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Abstract Polyaniline (PANI)/copper oxide (CuO), poly(3,4-ethylenedioxythio-
phene) (PEDOT)/CuO and polypyrrole (PPy)/CuO have been synthesized electro-
chemically on glassy carbon electrode in sodium dodecyl sulfate in sulfuric acid
solution as an electroactive material. To our best knowledge, the first report on
comparison of supercapacitor behaviors of PANI/CuO, PEDOT/CuO and PPy/CuO
nanocomposite films was studied by electrochemical impedance spectroscopy,
related to the plots of Nyquist, Bode magnitude and Bode phase. The highest
specific capacitance (Cs,) was obtained as C, = 286.35 F x g,fl at the scan rate of
20 mV x s~' for PANI/CuO amongst the PEDOT/CuO (Cy, = 198.89 F x g~ ' at
5mV x s~') and PPy/CuO (Cy, = 20.78 F x g~ ' at 5 mV x s™') by CV method.
Long-term stability of the capacitor has also been tested by CV method, and the
results indicated that, after 500 cycles, the specific capacitance of PANI/CuO
nanocomposite film is 81.82 % of the initial capacitance. An equivalent circuit
model of Ry(Cq(R{(Q(R,W)))) has been used to fit the experimental and theoretical
data.
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Introduction

Conducting polymers (CPs) and their nanocomposites are promising candidates for
a variety of applications including organic photovoltaics [1], light-emitting diodes
[2], field effect transistors [3], gas sensors [4], corrosions [5], memory devices [6],
supercapacitors [7, 8], and stretchable electrodes [9-12]. The redox process is used
in conducting polymers to store and release charge. This process offers the
opportunity of achieving high levels of specific capacitance [13-15]. Faradaic
reactions generate a charge transfer pseudocapacitance at the electrode surface. CPs
have many advantages, such as compatibility in both aqueous and organic
electrolytes and ability to work in wide potential ranges [16, 17].

A wide variety of CPs, such as polyaniline (PANI), poly(3,4-ethylenedioxythio-
phene) (PEDOT), polypyrrole (PPy) and its nanocomposites, have been investigated
as electrode materials in supercapacitors and batteries [18—20]. Polyaniline (PANI)
is one of the most widely studied conducting polymers due to its facile synthesis,
excellent chemical and environmental stability and good electrical conductivity [21,
22].

Having high capacitance values as a result of their high specific power levels,
metal oxides have been extensively used in commercial devices. This also enables
them as a material of choice for supercapacitor applications [23, 24]. Conducting
polymers and metal oxides are extensively used in pseudocapacitors as electroactive
materials [25]. Although high specific capacitance offers long cycle life, it has a
limited usage in commercial applications because of its high cost. Materials such as
Ir, Co, Mo, Ti, V, Sn, Fe, Cu and metal oxides can be used as electrode materials for
supercapacitors [26]. Metal oxides are preferred materials due to their high surface
areas, good electrical conductivities, long charge—discharge cycles, high capaci-
tance values and good mechanical properties [27]. Among the metal oxide family,
copper oxide (CuO), having a low bandgap (1.2 eV) displays p-type semiconductor
behavior and it is one of the most suitable candidates for supercapacitor electrode
materials due to its environmental friendly nature and low material costs along with
its good pseudocapacitive properties.

Electrochemical impedance spectroscopy (EIS) is one the most efficient and
reliable methods for electrochemical characterization of a system which includes
double layer capacitance, diffusion impedance, charge transfer and solution
resistance measurements [28]. EIS uses two theoretical models, namely, homoge-
neous [29] and porous [30], to explain the behavior of an electrode which is coated
with a polymer layer.

Polymer composites were synthesized using aniline, EDOT, and pyrrole
monomers and CuO nanoparticles and were characterized by FTIR and ATR,
cyclic voltammetry (CV), SEM and EIS. Cyclic voltammetry and EIS were used to
measure the specific capacitance in the aqueous sulfuric acid solution. Stability tests
against charge—discharge were also performed using CV for this solution. EIS
measurements of equivalent circuit model of Ry(Cq(R(Q(R,W)))) are discussed to
fit the theoretical and experimental data.
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Experimental
Materials

Aniline (ANI, 99.5 %), 3,4-ethylenedioxythiophene (EDOT, 97 %), pyrrole (Py,
97 %), sodium dodecylsulfate (SDS), and hexadecyl-3-methylammonium bromide
were purchased from Sigma-Aldrich (http://www.sigma-aldrich.com, Steinheim,
Germany). Butanol (>98), sulfuric acid (H,SO,4, 96 %), and acetone (ACS, ISO)
were purchased from Merck (http://www.merck.de, Darmstadt, Germany). All
chemicals were high-grade reagents and were used as received.

