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Abstract

As one of the most investigated conducting polymers, polyaniline (PANI) is considered to be of practical use in many applica-
tions. In this study, two new ionic liquids, 1-methylimidazolium hydrogen sulfate ((Hmim]HSO,) and 1-methyl-3-n-
butylimidazopersulfate ([C,mim],S,0g), which were synthesized from 1-methylimidazole ((Hmim]), were used as solvent and
dopant, oxidizer, respectively, for in situ polymerization of aniline. Because of the application of the unique structure of ionic
liquid, we obtained the ionic liquid—doped polyaniline (IL-PANI) with high solubility (25 mg mL™" in dimethyl sulfoxide
(DMSO0)). And by adjusting the ratio of [C4mim],S,0g to aniline monomer, the preferred PANI nanofibers could be controlled
to form a three-dimensional porous structure. It was found that the ion/electron transport channels could be formed inside the 3D
structure. Thus, the redox reactions could occur both at the surface and inside the PANI electrode. Electrochemical characteri-
zation showed that the fabricated PANI electrode exhibited a specific capacitance of 489 F g ! at a current density of 0.5 A g .
Also, the capacity retention rate reached up to 81% after 4000 cycles investigated at 2 A g '. In addition, a high-energy density of
80.2 Wh kg ' was measured when [Hmim]HSO,4 was used as an electrolyte. Thus, the present work suggested a new strategy for
fabricating high-performance PANI electrode for supercapacitor applications.

Keywords Tonic liquid - Conducting polymer - Energy density - Electrochemical stability

1 Introduction

Conducting polymers (CPs) are polymers having highly
conjugated polymeric chains with properties such as elec-
trical, magnetic, and optical properties like metallic re-
gime. They are the materials that have attracted attention
of many researchers in the field of energy storage [1],
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catalyst [2], sensors [3], membranes [4], corrosion protec-
tion [5-7], giant magnetoresistance [8], etc. owing to their
unique and adjustable properties. They have semiconduct-
ing characteristics that can be tuned by the process called
“doping.” Doping involves oxidizing or reducing the
conducting polymers that increases the charge carriers in
the polymer; thus, its electrical property is modified.
Many conducting polymers, such as polypyrrole (PPy)
[9], polyaniline (PANI) [10], and poly(3,4-
ethylenedioxythiophene) (PEDOT) [11], have been stud-
ied for their outstanding electrochemical performances.
Among them, PANI has attracted extensive attention than
other conducting polymers due to its highly adjustable
electronic and electrochemical properties, ease of synthe-
sis, environmental friendliness, low toxicity, and cost [12,
13], as well as good redox reversibility [14]. Although
PANI has been considered as one of the most promising
conducting polymers, the poor solubility and difficulty to
process PANI remain a major challenge for mass-produc-
tion. In this study, ionic liquids are used for the synthesis
of PANI, in order to improve its solubility.
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Tonic liquids (ILs) are the organic salts with low melt-
ing point (below room temperature). They have been ex-
tensively studied due to their low volatility, good thermal
stability at elevated temperature, ionic conductivity, and
controlled hydrophilicity [15]. Ionic liquids are becoming
more popular in the field of electrochemistry as it pro-
vides excellent electrochemical stability over wide range
of potential due to absence of water [16-20]. They have
been used in various applications, such as the extraction
of common organic compounds [21], increasing the solu-
bility of organic compounds [22], as well as applied as
electrolytes in electropolymerization [23]. The use of ion-
ic liquids has been reported for variety of electrochemical
devices [24-26]; however, their investigation in electro-
chemical synthesis of conducting polymer is limited. Ionic
liquids facilitate in enhancing the conductivity and solu-
bility of conducting polymer by forming hydrogen bond
with the polymer chains [27, 28]. However, aprotic ionic
liquid is a poor medium for the electropolymerization of
aniline, as compared with the aqueous solution system
[29]; so we select 1-methylimidazole ([Hmim]) as a
starting material to synthesize ionic liquid with high pro-
ton activity [30].

In this work, we synthesized two new type of ionic
liquids using ([Hmim]) [31] as a starting material which
can be used as doping agent and in situ oxidizing agent in
the polymerization of aniline, respectively. Two ionic lig-
uids, [Hmim]HSO,4 and [C4mim],S,0g, were synthesized
and used as dopant and initiator, respectively, regulating
the nanofiber structure of PANI. The mechanism follows
the interactions of the hydrogen and nitrogen atoms in
ionic liquid and the imine structures in PANI chains,
which form hydrogen bonds. The addition of the ionic
liquid to conducting polymers, not only enhances the ion-
ic transport properties, but also retains the high electronic
mobility in the conductive polymers. The chemical struc-
ture of PANI was characterized by Fourier transform in-
frared spectrometer (FTIR) and ultraviolet spectrometer
(UV-Vis). The morphology of PANI fibers formed was
confirmed by scanning electron microscopy (SEM) and
X-ray diffraction (XRD). The electrochemical properties
of ionic liquid polyaniline (IL-PANI) electrodes were in-
vestigated by electrochemical impedance spectroscopy
(EIS), cyclic voltammetry (CV), and galvanostatic
charge—discharge (GCD). IL-PANI showed excellent rate
capability and cyclability with specific capacitance as
high as 489 F g~'. The results showed that the mixing
characteristics of ions and electrons in PANI and ionic
liquid enhance the electrochemical performance of the
electrode and also improve the solubility and processabil-
ity of PANI; therefore, the nanoporous PANI film with
good performances is obtained facilely due to the high
proton activity of [Hmim]HSOy.
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2 Experimental
2.1 Materials

