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Abstract: In this paper, we report a simple, low-cost, and environmentally friendly electrochemical method to obtain
a novel copolymer consisting of 1-pyrenyl-2,5-di(2-thienyl)pyrrole and pyrrole on a pencil graphite electrode (PGE).
Poly(1-pyrenyl)-2,5-di(2-thienyl)pyrrole-co-pyrrole) that is P(PyrPy-co-Py) film was prepared by one-step potentiostatic
codeposition in an ethanol solution containing PyrPy and Py monomers for supercapacitor applications. The electrode-
position of homopolymer and copolymer modified electrodes was carried out on the surface of the PGE via chronocoulom-
etry. For comparison, P(Py)/PGE and P(PyrPy)/PGE were also electrochemically synthesized under the same reaction
conditions. The surface morphologies of all the electrode materials were analyzed by field emission scanning electron
microscopy. The capacitive properties of the modified PGEs were investigated in 1 M H2 SO4 electrolyte solution by
cyclic voltammetry, electrochemical impedance spectroscopy, and galvanostatic charge-discharge methods. Compared
with P(Py)/PGE and P(PyrPy)/PGE, the P(PyrPy-co-Py)/PGE composite exhibited the best electrochemical behavior
and had the highest specific capacitance value of 397.18 F g−1 in 1 M H2 SO4 at a scan rate of 2 mV s−1 . These results
indicated that this modified electrode can be used as an electrode material for electrochemical supercapacitors.
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1. Introduction
Energy and energy storage are among the most important issues to achieve a clean and sustainable world. In this
respect, electrochemical energy storage devices such as batteries, fuel cells, and electrochemical supercapacitors
have been recognized as the most important of the various energy storage technologies.1−5

Electrochemical capacitors, also called supercapacitors or ultracapacitors, are promising energy storage
devices due to their high power density, ultrafast charging-discharging rate, long cycle-life, low cost, excellent sta-
bility, and environmental friendliness.6−10 Among electrochemical energy storage devices, supercapacitors have
higher energy density than conventional capacitors as well as higher power density and longer cycle stability when
compared with secondary batteries.11,12 According to their charge storage mechanisms, supercapacitors can be
classified into two main categories: electrical double-layer capacitors (EDLCs) and pseudocapacitors.13−15

Electrodes that are used in EDLCs usually consist of highly porous materials such as activated carbons,
carbon nanotubes, or graphene with very high specific surface areas. In these types of supercapacitors, the charge
storage occurs at the interface between electrode and electrolyte. The mechanism of charge storage capacity in
∗Correspondence: ilcelik@anadolu.edu.tr
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pseudocapacitors depends on the fast faradaic redox reaction between the electrolyte and electrode and transition
metal oxides and conducting polymers are used in the electrode materials based on pseudocapacitance.16−19

Pseudocapacitors can offer far higher specific capacitance and energy density compared to EDLCs due to the
presence of the faradaic process.20,21

Conductive polymers (CPs) have some advantageous properties including fast doping-dedoping during
charge-discharge, high conductivity, easier synthesis, and low cost when compared with metal oxides.22−24

CPs such as polypyrrole (PPy), polyaniline (PANI), polythiophene (PTh), and their derivatives are promising
electrode materials for supercapacitors because of their good electrical conductivity, high capacitance, and low
cost.25−29

Among them, P(Py) has been widely used for supercapacitor applications because of its high electrical
conductivity, high capacitance, and low cost with potential applications for energy storage in wind power systems
and electric vehicles.30−32 On the other hand, P(Py) has some disadvantages, such as its slow kinetics of ion
transport due to the poor stability of the redox sites in the polymer backbone during the doping-dedoping
process, low cycle-life, and low power density.33,34 Many studies have been reported including using composites
of conductive polymers with carbon materials and preparing their copolymers to solve these problems.35−41

Carbon-based substrates have some advantageous properties including a high surface area, low weight,
good electrical conductivity, environmental friendliness, and corrosion resistance in aqueous electrolytes, and
they could also provide good candidates for templates to support electrochemically active materials for su-
percapacitor applications. Hereby, these composites improve conductivity, capacitance, power performance,
and cycle stability issues that are caused by mechanical problems.42,43 Among carbon-based substrates, pencil
graphite electrodes (PGEs) can be used as electrode material for supercapacitor applications because of having
many advantageous properties such as a large active electrode surface area, high electrochemical reactivity, good
mechanical rigidity, disposability, low cost, broad electrochemical window, easy modi?cation, and the ability to
be miniaturized.44−46

