66, https:/doi.org/10.35745/afm2022v02.01.0004 >-




mAFM )

the specific capacitance decreased along with the increment of alkyl chain length of (RCMIm)Cl and the highest value was obtained
for (VCMIm)CI@PANI compared to the other obtained PANI owing to its well-organized morphology.

The capacitance retention of (VCMIm)CI@PANI electrode material, as well as that of the pristine PANI, are presented in Fig.
2h. Only a little decrease in the specific capacitance of (VCMIm)CI@PANI electrode material was produced before 400 cycles
(94.6% of the initial value remained) compared with almost half loss in the capacitance of pristine PANI.
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Fig. 2. SEM images of PANI nanocomposites with different dopants. (a) HCI, (b) (VCMIm)CI, (¢) magnification of b, (d) (MCMIm)CI,
(e) (BCMIm)CI, (f) (HCMIm)CI, All the scale bars are 1 pum, (g) FT-IR spectra of PANI prepared in (RCMIm)CI and (h) Variations
of the specific capacitance and capacitance retention of PANI electrodes as a function of cycle number based on charge/discharge
curves at the current density of 1.0 A/g. (square: (VCMIm)CI@PANI; circle: pristine PANI) (SEM images, (g) and (h) are from Ref.
[72]. Copyright 2019 song et al., published by De Gruyter; (i) is from Ref. [35]. Copyright 2013, Elsevier Ltd)

On the other hand, when (RMelmi)Cl (where R was methyl, ethyl, butyl, octyl, decyl, or hexadecyl) was used as polymerization
medium, the morphology of obtained PANI was nanowire [35). Additionally, the organization of nanowire was strongly related to
the alkyl chain length which is attributed to the solubility rate of (RMelmi)Cl after the addition of ammonium peroxydisulfate
(oxidant agent) in the synthesis medium. [35]. Thus, the formation of well-defined one-dimensional PANI nanostructured decreased
when (RMelmi)Cl with longer alkyl chains in a high concentration was used due to its poor solubility. Opposite to (RCMIm)Cl,
(RMelImi)Cl did not dope PANI as shown in FT-IR spectra (Fig. 2i). Indeed, the characteristic vibration bands of AILs were not
detected, indicating that (RMelmi)Cl was easily washed out of PANI during its purification [35]. Additionally, the FT-IR spectra
of PANI prepared in (RMelmi)Cl were superposable with that of the conventional PANI, revealing that the structure and oxidation
state of PANI are not affected by (RMelmi]Cl. The alkyl chain length of (RMelmi)Cl did not affect the conductivity of PANI (i.e.
the conductivity was of the order of 0.2 S/cm regardless of the chain length of AILs) and the number- and mass-average molar
masses of PANI [35].

The ionic liquids ((RCMIm]CI and (RMelmi)(Cl) play the role of a soft template agent to organize the morphology of PANI.
However, (RMelmi)(Cl) has a solubility issue with a long alkyl chain while this is not the case for (RCMImi)Cl, revealing that the
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carboxyl group of AIL controls the solubility of AIL in the polymerization medium along with the alkyl chain length and their
interaction with PANI chain. In addition, (RCMImi)(Cl) dopes PANI which is not the case of (RMeImi)Cl.