Instrumentation

An Iviumstat Model Potentiostat/Galvanostat (software, iviumsoft and Faraday
cage, BASI Cell Stand C;) was used for electrochemical studies which was
equipped with a three-electrode electrochemical cell, employing glassy carbon
electrode (GCE) as a working electrode (0.07 cm?), platinum disk as a counter
electrode (geometric area 0.020 sz) and a saturated calomel electrode (SCE) as a
reference electrode. All potentials are presented on the SCE scale.

Digital microscope (TENSION), ultrasonic bath (Elma, E3OH, Elmasonic),
deionized water equipment (purelab Option-Q, ELGA, DV25), accurate balance
(OHAUS Pioneer), incubator (DRY-Line, VWR) were used in various experimental
steps. The modified electrodes were characterized by scanning electron microscopy
(SEM) using a Carl Zeiss Leo 1430 VP and Fourier-transform infrared
spectroscopy-attenuated total reflectance (FTIR-ATR) spectrum (Perkin Elmer
Spectrum One B) analyses.

Preparation of carbon fiber microelectrodes (CFME)

A single filament of the CFME was used as a working electrode. All the electrodes
were prepared using a 3 cm length of the CFME (diameter ~7 um) attached to a
copper wire with Teflon tape. Only 1.0 cm of the carbon fiber was dipped into the
solution to keep the electrode area constant (~ 0.002 cm?). The rest of the fiber was
covered with the Teflon tape.

EIS and modeling

The electrochemical impedance spectroscopy (EIS) measurements were recorded at
room temperature (25 °C £ 1) using a conventional three electrode cell configu-
ration. EIS measurements were conducted in monomer-free electrolyte solutions
with a perturbation amplitude 10 mV over a frequency range of 10 mHz to 100 kHz
on Iviumstat Model Potentiostat/Galvanostat (software; iviumsoft). The circuit
model parameters were obtained by ZSimpWin 3.22 programme.
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The calculation of specific capacitance with cyclic voltammetry

Cyclic voltammograms and electrochemical impedance spectroscopy data for
monomer  concentrations of [ANI],=0.1 M, [EDOT]o=0.1 M, and
[Pylo = 0.1 M in total solution of 5 mL with 0.2 M H,SO, solution were measured
and specific capacitances calculated by the following formula, which is given
below,

Specific capacitance (Sc) = AQ /M x AV.

In this formula; AQ is the voltammetric charge which integrated from cyclic
voltammogram (C), AV is the potential range (V) [31], M is the mass of electrode
material on the electrode surface (g) which is calculated from the following formula;

M= (Qdeposition X MAmonomer)/Z X F (l)

In this formula; Qgeposition (deposition charge obtained from synthesized by
chronoamperometric method, MA ,onomer (g/mol), Z = 2 [32], F = 96,485 C/mol.

Electrochemical impedance spectroscopy was measured in 0.2 M H,SO, in
monomer-free solution at different scan rates of 5, 10, 20, 30, 40, 50, 60, 70, 80, 90,
100 mV x s~' for PANI, PEDOT and PPy which were coated with 1 % CuO
nanomaterials for 600, 600, and 400 s, respectively.

Results and discussion

Electro-synthesis of PANI/CuO, PEDOT/CuO and PPy/CuO
nanocomposites

0.15 M SDS was added to 0.20 M H,SOy4 solution. CuO nanomaterials (0.9 mg)
were added to the solution until CuO/monomer percent ratio reached 1 %.
Ultrasonication was used to enhance the mixing for 45 min. 5 ml of the prepared
solution was taken into a separate beaker and aniline monomers were added to this
solution until the concentration reached 0.1 M during continuous ultrasonication for
30 min (Fig. 1a).

