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Polyaniline (PANi) and poly(N-methylaniline) (PNMA) films have been successfully synthesized on
pencil graphite electrode (PGE) using cyclic voltammetry (CV) from acetonitrile (ACN) solution of
0.1 M tetraethylammonium tetrafluoroborate (TEABF,) and 0.1 M monomer. These polymers have
been characterized by scanning electron microscopy (SEM), CV and Mott-Schottky (MS) analysis.
The electrochemical storage properties of PGE coated with PANi (PGE/PANI) and PNMA
(PGE/PNMA) have been evaluated using CV, potentiostatic electrochemical impedance spectroscopy
(EIS) and charge-discharge measurement. In addition, the voltage range has been determined. By this
way, it is suggested for which kind of technological devices supercapacitor can be used as a circuit
element. CV and potantiostatic EIS show that the specific capacitance of the PGE/PNMA is higher
than the PGE/PANI. On the other hand, according to charge-discharge tests, the PGE/PNMA has better
charge-discharge stability than the PGE/PANI.
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1. INTRODUCTION

Supercapacitors, also called ultracapacitors or electrochemical capacitors, are important energy
storage devices having higher energy density and higher power density compared to batteries and
conventional capacitors, respectively [1-3]. They differ from other energy storage devices in their
special energy storage process, including faradaic process and capacitive process, lead to their
significantly improved energy density and power density [4-6]. Depending on the charge storage
mechanism, supercapacitors can be classified in two categories. The electrical double layer capacitor
utilizes mainly the separation of the electronic and ionic charges at the interface between electrode
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materials and the electrolyte solution [6,7]. Another type of supercapacitor, referred to as a
pseudocapacitor, provides its capacitance from faradaic redox reactions occurring within the active
materials of electrode [8,9]. Supercapacitors can storage and release energy based on single process or
both processes, depending on the nature of electrode active materials [10]. Therefore, electrode active
materials play an important role in the performance of supercapacitors. Carbon materials such as
carbon nanotubes, active carbon and graphite with high surface area have been widely investigated as
electrical double layer capacitors [11]. The typical electrode active materials based on pseudocapacitor
are transition metal oxides and electrically conducting polymers [12,13]. Among these, as an ideal
candidate for pseudocapacitor electrode, electrically conducting polymers are attractive, due to their
good electrical conductivities, electrochemical reversibility, fast switching properties, low toxicities
and low costs (compared with the relatively expensive transition metal oxides) [14,15]. While carbon
materials have a long cycle life, the poor energy storage capacity and limiting rate capability of
carbonaceous materials restrict their applications [10]. On the other hand, the disadvantages of
electrically conducting polymers include a lower cycle life in charge-discharge than carbonaceous
materials because the redox sites in the polymer backbone are not sufficiently stable for many repeated
redox processes [16-18]. Therefore, more and more intensive efforts have been devoted to develop
supercapacitor electrode active materials which can combine the advantages of both electrical double
layer capacitor and pseudocapacitor. Such supercapacitors have demonstrated improvement in the
electrical performance [19,20].

Renewable PGE are more preferable materials than other carbonaceous materials because of
their low costs and disposable properties and they have been available as writing tools for many years.
They don’t require cleaning processing. Therefore, creating a new surface of electrode is easy and fast
and reproducibility of these electrodes is high. On the other hand, PANi and its derivatives have been
considered promising materials in energy storage applications [21-23], and are used in supercapacitor
as electrode active materials with high faradaic pseudocapacitance [24] due to the existence of several
oxidation structures [25].

In this study, PANi and PNMA were firstly synthesized on PGE using cyclic CV in ACN
solution. Secondly, electrochemical characterizations of the obtained polymers were done using CV
and MS methods and the surface morphologies of the PGE/PANi and the PGE/PNMA were
characterized by SEM. Thirdly, to investigate the ability of these electrodes to serve as supercapacitor
electrode active material, electrochemical storage properties of these electrodes were examined. Thus,
CV and potentiostatic EIS were used to calculate capacitance (C, F), the area-specific capacitance (Cs,
Fcm™) and the mass-specific capacitance (Cms, Fg™). In the real applications, the Cas is a better
indicator of the performance of supercapacitor, although the C,s have always been used in the
literature for comparison of the performance of supercapacitor [26]. The cycle durabilities and voltage
ranges of these electrodes were determined using repeating chronopotentiometry (RCP) method. There
is no report in available literature dealing with the direct deposition PANi and PNMA on PGE from
ACN solution and availability as supercapacitor electrode active materials of the PGE/PANI and the
PGE/PNMA. Therefore we are investigating possibility of utilizing the PGE/PANi and the
PGE/PNMA as alternative to other investigated materials for supercapacitor applications.
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2. EXPERIMENTAL