3.2.2 AlLs cations

The effect of cations of AILs on the morphology, spectroscopic characteristics, and conductivity of PANI were investigated
by comparing PANI prepared in an acidic aqueous medium containing pyridinium, imidazolium1, or quaternary ammonium-based
AIL, namely 1-butyl-3-methylpyridinium chloride ((BuMePyr)Cl),1-butyl-3-methylimidazolium chloride (BuMelm)Cl or
methyltributylammonium chloride ((BusMeN)CI) [35, 73]. Table 2 shows the structure of cations of (BuMelm)Cl, (BuMePyr)Cl,
or (BusMeN)CI and the morphology of the obtained PANI powder. (BuMelm)Cl and (BuMePyr)Cl induced the formation of
nanowire particles of PANI with respect to the uniformity of size and shape instead of agglomerated granular morphology of
conventional PANI. This similarity in PANI morphology obtained from both AILs was contributed to by the similar structure of
imidazolium and pyridinium cations, which interacts with PANI via n-w interactions. However, (BusMeN)CI induced the formation
of lamellar particles of PANI with a significant amount of irregularly shaped nanoparticles [35]. Quaternary ammonium cation of
(BusMeN)Cl has a charge localized at its nitrogen atom, and its interactions with aniline/anilinium cations are probably different
from that of imidazolium or pyridinium. As a result, this leads to differently ordered nanostructures in solution, and consequently,
different morphology of formed PANI [35]. Although these AILs acted as a soft template agent in the polymerization medium of
PANI, they did not affect either the oxidation states of the formed PANI (as determined by Fourier-transform infrared or UV-visible
spectroscopies) nor the conductivity (it was almost 0.2 S/cm) [35, 73).

On the other hand, the replacement of (BuMePyr)CI or (BuMelm)CI by inorganic chlorides (NaCl, CaCl,) gave PANI with
agglomerated morphology similar to that of conventional PANI, confirming the role of the AlLs as a soft template agent [73].
However, the addition of AICI; to the conventional medium promotes the formation of agglomerated elongated particles with a
spotted surface [73]. AlCl; on PANI morphology, as compared to the conventional PANI, influences the possible electrostatic
interaction between (AlCls) (anions formed in situ reaction of AICl; with HCI) and PANI. Furthermore, the additives (NaCl, CaCl,,
or AICl;) did not affect the oxidation state or the conductivity of PANI [73].

Table 2 : Structure of AIL cations used for polymerization of PANI (R, butyl group and R’, methyl group) and SEM images of PANI
samples prepared using aniline/AIL mole ratio equal to 1/1 with: (A) (BuMelm)Cl, (B) (BuMePyr)Cl and (C) (BusMeN)Cl (from
reference [35])

Investigated ~ (BuMelm)Cl (BuMePyr)Cl (BusMeN)Cl1
AIL

AIL cations

SEM images
of PANI

3.2.3 AIL anions

The influence of AIL anions on the morphology and electrochemical performances of PANI was investigated in the work
completed by Li et al. [16]. They prepared PANI in disubstituted imidazolium-based AIL with different anions (i.e. 1-ethyl-3-
methylimadozolium bromide ((emim)Br) or 1-ethyl-3-methylimadozolium tetrafluoroborate ((emim)BF4) via chemical
polymerization. The Br- and BF4 anions are both hydrophilic but BF4 is less hydrophilic than Br- [16]. PANI-1, PANI-2, or PANI-
3 are the abbreviates given to PANI prepared in (emim)Br, (emim)BF4, or water, respectively. The morphology of the obtained
PANI, determined by field emission scanning electron microscopy FESEM, is shown in Fig. 3. Uniform spherical PANI particles
were obtained in AIL (PANI-1 and PANI-2) instead of random stacking nano-cudgel morphology of PANI prepared in water (PANI-
3). In other words, these investigated ionic liquids trigger the formation of PANI with spherical morphology through the arrangement
of their ions during polymerization as shown in the schematic process of Fig. 3d. While the anions of ionic liquids adsorbed on the
surface of PANI, the cations moved to the outer layer. This arrangement induced the formation of spherical PANI. In the role of the
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anions in the arrangement of PANI particles, replacing Br- by BF4 anion decreased the size of PANI particles from 100-120 nm
(for PANI-1) to 50-80 nm (for PANI-2), due to less hydrophilic of BF4 [16].