Before the polymer was formed, the optimal doping conditions for EDOT
monomers were studied. A solution of 0.01 M hexadecyltrimethylammonium
bromide in 100 ml of butanol supplied the best conditions. CuO nanomaterials
(1.4 mg) were added to the solution until CuO/monomer percent ratio reached 1 %.
Ultrasonication was used to enhance the mixing for 45 min. 5 ml of the prepared
solution was taken into a separate beaker and EDOT monomers were added to this
solution until the concentration reached 100 mM during continuous ultrasonication
for 30 min (Fig. 1b).

1.2 mg of CuO nanomaterials was added to 0.15 M SDS solution until CuO/
pyrrole percent ratio reached 1 %. Ultrasonication was used to enhance the mixing
for 45 min. 5 ml of the prepared solution was taken in a polymerization cell and
70 ul of (0.1 M) pyrrole monomers was added to this solution and continuous

@ Springer



Polym. Bull. (2015) 72:2573-2589 2577

(@ 2.
o
£
] 2.0 4
<
E 1.8 -
.y
>
=
[72] 1.6 -
C
3
- 1.4
[
]
= 1.2 4
5 1
O
1.0 . . r . T T T
0 200 400 600
Time /s
() I (c)
o o
£ £ 13
(&} 0.11 4 (%}
< <
£ £
T 0.0 -~ 129
& ey
[72] [72]
c c
O 0.094 @ 1.1
T el
e b4
c c
“t’ 0.08 g 1ol
3 3
(6] (&]
0.07 r . r r T T T T T
[} 200 400 600 0 100 200 300 400
Time /s Time/s

Fig. 1 Electro-synthesis of a ANI/GCE in 0.20 M H,S0,0.15M SDS/1 % CuO solution.
[ANI], = 0.1 M, at a constant potential of 0.8 V in 600 s, Q: 7.719 x 107" C, b EDOT/GCE in
0.01 M hexadecyl 3-methyl ammonium bromide/1 % CuO/butanol solution. [EDOT], = 100 mM, at a
constant potential 1.2 V in 600 s. Q: 3.279 x 107> C, ¢ Py/GCE in 0.1 M SDS/1 % CuO solution.
[Pylo = 0.1 M, at a constant potential of 0.9 V in 400 s. Q: 1.019 x 107! C

ultrasonication was applied for 30 min (Fig. 1c). All PANI/CuO, PEDOT/CuO
and PPy/CuO nanocomposite synthesized were electrocoated onto glassy carbon
electrode (GCE) using chronoamperometry with a three-electrode setup. Pt was
auxiliary electrode whereas Ag/AgCl was used as reference electrode. Polymer-
ization time was performed in 600, 600 and 400 s at constant potentials of 0.8, 1.2
and 09V for PANI/CuO, PEDOT/CuO and PPy/CuO nanocomposites,
respectively.

FTIR-ATR analysis of PANI/CuO, PEDOT/CuO and PPy/CuO
nanocomposites

FTIR-ATR analysis for PANI is given in Fig. 2a where the peak at 3216 cm ™'
refers to N—H stretching, the peaks at 2915 cm™' and 2848 cm™' refer to C-H
stretching of the ring structure whereas the one at 1533 cm ™' originates from in-ring
C=C stretching. The peak at 1204 cm ™" is bifurcated, showing the secondary amine
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Fig. 2 FTIR-ATR spectra for a PANI and PANI/CuO, b PEDOT and PEDOT/CuO, ¢ PPy and PPy/CuO

stretching of C-N. The peak at 964 cm ™' refers to C=H alkene peaks. The spectrum
for PANI/CuO was found to be similar to that of PANI.

The FTIR-ATR spectrum for PEDOT (Fig. 2b) shows two striking peaks at
1496 cm ™! and 1360 cm ™' corresponding to non-symmetrical in-ring stretching of
C=C and C-C. The peaks at 1291, 1204 and 1042 cm™! refer to C—O-C bond
stretching in ethylene dioxide ring. The peak at 944 cm™" corresponds to the C-S—C
stretching in thiophene ring. In the literature, the absorptions at 513.3 and
592.7 cm™ ! are the characteristic stretching vibrations of Cu—O bond in monoclinic
CuO [33, 34]. This change is due to loss in conjugation and molecular order after
modification of PEDOT with CuO [35]. Such kind of new peak formations and
shifting of the peaks could be due to the fact that some of the inorganic CuO was
incorporated in the polymer matrix.