2.1. Chemicals and apparatus

Aniline (ANi) (99.5%) and N-methylaniline (NMA) (98.0%) monomers were purchased
Aldrich Chemical Company. All monomers were vacuum-distilled and maintained under nitrogen
atmosphere before use. ACN (99.0%) and TEABF, (99.0%) were purchased Sigma Aldrich and Fluka,
respectively.

The conventional three-electrode system was used for all electrochemical experiments. PGE,
platin wire and silver wire were used as working electrode, counter electrode and pseudo reference
electrode, respectively. PGE was Tombo leads with a diameter of 0.50 mm. The PGE was prepared by
cutting the leads into 3 cm long sticks and 1 cm (area 0.16 cm?) was dipped in electrolyte. A Rotring
Tikky pencil model was used as a holder for PGE. Electrical contact with the PGE was obtained by
soldering a metallic wire to the metallic part of the holder. All electrodes were cleaned in ACN using
ultrasonic bath (Bandelin Sonarex) and dried before each experiment. The all electrochemical
measurements were carried out using A Gamry 3000 potentiostat/galvanostat/ZRA system
(Wilmington, USA) and obtained datas were analyzed using Gamry CMS-300 (version 5.50b)
framework/analysis software. All experiments were carried out at 25 °C and at open air atmosphere.

2.2. Electrochemical synthesis of PANi and PNMA

The PANI and the PNMA films were synthesized by electrochemical polymerizations of ANi
and NMA on PGE from ANi and NMA containing ACN solutions using CV in the potential region
between -0.20 V and +0.90 V versus Ag/AgCl at 50 mVs™ scan rate over 15 cycles. After
electrochemical polymerizations PGE/PANi and PGE/PNMA was removed from the polymerization
medium and rinsed with ACN to remove residues and dried in air.

2.3. Characterization of PANi and PNEA films

The surface morphologies of uncoated PGE, PGE/PANi and PGE/PNMA were investigated by
means of SEM (Zeiss Ultra Plus Field Emission Scanning Electron Microscope).

Electrochemical characterizations of PANi and PNMA films were done in monomer free
solution. CV method was used to research electro-kinetic behavior and electrochemical stability. To
estimate electro-kinetic behavior, cyclic voltammetric curves were recorded in the potential of -0.20 V
to +0.90 V at different scan rates ranged from 50 mVs™ to 350 mVs™. To determine electrochemical
stability, cyclic voltammetric curves were recorded in the same potential at scan rates of 50 mVs™ for
100 cycles. Doping types of the polymer films were determined via MS method. MS measurements
were carried out in the potential range of -1.00 V to -0.20 V at 10* Hz.
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2.4. Determination of electrochemical storage properties

CV, potentiostatic EIS and RCP methods were used to determine electrochemical storage
properties of the PGE/PANi and the PGE/PNMA. CV measurements were carried out using above
procedure and C4s and Cps Values for different scan rates were calculated. The capacitance values were
evaluated using the relation [27]:

c-! (1)
S

where is “i” is the current and “s” is scan rate.

Potentiostatic EIS properties were characterized at open circuit potential (OCP) in the
frequency range 10° to 10”2 Hz in monomer free solution of same electrolyte. The capacitance values at
low frequency called as the low frequency capacitance (C.g) were evaluated using the relation [28]:

1
Cir :_E (2)

where ® (= 2xf) is the angular frequency and Z" is the imaginary part of the total complex
impedance.

The C,s values of the electrodes are obtained by dividing the capacitance to area dipped in
electrolyte. The Cps values of the electrodes are obtained by dividing the capacitance to weight dipped
in electrolyte [29,30].