The electrochemical properties of the three different PANIs were characterized in the three-electrode system in 6 mol/l of KOH
using a platinum sheet as a counter electrode and a saturated calomel electrode (SCE) as a reference electrode. The working electrode
was titanium mesh (1 x 1 cm) loaded with active material (PANI: acetylene black: polyvinylidene fluoride in a ratio of 85:10:5).
Fig. 3e shows the charge/discharge curves of all obtained PANI electrode materials from 0 to 0.8 V at 0.1 A/g. These electrodes
had capacitive behavior and excellent reversibility as their potential responses were nearly triangle shape during the charge and
discharge process. The specific capacitance and capacitance retention over 2000 cycles which are calculated from galvanostatic
charge/discharge curves (0 - 0.8 V) at 0.1 A/g and shows in Fig. 3f, are as follows: PANI-2 (625 F/g and 90.5 %) > PANI-1 (520
F/g and 87.5 %) > PANI-3 (342 F/g and 75 %). The improvement of capacitance retention observed for PANI-2 owed to its small
size particles and its uniform structure. The Nyquist plot in Fig. 3g, confirmed the influence of the size of PANI particles on their
electrochemical performances. The solution resistances (Rs) are 0.75, 0.53 and 1.22 Q for PANI-1, PANI-2, and PANI-3,
respectively. Moreover, the charge transfer resistance of PANI-2 electrode (Re= 0.55 Q) and the PANI-1 sample (R.= 0.89 Q) are
much lower than that of PANI-3 electrode (Re= 2.04 Q). The ion diffusion coefficient in the electrolyte to the electrode surface,
(the 45°portion of the curve), is 6.16 x 1075, 8.58 x 1075, and 9.75 x 10°® cm?/s for PANI-1, PANI-2, and PANI-3, respectively.
These parameters indicated that the PANI-2 electrode has better capacitive behaviors than PANI-1.

PANI with small size particles shortens the charge transport distance in the PANI materials and decreases the contact resistance
between electrolyte-electrode interfaces [16,33]. Thereforel, the counterions of electrolyte easily penetrated the inner layer of PANI
to improve charge transfer by the nearly full use of the electrode materials [16, 33].
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Fig. 3. FESEM images of PANI-1 (a), PANI-2 (b) and PANI-3 (c); Schematic formation process of PANI-1 and PANI-2 (d),
galvanostatic charge/discharge curves (e), capacitance retention at 0.1 A/g in KOH 6 mol/L (f) and Nyquist plot (g) for PANI-1, PANI-
2 and PANI-3 (data is adapted from Ref. [16], Copyright 2014, Elsevier Ltd)

-< AFM 2022, Vol 2, Issue 1, 5166, https://doi.org/10.35745/afm2022v02.01.0004 >-




3.3 PILs chemical structure

I-methylimidazolium hydrogen sulfate (Hmim)HSO4 was investigated as a polymerization medium for PANI [46]. PIL has
the properties of both Bronsted and Lewis acid in the form of imidazolium ions and hydrogen ions. Therefore, it interacts with the
imine structures of PANI via a hydrogen bond [46]. IL-PANI was prepared from aniline in (Hmim)HSO4 using 1-methyl-3-
nbutylimidazopersulfate ((Csmim),S;03) as an oxidant agent [46]. The structure of IL-PANI was studied by FT-IR spectroscopy
whose spectra are shown in Fig. 4a. The FT-IR spectrum of IL-PANI showed a certain chemical shift to the right as compared with
pure PANI. This indicates that IL-PANI was doped with (Hmim)HSO4. The morphology of IL-PANI was compared with that of
the conventional PANI. Its SEM images are presented in Fig. 4b and ¢. (Hmim)HSO4 induced the formation of PANI with porous
morphology. The porosity of IL-PANI is related to the molar ratio of aniline to the initiator (C4smim),S>Os. The main issue is the
need to prepare (Csmim),S>0g in two steps and to adjust the ratio of (C4mim),S,Os to aniline monomer.