Aniline, 1-methylimidazole, and 1-chlorobutane were pur-
chased from BEHRINGER Technology Company.
Ammonium persulfate (APS), potassium persulfate (KPS),
hydrochloric acid (HCI), and sulfuric acid (H,SO,4) were pur-
chased from Tianjin Fuchen Chemical Reagent Factory.
Polyvinylidene difluoride (PVDF) and 1-methyl-2-
pyrrolidinone (NMP) were purchased from Aladdin
Company (Shanghai, China).

2.2 Preparation of IL-PANI

Firstly, 1-methylimidazole sulfate ([Hmim]HSO,) (in
Appendix Reference 1) was formulated into a solution with
a concentration of 1 M. Then, 0.0015 mol of aniline was
completely dissolved in 5 ml of | M [Hmim]HSO,, and
0.0005 mol of [C4ymim],S,0g (in Appendix Reference 2)
was mixed into the previous solution at room temperature.
After stirring for 10 min, the solution was changed from col-
orless to dark green obtaining a PANI solution, and the prod-
uct was dialyzed and freeze-dried to obtain a dark green pow-
der. For comparison, the other parallel tests were performed in
the same initiator [C4mim],S,Og using different dopants (HCI
and H,SO,) to synthesize HCI-PANI and H,SO4,—PANI.
After that, the products were purified by dialysis (dialysis
tube, 1000 MW cutoff, Fisher Scientific) for 2 days. Finally,
the products were dried for 48 h by a freeze dryer.

2.3 Characterization

Vector22 FTIR spectrometer was used to measure the infrared
spectra of PANI active materials in the range of 400—
4000 cm ' with KBr pellets. A nuclear magnetic resonance
(NMR) spectrometer (Bruker, AVANCE III 600 MHz) was
used to characterize the chemical structure of ionic liquids at
room temperature. The change in absorption wavelength of
different PANI samples was tested by ultraviolet spectrometer
(UV-3600). The size and morphology of PANI samples were
inspected using cold field emission scanning electron micro-
scope (JSM-7500 F). The crystal structure and size of PANI
were characterized by X-ray diffraction (Bruker D8
ADVANCE) with Cu K« radiation (A =0.15405 nm).

All electrochemical studies were conducted by an electro-
chemical analyzer IVIUM Vertex) at room temperature. For
evaluating the electrochemical behavior of the individual elec-
trode in a three-electrode configuration, | M HmimHSO,,
1 M H,SO,4, and 1 M HCI aqueous solutions were used as
electrolytes with a saturated calomel electrode (SCE) and a Pt
wire employed as the reference and counter electrode, respec-
tively. In order to make the PANI-C-clothes (PANI-CC)
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electrode, we mixed thoroughly the PANI active materials,
PVDF and super P at a weight ratio of 8:1:1 in NMP, and
the obtained slurry was uniformly supported on a carbon cloth
by blade coating. Finally, the electrodes were vacuum dried at
60 °C in an oven for 24 h to ensure complete evaporation of
the NMP solvent. The loading mass of active materials was
controlled at 1-3 mg cm .

3 Results and discussion
3.1 Structure and morphology

The synthesis mechanism of the ionic liquid polyaniline (IL-
PANI) sample is illustrated in Fig. 1. As described in Fig. 1,
highly soluble [Hmim]HSO, and [C4mim],S,0g were used
for synthesizing IL-PANI. The high solubility is mainly be-
cause (1) [Hmim]HSO,4 forms hydrogen bond with PANI and
(2) [Hmim]HSO4 and [C4mim],S,0g have similar
imidazolium ions, which interact with imine nitrogen in
PANI, resulting electron rearrangement in the polymer chain
[32]. Because of above reasons IL-PANI has high solubility,
for example, 25 mg of IL-PANI can be fully dissolved in 1 mL
DMSO. It should be mentioned that the role of imidazolium
ions in the synthesis of ionic polyaniline is mainly due to the
unique structure of [Hmim]HSOy; it has the properties of both
Bronsted and Lewis acid in the form of imidazolium ions and

Fig. 1 Reaction mechanism of

hydrogen ions, respectively [33]; therefore, the formation
mechanism of IL-PANI utilizes a single hydrogen ion to react
with PANI through a nitrogen group when protonated, as well
as the use of its own imidazolium ion forms an interaction
with the nitrogen atom in the imine group, resulting in electron
rearrangement in the PANI chain. Certainly, the characteristics
of the ionic liquid itself cannot be ignored, and hydrogen
bonding with PANT acts as a cross-linked agent, which is more
advantageous for the formation of a cross-linked porous
structure.