An aqueous H2SO4 solution can be used as an electrolyte to investigate capacitive properties of electrodes
for supercapacitor applications. Supercapacitors generally have low capacitance values because of limited ionic
concentration and conductivity in organic electrolytes. At the same time, aqueous-based electrolytes facilitate
high power operation because they offer ions of smaller size, higher ionic concentration, and higher mobility
compared to nonaqueous electrolytes. In addition, they have some advantages such as low cost and increased
safety during operation. In the literature, higher energy density with the use of sulfuric acid electrolytes instead
of salt-containing electrolytes confirms that the acid solutions result in higher capacitance and energy density.47

The aim of the present investigation was the electrodeposition of P(PyrPy-co-Py) composite film on a
PGE to improve the mechanical and electrochemical properties of P(Py) and P(PyrPy) modified electrodes
for electrochemical supercapacitor applications. The synthesis of P(PyrPy-co-Py) conductive film and its
application has not been reported in the literature. In this respect, 1-pyrenyl-2,5-di(2-thienyl)pyrrole (PyrPy)
(Scheme 1) was synthesized by a chemical method. Characterization of PyrPy was carried out by 1H NMR and
13C NMR spectroscopy. P(PyrPy-co-Py) was prepared by one-step electrodeposition on a PGE in this work.
The properties of all the modified electrodes were studied in detail using cyclic voltammetry. The capacitive
properties of the P(PyrPy-co-Py)/PGE, P(Py)/PGE, and P(PyrPy)/PGE were tested by electrochemical
impedance spectroscopy (EIS) and galvanostatic charge-discharge (GCD) methods. The surface morphologies
of all modified electrodes were investigated by field emission scanning electron microscopy (FE-SEM).
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Scheme 1. The molecular structure of 1-pyrenyl-2,5-di(2-thienyl)pyrrole.

2. Results and discussion
2.1. Cyclic voltammetry studies of the monomers

The electrochemical behaviors of PyrPy and Py were studied by cyclic voltammetric method. In addition,
a cyclic voltammetry (CV) study involving both monomers was carried out under the same conditions. CV
experiments were carried out in nonaqueous solution containing 0.1 M TBABF4 in ethanol (Figure 1). In the
experiments, PGE, Ag wire, and Pt wire were used as the working, pseudoreference, and counter electrode,
respectively. In the first curve of the cyclic voltammogram, PyrPy exhibited two oxidation peaks at about
+0.62 and +0.75 V and a reduction peak at about +0.53 V in ethanol solvent (Figure 1a). Both oxidation and
reduction peak current responses increased with increasing number of cycles. The obtained result demonstrates
that P(PyrPy) film was formed on the surface of the PGE in ethanol, which was consistent with the published
literature.48 When the electrochemical behavior of Py was examined, the pyrrole monomer was oxidized at
about +0.8 V. As shown in Figure 1b, the formation of the broad oxidation and reduction peaks obtained from
the cyclic voltammogram indicates the formation of polypyrrole.49 When CV studies of both monomers are
examined, it has been seen that the oxidation and reduction peaks are different from both PyrPy and pyrrole.
Moreover, a significant increase in the response of the current density compared with polypyrrole proves the
formation of the copolymer (Figure 1c).

2.2. Electrodeposition of P(PyrPy-co-Py) film

The electrocodeposition of P(PyrPy-co-Py) was carried out by chronocoulometry method on the surface of the
PGE at a constant potential of +800 mV for 300 s in nonaqueous solution containing 0.001 M PyrPy, 0.05
M Py monomers, and 0.1 M TBABF4 supporting electrolyte in ethanol (Figure 2a). According to Figure
2a, the highest charge density value was obtained and this can prove that P(PyrPy-co-Py) film has better
capacitive properties compared with P(Py) and P(PyrPy) films. For comparison, P(Py) and P(PyrPy) modified
electrodes were also electrosynthesized under the same reaction conditions (Figures 2b and 2c). All the modified
electrodes were cleaned by immersion into ethanol to remove impurities such as electrolytes, monomers, and
soluble oligomers remaining on the surface of the electrodes during the polymerization process.