In order to reduce the steps of the PANI polymerization process, (Hmim)HSO; and (Csmim),S,Os were replaced by
(Pyrr)HSO4 and ammonium peroxydisulfate, respectively [74]. Fiber-like morphology of PANI/PIL was obtained instead of
agglomerated morphology of the conventional PANI. The specific capacitance, calculated from galvanostatic charge/discharge
curves, was 173 and 63 F/g at 10 A/g for PANI/PIL and conventional PANI, respectively. The enhancement of specific capacitance
was contributed to by its nanostructured and fibrillary morphology. The electrochemical performances of PANI/PIL and the
conventional PANI were studied in HoSO4 1 mol/L using a symmetrical two-electrode system configuration [74].
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Fig. 4. (a) FTIR spectra of Pure PANI, IL-PANI, and (Hmim)HSO4, SEM images of (b) pure PANI and (c¢) IL-PANI (data id from
Ref. [46], Copyright 2019, Springer Nature Switzerland AG)

In summary, ionic liquids as a polymerization medium dope PANI chains [46,72] or are easily removed during the purification
of PANI according to their chemical structure [16,35,74]. Ionic liquids play the role of a soft template agent and promote the
formation of well-defined one-dimensional morphology of PANI that have a positive influence on the electrochemical behaviors.
Other ionic liquids induce the formation of lamellar particles which is detrimental to the electrochemical performances of PANI.
The choice of ionic liquids is a key to control the morphology of PANI and its related properties.

4. Tonic liquids as electrolyte for PANI electrodes

The electrochemical performances of PANI are strongly related to the electrolyte in which it is characterized. The electrolytes
are classified into four categories as follows [76].

e Conventional aqueous acid electrolytes are characterized by their good ionic concentration, low resistance, and high ionic
conductivity. However, they have a limited operating potential window (upto 1 V).

e Organic electrolytes in a mixture with conducting salts (e.g. tetracthylammonium tetrafluoroborate/propylene carbonate) have
commonly been used in commercially available EDLCs. Organic electrolytes provide a wider electrochemical window than
aqueous acid electrolytes. On the other side, its toxicity, volatility, and flammability are real issues.

e  Gel polymer has been introduced with a low cost and nontoxicity. However, it has low ionic conductivity and inferior interfacial
properties with electrodes at low temperatures as well as at room temperature [23,76,77].

e Tonic liquid-based electrolytes have received considerable attention owing to their properties: low vapor pressure, thermal and
chemical stability, high ionic conductivity, and non-inflammability. These properties label them a ‘green electrolyte’. They are
also characterized by the wide electrochemical stability window (~3.5-5V) and well-defined ion size [47,78-85].
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In conventional aqueous acid electrolytes, PANI electrodes display two coupled peaks on CV curves and attribute to the redox
transformation of PANI between different oxidation states [25,86]. Fig. 5a summarizes the two redox processes of PANI as
described in the literature [28]. The first one corresponds to the reversible transformation between the leucoemeraldine base (fully
reduced form of PANI) and emeraldine salt forms (partially oxidized form) [28]. It involves electron transfer only. In other words,
the oxidation of the leucoemeraldine base to the emraldine salt means that an electron is lost per a dimer aniline rings in PANI,
which is positively charged. Hence, the electroneutrality of PANI is maintained by the diffusion of counterion from electrolytes to
the PANI surface [33]. The counterion diffusion into/out of the polymer is related to PANI morphology, and the diffusion is the best
in the case of PANI with nanostructured morphology and the regular shape of nanoparticles [33]. The second redox process is
associated to the emeraldine/pernigraniline (i.e. fully oxidized form) couple. It involves not only electron transfer but also proton
transfer [28]. PANI exhibits destruction of its chains during cycle life tests in conventional aqueous acid electrolytes for the
following two basic reasons [28-31,33].