In the present investigation, the acidic ionic liquid
[Hmim]HSO, was used as a dopant and the oxidized ionic
liquid [C4mim],S,0g4 as an oxidizing agent [34, 35]. This is
because [C4mim],S,0g (comparing to ammonium persulfate,
[NH4]-S,053) slows down the reaction, which can control the
size and morphology of nanoparticles. This is due to its high
solubility in water, and the formed IL-PANI chain has a small
surface tension which is difficult to break down, and the phe-
nomenon of agglomeration in water is not obvious.
Additionally, the imidazolium ions present in the oxidized
ionic liquids cater to the formation mechanism of PANI.

The chemical structure of as produced IL-PANI was ana-
lyzed by FTIR and UV-vis spectroscopy and was observed to
be similar to that of other acid-doped PANI. The FTIR spectra
of [Hmim]HSO4-doped PANI indicate that it is emeraldine
salt of PANI corroborated by two characteristic peaks located
at 1577 and 1498 cm ', corresponding to the stretching
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vibration of the quinoid ring and benzenoid ring (Fig. 2b),
respectively [36, 37]. Compared to the 1570 and 1480 cm ™'
ofthe pure PANI in Fig. 2a, a certain chemical shift to the right
occurs for IL-PANI. Additionally, compared to 1592 and
1542 cm™" in [Hmim]HSO4 (Fig. 2¢), chemical left shift oc-
curs for IL-PANI. This explains the formation of the benzene
ring, and the anthracene ring in the IL-PANI is affected by the
imidazolium ion. The state of IL-PANI products indicates
emeraldine rather than solely leucoemeraldine or
pernigraniline. The UV-Vis spectrum (Appendix Fig. 2a) of
IL-PANI shows two characteristic bands of 365 nm and
650 nm consistent with the emeraldine salt [38].

Figure 3 and 4 show the SEM images of different PANI
samples. Figure 3a shows the nanorod-like structure of the
pure PANIL. Figures 3 and 4 indicate that different PANI nano-
structures and their aspect ratio of produced nanofibers were
affected by doping acid used ([Hmim]HSO,4, HCI, H,SO,,
respectively) [39]. The main difference is between Bronsted
acid and Lewis acid, especially the interaction between the
imidazolium ion and the hydrogen ion. This creates an elec-
tron rearrangement, and a hydrogen ion forms a hydrogen
bond with PANI chains. Additionally, the molar amount of
functional oxidized ionic liquid, type of oxidants, metal cat-
ions, and imidazolium ions influences the size of PANI fibers
that results in different spatial morphologies. As a result,
coral-like fibers with a uniform diameter of 10-50 nm were
formed as shown in Fig. 4b [40].

The facile synthesis route of our IL-PANI provides a de-
tailed method for synthesizing porous fibers. The resulting
nanostructure is more effective than electrochemical sensing
device as it provides large effective surface areas due to its
porosity. Besides, the interconnected network provides acces-
sible channel for easy transport of electron and ions. This is
the result of electron rearrangement in PANI chain during

Pure-PANI

——IL-PANI
~— [Hmim]HSO,

Relative Intensity

3200 2400 1600 800
Wavenumber (cm™!)

Fig. 2 FTIR of spectroscopy: (a) Pure PANI, (b) IL-PANI, and (c)
[Hmim]HSO4

4000
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Fig. 3 SEM images of pure PANI and different acid-doped PANI sam-
ples: the scale bar of a, b, and ¢ is 5 nm and d is 3.5 nm. a Pure PANI. b
HCI-PANLI. ¢ H,SO,~PANI. d IL-PANI

synthesis process. Moreover, the interaction between ionic
liquid and PANI results in hydrogen bond that acts as a
cross-linking agent, which virtually reduces the dissociation
in ionic liquids by reducing the inter-layer spacing between
PANI chains. This decreases the path for ion and electron to
transport and thus increases the conductivity.

The crystalline patterns of different PANI samples were
shown in XRD spectra in Fig. 5. Three distinct diffraction
features characteristic of PANI chains were three broad
peaks with max at 14.9°, 20.5°, and 25.3°. The peaks at
14.9° and 25.3° are attributed to the periodicity, both per-
pendicular and parallel to the polymer chain, respectively
[41, 42], whereas peak at 20.3° is caused by the spacing
of the polymer chain layers at alternating distances. Most
importantly, the emeraldine group of pure PANI has
(Appendix Fig. 4b) almost no peak at 25.3°, while the
peak intensity of doped PANI gradually increases with
the degree of protonation of the imine nitrogen. From
the three typical characteristic peaks of PANI, at 25.3°
(Fig. 5a), the peak intensity of IL-PANI is stronger than
those of the others. The reason is that, the high proton
activity of imidazolium ions is more prone to protonation
of imines, resulting in electron rearrangement of PANI
chains, producing emeraldine salts. Additionally, the sur-
face tensions of the ionic liquid and PANI are small; the
obtained nanostructures have a small agglomeration that
results in more of the one-dimensional nanofibers.
Therefore, PANI shows a strong crystal phase structure.
Figure 5b shows diffraction XRD pattern of IL-PANI syn-
thesized by varying molar ratios of aniline to oxidant
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Fig. 4 IL-PANI synthesized
using different molar ratios of
aniline and oxidant: the scale bar
ofaand cis Snmandbis 3.5 nm.
a IL-PANI-1-0.5. b IL-PANI-1-
0.34. ¢ IL-PANI-1-0.25

