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Polyindoles belonging to the fused-ring family have attracted extensive investigation as promising
materials due to their unique physical and electrochemical properties. Herein, poly(7-formylindole)
(PFIn) film was firstly synthesized electrochemically on carbon fibers by direct anodic oxidation of 7-
formylindole in acetonitrile solution containing 0.1 M LiClO4. FT-IR spectra indicated that the
polymerization site of monomer happened at the C, and C3 positions of indole ring. The morphology
of PFIn film on carbon fibers was investigated through SEM observation, which indicated that PFIn
film tightly wrapped over carbon fibers (PFIn/CF). Electrochemical results indicated that PFIn/CF
electrode showed a remarkable specific capacitance of 637 F g™ at 20 A g™. The energy density
reached about 42 Wh kg™ at a high power density of 21 kW kg™. Furthermore, PFIn/CF still
maintained about 74.1% of initial specific capacitance and 100% coulombic efficiency after 1000
cycles. These results revealed that PFIn/CF was a promising electrode material for the flexible
supercapacitors application.
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1. INTRODUCTION

Supercapacitors as new energy storage devices have attracted intense attention due to their
distinguishing features such as fast charge-discharge rates, high power density and long cycle life
[1,2]. Nowadays, supercapacitors have been widely employed in consumer electronics, industrial
power and intelligent start-stop system [3,4]. In order to further advance the performance of
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supercapacitors, the improvement in performance of electrode materials is one of the most critical
factors. Electrode materials mainly include carbon-based materials, metal oxide and conducting
polymers, in which carbon-based materials produce capacitance by pure electrostatic charges
accumulation at the electrode/electrolyte interface [5], whereas the capacitance of metal oxides and
conducting polymers (CPs) arises from their redox or Faradaic charge reactions taking place on the
surface of the materials [6]. Generally, electrode materials with large specific surface areas possess
high capacitance. Therefore, for enhancing the specific surface area, a wide variety of nanostructure
materials have been designed [7-11], for instance, nanoonions, nanotubes, nanowires, nanoparticles,
and nanoflowers.

CPs such as polyaniline, polypyrrole, polythiophene and their derivatives have been studied
[12]. They possessed higher specific capacitance and energy density compared to carbon-based
materials. However, the limitation of CPs is mainly their lower cycle stability [13]. In order to enhance
the cycle stability of CPs, research works focus on the composite construction [14-16], the
nanomaterial preparation [17-19], special anionic dopants use [20,21] and the polymer’s structure
functionalization [22-24]. Polyindole, similar to the aforementioned CPs, possesses combined
excellent properties of both poly(para-phenylene) and PPy such as fairly good thermal stability [25],
highly stable redox activity [26], fast switchable electrochromic ability [26] and air stable electrical
conductivity in the doped state [27]. Presently, polyindole and its derivatives and composites as
supercapacitors electrode materials have been also reported and showed high cycle stability and
specific capacitance [28-34].

Among polyindole derivatives, formyl-substituted polyindole has many unique properties, for
example, the electron-withdrawing formyl group substitution can decrease the LUMO level of
polymers, diminishing the band gap of polymers [35]; the formyl group can improve the thermal
stability of the polymers [36]; the formyl group is strongly reactive towards a variety of nucleophiles
[37,38]; in addition, the N-H group on indole unit forms intermolecular hydrogen bonds, inducing the
nanowire formation [31]. Therefore, the presence of N-H and formyl groups possibly facilitate to
improve the electrochemical behavior of polyindole. Nie et al. used conducting poly(5-formylindole)
to fabricate the electrochemiluminescence biosensor [39], electrochemical immunosensor [40] and
electrochromic device [41]. Above information foreshows that the formyl-substituted polyindole is a
new interesting CPs material. For seeking new high capacitive performance materials, it is very
necessary to research the capacitive behaviors of formyl-substituted polyindole.