e  PANI electrode is affected by swelling-shrinking during counterion influx and outflux from the polymer
e Pernigraniline is easily hydrolyzed because of its imine group
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Fig. 5. Reactions of PANI transformation in conventional aqueous electrolytes (a) and AILs/acetonitrile electrolytes (b) (a is from the
refernce [28], copyright 2013, the Owner Societies and b from Ref. [87], copyright 2020, Springer-Verlag GmbH Germany, part of
Springer Nature)

Ionic liquids have recently been investigated in terms of their properties as electrolytes for PANI improves the cycle life
stability of PANI [33,40,44,53,87]. Generally, PANI electrodes have displayed low but stable specific capacitance in “neat” ionic
liquids. Innis et al. showed that PANI film exhibited a stable specific capacitance over 100 cycles in 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfon)imide (EMITFSI) electrolyte while it was degraded with 30 cycles in propylene carbonate (organic
electrolyte) [40]. The characterization was carried out by using cyclic voltammetry between -0.4 and 1.5 V with a scan rate of 100
mV [40]. Similarly, Wang et al. presented that PANI capacitance almost had no decrease in EMITFSI vs. 12 % loss in HCIO4 1
mol/l (aqueous electrolyte) after 500 cycles at 20 A/g [33]. The stable electrochemical response of PANI in neat EMITFSI was
obtained by the intrinsic stability and wide electrochemical window of EMITFSI where no side reaction happened. On the contrary,
the specific capacitance of PANI in EMITFSI was the lowest compared with that obtained in an aqueous electrolyte. For instance,
the specific capacitance of PANI in EMITFSI (~280 F/g at 20 A/g) was almost two times lower than that obtained in HCIO4 (~780
F/g) [33]. That difference was caused by the low ionic conductivity and high viscosity of neat EMITFSI compared to HCIO4 [33].

Binary mixtures of AlLs/organic solvents were used as an alternative to “neat” ionic liquids because they experience better
transport properties (lower viscosity and higher ionic conductivity than “neat” ionic liquids) [44,87]. A comparative study of the
electrochemical performances of PANI film in neat 1-methyl-3-butylimidazolium hexafluorophosphate (BMIPF6) and binary
mixture acetonitrile/BMIPF6 with different volume ratios (25/75, 50/50, and 75/25) was carried out by Ling et al. [44]. The specific
capacitance of PANI was higher in acetonitrile/BMIPF6 than that obtained in neat BMIPF6. The specific capacitance was around
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19.1 mF/cm? in neat BMIPF6 and gradually rose to 72.6 mF/cm? in acetonitrile/BMIPF6 of a volume ratio of 75/25. These values
were calculated from galvanostatic discharge curves in a three-electrode system at 0.1 mA/cm? in the voltage range of 0—1 V. The
specific capacitance values of PANI showed a similar trend with the ionic conductivity of binary mixture acetonitrile/BMIPF6. The
ionic conductivity value was 2.3 mS/cm for neat BMIPF6 and progressively increased with the addition of acetonitrile till reached
78.8 mS/cm for acetonitrile/BMIPF6 of a volume ratio of 75/25. The specific capacitance of PANI was improved along with the
addition of acetonitrile into BMIPF6 because the anions were solvated before insertion into the polymer [44]. Despite the
enhancement, the electroactivity of PANI dropped during the first 300 cycles. This loss was explained by the fact that the redox
transformations of PANI were not completely reversible in AlLs/acetonitrile. The detailed mechanism of redox processes of PANI,
as described by Lebedeva et al. [87].

Fig. 5b depicts that the transformation of emeraldine-leucouemeraldine is the same as in conventional aqueous acid electrolyte
(Fig. 5b). In contrast, the transformation requires the involvement of AILs cation. 1-butyl-3-methylimidazolium BMIM" ion, which
interacts with imine groups of pernigraniline was considered a source of proton necessary for pernigraniline reduction with
emeraldine formation (Fig. Sb, equation 3). Deprotonation of BMIM™ results in the formation of a carbine, which, in its turn, reacts
chemically in the bulk of electrolyte with protons forming BMIM" cation (Fig. 5b).