ionic liquid. In Appendix Fig. 4a, the type of oxidizing
agent is inconsistent, but since the aniline is an alkaline
reactant, the characteristic peak of obtained XRD is con-
sistent with Fig. 5a. By analyzing the structural formula
of the oxidant, the change in peak intensity is mainly
caused by the molar amount of the imidazolium ion and
the electron rearrangement of the PANI chain due to the
presence of imidazole heterocycle. Of course, it is proved
that the surface tension of the functional ionic liquid is
small, and the crystallization rate of the polymer is in-
creased. In Fig. 5, in addition to the three characteristic
peaks of PANI, there is small peak 8.9°, which may orig-
inate from some restacking of sheets during the mixing
and polymerization process [43]. The average restacking
degree or stacked thickness could be estimated as 14.3 nm
using Scherrer equation. This thickness corresponds to
restacking limited to several floors. This is due to the
decrease in PANI chains and increase in mobility.
Compared to the stack heights (20.17 nm and 19.7 nm)
caused by the other two doping acids (Fig. 5a), the stack
in the IL-PANI is only 14.9 nm. It is well known that co-
facially stacked conjugated backbones (the m—7 stacking
distance) greatly influence electron orbital overlap that
results in change in the conductivity [44]. These results
indicate that the ordered structure in the PANI chain in-
creases with the increase in aspect ratio of the nanofibers.
This indicates that better structural ordering leads to an

increase in charge carrier transport efficiency by effective-
ly extending the conjugation length.

3.2 Electrochemical property

PANI has its inherent morphology and its electrochemical
properties are greatly affected by the doping and oxidation
levels. In order to study the electrochemical performance of
IL-PANI, we performed several experiments. The experi-
ments involved to study the effect of different doping acids
on electrochemical performance of PANI. Further, perfor-
mance of produced IL-PANI with molar ratio was investigat-
ed. The three-electrode system was used for electrochemical
impedance spectroscopy (EIS), cyclic voltammetry (CV), and
galvanostatic charge—discharge (GCD) measurements.
Figure 6 shows impedance spectra of IL-PANI electrodes
in 1 M H,SO,4 and 1 M [Hmim]HSO,. The equivalent series
resistances in high-frequency region are estimated to be as low
as 0.7 Ohms in both the electrolytes. Both systems have lower
slope of the curve obtained at low frequencies, indicating ideal
capacitive behavior of IL-PANI. The higher the degree of
protonation of the imine, the greater the intensity of the
emeraldine is, and the higher the conductivity. This is related
to the increase of the ordered structure in the PANI chain,
effectively extending the conjugate length and improving the
transport efficiency of the charge carriers. In Fig. 6b, the line
with slope 45° resulted from diffusion indicates good
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Fig. 6 Impedance spectra of IL- 10 - 10
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diffusion of ion in the polymer when ionic liquids are used as
electrolyte.

Since the surface tension of the imidazolium ion in ionic
liquid is less than the hydrogen ion in sulfuric acid, the effect
on the transport of ions and electrons in PANI is negligible
during the test. Among them, [Hmim]HSO,4 was used as the
electrolyte. Figure 7 shows the cyclic voltammetry curves of
PANI synthesized using different doping acids and IL-PANI
synthesized with different molar ratios of aniline to oxidant.

As shown in Figs. 7 and 8, all PANI samples have similar
voltammogram with three distinct redox peaks related to dif-
ferent oxidation states of the polymer. This indicates
pseudocapacitive behavior of PANI when compared to carbon
cloth which showed typical double layer capacitive curve (no
redox peaks) [45]. In Fig. 8a, the first redox pair (a—a’) at
0.28 V is attributed to the transformation of leucoemeraldine
to emeraldine PANI; this peak position varies with different
doping acid being used. The second pair of redox (b-b’) rep-
resents PANI degradation into benzoquinone and
aminoquinone couple that can be seen at 0.43 V. The last
redox pair can be seen at 0.52 V that was attributed to transi-
tion of emeraldine salt to pernigraniline salt [46, 47].
Furthermore, PANI nanomaterial has a wider operating poten-
tial range of 1.1 V when compared to bulk PANI [48]. It is
believed that the electrochemical capacitance is proportional
to the area under the CV curve. From Fig. 7a, we can see that
the area under the CV curve of IL-PANI is much larger than