2.3. FE-SEM analysis

The surface morphologies of P(PyrPy), P(Py), and P(PyrPy-co-Py) coated PGE are shown using different
magnifications in Figure 3. The surface morphologies of PGEs coated with P(PyrPy) and P(Py) have thin
and homogeneous structures (Figures 3a–3f). In contrast, because these modified electrodes do not have more
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Figure 1. Cyclic voltammograms of (a) PyrPy, (b) Py, and (c) PyrPy-co-Py obtained during polymerization at a scan
rate of 100 mV s−1 in ethanol (supporting electrolyte: 0.1 M TBABF4 ; number of scans: 10).

surface area, lower capacitance values were obtained compared to the P(PyrPy-co-Py)/PGE composite. In
Figures 3g–3i, the P(PyrPy-co-Py) film has a cauliflower-like nodule structure. The surface of the P(PyrPy-co-
Py) modified PGE displayed a more evenly distributed more porous and intense structure (Figures 3g–3i). This
is proof that the P(PyrPy-co-Py)/PGE composite has the highest value of capacitance due to having higher
surface area.

2.4. Electrochemical behavior of the modified electrodes
In order to evaluate the electrochemical behavior of modified electrodes, CV experiments were performed in
1 M H2SO4 electrolyte solution with a three-electrode system. Figure 4a shows a comparison of the cyclic
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Figure 2. The chronocoulomograms of (a) 0.001 M PyrPy and 0.05 M Py, (b) 0.05 M Py, and (c) 0.001 M PyrPy in
0.1 M TBABF4 /EtOH (applied potential: +800 mV; time: 300 s).

voltammograms of P(PyrPy-co-Py)/PGE, P(Py)/PGE, and P(PyrPy)/PGE in the potential range between –
0.3 and +0.3 V at a scan rate of 100 mV s−1 . In the absence of nonfaradaic processes, the cyclic voltammogram
of a supercapacitor should be rectangular in shape, which indicates typical EDLC behavior.50,51 By contrast,
pseudocapacitors (a type of supercapacitor different than EDLCs) are associated with fast faradaic processes that
involve reversible redox reactions or faradic charge transfer between the electrolyte and the electroactive species
on the electrode surface, and their CV voltammograms deviate from the ideal rectangular shape.52−54 As can be
seen in Figure 4a, the P(PyrPy-co-Py)/PGE and P(Py)/PGE curves exhibited a shape very close to rectangular
without any redox peaks, suggesting the good capacitive ability of the modified PGEs. The P(PyrPy-co-
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Figure 3. FE-SEM images of P(PyrPy) (a, b, and c), P(Py) (d, e, and f), and P(PyrPy-co-Py) (g, h, and i) modified
PGEs.

Py)/PGE composite has larger current response than P(Py)/PGE and P(PyrPy)/PGE, demonstrating a much
higher specific capacitance.

Figures 4b–4e show the CV curves of P(PyrPy-co-Py)/PGE, P(Py)/PGE, P(PyrPy)/PGE, and bare PGE
at different scan rates from 2 to 100 mV s−1 in H2SO4 electrolyte solution, respectively. The stable working
potential range was determined to be –0.3 to +0.3 V because P(PyrPy-co-Py)/PGE and P(Py)/PGE exhibit
a very close rectangular shape in this range. The current responses increased with increasing scan rates for all
modified electrodes. Furthermore, a linear relationship between flow responses and different screening rates was
observed for all modified electrodes, demonstrating that the faradic processes are diffusion-controlled.54 This
finding is consistent with the results obtained from the EIS analyses. In addition, P(PyrPy-co-Py)/PGE and
P(Py)/PGE exhibit a nearly rectangular shape at all scan rates, indicating their good capacitive behavior. In
contrast, a significantly distortion from rectangular shape and smaller areas of curves of P(Pyr)/PGE and bare
PGE indicate their inferior capacitive performance.55