In this paper, poly(7-formylindole) (PFIn) was electrodeposited on carbon fiber (CF) by direct
anodic oxidation of 7-formylindole in acetonitrile/HCIO, solution and evaluated the capacitive
behavior of PFIn/CF. The novelties about this work are mainly summarized as follows: (1) for 7-
formylindole, N-H group on indole unit would form intermolecular hydrogen bonds as well as
intramolecular hydrogen bonds with oxygen atoms in the special formyl group on 7 position, which
makes for the formation of PFIn nanowires, (2) the carbon fiber possesses good flexibility, high
conductivity, outstanding stability, and 3-D structural feature, which will be advantageous to form a 3-
D PFIn/CF core/shell structure composite [42], (3) poly(7-formylindole) as new capacitive materials
has not been reported yet, and (4) 3-D PFIn/CF has high capacitive performance proved by
electrochemical techniques.
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2. EXPERIMENTAL

2.1. Materials

7-Formylindole (FIn) was purchased from Shanghai Vita Chemical Reagent Co., Ltd. China.
Carbon fiber cloth (WOS1002, Ce Tech) was supplied by Phychemi Company Limited, China.
Lithium perchlorate (LiCIO4, AR) was bought from Xiys Reagent Research Center. Acetonitrile
(ACN, AR) and HCIO4 (72%) were provided by Shanghai Lingfeng Chemical Reagent Co., Ltd and
used after reflux distillation and Xiya Reagent Research Center, respectively.

2.2 Apparatus

A CHI660E potentiostat/galvanostat (Shanghai Chenhua Instrumental Co., Ltd., China) was
used to finish the electrochemical experiments. The carbon fiber cloth was used as substrate electrode.
The reference electrode with Ag/AgCl and saturated calomel electrode (SCE) were used for
electrodeposition and performance testing of polymer, respectively. The counter electrode was
platinum wire. For the EIS measurement, the amplitude of modulation potential was 5 mV, and the
frequency varied from 15 kHz to 0.01 Hz. ZSimpWin software was used to fit the impedance data.

Bruker Vertex 70 Fourier transform infrared (FT-IR) spectrometer with samples in KBr pellets
was used for Infrared spectra measurement. Scanning electron microscope (JSM-5600, JEOL) was
employed in the Scanning electron microscope (SEM) measurements.

2.3. Preparation of PFIn

The PFIn film was prepared potentiostatically on CF substrates (0.5 cm x 0.5 cm) at 1.0 V in
ACN solution containing 100 mM FIn and 0.1 M LiCIO,4. The mass of PFIn film (approximately 4.72
ug) was controlled from the total charge passed through the cell during the film growth process [30].
After the electrodeposition, the prepared PFIn/CF was washed repeatedly with ACN and double-
distilled deionized water to remove the monomer and electrolyte.

2.4. Capacitance calculation

In the GCD method, the specific capacitance was calculated by utilizing the formula [43].
It
C=—(
oy 1)

in which, C is the specific capacitance (F g™). I, t and m are the charge-discharge current (A),
the discharge time (s) and the mass of the polymer (g).
In the CV method, the specific capacitance was calculated by means of the equation [44].
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where, E; and E; are the cut-off potentials in the cycle voltammetry, i(E) is the instantaneous
Ez2, . . -
current. IE i(E)d(E) the area of CV curve is the total charge. v and m is the scan rate (mV s™) and the

mass of the electrochemical polymer (g), respectively.
The energy density (E, Wh kg) and the power density (P, W kg) were calculated through the
ways [45].
1

E=_CV* (3)
_E
Pea @

where, C is the specific capacitance. V and the At were the scope of potential and the discharge
time, respectively.

3. RESULTS AND DISCUSSION

3.1 Cyclic voltammetry of FIn

The successive CVs of FIn monomer on CF were carried out in ACN solution containing 0.1 M
LiClOy, as shown in Fig. 1.
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Figure 1. CVs of 1200 mM FIn on CF in ACN solution containing 0.1 M LiCIO, at 100 mV s™.