other doping acid-doped PANI. Additionally, from Fig. 7b, it
was found that when molar ratio of 1:0.34 (IL:PANI) was used
it exhibited largest capacitive area. The above results indicate
that the main capacitive behavior of the PANI is related to the
type of doping acid and molar ratio of the functional oxidizing
agent ionic liquid used. The IL-PANI showed best capacitive
behavior because surface tension of the ionic liquid is small
and the produced PANI is highly soluble in water. It is not easy
to agglomerate in water; mostly, the formation of a one-
dimensional nanofiber structure increases the aspect ratio of
the nanofibers, which is consistent with the nanofiber structure
obtained in Figs. 3 and 4. The main purpose of adopting the
functional oxidized ionic liquid is to control the reaction rate
and increase the crystallinity of the structure, which is consis-
tent with the crystal phase structure obtained in Fig. 4b.
Figure 8b shows the CV curves of IL-PANI-1-0.34 with
varying scan rates. The electrodes are stable in [Hmim]HSO,
aqueous solution within the employed potential range (— 0.2
to 0.9 V), and the peaks from Faradic current (current from
redox reaction of electrodes, normally accompanied with
peaks on both oxidation and reduction curves) were observed.
The plots of current density versus the different scan rates for
the highest oxidation peaks are given in the inset of Fig. 8b. It
is shown that the oxidation and reduction peak currents in-
crease linearly with scan rates, which mean that transport of
ions in electrode is mainly due to the redox process occurring
at the electrode surface. This indicates that redox process was

Fig. 7 Cyclic vol.tamr.nograms of 804 Q Electrolyte : [Hmim|HSO, 80 b Electrolyte: [Hmim]HSO,
PANI a doped with different
doping acids and b IL-PANI were
synthesized with different molar vf; 40 ~ 401
ratios, at scan rate of 200 mV s~ < o0
-~ <
~— 04 ~ 0
= N
£ s
=
= -40 — IL-PANI = .40
O — HCLPANI (3 — IL-PANI-1-0.5
H.S0 -PANI —— IL-PANI-1-0.34
N —— IL-PANI-1-0.25|
-80 1 —— Carbon Cloth -80 Carbon cloth
-0.2 0.0 0.2 0.4 0.6 0.8 -0.2 0.0 0.2 0.4 0.6 0.8
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Fig. 8 Cyclic voltammograms of 104 Q Electrolyte: [Hmim]HSO, b c so{b Electroyte: [Hmim|HSO,
a PANI-doped different doping
acids at a scan rate of [0 mV s ! —_
and b IL-PANL-1-0.34 at different <~ 51 on 407
scan rates :: <
<~ 04 - 04
*E E ——5mVs’
o B = — 10mVs'
E -51 — g“cfﬁll\n 5 401 — 2mvs!
'’ = — -1
O —— H,SO,-PANI o
-10 1 by Carbon cloth -80 4 ——100mV s
. . Sce:n rate: IOmY s . . =20y ¢
-0.3 0.0 0.3 0.6 0.9 -0.3 0.0 0.3 0.6 0.9
E (V) E (V)

found to be confined to the electrode surface, which is due to
the small dimensions of the polymeric nanostructure.
However, Fig. 7 illustrates that the redox reaction occurs in
the electrode because of the hydrophilicity of the ionic liquid,
which reduces the self-aggregation of the nanofibers and al-
lows the electrolyte ions to diffuse into the electrode material.

Figure 9 shows the galvanostatic discharge curves of PANI
formed using different doping acids and of IL-PANI. Their
specific capacitance (C;) can be measured by using Eq. (1) [49]:

I-At
p— 1
Cs AV (1)

where C, is the specific capacitance (in F g "), 7 is the charge—
discharge current (in A), At is the discharge time (in sec), AVis
potential drop during discharge (in V), and m is the mass of
active material (in g).

The specific capacitances of the different PANI sam-
ples at a current density of 0.5 A g ' are shown in the
inset of Fig. 9a and b. The specific capacitance of IL-
PANI-1-0.34 was calculated as high as 489 F g ! at
0.5 A g ' (specific capacitance measured at the electro-
chemical window of 0.1-0.8 V is 530 F g~ '). The specific
capacitances of HCI-PANI and H,SO4—PANI in Fig. 9a
are 174 F g ' and 201 F g ', respectively. While the
specific capacitances of IL-PANI-1-0.5 and IL-PANI-1-
0.25 in Fig. 9b are 239 F g ' and 404 F g ', respectively.
The ionic liquid in IL-PANI has good compatibility with
water, reduces the agglomeration of nanoparticles, and the
effective control of the functional oxidized ionic liquid on
the morphology which is beneficial to the ordered nano-
structure of IL-PANI, which enhances the transport of
electrons and ions.

Fig. 9 a Discharge time of PANI 094 a —— IL-PANI 09d b —— IL-PANI-1-0.5
with different dopants at current — HCI-PANI —— IL-PANI-1-0.34
density of 0.5 A g '. b Discharge H,S0,-PANI IL-PANI-1-0.25
time of IL-PANI with different 0.6 Electroyte: [Hmim]HSO, 0.6- Electrolyte : [Hmim]HSO,
. 0209V ’ -0.2-09V
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PANI with different portions of IL
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Specific capacitances of the electrodes at different current
densities are illustrated in Fig. 9c and d, which clearly showed
that IL-PANI has a higher discharge capacity than HCI-PANI
and H,SO4—PANI. Notably, IL-PANI displayed excellent
cyclability at various current densities. This indicates that
electrode possesses a relatively higher energy and power den-
sity. However, the specific capacitance decreases with the in-
crease in charge—discharge current density, which is attributed
to the fact that the redox reaction rate and the charge diffusion
cannot match the rapid increase of the current densities [48].