The specific capacitance values of all the modified and bare PG electrodes can be calculated from the
CV curves using Eq. (), reported elsewhere:

Cs = (1/(mν∆V )) ∫ IdV, (1)

where Cs (F g−1) represents the specific capacitance, m (g) is the mass of the active material in the electrodes,
∫

IdV (AV) is the total integrated area of charge and discharge curve of the CV curve,v (V s−1) is the potential
scan rate, and ∆V (V) is the potential window of the CV curve.56,57 From CV experiments, the specific
capacitance values of P(PyrPy-co-Py)/PGE, P(Py)/PGE, P(PyrPy)/PGE, and bare PGE were calculated as
397.18, 100.93, 15.75, and 0.000741 F g−1 at a scan rate of 2 mV s−1 , respectively (Figure 4f). In addition,
at the high scan rate of 100 mV s−1 these values were obtained as 171.88, 67.82, 1.43, and 0.000236 F g−1 ,

963



GÖRÇAY et al./Turk J Chem

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

-0.4

-0.2

0.0

0.2

0.4

(a)
I 

(m
A

)

Potential (V)

 P(PyrPy-co-Py)/PGE

 P(Py)/PGE

 P(PyrPy)/PGE

-0.3 0.0 0.3 0.6

-0.30

-0.15

0.00

0.15

0.30
(b)

I 
(m

A
)

Potential (V)

  100 mV s-1

  80 mV s-1

  60 mV s-1

  40 mV s-1

  20 mV s-1

  10 mV s-1

  5 mV s-1

  2 mV s-1

-0.3 0.0 0.3 0.6

-0.06

-0.03

0.00

0.03

0.06
(c)

  100 mV s-1

  80 mV s-1

  60 mV s-1

  40 mV s-1

  20 mV s-1

  10 mV s-1

  5 mV s-1

  2 mV s-1

I 
(m

A
)

Potential (V)

-0.3 0.0 0.3 0.6

-0.002

0.000

0.002

0.004

0.006 (d)

  100 mV s-1

  80 mV s-1

  60 mV s-1

  40 mV s-1

  20 mV s-1

  10 mV s-1

  5 mV s-1

  2 mV s-1

I 
(m

A
)

Potential (V)

-0.3 0.0 0.3 0.6

-0.001

0.000

0.001

0.002

0.003

0.004

0.005
(e)

  100 mV s-1

  80 mV s-1

  60 mV s-1

  40 mV s-1

  20 mV s-1

  10 mV s-1

  5 mV s-1

  2 mV s-1

I 
(m

A
)

Potential (V)

0 20 40 60 80 100

0

200

400

600
(f)

 P(PyrPy)/PGE

 bare PGE

S
p

ec
if

ic
 c

ap
ac

it
an

ce
 (

F
/g

)

Scan rate (mV/s)

 P(PyrPy-co-Py)/PGE

 P(Py)/PGE

 P(PyrPy)/PGE

 bare PGE

0 20 40 60 80 100

0

5

10

15

20

S
p
e
c
if

ic
 c

a
p
a
c
it

a
n
c
e
 (

F
/g

)

Scan rate (mV/s)

Figure 4. (a) Cyclic voltammograms of P(PyrPy-co-Py)/PGE (•), P(Py)/PGE (▲), and P(PyrPy)/PGE (■) in 1 M
H2 SO4 at a scan rate of 100 mV s−1 ; (b) CV curves of P(PyrPy-co-Py)/PGE; (c) CV curves of P(Py)/PGE; (d) CV
curves of P(PyrPy)/PGE; (e) CV curves of bare PGE at different scan rates ranging from 2 to 100 mV s−1 in H2 SO4 ;
(f) specific capacitance values of all electrodes as a function of scan rate from 2 to 100 mV s−1 .
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respectively. The highest specific capacitance value achieved at all scan rates for P(PyrPy-co-Py)/PGE is due
to the many advantages of P(PyrPy-co-Py) film, such as porous structure, higher surface area, and higher
conductivity. As shown in Figure 4f, the specific capacitance values of all electrodes gradually reduced as the
scan rates increased from 2 to 100 mV s−1 . The presence of internal active sites that cannot complete faradaic
transitions at higher scan rates causes such a decrease in capacitance. There are probably incomplete faradaic
transitions due to the diffusion effect of the ions in the electrode. The diminishing capacitance indicates that
parts of the electrode surface are not accessible at high scan rates.58 These capacitance values are different
from the values obtained by EIS and GCD measurements for all electrodes. It can be considered that cyclic
voltammetry, EIS, and GCD methods will not provide similar results depending on the different parameters
measured in each case.47 As a result, the best results were obtained for the PGE with modified P(PyrPy-co-Py)
film compared to P(Py)/PGE, P(PyrPy)/PGE, and bare PGE.