The FTIR-ATR spectrum for PPy (Fig. 2c) shows peaks at 1591 cm™' and
1488 cm ™' which refer to non-symmetrical in-ring stretching of C=C bond. The
peaks at 1158 cm™' and 1040 cm ™' represent the C—N stretching arising from the
polypyrrole skeleton. The peak at 812 cm™" refers to the characteristic C~-H bond

stretching of the polypyrrole. The spectrum for PPy/CuO was found to be similar to
that of PPy.
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SEM-EDX analysis

Scanning electron microscopy images of homopolymers of PANI, PEDOT and PPy
and their nanocomposites of PANI/CuO, PEDOT/CuO and PPy/CuO were
performed on CFMEs as shown in Fig. 3a—f. We obtained the homogeneous films
for homopolymers. By addition of CuO nanomaterials, film surface has also
homogeneous surface morphology. The coatings with micro-spherical morphology
were formed using the solution of 0.2 M H,SO, solution. Many process parameters,
such as the applied voltage, initial monomer concentration, electrolyte type and
concentration, and the polymerization time affect the surface energy of the electro-
coated fiber.

Supercapacitor behaviors of PANI/CuO, PEDOT/CuO and PPy/CuO
nanocomposites

The redox behavior of polymer/CuO composite electrodes was investigated in
0.5 M H,SO, in the potential window of 0-0.8 V (Fig. 4).

As the scan rate decreases from 100 to 5 mV x s_l, the graph for CV
measurement approaches to a rectangular shape and the specific capacitance values
increase. The highest specific capacitance for PANI/CuO nanocomposite was found
to be Cg, = 286.35 F x g ! at a scan rate of 20 mV x s~

The charge storage in CuO was mainly based on the Faradaic reaction of copper
oxide according to a pseudocapacitive mechanism [36]. The main pseudocapaci-
tance behavior of the sample can be attributed to the following quasi-reversible
redox transition of Cu™>~Cu™! (0.46 V) and vice versa (0.52 V), in agreement with
the literature [37]

2Cu0 + 2H" + 2¢~ < Cuw,0 + H,O. )

The redox behavior of PANI/CuO nanocomposite film was investigated in
monomer-free solution and it was found to display diffusion-controlled behavior
according to Randles—Sevcik equation

I, = (2.69 x 10°) x A x D'/? x Cy x v'/2. (3)

In this formula; v is the scan rate, A is the electrode area, D is the diffusion
coefficient of electroactive species, Cy is the concentration. Peak current (1) is
directly proportional with square root of scan rate (v!/?), which shows diffusion-
controlled redox behavior. If the 1, is directly proportional to scan rate (v), it shows
thin layer behavior (Table 1).

The redox behavior of PANI/CuO, PEDOT/CuQO and PPy/CuO nanocomposite
films was investigated in monomer-free solution using CV measurements with
respect to different scan rates and they were found to display a diffusion-controlled
behavior (Table 2). We compared the specific capacitance values at different scan
rates and observed that the highest capacitance value of Cy, = 198.89 F x g ! was
reached the slowest scan rate. The decrease in capacitance for PEDOT/CuO
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Fig. 3 SEM images for a PANI, b PANI/CuO, ¢ PEDOT, d PEDOT/CuO, e PPy, f PPy/CuO

compared to PANI/CuO nanocomposite films could be attributed to the decrease in
surface area due to the growth of polymer film on the substrate or the change in the
potential window.

The highest specific capacitance (C,p) of PANI/CuO nanocomposite films was
obtained as 286.35 F x g~ at 20 mV x s~'. The highest C,p was obtained as
Cyp = 198.89 F x g~' for PEDOT/CuO at 5 mV x s~ ' and Cy, = 20.78 F x g~
for PPy/CuO nanocomposite films at 5 mV x s~' (Table 2).