The CVs of monomer were involved in the two processes, i.e. the polymerization of monomers
and the redox reaction of as-formed polymer. As seen from the first positive scan, the polymerization
of monomer started at about 0.85 V. Over the potential, there was a steep rise in the current density (j).
This phenomenon came from the formation of a large number of free radical cations and subsequent
their polymerization reaction. When the scan was reverse, the reduction of polymer appeared.
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However, following CVs showed the oxidation of polymer and monomer in the positive scan, and the

reduction of polymer in the negative scan. As the scan proceeded, the j of broad redox peaks gradually
increased, indicating the mass of film increased.

3.2 Structure of PFIn
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Fiaure 2. FT-IR spectra of FIn (A) and PFIn (B).

Fia. 2 shows the FT-IR spectra of FIn (A) and PFIn (B). The several bands at around 2839 cm™
and at near 1659 cm™ belong to CH stretching on C(=0)-H and C=0 stretching, respectively. This
bands at 1584 cm™ and 3429 cm™ were attributed to be the deformation and the stretching vibrations of
the N-H bond on indole ring, respectively. Above bands all were present in the spectra of monomer
and polymer. In the spectrum of PFIn, the bands at 1084 cm™ and 635 cm™ were the dopant CIO,” [46],
which indicated that PFIn was in doped state. In addition, the band at 750 cm™ in spectrum of PFIn was
ascribed to C-H deformation vibration of benzene ring (3 adjacent hydrogens), which suggested that
benzene ring on PFIn unit was 1,2,3-trisubstitution. Hence, the electrochemical polymerization of FIn
monomer happened at the C, and Cj positions of indole ring.

3.3 Morphology of PFIn/CF

Figure 3. SEM of bare CF (A) and PFIn/CF (B&C)
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Fig. 3 shows the SEM of the bare CF(A) and the PFIn/CF (B&C). In Fig. 3A, the CF had a
smooth surface with about 11 um diameter. When the polymer film was deposited on the surface of
CF, the surface changed to be rough (Fig. 3B). It can be seen from the more microscopic image in Fig.
3C, PFIn enwrapped tightly the CF, forming a 3-D core/shell structure. PFIn seemed to be flat network
composed of nanowires. The network structure will facilitate to improve the specific capacitance of
electrode.

3.4 Capacitive behaviors of PFIn/CF
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Figure 4. (A) CVs of PFIn/CF electrode in 0.1 M HCIO, at the different scan rates, and (B) peak
current densities as a function of scan rates, and (C) the specific capacitance as a function of
scan rate.

The CVs of the PFIn/CF electrode were studied in 0.1 M HCIO4 solution at different scan rates,
as shown in Fig. 4A. The CV shape of PFIn/CF electrode at high potential, namely a pair of redox
peaks at around 0.9 V, this process involved not only electronic exchanges but also the effect of pH, so
that resulted in the increased current densities and sharp redox peaks [30], which was similar to those
of poly(indole-carboxylic acid) [31], poly(5-formylindole)[39], poly(5-nitroindole) [47] and poly(5-
cyanoindole) [48]. Additionally, the current density of redox peaks increased linearly as the scan rate
increased from 50 to 250 mV s™ (Fig. 4B) The difference was the reduction at 0.5 V and oxidation
peaks at 0.7 VV were very well-defined. This should be due to the electronic exchanges that caused by
the reaction of formyl group on indole ring and this process was pH independent [31]., which implied
that the electrochemical process of PFIn/CF electrode was an adsorption controlled process. The plot
about the specific capacitance of PFIn/CF electrode as a function of scan rates reflects distinctly that
the specific capacitance decreased with the increase of scan rates (Fig. 4C). The calculated specific
capacitance was 739 F g™* at 50 mV s™ and then decreased to 611.4 F g™* at 250 mV s, with a decrease
of about 17.3%. The high specific capacitance at high scan rates shows that PFIn/CF electrode is a
potential electrode material for supercapacitors.
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Figure 5. GCD curves of PFIn/CF (A) in 0.1 M HCIO, solution at different current density, (B)
Specific capacitance of PFIn/CF as a function of current density, and (C) Ragone plots of
PFIn/CF electrode.