The capacitive property or the charge storage mechanism of the conducting polymers or copolymers
can be explained by their faradaic properties that are related to the anion and cation insertion/extraction
processes. A− denotes the anions of the electrolyte in the reaction. The SO2−

4 ions situated in the supporting
electrolyte easily diffuse into and out of the copolymer chain during faradaic processes in order to neutralize the
immobilized charge of the P(PyrPy-co-Py) film by the insertion of anions. The anodic and cathodic faradaic
processes indicate the release and incorporation of sulfate ions to the copolymer chain.59 The faradaic reaction
can be demonstrated as in Scheme 2.

P(PyrPy-co-Py) + A-
Charging

Discharging
P(PyrPy-co-Py)+ A- + e-

Scheme 2. Faradaic reaction of P(PyrPy-co-Py) film.

2.5. Electrochemical impedance spectroscopy measurements
The electrochemical behaviors of all electrodes at the electrode–electrolyte interface were investigated by EIS
(Figure 5). Figure 5a displays the Nyquist spectra of P(PyrPy-co-Py), P(Py), and P(PyrPy) composite PG
electrodes recorded in 1 M H2SO4 under potential amplitude of 10 mV and frequency of 0.01 Hz to 100 kHz.
In the high frequency region, the intercept of the Nyquist curve on the real axis gives the solution resistance
(Rs) , which is the resistance in contact with the electrode and the electrolyte.60 The presence of the semicircle
indicates charge transfer resistance (Rct) at the electrode–electrolyte interface that is obtained from diameter
of the semicircle in the high frequency region.61 At the low frequency region the 45◦ slope of the straight line
of the Nyquist plots is the Warburg resistance (W), which results from diffusion of ions in the electrolyte.62

According to the EIS spectra, semicircles were observed at the high frequency region for P(PyrPy-co-Py) and
P(Py) composite electrodes. The Rct values were about 2 Ω for these electrodes, which suggests that the
interfacial charge-transfer resistances were quite low. This was also attributed to fast ion and electron transfer
in the electrodes. It is obvious that bare PGE exhibited a much larger Rct than other electrodes due to low
conductivity, which hinders its electrochemical properties (Figure 5b)63 . The slope of P(PyrPy-co-Py)/PGE
was larger than that of the P(Py) and P(PyrPy) composite electrodes in the low frequency region. This result
indicates the low diffusion resistance of the electrolyte ions in the electrode structure, which shows the high
specific surface area of the copolymer supports better capacitive behavior of P(PyrPy-co-Py) compared to P(Py)
and P(PyrPy) modified electrodes.
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Figure 5. The Nyquist spectra of (a) P(PyrPy-co-Py)/PGE (•), P(Py)/PGE (■), and P(PyrPy)/PGE (▲); (b) bare
PGE (♦); (c) Bode magnitude plots versus log frequency of all electrodes; (d) Bode plots of phase angle versus log
frequency of all electrodes in 1 M H2 SO4 .

The low frequency capacitance (C) values of all modified PGEs and bare PGE (at 0.01 Hz) were calculated
from the imaginary component (Z im) of the impedance at low frequencies by using the following equation:

C = (2πfZim)−1, (2)

where C is the capacitance, Z im is the imaginary component of impedance, and f denotes the frequency.64

The specific capacitance values of P(PyrPy-co-Py)/PGE, P(Py)/PGE, and P(PyrPy)/PGE composites were
calculated as 109.46 F g−1 , 35.82 F g−1 , 10.19 F g−1 , and 0.0029 F g−1 , respectively. According to the
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obtained results from EIS analyses, P(PyrPy-co-Py)/PGE exhibits the highest specific capacitance value when
compared to (PyrPy)/PGE, P(Py)/PGE, and bare PGE.