In the literature, graphene oxide (GO)/CuO nanocomposites have the specific
capacitance of Cy, = 245 F x g~ ! at current density of 0.1 A x g~ compared to
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Fig. 4 a PANI/CuO/GCE, b scan rate vs current density of PANI/CuO, ¢ (scan rate)’? vs current density
of PANI/CuO, d PEDOT/CuO/GCE, e scan rate vs current density of PEDOT/CuO, f (scan rate)"? vs
current density of PEDOT/CuO, g PPy/CuO/GCE, h scan rate vs current density of PPy/CuO, i (scan
rate)'’? vs current density of PPy/CuO, in 0.5 M H,SO, monomer-free solution at a scan rate of 5, 10, 20,
30, 40, 50, 60, 70, 80, 90, 100 mV x s’l, potential window between 0-0.6 V and 0-0.8 V

Table 1 Redox behaviors of scan rate vs current density and square root of scan rate vs current density
values for PANI/CuO, PEDOT/CuO, and PPy/CuO nanocomposites

Nanocomposites Scan rate/current density (Scan rate)"?/current density Redox behavior
RAn RCal RAn RCal

PANI/CuO 0.97282 —0.97015 0.99794 —0.99589 Diffusion cont.

PANI/CuO 0.98000 —0.95553 0.99779 —0.99099 Diftusion cont.

PANI/CuO 0.60237 —0.57128 0.57985 0.48392 Thin film

the pure components (125 F x g~ for CuO and 120 F x g~' for GO) and the layer

by layer coated electrodes (155 F x gfl) [38]. Our Cg, values for PANI/CuO
nanocomposite films obtained from CV (C, = 286.35 F x g:,fl at 20 mV x s

and EIS (Cy, = 286.317 F x gfl) measurements are higher than the GO/CuO
nanocomposite films.
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Table 2 Capacitance values at different scan rates for PANI/CuO, PEDOT/CuO and PPy/CuO
nanocomposites

PANI/CuO PEDOT/CuO PPy/CuO
Scan rate (mVs™") Cyp (Fx g™h Cyp (Fx g™h Cop (Fx g™h
5 276.56 198.89 20.78

10 261.72 134.85 6.52

20 286.35 87.23 2.57

30 247.34 69.41 151

40 243.46 59.46 1.16

50 238.93 52.28 0.99

60 235.09 46.96 1.05

70 227.82 42.56 0.80

80 219.32 39.19 0.74

90 209.93 36.61 0.73
100 200.023 34.44 0.68

Electrochemical impedance spectroscopy of PANI/CuO, PEDOT/CuO
and PPy/CuO nanocomposite films

The electrical properties of a supercapacitor are determined by the selection of
electrode material [39]. In this study, electric double layer capacitance (EDLC)
materials and processes for cell were constructed with polymer and metal oxides of
CuO. The choice of electrolyte in an EDLC device is very important for the
electrode material that we used the 0.5 M H,SO, solution. In all EIS studies,
Nyquist plot revealed a depressed small semicircle at high-frequency region, which
is caused by the parallel combination of resistive and capacitive components of the
electrode material, and a low-frequency spike which shows an inclination [40]. The
low-frequency capacitance (Cyp) values of polymer and polymer/CuO nanocom-
posite films (at 0.01 Hz) were calculated by the equation of

Co= 2XTX[XZim)™ (4)

where C, is the specific capacitance, (Z;y,) is the slope of a plot of the imaginary
component of impedance versus the inverse of the frequency (f) [41, 42]. A low
frequency, the imaginary part of the impedance sharply increases (as a vertical line)
giving the characteristic of capacitive behavior [43]. The highest specific capaci-
tance value was obtained as Cy, = 286.317 F x g~ ! for PANI/CuO films (Fig. 5a,
b). This value is also very close value obtained from CV capacitance calculations
(Cop =286.35F x g~ ") as shown in Table 2. These results may be attributed to
that all of the other samples have high charge density at the electrolyte solution
which results in high resistance of ion transfer and, therefore, low capacitances for
PEDOT/CuO (Cy, = 198.86 F x g~ ") and PPy/CuO (Cyp = 0490 F x g h.

The composite preparation from PANI/CuO nanocomposite produces a hybrid
material having great mechanical strength, high capacitance properties, electrical
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Fig. 5 a Nyquist plot for PANI/CuO and PEDOT/CuO, b Nyquist plot for PPy/CuO, ¢ Bode-magnitude,
d Bode-phase plots. All measurements were taken in 0.5 M H,SO, solution, 10 mV amplitude, the
frequency range between 10 mHz to 100 kHz

properties and good processability [44, 45]. A value of double layer capacitance
(Cq)) was calculated from a Bode-magnitude plot by extrapolating the linear section
to a value of w = 1 (logw = 0) and employing the relationship

1Z1 = 1/Cq (5)

as given in Fig. 5c. The Cgy value was obtained as Cy = 0.150 F x gf1 for PANT/
CuO, PEDOT/CuO and PPy/CuO nanocomposite films. Cq changes with electrolyte
type and diffusion rate.