The GCD of PFIn/CF electrode was conducted at different current densities and potential
window of 0.7 V. As seen from the Fig. 5A, the charge-discharge curves deviated from the triangle
shape, which was caused by the redox reaction of PFIn. At different current density, the charge-
discharge curves are similar. When the current densities were 5 A g™, 10 Ag™, 20 A g*, 40 A g™*and
60 A g, the corresponding specific capacitances were 742 F g, 662 F g, 637 F g%, 622 F g and
617 F g (Fig. 5B). The specific capacitance of PFIn/CF electrode at 60 A g™ still remained
approximately 82.2% of specific capacitance at 5 A g™*. This indicated that PFIn/CF electrode had high
rate capability. In addition, in Fig. 5C, the energy density was 46.9 Wh kg™ at the power density of
1750 W kg, and more importantly, the energy density still reached 42 Wh kg™ at the high power
density of 21000 W kg™
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Figure 6. Nyquist plots (A) and Bode-phase angle plots (B) of PFIn/CF in 0.1 M HCIO, solution and
the corresponding calculated results (fitting line) based on the equivalent circuit (C).

The capacitive behaviors of PFIn/CF was also studied by EIS technology. Fig. 6 shows the EIS
of PFIn/CF in 0.1 M HCIO, solution. At the low frequency, the PFIn/CF electrode showed almost
vertical curve, which indicated PFIn/CF had a good capacitor behavior (Fig. 6A). In the high
frequency region, a very small semicircle can be seen for the PFIn/CF electrode (Fig. 6A, inset),



Int. J. Electrochem. Sci., Vol. 12, 2017 8474

suggesting a rapid electronic and ionic transfer [48]. At about 0.01 Hz, the phase angles reached -80°
(Fig. 6B). On the basis of the above measured impedance, an equivalent circuit model was proposed in
Fig. 6C. According to the proposed equivalent circuit model, the chi-squared () defined as the sum of
the squares of the residuals reached 9.38 x 10, which indicated that the simulation calculated results
were well in accordance with the measured results [49]. In the equivalent circuit model, R (3.76 ohm
cm) is the solution resistance; Cq (1.2 mF cm™) shows the double layer capacitance; R; (15.32 ohm
cm™) is the resistance of PFIn film; R, (3.0 x 10* ohm cm™) is the charge transfer resistance at the
polymer/solution interface; C; (0.6 F cm™) is the pseudocapacitance of PFIn film; C, (7.9 mF cm?)
and Rs (54.13 ohm cm™) are the capacitance and the resistance of the CF substrate, respectively. From
the corresponding fitting parameters provided in Table 1, it can be seen that the double layer
capacitance is much smaller than the pseudocapacitance of PFIn, and C, value is very small compared
to system’s overall capacitance.
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Figure 7. Cycle stability and the coulombic efficiency of PFIn/CF electrode at 20 A g™*.

Cycle stability and the coulombic efficiency of electrode for supercapacitors are very
important. Fig. 7 shows the cycle life and the coulombic efficiency of PFIn/CF electrode at 20 A g™.
As seen from Fig. 7, the specific capacitance gradually increased at initial 10 cycles, and then started
to decrease slowly. After 600 cycles, it tended to be stable. Moreover, the coulombic efficiency and the
specific capacitance still maintained about 100% and 74.1% after 1000 cycles, respectively. This
indicated PFIn/CF electrode had a high cycle life.

4. CONCLUSIONS

In this paper, PFIn was successfully electrodeposited on CF by direct anodic oxidation of Fin
monomer in acetonitrile/HCIO, solution, forming a 3-D PFIn/CF core/shell structure composite
electrode. The electrochemical polymerization of FIn monomer happens at the C, and C3 positions of
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indole ring. The specific capacitance of PFIn/CF electrode reached 637 F g™* at 20 A g, and its energy
density was about 42 Wh kg™ at a high power density of 21 kW kg™. Furthermore, PFIn/CF electrode
showed a higher cycle stability, i.e. about 74.1% of initial specific capacitance after 1000 cycles. This
implied that PFIn/CF was a promising electrode material for the supercapacitors.
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