Charge-discharge behaviors, also called as cycle durability of the PGE/PANi and the
PGE/PNMA were investigated in monomer free solution using RCP method at £2 mA current for 1000
cycles. The specific power (SP, Wkg™) and the specific energy (SE, Whkg™) can be calculated from
charge-discharge using the following relationships [31,32]:

p IAE (3)
m

SE = TtAE (4)
m

where I, t and m are the discharge current, discharge time and mass of electrode active
materials, respectively.

3. RESULT AND DISCUSSION

3.1. Electrochemical synthesis PANi and PNMA on PGE

Electrochemical synthesis can be carried out for the polymerization of ANi and its derivatives;
(i) by controlling the anodic current (galvanostatic method), (ii) by holding the applied potential at
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certain value (potentiostatic method) and (iii) by scanning the applied potential within a certain
potential region (potentiodynamic method). The electro-oxidation of ANi and its derivatives by
continuous cycling between the predetermined potentials produces an even polymeric film which

firmly adheres on the electrode surface [33-36].
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Figure 1. Cyclic voltammograms of the ACN solution containing 0.1 M TEABF, and 0.1 M AN (scan
rate: 50 mVs?, cycles: 15).
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Figure 2. Cyclic voltammograms of the ACN solution containing 0.1 M TEABF, and 0.1 M NMA
(scan rate: 50 mVs™, cycles: 15).
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PGE/PANI and PGE/PNMA were formed by loading PANi and PNMA on bare PGE using CV
in 0.1 M monomer and 0.1 M TEABF, containing ACN solution, respectively. Fig. 1 and 2 show
cyclic voltammograms of PANi and PNMA recorded between -0.20 V and +0.90 V, with a scan rate of
50 mVs™ for 15 cycles. For first scan, oxidation waves attributed to the oxidation of monomers appear
starting at about +0.74 V and +0.60 V for ANi and NMA, respectively. The intensity of oxidation
waves gradually decreases during subsequent scans. Starting with the second cycle, new one oxidation
and one reduction peaks which belong to polymer formation were appeared. The oxidation peaks were
observed at +0.36 V and +0.33 V and the reduction peaks were observed at +0.02 V and +0.08 V for
PANi and PNMA, respectively. The peak current values associated with oxidation and reduction of
PANi and PNMA increase with increasing scan number. This result indicates growth electroactive
PANi and PNMA films on PGE surface [37, 38].

3.2. Surface morphologies of PGE/PANi and PGE/PNMA

Figure 3. SEM images (a) uncoated PGE, (b) PGE/PANI and (c) PGE/PNMA.

The surface morphologies of uncoated PGE, PGE/PANi and PGE/PNMA were investigated by
SEM and corresponding results were given in Fig. 3a-c. The SEM micrograph of uncoated PGE is also
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shown in Fig. 3a for purpose comparison. As can be seen from this figure, the surface morphology of
bare PGE is relatively uniform and rough and shows the presence of regularly ordered graphite layers.
This rough and porous surface can be covered with the polymer film when the number of growth
cycles is equal to fifteen (Fig. 3b-c). As shown in Fig. 3b, the irregular and heterogeneous masses
belong to PANI can be seen on the surface of PGE/PANI. When the morphologies of PGE/PANI and
PGE/PNMA are compared, it can be said that PGE/PNMA (Figure 3.c) has a similar structure with
PGE/PANI. The PANi and PNMA films have a porous structure with flakes and this enables easy
access for ions to access the electrodelelectrolyte interface, which is a very important factor for the
faradaic reactions [39]. This might enhance the electrochemical activity of polymer layers beneficial
for the construction of high energy or high power energy sources.