Energy density (E;) and power density (P;) of the elec-
trodes can be calculated using Egs. (2) and (3) [50-53]:

Current (A g'l)

where C; is the specific capacitance calculated from charge—
discharge curve in Farad per gram, AV is the potential drop
during discharge in volts, £ is the energy of the electrode in
watt-hour per kilogram, At is the discharge time in seconds,
and P; is the power of the electrode in watts per kilogram. The
E as a function of P, and current density is shown in Fig. 10.
As shown in Fig. 10b, the E; of IL-PANI-1-0.34 is significant-
ly higher than that of other PANI samples, which is mainly
attributed to the better aspect ratio of nanofiber structure of IL-
PANI-1-0.34, which allows ions and electrons to diffuse bet-
ter; besides, the thinner IL-PANI nanofibers provide a shorter
diffusion path for electron transport. Thus, compared to IL-
PANI-1-0.25 and IL-PANI-1-0.50, IL-PANI-1-0.34 exhibits

2
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more regulated microstructures (the fiber structure); and (iii)
more initiator led to relatively lower molecular weight of poly-
mer, which was in favor of the arrangement of chains to fiber
structure. But for the sample IL-PANI-1-0.50, too much initi-
ators can significantly reduce molecular weight of PANI and
further interfere with the formation of nanofibers. More impor-
tantly, the IL-PANI-1-0.34/carbon cloth electrode demonstrat-
ed much higher-energy density at a similar level P, than the
other PANI samples. Based on the experimental results, ionic
liquids have greatly improved the regulation of PANI nano-
structures and the electrochemical performance as well.
Figure 11 shows the stability of the IL-PANI-1-0.34 electrode
at a current density of 2 A g~ in [Hmim]HSO, and HCI,
respectively. The cycling stability is very good in
[Hmim]HSO, electrolyte, with a capacitance retention of
93% at 2000 cycles and 81% at 4000 cycles. The initial de-
creased in capacitance is mainly due to the fact that the degree
of peroxide of the fiber structure is insufficient, so that partial
redox can only occur on the surface of the electrode and cannot
diffuse into the electrode material. Then, in order to verify the
stability of the IL-PANI in HCI, we measured 50 cycles, and
the rate of decrease in capacitance was significantly higher
than in the electrolyte of [Hmim]HSO,. This fast decrease
can be attributed to the fact that chloride ions attack the quinoid
ring in PANI, while hydrogen bonding between ionic liquid
dopants with PANI served as a protective film for IL-PANI.

4 Conclusion

In this study, we successfully synthesized IL-PANI by in situ
polymerization. The introduction of ionic liquid resolved the
following issue: (i) improved the solubility of PANI assisted
by the polarity of the ionic liquid, (ii) the use of functional
oxidizing ionic liquids improved the nanofiber formation of
PANI and controlled the reaction rate, and (iii) enhanced the
electrochemical performance (energy and power densities, cy-
cling stability) of the ionic liquid—doped PANL

Funding information The authors received support from Auburn
University Internal Grant Program (AU-IGP).

References

1. Shown I, Ganguly A, Chen L-C, Chen K-H (2015) Conducting
polymer-based flexible supercapacitor. Energy Sci Eng 3:2-26

2. DingK, Jia H, Wei S, Guo Z (2011) Electrocatalysis of sandwich-
structured Pd/polypyrrole/Pd composites toward formic acid oxida-
tion. Ind Eng Chem Res 50:7077-7082

3. Yoon H (2013) Current trends in sensors based on conducting poly-
mer nanomaterials. Nanomaterials. 3:524-549

4. Shao L, Cheng X, Wang Z, Ma J, Guo Z (2014) Tuning the perfor-
mance of polypyrrole-based solvent-resistant composite

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

nanofiltration membranes by optimizing polymerization conditions
and incorporating graphene oxide. J] Membr Sci 452:82—89
Nautiyal A, Qiao M, Cook JE, Zhang X, Huang T-S (2018) High
performance polypyrrole coating for corrosion protection and bio-
cidal applications. Appl Surf Sci 427:922-930

Tallman DE, Spinks G, Dominis A, Wallace GG (2002)
Electroactive conducting polymers for corrosion control-part 1.
General intro and non-ferrous metals. J Solid State Electrochem
6:73-84

Spinks GM, Dominis AJ, Wallace GG, Tallman DE (2002)
Electroactive conducting polymers for corrosion control: part 2.
Ferrous metals. J Solid State Electrochem 6:85-100

Gu H, Zhang H, Lin J et al (2018) Large negative giant magneto-
resistance at room temperature and electrical transport in cobalt
ferrite-polyaniline nanocomposites. Polymer. 143:324-330

Shi Y, Pan L, Liu B, Wang Y-Q, Cui Y, Bao Z-N, Yu G-H (2014)
Nanostructured conductive polypyrrole hydrogels as high-perfor-
mance, flexible supercapacitor electrodes. J Mater Chem A 2:
60866091