The magnitude of the impedance (Z) versus the log frequency values is shown in Figure 5c. The lowest
impedance value was obtained for P(PyrPy-co-Py)/PGE, which is due to its better capacitive property. Figure
5d represents the Bode phase angle plot, which is important for explaining the quality of the active electrode
material. An ideal capacitor indicates an exact –90◦ phase angle at low frequencies.65,66 In general, phase angles
approaching –90◦ confirm better capacitive properties and fast charge-discharge processes. From Figure 5d,
the phase angle values are found to be –84.60◦ , –82.47◦ , –73.82◦ , and –12.59◦ in the low frequency region for
P(PyrPy-co-Py)/PGE, P(Py)/PGE, (PyrPy)/PGE, and bare PGE, respectively. The obtained results indicate
that P(PyrPy-co-Py)/PGE has the best capacitive property compared to the (PyrPy)/PGE, P(Py)/PGE, and
bare PGE.

2.6. Galvanostatic charge-discharge experiments

Galvanostatic charge-discharge tests of the prepared composite electrodes were carried out in a potential range of
–0.3 to +0.3 V with a three-electrode system at a current density of 2 A g−1 . Figure 6 shows the galvanostatic
discharge curves of P(PThPy-co-Py)/PGE, P(Py)/PGE, and P(PyrPy)/PGE in 1 M H2SO4 at a current
density of 2 A g−1 . The capacitance values of the modified PGEs can be calculated by the obtained galvanostatic
discharge curves in Figure 6 according to Eq. (3):
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Figure 6. Galvanostatic discharge curves of P(PThPy-co-Py)/PGE (•), P(Py)/PGE (■), and P(PyrPy)/PGE (▲) in
1 M H2 SO4 at a current density of 2 A g−1 .

C = I∆t/∆V, (3)

where C (F) is the capacitance of the electrode, I is the constant discharge current (A), ∆t (s) is the discharge
time, and ∆V (V) is the potential window.67 The specific capacitance, Cm (F g−1) , is obtained by dividing
the capacitance by the mass of the difference of the PGE before and after electrodeposition.
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According to the above equation, the specific capacitance values of P(PyrPy-co-Py)/PGE, P(Py)/PGE,
and P(PyrPy)/PGE were found to be 178 F g−1 , 65 F g−1 , and 0.8 F g−1 at 2 A g−1 constant current density,
respectively (Figure 7a). Compared with P(Py)/PGE and P(PyrPy)/PGE, the highest specific capacitance
obtained at the P(PyrPy-co-Py)/PGE composite can be attributed to the high conductivity of P(PyrPy-co-Py)
film, the fast insertion/extraction of doping ions in P(PyrPy-co-Py)/PGE, and the high effective surface area
of the P(PyrPy-co-Py) composite PGE.
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Figure 7. (a) Specific capacitance values (specific capacitance of P(PyrPy)/PGE (■) is also shown as inset) and (b)
capacitance retention of P(PyrPy-co-Py)/PGE (•), P(Py)/PGE (▲), and P(PyrPy)/PGE (■) in 1 M H2 SO4 at a
constant current density of 2 A g−1 for 1000 cycles.

In the literature, various electrode materials have been reported for supercapacitor applications. Among
these studies, polypyrrole (PPy), polyphenylpyrrole (PPhPy), and polymethoxyphenylpyrrole (P(MPhPy)) were
synthesized electrochemically onto carbon fiber microelectrodes by Sarac et al.68 The specific capacitance values
for these electrodes were calculated as 0.44 F g−1 , 0.038 F g−1 , and 0.046 F g−1 , respectively. Ates et al.
reported a PPy/CuO nanocomposite synthesized by electrochemical method onto a glassy carbon electrode and
found a specific capacitance value of 20.78 F g−1 at 5 mV s−1 scan rate in H2SO4 electrolyte solution.69 In
another work, a fiber-shaped carbon nanotube polypyrrole electrode was electrochemically prepared and the
specific capacitance value of this electrode was obtained as 56 F g−1 in polyvinyl alcohol/H2SO4 gel electrolyte
including hydroquinone at 0.2 A g−1 constant charge-discharge current density.70 Biswas and Drzal developed
a nanoarchitecture of a graphene nanosheets and polypyrrole nanowires composite electrode, which exhibits
165 F g−1 specific capacitance at 1 A g−1 discharge current density.71 Wolfart et al. electrosynthesized an
imidazole modified poly(pyrrole) copolymer onto stainless steel and reported the specific capacitance reached
201 F g−1 at 10 mV s−1 in 1 M H2SO4 electrolyte solution.72 It is concluded that the specific capacitance
value obtained for P(PyrPy-co-Py)/PGE is satisfactory compared to those of other similar structures from the
literature.