The Bode-phase plot was taken by changing the frequency range from 10 mHz to
100 kHz for PANI/CuO, PEDOT/CuO and PPy/CuO nanocomposite films as shown
in Fig. 5d. The phase angle was obtained as 0 = 52.43° at frequency of
f=17367.12 Hz.

The specific capacitance (Cy,), double layer capacitance (Cq)) and phase angle (6)
values of PANI/CuO, PEDOT/CuO and PPy/CuO nanocomposites are given in
Table 3. The highest Cy, was obtained as Cy, = 286.17 F x g~ ! for PANI/CuO
nanocomposite films. However, the highest double layer capacitance (Cq4;) and phase
angle (0) were obtained as Cgq; = 11.55 F x g~ ' and 0 = 74.61° at 600.39 Hz for
PEDOT/CuO nanocomposite films. We conclude that PPy/CuO nanocomposite
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Table 3 Specific capacitance, double layer capacitance and phase angle values of PANI/CuO, PEDOT/
CuO and PPy/CuO nanocomposites

Nanocomposites Cyp (F x g h Ca Fxg™h 0 (Phase angle)
PANI/CuO 286.17 0.15 52.43° (17,367.12 Hz)
PEDOT/CuO 198.86 11.55 74.61° (600.39 Hz)
PPy/CuO 0.490 0.0008 64.42° (0.0103 Hz)

films have the lowest C.
nanocomposite films.

sp» and Cq; values amongst the PANI/CuO and PEDOT/CuO

Stability tests of PANI/CuO, PEDOT/CuO and PPy/CuO nanocomposites

The specific capacitance of PANI/CuO film was measured in 0.5 M H,SO, solution
at 500 cycles from CV measurements. The Cy, value was decreased from
Csp = 200.58 F x g 't0 164.12 F x g~ ' as shown in Fig. 6a. Long-term stability
of the capacitor has also been tested by CV method, and the results indicated that,
after 500 cycles, the Cg, of PANI/CuO nanocomposite film is 81.82 % of the initial
capacitance. There is a big decrease in the Cg, value up to 100 cycle, after that cycle,
The Cg, value slowly decreases for PEDOT/CuO nanocomposite films as shown in
Fig. 6b. Cy, of PEDOT/CuO nanocomposite film is 68.55 % of the initial
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Fig. 6 Stability tests of a PANI/CuO, b PEDOT/CuO and ¢ PPy/CuO. All measurements were taken in
0.5 M H,SO; solution, 500 cycle and scan rate of 100 mVs~!
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capacitance. There is a sharp decrease for PPy/CuO nanocomposite film up to 150
cycles. After that cycle, Cg, value is stable up to 500 cycles as shown in Fig. 6¢. C,
of PPy/CuO nanocomposite film is 48.39 % of the initial capacitance.

Equivalent circuit model evaluation of PANI/CuO, PEDOT/CuO and PPy/
CuO nanocomposites

The equivalent electrical circuit model of Ry(Cq(R(Q(R,W)))) was given for the
electrolyte/PANI or PEDOT or PPy/CuO/GCE system to a frequency of 0.01 Hz to
100 kHz as shown in Fig. 7. The ZSimpWin 3.22 circuit model program from
Princeton Applied Research was evaluated to fit the theoretical and experimental
circuits. Kramers—Kronig (K-K) transforms were performed in the analysis of
impedance data with reference to the conditions of stability and linearity [46].

The electrochemical parameters obtained from fitting the impedance data to the
R(Caqi(R{(Q(R,W)))) circuit are shown in Fig. 8.