Pan L, Yu G, Zhai D, Lee H-R, Zhao W-T, Liu N, Wang H-L, Tee
C-K, Shi Y, Cui Y, Bao Z-N (2012) Hierarchical nanostructured
conducting polymer hydrogel with high electrochemical activity.
Proc Natl Acad Sci U S A 109:9287-9292

Ghosh S, Inganis O (1999) Conducting polymer hydrogels as 3D
electrodes: applications for supercapacitors. Adv Mater 11:1214—
1218

Conway BE (1999) Electrochemical supercapacitors: scientific fun-
damentals and technological applications. Springer

Sambyal P, Ruhi G, Bhandari H, Dhawan S-K (2015) Advanced
anti corrosive properties of poly(aniline-co-o-toluidine)/flyash
composite coatings. Surf Coat Technol 272:129-140

Ozyilmaz A-T, Kardas G, Erbil M et al (2005) The corrosion per-
formance of polyaniline on nickel plated mild steel. Appl Surf Sci
242:97-106

Angell C-A, Ansari Y, Zhao Z (2011) Ionic liquids: past, present
and future. Faraday Discuss 154:9-27

Lu W, Fadeev A-G, Qi B-H, Smela E, Matters R, Ding J, Spinks M,
Zhou D-Z, Wallace G-G, MacFarlane D-R, Forsyth S-A, Forsyth M
(2002) Use of ionic liquids for pi-conjugated polymer electrochem-
ical devices. Science. 297:983-987

Kornyshev A-A (2007) Double-layer in ionic liquids: paradigm
change? J Phys Chem B 111:5545-5557

Ispas A, Polleth M, Ba K-HT, Bunda A, Janek J (2011)
Electrochemical deposition of silver from 1-ethyl-3-
methylimidazolium trifluoromethanesulfonate. Electrochim Acta
56:10332-10339

Nath A-K, Kumar A (2013) Ionic liquid based polymer electrolyte
dispersed with dedoped polyaniline nanorods. Solid State Ionics
253:8-17

Yang D, Fadeev A-G, Adams P-N et al (2007) GPC characteriza-
tion of emeraldine base in NMP containing ionic liquids. Synth Met
157:988-996

Ai Y-H, Wu M, Li L-L, Zhao F-Q, Zeng B-Z (2016) Highly selec-
tive and effective solid phase microextraction of benzoic acid esters
using ionic liquid functionalized multiwalled carbon nanotubes-
doped polyaniline coating. J] Chromatogr A 1437:1

Zhu J, Chen M, Qu H et al (2012) Interfacial polymerized
polyaniline/graphite oxide nanocomposites toward electrochemical
energy storage. Polymer. 53:5953-5964

Sekiguchi K, Atobe M, Fuchigami T (2003) Electrooxidative poly-
merization of aromatic compounds in 1-ethyl-3-methylimidazolium
trifluoromethanesulfonate room-temperature ionic liquid. J
Electroanal Chem 557:1-7

Papageorgiou N, Athanassov Y, Armand M, Bonhote P, Pettersson
H, Azam A, Gratzel M (1996) Molten salts for solar cell applica-
tions. J Electrochem Soc 143:3099-3108

@ Springer



288

Adv Compos Hybrid Mater (2019) 2:279-288

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Koch V-R, Nanjundiah C, Appetecchi G, Scrosati B (1995) The
interfacial stability of Li with two new solvent-free ionic liquids:
1,2-dimethyl-3-propylimidazolium imide and methide. J
Electrochem Soc 142:116-118

Carlin R-T, Long H, Fuller J, Trulove P (1994) Dual intercalating
molten electrolyte batteries. J Electrochem Soc 141:73-76

He X, Bo G, Wang G, Wei J-T, Zhao C (2013) A new nanocom-
posite: carbon cloth based polyaniline for an electrochemical
supercapacitor. Electrochim Acta 111:210-215

Stejskal J, Dybal J, Trchovd M (2014) The material combining
conducting polymer and ionic liquid: hydrogen bonding interac-
tions between polyaniline and imidazolium salt. Synth Met 197:
168-174

Li M, Ma C, Liu B, Jin Z (2005) A novel electrolyte 1-
ethylimidazolium trifluoroacetate used for electropolymerization
of aniline. Electrochem Commun 7:209-212

Shen L, Huang X (2018) Electrochemical polymerization of aniline
in a protic ionic liquid with high proton activity. Synth Met 245:18—
23

Huddleston J, Visser A, Reichert W (2001) Characterization and
comparison of hydrophilic and hydrophobic room temperature ion-
ic liquids incorporating the imidazolium cation. Green Chem 3:
156-164

Gui J, Cong X, Liu D, Zhang X-T, Hu Z-D, Sun Z-L (2004) Novel
Brensted acidic ionic liquid as efficient and reusable catalyst system
for esterification. Green Chem 5:473-477

Stejskal J, Sapurina I, Trchova M, Prokes J, Krivka I, Tobolkova E
(1998) Solid-state protonation and electrical conductivity of
polyaniline. Macromolecules 31:2218-2222