On the other hand, PILs/water (i.e. pyrrolidinium hydrogen sulfate (Pyrr)(HSOs)/water) were also used as electrolytes for
PANI since aqueous electrolytes are environmentally friendly and safety solvents. Additionally, PANI is electroactive in acidic
media [43]. (Pyrr)HSOs is a PIL with high proton activity (its equivalent pH is 1.9) and identified as a suitable electrolyte for
electropolymerization of PANI [53]. The electrochemical measurements were carried out in a symmetrical two-electrode system
with three different (Pyrr)HSOs/water weight ratios. The electrodes were prepared by pressing 3 mg of the paste containing 60 wt%
of PANI, 32 wt% of carbon black, and 8 wt% of PTFE on stainless steel mesh with a diameter of 0.8 cm. Fig. 6a presents the
obtained CV curves of PANI in (Pyrr)HSO4/water weight ratio c.a. 14/86, 41/59, or 70/30 as well as in H>SO4 1 mol/l. All CV
curves displayed the redox peaks of PANI that contributed to the transformation between leucoemeraldine and emeraldine. The
highest area of the CV curve, however, was obtained in the ratio of 41/59 of (Pyrr)HSO4/water, compared to the other selected
electrolytes (H2SO4 1 mol/l). The specific capacitance values of the PANI single electrode, calculated from CV curves, are presented
in Fig. 6b. The specific capacitance values of PANI in (Pyrr)HSO4/water were higher than that obtained in H,SOj at all selected
scan rates and regardless of the weight ratio. Furthermore, similarly to what was observed in acetonitrile/BMIPF6, PANI-specific
capacitance followed the same order of the electrolyte ionic conductivity. For instance, the higher specific capacitance of PANI was
obtained in the ratio of 41/59 of (Pyrr)HSO4/water with the optimum ionic conductivity. The dependence of PANI electrochemical
performances on ionic conductivity of the (Pyrr)HSOs/water ratio was also confirmed by the Nyquist plot shown in Fig. 6c. The
ionic resistance (Rs), evaluated from the intercept of the Nyquist plot with the real axis, was 0.43, 0.56, and 0.78 Q in the weight
ratio of 41/59, 14/86, and 70/30 of (Pyrr)HSO4/water, respectively. The order of obtained R, values is opposite to that of the
electrolyte ionic conductivity. Moreover, PANI electrodes displayed the lowest transport resistance (evaluated from semi-circle
diameter) in the ratio of 41/59 of (Pyrr)HSO4/water and showed good interaction with electrode-electrolyte. Additionally, the faster
ions diffusion was also obtained as a line nearly parallel to the imaginary axis in this electrolyte. The retention of the specific
capacitance of PANI was about 68 % over 1000 cycles, which is better than that reported with the conventional electrolyte of 1
mol/dm? H,SO4 [43]. Although the improvement in the capacitance retention of PANI in the mixture of (Pyrr)HSO4 and water, the
cycle life stability is not yet enough.

Concerning the charge storage mechanism in PILs, there is no need for the contribution of the cation of the ionic liquid as they
have excess proton as opposite to the proposed mechanism in acetonitrile/BMIPF6. The mechanism of proton conduction (Grotthuss
or vehicle mechanism) in PILs/water is related to its ionic transport properties [88,89]. A combination of the Grotthuss mechanism
(i.e. the protons are passed along hydrogen bonds) and vehicle mechanism (i.e. the proton movement occurs with the aid of a moving
“vehicle” such as H>O or Imidazole) exists in PILs/water mixture [43]. However, the Grotthuss mechanism is dominant in viscous
PILs [43,88].
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Fig. 6. (a) CV curves at 15 mV/s, (b) specific capacitance as a function of scan rate and (¢) Nyquist plots at open circuit potential
between 10 mHz and 500 kHz (shown more clearly in the inset) of PANI in the weight ratio of 70/30, 41/59, and 14/86 of

(Pyrr)HSO4/water in H2SO4 1 mol/L (data is from Ref. [43]. Copyright 2019, Elsevier B. V).