Figure 7b displays the capacitance retention of P(PyrPy-co-Py)/PGE, P(Py)/PGE, and P(PyrPy)/PGE
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in 1 M H2SO4 at a constant current density of 2 A g−1 . As shown in Figure 7b, the capacitance retentions
of P(Py)/PGE and P(PyrPy)/PGE were reserved by 62% and 53% after 1000 charging-discharging cycles,
respectively. However, the P(PyrPy-co-Py)/PGE composite has a higher capacitance retention value at 64%
after 1000 cycles. These results demonstrate that the copolymer modified PGE has enhanced cycling stability.

2.7. Conclusions
A facile and inexpensive method has been reported to produce a new P(PyrPy-co-Py) conductive film consisting
of the direct electrosynthesis of 1-pyrenyl-2,5-di(2-thienyl)pyrrole and pyrrole on a PGE as electrode material
for supercapacitors. 1-Pyrenyl-2,5-di(2-thienyl)pyrrole (PyrPy) was synthesized chemically and characterized
by 1H NMR and 13C NMR spectroscopic techniques. Electrochemical deposition of a new P(PyrPy-co-Py)
thin film was carried out on the PGE by using chronocoulometry and it was used as electrode material for
electrochemical supercapacitors for the first time in the present study. The morphological properties of the
copolymer and homopolymer modified electrodes were studied by scanning electron microscopy technique.
The capacitive behaviors of the modified electrodes were examined by cyclic voltammetry, EIS, and GCD
experiments. It has been demonstrated that the P(PyrPy-co-Py)/PGE had an enhanced specific capacitance
value compared to pure P(Py) and P(PyrPy) modified electrodes, resulting from its better electrochemical
features. Specific capacitance of 397.18 F g−1 was achieved for the P(PyrPy-co-Py)/PGE composite, which was
almost 4-fold higher than 100.93 F g−1 for P(Py)/PGE and 25-fold higher than 15.75 F g−1 for P(PyrPy)/PGE
composite in 1 M H2SO4 at a scan rate of 2 mV s−1 . Because the P(PyrPy-co-Py)/PGE composite has better
electrochemical performance than pure P(Py)/PGE and P(PyrPy)/PGE, it can be proposed as an electrode
material for electrochemical energy storage devices.

3. Experimental
3.1. Materials and chemicals
Thiophene (Fluka, ≥98%), succinyl chloride (Sigma-Aldrich, 95%), dichloromethane (HPLC grade, 99.9%),
aluminum chloride (AlCl3 , Fluka, 98%), sodium bicarbonate (NaHCO3 , Fluka, ≥99.9%), magnesium sulfate
(MgSO4 , Across, 97%), 1-aminopyrene (Sigma-Aldrich, 95%), paratoluene sulfonic acid (p -TSA, Fluka, 99%),
toluene (Carlo Erba, 99%), sulfuric acid (H2SO4 , Sigma-Aldrich, 98%), tetrabutylammonium tetrafluoroborate
(TBABF4 , Sigma-Aldrich, 99%), and ethanol (Sigma-Aldrich, ≥99.8%) were of analytical grade and used
without further purification. Glassware was routinely oven-dried at 110 ◦C for a minimum of 4 h. Column
chromatography was performed on silica gel, 70-230 mesh. Pyrrole (Fluka, ≥97%) was freshly distilled. Aqueous
solutions were prepared by using ultrapure deionized water (Sartorius).