Peng R-G, Wang Y-Z, Tang W, Yang Y-K, Xie X-L (2013) Progress
in imidazolium ionic liquids assisted fabrication of carbon nanotube
and graphene polymer composites. Polymers 5:847-872
Huddleston J-G, Visser A-E, Reichert W-M, Willauer H-D, Broker
G-A, Rogers R-D (2001) Characterization and comparison of hy-
drophilic and hydrophobic room temperature ionic liquids incorpo-
rating the imidazolium cation. Green Chem 3:241-272

Shi S, Kong A, Zhao X, Zhang Q-Y, Shan Y-K (2010) Synthesis
and characterization of task-specific ionic liquids based on
peroxydisulfate and their application in oxidation reactions. Eur J
Inorg Chem 2010:2283-2289

Li L, Qin Z-Y, Liang X, Fan Q-Q, Lu Y-Q, Wu W-H, Zhu M-F
(2009) Facile fabrication of uniform core—shell structured carbon
nanotube—polyaniline nanocomposites. J Phys Chem C 113:5502—
5507

Mai L-Q, Xu X, Han C-H, Luo Y-Z, Xu L, Wu Y-A, Zhao Y-L
(2011) Rational synthesis of silver vanadium oxides/polyaniline
triaxial nanowires with enhanced electrochemical property. Nano
Lett 11:4992-4996

Li Z-H, Shen Y-T, Li Y-B (2018) Facile synthesis of polyaniline
hollow microsphere via self-assembly and its high electrochemical
performance. J Electrochem Soc 165:G75-G79

Zhang L, Du W-Y, Nautiyal A, Liu Z, Zhang X-Y (2018) Recent
progress on nanostructured conducting polymers and composites:
synthesis, application and future aspects. Sci China Mater 1-50

@ Springer

41. Zhang X, Goux W-J, Manohar S-K (2004) Synthesis of polyaniline
nanofibers by “nanofiber seeding”. ] Am Chem Soc 126:4502—
4503

42. Hu N-T, Zhang L-L, Yang C, Zhao J, Yang Z, Wei H, Liao H-B,
Feng Z-X, Fisher A, Zhang Y-F, Zhi C, Xu J (2016) Three-
dimensional skeleton networks of graphene wrapped polyaniline
nanofibers: an excellent structure for high-performance flexible
solid-state supercapacitors. Sci Rep 6:19777

43. WuH, YuG, PanL, Liu N, McDowell M-T, Bao Z-N, Cui Y (2013)
Stable Li-ion battery anodes by in-situ polymerization of
conducting hydrogel to conformally coat silicon nanoparticles.
Nat Commun 4:1943

44. LiuN, Su Y-L, Wang Z-Q, Wang Z, Xia J-S, Chen Y, Zhao Z-G, Li
Q-W, Geng F-X (2017) Electrostatic-interaction-assisted construc-
tion of 3D networks of manganese dioxide nanosheets for flexible
high-performance solid-state asymmetric supercapacitors. ACS
Nano 11:7879-7888

45. Cao Y, Li S, Xue Z, Guo D (1986) Spectroscopic and electrical
characterization of some aniline oligomers and polyaniline. Synth
Met 16:305-315

46. Horng Y-Y, Lu Y-C, Hsu Y-K, Chen C-C, Chen L-C, Chen K-H
(2014) Flexible supercapacitor based on polyaniline nanowires/
carbon cloth with both high gravimetric and area-normalized capac-
itance. ] Power Sources 195:4418-4422

47. XuJ, Wang K, Zu S-Z, Han B-H, Wei Z-X (2010) Hierarchical
nanocomposites of polyaniline nanowire arrays on graphene oxide
sheets with synergistic effect for energy storage. ACS Nano 4:
5019-5026

48. LeeY, Chang C-Z, Yau S-L, Fan L-J, Yang Y-W, Yang L-Y, Itaya K
(2009) Conformations of polyaniline molecules adsorbed on
Au(111) probed by in situ STM and ex situ XPS and NEXAFS. J
Am Chem Soc 131:6468-6474

49. Yang M-H, Hong S-B, Choi B-G (2015) Hierarchical core/shell
structure of MnO2 @polyaniline composites grown on carbon fiber
paper for application in pseudocapacitors. Phys Chem Chem Phys
17:29874-29879

50. Mishra A-K, Ramaprabhu S (2011) Functionalized graphene-based
nanocomposites for supercapacitor application. J Phys Chem C
115:14006-14013

51. Kotz R, Carlen M (2000) Principles and applications of electro-
chemical capacitors. Electrochim Acta 45:2483-2498

52. Burke A (2000) Ultracapacitors: why, how, and where is the tech-
nology. J Power Sources 91:37-50

53. Zang J-F, Li XD (2011) In situ synthesis of ultrafine 3-MnO2/
polypyrrole nanorod composites for high-performance
supercapacitors. J Mater Chem 21:10965-10969

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Facile synthesis of nanostructured polyaniline in ionic liquids for high solubility and enhanced electrochemical properties
	Abstract
	Introduction
	Experimental
	Materials
	Preparation of IL-PANI
	Characterization

	Results and discussion
	Structure and morphology
	Electrochemical property

	Conclusion
	References