5. List of used ionic liquids for PANI

There are various ionic liquids used for the preparation or electrochemical characterization of PANI. Table 3 summarizes the
cation structures as well as the full and abbreviated names of ionic liquids used in the literature for PANI. Table 3 shows that ionic
liquids with different chemical structures (cations, anions, and alkyl groups) were used. The most used ionic liquids are aprotic and

especially 1,3-dialkylimidazolium-based AlLs.

Table 3. Cation structures, full names, abbreviated names and role of investigated ionic liquids for PANI material

Cation structures ionic liquid names Abbreviated use Ref
names

1-ethyl—3-methyllmadozohum (emlm.)BF4 or solvent [16]

R' R tetrafluoroborate or bromide (emim)Br

1-alkyl-3-methylimidazolium chloride;
Alkyl: methyl-, ethyl-, butyl-, octyl-, (RMelm)C1 additive into solvent [35]
1.3-disubstituted decyl- and hexadecyl-

imidazolium 1-butyl-3-methylimidazolium chloride (bmim)CI additive into solvent [34]
1,3-dimethyl imidazolium methyl sulfate | (Me2lm)MeOSO; solvent [35]
1-ethyl-3-methylimidazolium dopant 38]

trifluoromethanesulfonate

- . Electropolymerization
ot nimidaion | g, medim |51
phosp electrolyte [44]
1-ethyl-3-methylimidazolium
bis(trifluoromethane sulfonyl)imide EMITFSI clectrolyte [33, 40]
1-butyl-3-methylimidazolium (BMIM)BF4 or
tetrafluoroborate or hexafluorophosphate (BMIM)PFs electrolyte [41,87]
1-ethylacetate-3-methylimidazolium (EAMIM)BF4 Solvent [75]
tetrafluoroborate
1-alkyl-3-carboxymethyl imidazolium
chloride; (RCMIm)Cl solvent [72]

Alkyl: methyl, vinyl, allyl, butyl, hexyl

H
@ 1-methylimidazolium hydrogen sulfate (Hmim)HSO4 solvent and dopant [46]

1-methylimidazolium

Rl
@ R 1-butyl-4-methylpyridinium chloride (BuMePyr)Cl additive into solvent [35]

1.4-dialkylpyridinium
R R R methyltributylammonium chloride (BusMeN)Cl1 additive into solvent [35]
@ 2-hydroxyethylammonium formate solvent [42]
tetraalkylammonium Ethylammonium nitrate EAN electropolmerization [45]
medium
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62
1-butyl-1-methylpyrrolidinium bis electropolmerization
(trifluoromethanesulfonyl)imide CampyrTFSI medium [43]
R' R lectrolyt 43,53
pyrrolidinium hydrogen sulfate £ eclro yte [ 7’ n ]
(Pyrr)HSO4 S0 V,en - [74]
electropolmerization (53]
pyrrolidinium medium
S . Electropolmerization
Pyrrolidinium nitrate (Pyrr)NOs medium [53]
1-methyl-2-pyrrolidonium hydrogen (NMP)HSOs Electropolymerization [52]
- sulfate medium
1-methyl-2-
pyrrolidonium