3.2. Equipment

NMR spectra of the monomer were recorded on a DD2 400 MHz spectrometer (1H at 400 MHz and 13C at
100 MHz) in CDCl3 with TMS as the internal standard. Preparation of modified electrodes was performed
using a VoltaLab PGZ402 controlled by VoltaMaster 4 software. CV experiments, EIS measurements, and
charge-discharge experiments of modified electrodes were carried out using a Gamry Instruments Reference
3000.

The surface morphologies of the prepared electrodes were observed with an ultrahigh resolution field
emission scanning electron microscope (Zeiss-Ultraplus) at an accelerating voltage of 15 kV.
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3.3. Chemical synthesis of 1-pyrenyl-2,5-di(2-thienyl)pyrrole

1,4-Di(2-thienyl)-1,4-butanedione was synthesized by a previously reported method.73 A solution of 500 mg
(2 mmol) of 1,4-di(2-thienyl)-1,4-butanedione, 434 mg (2 mmol) of 1-aminopyrene, and a catalytic amount of
p -TSA in dry toluene was refluxed in a Dean-Stark apparatus until all the starting materials disappeared on
TLC. The flask was cooled and the solvent was removed under reduced pressure. The residue was placed in a
silica gel column with dichloromethane to give the pure PyrPy derivative. The synthetic route of the PyrPy is
shown in Scheme 3.

Scheme 3. Synthetic route of 1-pyrenyl-2,5-di(2-thienyl)pyrrole.

Yield: 64%; orange solid; mp = 244–246 ◦C. 1H NMR (400 MHz, CDCl3) : δ (ppm) 8.24 (t, J = 7.8
Hz, 2H), 8.16 (q, J = 7.5 Hz, 3H), 8.04 (d, J = 8.0 Hz, 2H), 7.99 (d, J = 9.2 Hz, 1H), 8.07 (d, J = 9.6 Hz,
1H), 6.78–6.76 (m, 3H), 6.54 (t,J = 4.0, 2H), 6.35 (d, J = 3.6 Hz, 2H). 13C NMR (100 MHz, CDCl3) : δ (ppm)
134.7, 132.1, 132.0, 131.4, 131.1, 131.0, 130.1, 129.3, 128.6, 128.0, 127.0, 126.7, 126.5, 125.9, 125.9, 124.9, 124.3,
123.6, 123.6, 122.1, 109.7.

3.4. Preparation of modified electrodes

Electrodeposition of P(PyrPy-co-Py), P(Py), and P(PyrPy) proceeded at the surface of PGEs by chrono-
coulometry. A conventional three-electrode system was used for all measurements; PGEs were used as the
working electrode. A silver wire and a platinum wire were used as the reference electrode and counter electrode,
respectively. All electrochemical experiments were carried out under ambient conditions.

A Noki pencil, Model 2000 (Japan), was used as a holder for graphite leads (Tombow, HB, 0.5 mm
diameter, Japan). Electrical contact with the lead was obtained by soldering a metallic wire to the metallic
part. PGEs were washed with water and ethanol to remove the impurity and dried at room temperature before
the experiments. Then the PGE was immersed in the polymerization solution. The modified electrodes were
obtained by electrodeposition on the surface of the working electrodes in ethanol solutions of 0.1 M TBABF4 .
Electrochemical deposition was performed using a VoltaLab PGZ402 controlled by VoltaMaster 4 software.

3.5. Electrochemical impedance spectroscopy

EIS measurements were performed in 1 M H2SO4 electrolyte solution at room temperature using a conventional
three-electrode cell configuration. In all impedance measurements, modified PGEs, silver wire, and platinum
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wire were used as working, counter, and reference electrodes, respectively. The electrochemical cell was
connected to a potentiostat (Gamry Reference 3000) interfaced to a computer. EIS measurements were recorded
in the frequency range from 100 kHz to 10 mHz at open circuit potential with an alternate current amplitude
of 10 mV.

3.6. Morphological analysis
The morphological features of the modified electrodes were exhibited with an ultrahigh resolution field emission
scanning electron microscope (Zeiss-Ultraplus) at an accelerating voltage of 15 kV. The graphite electrodes were
attached on a metal holder by use of double-sided carbon tape. FE-SEM measurements were carried out via
the Zeiss-Ultraplus.
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