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Capacitive properties of polypyrrole/activated carbon composite 
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Abstract 
Electrochemical synthesis of polypyrrole (PPy) and polypyrrole/activated carbon (PPy/AC) 
– composite films, with  a thickness between 0.5 and 15 μm were performed in a three 
electrode cell containing 0.1 mol dm–3 Py, 0.5 mol dm–3 NaClO4 dissolved in ACN, and 
dispersed particles of AC (30 g dm–3). Electrochemical characterization of PPy and PPy/AC 
composites was performed using cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) techniques. The linear dependences of the capacitance (qC), redox 
capacitance (qred), and limiting capacitance (CL) of PPy and PPy/AC – composite films on 
their thickness (L), obtained by electrochemical and impedance analysis, indicate a nearly
homogeneous distribution of the incorporated AC particles in the composite films (correl-
ation coefficient between 0.991 and 0.998). The significant enhancement of qC, qred and CL, 
was observed for composite films (for 40±5%) in respect to that of the “pure” PPy. The
decreased values of a volume resistivity in the reduced state of the composite film, ρ = 
1.3×106 Ω cm (for L = 7.5 µm), for two orders of magnitude, compared to that of PPy – film 
with the same thickness, ρ ≈ 108 Ω cm, were also noticed. 

Keywords: conducting polymers, composites, cyclic voltammetry, electrochemical impe-
dance spectroscopy (EIS), electrical equivalent circuits (EECs).
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Electrochemical capacitors (ECs) as power devices, 
with the possibility of completely charging or dis-
charging in seconds, have an important role in com-
plementing or substituting conventional batteries [1]. 
Depending on the charge storage mechanism, as well 
as the active material used, two types of ECs can be 
distinguished.  

The first type is a double layer kind of capacitance 
that uses carbon-based active materials with a rela-
tively high electronic conductivity, electrochemical sta-
bility and acceptable cost [2,3]. The power and energy-
storage capabilities of these devices are closely linked 
to the physical and chemical characteristics of carbon 
electrodes. For example increases in specific surface 
area obtained through the activation of carbon, 
generally lead to an increased capacitance [3–5].  

A second group of ECs, known as pseudocapacitors 
or redox supercapacitors, uses fast and reversible 
surface or near-surface reactions, Faradaic chemical 
processes. Transition metal oxides, as well as elec-
trically conducting polymers (polyaniline, polypyrrole, 
polythiophene and their derivatives), have been tested 
in EC applications as pseudocapacitance materials [6].  

In the case of the conducting polymer materials, it 
becomes somewhat difficult to distinguish whether the 
charging process is to be considered as the double layer 
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type or a redox pseudocapacitance nature [1]. How-
ever, the capacitance developed on a conducting poly-
mer holds a Faradaic origin with process of chemical/  
/electronic changes like formation or removal of radical 
cation or radical anion centers indicating a pseudocap-
acitance character [6–9]. 

Among the conducting polymers known to date, 
ones based upon polypyrrole (PPy) have attracted great 
attention because of their excellent environmental 
stability, tuned electrical conductivity and biocompat-
ibility [10,11], and potential technical application in 
various fields, such as in electronic and electrochromic 
devices [8], electrode material in supercapacitors [6,9], 
sensors [12], light-weight batteries [13], membrane 
separation [14], corrosion protection [15–17] or sub-
strates for tissue engineering [10,11]. 

When used as bulk materials, conducting polymers 
suffer from a limited stability during cycling that 
reduces the initial performance [18]. The mechanical 
properties and electrochemical stability might be 
improved via preparation of graft and block copolymers 
[19], as well as systems comprising two electrochemi-
cally active components [3,6], one with a double layer 
capacitance, (carbon fibers or carbon black), and the 
other, with a pseudo-capacitance (Faradaic) features 
(electroconducting polymers, such as PPy) [20,21].  

Thus, Kim et al. [3] prepared PPy/vapor grown 
carbon fibers/AC (PPy/VGCF/AC) composites charact-
erized by both, pseudo and electric double layer cap-
acitance. As observed by cyclic voltammetry, the spe-
cific capacitances of composites in 6 mol dm–3 KOH 
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raises from ∼165 F g−1 for 5 wt.% AC, to ∼338 F g−1 for 
60 wt.% AC in electrodes of 2 nm-thick PPy film 
deposited on a highly conductive carbon fiber. 

One of the techniques of capacitance enhancement 
and supercapacitors life-cycles, nanocomposites based 
on electronically conductive polymers and carbon 
nanotubes [4] and / or conductive carbon powder have 
been prepared [5]. It was shown [4] that the specific 
capacitance of such systems increased with both, the 
nanotubes amount, and the PPy content in the com-
posites.  