3.3. Electrochemical characterization of PANi and PNMA

After electrochemical synthesis of PANi and PNMA films, their redox behaviors were
investigated in monomer free solution by CV. Fig. 4a-b presents cyclic voltammograms of PANi and
PNMA on PGE at different scan rates ranged from 50 to 350 mVs™ in the potential region between -
0.20 V to +0.90 V. Fig. 5a-b shows anodic and cathodic peak current densities (obtained from Fig. 4a-
b) associated with the oxidation and reduction of PANi and PNMA films as a function of the square
root of scan rate and scan rate. As shown in Fig. 5a-b, linear relationships of anodic and cathodic peak
current densities versus the square root of scan rate indicate that the electron transfer in both systems is
essentially diffusion-controlled process [40]. A linear relationship between anodic and cathodic peak
current densities and scan rate demonstrates that PANi and PNMA films are well adherent [41]. As
shown, the slopes of the lines which are directly proportional with electroactivities of polymer films
confirm that the PNMA film is more electroactive than PANi films [42].
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Figure 4. Cyclic voltammograms of (a) PANi and (b) PNMA films at different scan rates in ACN

solution containing 0.1 M TEABF,.

50.00
40.00
30.00
20.00

10.00

i (MAcm™)

0.00

-10.00 .

-20.00

-30.00

y=288x-738
* Ri=09954
.
.
. 60.00
. 50.00 .
10,00 . *
~ 3000 . * )=;2111D1x9+s49:91
‘B 2000 . 5
I w00 *
oo - y= 0045 598
1000 * .. R2=0.9757
2000 ¢ e .
-30.00 4 , . : ‘
* 000 10000 20000 30000 400.00
. s
* * . ¥ (mVs’)
y=-1.10x + 0.68
R2=09981

5.00 7.00 9.00

(@

50.00
40.00 -
30.00 -
20.00 4
10.00 + *

0.00 -

i (Acm™)

-10.00 -
-20.00 | .
-30.00

-40.00

-50.00

11.00 13.00 15.00 17.00 19.00 21.00 23.00 25.00

v 12 (m‘ys—l)]t‘l

y=3.07x-1339

* *  R-0990
.
. 50.00
. 40.00 . *
50.00 e ¥y-0imram
2 . R*=0.808
~ ] o *
i .
E o
2 w00y
2000 . y=-0.08x-1179
-30.00 * . . RI=0.9852
-40.00 . .
-30.00 +
. 000 10000 20000 30000  400.00
. v (mVs™)
.
.

e Y= 222+ 153
R*=0.9988

: .
6.00 800  10.00
(b)

T T T T T T )
12.00  14.00 16.00 18.00 2000  22.00  24.00
12 o1y 172
v (mVsT)

Figure 5. Plots of anodic and corresponding cathodic peak densities versus the square root of scan rate
of the (a) PANi and (b) PNMA films up to 350 mVs™ in ACN solution containing 0.1 M
TEABF, (Inset: plots of anodic and corresponding cathodic peak densities versus the scan rate
of the (a) PANi and (b) PNMA films up to 350 mVs™ in ACN solution containing 0.1 M

TEABF,).
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Figure 6. Stability tests for (a) PANi and (b) PNMA in ACN solution containing 0.1 M TEABF, (scan
rate: 50 mVs, cycles: 100).

This result can be related to methyl groups combined with the nitrogen atoms in the PNMA
polymer chain suppress the hydrolytic segmentation of the chain due to the electronic inductive effect
and the methyl groups enhance the affinity between PNMA and dissolved organics [43].

The stability of conducting polymer in reduced and oxidized state is an important parameter for
technological applications. The main reason that determines the lifetime of a conducting polymer is the
chemical stability of the matrix itself. Fig. 6a-b shows the voltammograms for stability tests for PANI
and PNMA films in monomer free solution at a scan rate of 50 mVs™ for 100 cycles in the potential
range which polymer films were coated. Differences between initial and final anodic peak current
density (Alp,) values were used to determine the stabilities of the films. If the PANi and PNMA films
exhibit minimum decrease in Ip, on repetitive cycling, the films are electrochemically most stable
[44,45]. Alp, values of the obtained films calculated from Figure 6(a-c) are 2.44 pAcm™? and 0.56
nAcm? for PANi and PNMA, respectively. It can be concluded that the PNMA film is more
electrochemically stable than the PANI film.