In the circuit, R, represents the solution resistance, Cg; is the double layer capacitance,
R, is the nanocomposite film resistance, R, is the charge transfer resistance, W is

Fig. 7 Equivalent circuit model C 4l
of Ry(Cai(R((Q(R2W)))) for
PANI/CuO, PEDOT/CuO and
PPy/CuO nanocomposites
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Fig. 8 Theoretical and experimental data obtained from equivalent circuit model of Ry(Cq(R1(Q(R,W))))
for Bode-magnitude plots a PANI/CuO, b PEDOT/CuO, ¢ PPy/CuO nanocomposites
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Table 4 R (Cy(R1(Q(R,W)))) equivalent circuit model parameter values for PANI/CuO, PEDOT/CuO
and PPy/CuO nanocomposites

Circuit parameters PANI/CuO PEDOT/CuO PPy/CuO
Rs (Q x cm?) 89.84 11.28 58.75

Ca (UF x cm™?) 1.407 x 1072 9.767 x 107! 70.68

Ry (Q x cm?) 468 x 107* 7.86 334

CPE; Y, (uS s™ x cm™?) 1.90 x 10* 7.16 x 1072 70.1

n 0.67 0.75 0.71

R> (kQ x cm?) 3685 310.7 1447

W; Y, (uS 5% x cm™3) 1.637 x 10* 5.73 2.09 x 1073
7 1.59 x 1073 3.15 x 1077 7.10 x 1073

Warburg impedance, which shows the ion diffusion and CPE is the constant phase
element (Q). The CPE as a distributed circuit element was obtained from equation:

Zepg = T (jo) ™" (6)

where T, o and n are the CPE coefficient, the angular frequency and the exponent,
respectively. The n value is 0 and 1. In the case of n = 0, the CPE shows an ideal
resistance, when n = 0.5, it denotes diffusion behavior; and at n = 1, the CPE is
equivalent to pure capacitance (Table 4). The values obtained for n after each
modification step are close to 1, indicating that the CPE exhibited capacitance
behavior that is characteristic of PANI/CuO, PEDOT/CuO and PPy/CuO
nanocomposite electrodes. The highest solution resistance (R;) was obtained as
R, = 89.84 Q x cm® for PANI/CuO nanocomposite films compared to
R, = 11.28 Q x cm? for PEDOT/CuO film and R, = 58.75 Q x cm? for PPy/CuO
nanocomposite films. The highest double layer capacitance (Cy;) was obtained as
Cq = 70.68 pF x cm™? for PPy/CuO nanocomposite films. In addition, the highest
charge transfer resistance (R,) was obtained as R, = 3685 kQ x cm? for PANI/
CuO nanocomposite films. The results were also supported by the specific capaci-
tances (Cgp, = 286.35 F x gfl) at 20 mV x s~ obtained from CV measurements
and Cyp, = 286.317 F x g71 obtained from EIS measurements. Cg, values are the
highest amongst the PEDOT/CuO and PPy/CuO nanocomposite films.

Conclusions

Nowadays, the demand on supercapacitors has increased due to energy storage
devices compared to lithium ion batteries. Pseudocapacitors were obtained as
nanocomposites together with metal oxides and conducting polymers. In this study,
we have studied supercapacitor behavior of a novel nanocomposite of PANI/CuO,
PEDOT/CuO and PPy/CuO films. The specific capacitances were comparatively
studied in 0.2 M H,SOy, solution at different scan rates (5, 10, 20, 30, 40, 50, 60, 70,
80. 90 and 100 mV x s~') by CV method. The highest C,p, was obtained as
Cyp = 28635 F x g ! for PANI/CuO at 20mV x s~' amongst the
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Cyp = 198.89 F x g~' for PEDOT/CuO at S mV x s~ ' and Cy, = 20.78 F x g~'
for PPy/CuO at 5 mV x s~'. The EIS results also support the C,, values obtained
from CV method. The highest Cy, was obtained from Nyquist plot as
Cyp = 286317 F x g~! for PANI/CuO films. The long-term stability tests (500
cycles) were successfully performed by CV method measurements for PANI/CuO,
PEDOT/CuO and PPy/CuO nanocomposite films. The equivalent circuit model of
R(Caq(R1(Q(R,W))) was used to fit the theoretical and experimental data. The
PANI/CuO nanocomposites are, therefore, ideal candidates for electrode materials
compared to PEDOT/CuO and PPy/CuO nanocomposites for the development of
high-performance, high-power and supercapacitor devices. In future, PANI/CuO,
PEDOT/CuO and PPy/CuO will be synthesized for copolymer formations and their
supercapacitor behaviors will be studied.
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