According to Refs. [35,37,38,46,90], 1.3-dialkylimidazolium-based AILs interacts with PANI through non-covalent
interactions as shown in Fig. 7. First of all, the hydrogen atom in the 2-position of imidazolium (sufficiently acid) have hydrogen
bonding interactions with imine nitrogen of PANI [38], indicated as number 1 in Fig. 7. Furthermore, the formation of the hydrogen
bond is also possible between the secondary amino group of PANI and the anionic part of AIL (e. g. tetrafluoroborate (BFy4) or
trifluoromethanesulfonate (CF3SO37)) [37,38], presented as number 2 in Fig. 7. Hydrogen bond acts as a cross-linking agent, which
is beneficial for polymer properties (e.g. mechanical properties, thermostability) [91]. As for PANI, hydrogen bond cross-linking
reduces the interlayer spacing between PANI chains and induces the formation of porous morphology [46]. The third possible non-
covalent interaction is ©-m interactions between imidazolium nuclei and PANI [90,92] (number 3 in Fig. 7). The non-covalent
interactions between PANI and ionic liquids provide the role of ionic liquids as a soft template agent, and therefore, the interactions
induce the organization of PANI chains in solutions and the formation of nanostructured PANI morphology via homogeneous

nucleation.

H RN '\i H@
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Fig. 7. Possible interactions between PANI and AIL: (1) hydrogen bond between imine nitrogen of PANI and hydrogen atom in the 2-
position of imidazolium, (2) hydrogen bond between secondary amino group in PANI and anion of AIL and (3) n-w interaction between
PANI and 1.3-dialkylimidazolium cation

6. Conclusions

The combination of ionic liquids with PANI has been recently investigated for supercapacitor applications and shown the

following results:

e As a polymerization medium, ionic liquids lead to the formation of green-conducting nanostructured PANI salt (emeraldine
form) with a uniform shape instead of agglomerated granular morphology of conventional PANI. The one-dimensional
nanostructured PANI electrodes have shown an improvement in charge transfer by reducing the contact resistance between
electrode-electrolyte interfaces, when compared to the conventional PANI. The role of ionic liquids as a soft template has been
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strongly related to its compositions (alkyl chain length, head group structure, anions) as well as to the aniline/ionic liquid mole
ratio.

e As electrolytes, the efficiency of ionic liquids is related to their transport properties (viscosity, ionic conductivity). In neat
AlLs, PANI electrodes exhibited stable cycle life but low specific capacitance due to the high viscosity and low ionic
conductivity of the neat ionic liquids. The electrochemical properties of PANI in acetonitrile/BMIPF6 with different volume
ratios and (Pyrr)HSOu/water ratios were strongly related to the ionic conductivity of the investigated electrolytes. The best
specific capacitance of PANI was obtained in the volume ratio of 75/25 of acetonitrile/BMIPF6 or the weight ratio of 41/59 of
(Pyrr)HSO4/water, which have the optimal ionic conductivity as compared to the other formulations. Ionic liquids/solvents as
the electrolyte for PANI electrodes are promising and a good alternative to the conventional aqueous electrolytes (H.SO4, HCI)
in terms of specific capacitance and diffusion resistance.

e  Concerning the electropolymerization of aniline, as opposite to AILs which require the addition of an exogenous proton source,
PILs with protonated anion (e.g. (NMP)HSO; or (Pyrr)HSO4) are convenient to prepare PANI film of high quality.

. 1.3-dialkylimidazolium-based AILs have been the most used ionic liquids for PANI owing to the possible non-covalent
interactions between AILs and PANI. However, they do not have excess protons, which are key to a fast rate for PANI
polymerization. In contrast, imidazolium-based PIL is not frequently used although it has the properties of both Bronsted and
Lewis acid.

e  PILs have been used for PANI synthesis or electrochemical studies although they present enough excess protons owing to their
labile hydrogen.

e  Synthesis and electrochemical characterization of PANI in ionic liquids are more promising than preparing PANI in ionic
liquids and its electrochemical behaviors in conventional electrolytes or vice-versa. This approach is not fully investigated.

The combination of ionic liquids with PANI provides an effective approach to resolve the lack of cycle life stability of PANI.
Not all ionic liquids are appropriate for preparation (by electrodposition or oxidative polymerization) or electrochemical
characterization of PANI. Thus, the choice of ionic liquid types or structures is the key to the desired outcomes.
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