Doping types of polymer films are determined the insertion of counter-ions coming from the
electrolyte. While counter ion is anion or cation, doping types of polymer are p-type or n-type,
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respectively [2, 46]. In our case, counter ion is tetrafluoroborate (BF;) anion coming from 0.1 M
TEABF4/ACN electrolyte. This process have been seen from below reaction.

n(ANi) + nBF,;, — [PANi* (BF,)], + ne’

At the same time, MS behaviors of the PANi and PNMA coated on PGE give information
about doping types of conducting polymers. MS plot is inverse square of capacitance, versus
semiconductor electrode potential. Doping types of polymer can be determined by slope of the straight
line of MS plots [47]. Negative slope shows p-type doping, positive slope shows n-type doping. MS
experiments were performed in monomer free solution in the potential range of -1.00 V to -0.20 V at
10* Hz in monomer free solution and samples were equbilirated at an OCP for 600 s before each
experiment and were given in Fig. 7a-b. As expected for a p-type doping, the MS slopes of the PANI
and the PNMA films are negative (Fig. 7a-b) [48, 49].
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Figure 7. Mott-Schottky plots of (a) PANi and (b) PNMA films in ACN solution containing 0.1 M
TEABF,.
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3.4. Electrochemical storage properties of PGE/PANi and PGE/PNMA

The potential for using PGE/PANi and PGE/PNMA as electrode active materials for
supercapacitor was investigated using CV, potentiostatic EIS and RCP techniques in monomer free
solution. CV is considered an ideal tool for the characterization of electrochemical storage properties
of any material. The cyclic voltammetric curves which were given in Fig. 4a-b, were used to evaluate
effect of the scan rate on the specific capacitance. As can be seen from Fig. 4a-b, the area under curves
was increased with the scan rate. This shows that the CV currents are directly proportional to the scan
rates of CV, which demonstrates an ideal capacitive behavior [50-52]. The C,s and the Cp,s values of
the PGE/PANI and the PGE/PNMA calculated by Eq. (1) from Fig 4a-b were given in Table 1.

Table 1. Specific capacitance values of PGE/PANi and PGE/PNMA in ACN solution containing 0.1
M TEABF, at the different scan rates.

PGE/PANI PGE/PNMA

Scan Rate, mVs™  Cas, uFem™  Cps, MFG™  Cas, pFem™  Crns, MG
50 2920.75 35.21 3572.00 44.27

100 1403.77 16.92 1786.00 22.14

150 935.85 11.28 1190.00 14.76

200 733.33 8.84 893.08 11.06

250 561.51 6.77 714.47 8.85

300 467.92 5.64 595.39 7.73

350 401.07 4.83 510.33 6.32

It can be seen from Table 1 that the specific capacitance values decrease gradually with the
increasing of the scan rate, this attributes to diffusion limitation of the electrolyte in pores of the PANi
and the PNMA films. It is well known that the redox reactions on the PANi and the PNMA mainly
attend by the doping-undoping counter ion (BF4) in the matrix of the polymer. Counter ions which are
diffused from the electrolyte have access to almost all available spaces at low scan rates, leading to a
complete insertion [53]. The decreasing trend of the specific capacitance can be related to parts of the
surface of the electrode material are inaccessible at scan rates. Hence, the specific capacitance obtained
at slow scan rates is thought to be closest to that of full utilization of the electrode material [51].

Potentiostatic EIS is a useful technique to monitor the electrochemical behavior of the
electrodes and to characterize the frequency response of the electrochemical capacitance. PGE/PANI
and PGE/PNMA were subjected to applied OCP and the impedance characteristics were recorded in
the frequency range of 10° to 10 Hz with potential amplitude of 10 mV in monomer free solution.
OCP values of PGE/PANi and PGE/PNMA were determined as -0.10 V. Typical Nyquist diagrams for
PGE/PANi and PGE/PNMA are given in Fig. 8. All the spectra are expected to exhibit a semicircle in
the high frequency region and a linear portion at low frequency region for ideal supercapacitor
behavior. The semicircle called as interfacial resistance which is combination of the charge transfer
resistance and the double-layer capacitance at high frequencies is related to the faradaic process
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occurred at the polymer film/electrolyte interface [54]. The linear curve at the low frequency region
can be attributed to the diffusion controlled process in the electrolyte [55].
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Figure 8. Enlarged version of low-resistance state of Nyquist plots of PGE/PANi and PGE/PNMA
measured at OCP in ACN solution containing 0.1 M TEABF,. (Inset: Nyquist plots of
PGE/PANi and PGE/PNMA measured at OCP in ACN solution containing 0.1 M TEABF,).

In our case, as can be seen from Fig. 8, Nyquist diagram of PGE/PANi has no semicircle at
high frequency region, only a near vertical line is observed in the all range of scanned frequencies. It
can be said that the PGE/PANI shows low interfacial resistance [56]. This behavior is close to an ideal
electrical double layer capacitor and this can be explained that no any redox process occurred at -0.1 V
[54,57]. However, a single semicircle and straight line can be observed for Nyquist diagram of the
PGE/PNMA in the high and the low frequency regions, respectively. This result indicates that
electrochemical storage property of the PGE/PNMA is based on both electrical double layer and
faradaic process [58]. For supercapacitors, the majority of their capacitance is only available at low
frequency, so attention should be paid to the data in this region [59]. Hence, we calculated the C,, the
Cms and the C, values of electrodes using Eqg. (2) from Bode plots belong to potentiostatic EIS
measurements at 102 Hz and gave in Table 2. It is clear that the specific capacitance values of
PGE/PNMA are higher than PGE/PANI and these results have same trend when compared the results
of CV.

Table 2. The low frequency capacitance and the specific capacitance value of PGE/PANI, and
PGE/PNMA in ACN solution containing 0.1 M TEABF, using EIS.

Electrode Cir, uF Cas, pFem™®  Cps, mFg™
PGE/PANI 219.50 1380.50 16.64
PGE/PNMA  238.06 1487.88 18.57
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Figure 9. The first five cycles (—) and the last five cycles (—) of charge-discharge behavior of
PGE/PNMA in ACN solution containing 0.1 M TEABF,.

The charge-discharge stability and reversibility of supercapacitor electrode active material, also
called as cycle durability is important for its use in supercapacitor [60, 62]. For this purpose, the
charge-discharge cycle stabilities of PGE/PANi and PGE/PNMA were investigated by means of RCP
method. The charge-discharge process in monomer free solution was evaluated applying double
current pulse during 25 s by 1000 consecutive cycles at £2.00 mA. Our result shows that PGE/PAN1
has a limited cycle life. After five cycles, PGE/PANI dissolved in monomer free solution and lost the
charge- discharge cycle stability. Fig. 9 shows the first five cycles and the last five cycles of charge-
discharge behaviors of PGE/PNMA in 1000 cycles of charge-discharge test. SP and SE values of the
PGE/PNMA are calculated using Eq. 3 and 4 and are 420.88 Wkg™ and 10522.21 Whkg™,
respectively. On the other hand, potential of PGE/PNMA rose to 2.70 V. This indicates that
PGE/PNMA can be suggested using for low voltage (< 10.00 V) applications [46].

4. CONCLUSIONS

In this study, we have been able to characterize PANi and PNMA coated PGE which is
renewable and cheap pencil writing device and to investigate the utility of these electrodes as
supercapacitor electrode active material. The PGE/PANi and the PGE/PNMA were electrochemically
prepared in ACN solution containing 0.1 M TEABF, using CV. SEM results show that the structure of
the PANi and the PNMA is similar. Electrochemical characterization which was done using CV and
MS, were made on polymer coated PGE in monomer free solution. It was found that the PNMA film is
more electrochemically stable than the PANi film and both films are p-doped state, according to CV
and MS measurements, respectively. The electrochemical storage properties of the PGE/PANI and the
PGE/PNMA were investigated by CV, EIS and charge-discharge tests. Results of CV and EIS methods
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which were used to calculate the capacitance values of electrodes are same trend. The PGE/PNMA
exhibits more higher specific capacitance than the PGE/PANi and the PGE/PNMA shows a better
cycling stability than the PGE/PANI. On the other hand, PGE/PNMA can be suggested using for low
voltage (< 10 V) applications including memory protection, video cameras, clock radios, UPS in alarm
systems, smoke detectors and remote sensing [46].
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