Despite the advantages of carbon nanotubes con-
cerning their mechanical, thermal, electrical properties, 
as well as their big specific area, very complex tech-
niques for their synthesis, hence their high cost, and 
severe human’s health impact especially during their 
handling, could be considered as their serious draw-
backs [22,23].  

Therefore, in our study as a component responsible 
for double layer capacitance of the composite material 
we have used activated carbon. We have shown [21] 
that incorporation of the AC particles in the PPy – mat-
rix sharply increases the electronic conductivity from 
∼200 F g–1 for a neat PPy films to ∼530 F g–1 for PPy/AC 
composites containing ∼55 wt.% AC, results very similar 
to those elaborated in the literature for similar systems 
involving nanocomposites [4,24].  

Our further research was concentrated on the syn-
thesis of PPy and PPy/AC composite films with thick-
nesses ranging between 1.5 and 15 μm, from non-
aqueous, acetonitrile (ACN) solution containing 0.1 mol 
dm–3 Py and dispersed particles of activated carbon 
(AC). The concentration of the AC particles in the sol-
ution for electrochemical polymerization was 30 g dm–3. 
The obtained composites were investigated by cyclic 
voltammetry and electrochemical impedance spectros-
copy (EIS).  

The increased conductivity noticed among the 
“neat” PPy films with higher thicknesses, and also at 
PPy/AC composites over that of the “pure” PPy film, 
has been discussed in relation with the developed mic-
roporosity of composite films and facilitated diffusion 
of doping anions in the films bulk. 

Different equivalent electrical circuits were used to 
fit the experimental impedance data at anodic (0.2 
V/SHE) and cathodic potentials (–0.6 V/SHE) at which 
the PPy as a pure polymer film and in the composites as 
well, are in the conducting and insulating states, res-
pectively. As proposed [24], the electrical circuit model 
parameters for the best fitting suggested by the simul-
ation software, describe the behavior of the porous 
structure, anion diffusion, and charge transfer effect.  

EXPERIMENTAL 

High grade chemicals: pyrrole (Py, Merck), aceto-
nitrile (ACN, Merck), sodium perchlorate (Aldrich), and 
activated carbon (AC, Merck) were used as received.  

Specific area of activated carbon of ∼ 540 m2g–1 was 
determined using spectrophotometric method (λ ≈ 570 
nm) and methylene blue as an absorbate.  

Electrochemical synthesis of PPy and PPy/AC com-
posite films were carried out by Chronoamperostat 
CEAMD 6 – Tacussel, in the three electrode cell con-
taining 0.1 mol dm–3 Py and 0.5 mol dm–3 NaClO4 (used 
as doping agent) dissolved in ACN, and dispersed AC 
particles (30 g dm–3). The sedimentation of AC particles 
during the process of electrochemical synthesis was 
efficiently prevented by the agitation of the solution 
with purified nitrogen (∼120 bubbles min–1). 

Polymerization was performed with constant cur-
rent of 2.0 mA cm–2 and the electrode potential of this 
process varied between 0.95 and 1.05 V/SHE. As shown 
previously [25] an anodic (polymerization) charge of 
0.36 C cm–2 is necessary for deposition of 1 μm PPy 
film. The polymerization process was performed within 
suitable time period necessary to obtain the previously 
assigned thicknesses of PPy in the “pure” polymer and 
in the composite films as well. The content of AC in the 
composites was determined by elemental analysis (EA).  

A thermostated glass cell (25 °C) with three elec-
trode system, consisting of working, auxiliary and ref-
erence electrode was used during the synthesis and 
electrochemical characterization of the polymer and 
composite films. A platinum electrode with surface 
area, A = 1.7 cm2, was used as working electrode; 
platinum foil (∼20 cm2) as an auxiliary electrode and 
saturated calomel electrode as reference electrode. All 
potentials were measured versus saturated calomel 
electrode (SCE) and are referred to the standard hyd-
rogen electrode (SHE).  

Polypyrrole (PPy) and the composite PPy/AC films 
were investigated using cyclic voltammetry and electro-
chemical impedance spectroscopy (EIS) at constant 
potentials in acetonitrile (ACN) solution containing 0.5 
mol dm–3 NaClO4.  

The cyclic voltammetry measurements (potentio-
stat connected to function generator, Institut für Phy-
sikalische Chemie und Elektrochemie, Heinrich Heine – 
Universität Düseldorf) were performed in the potential 
window from 0.95 to –0.6 V/SHE, and sweep rates 
ranging from 2 to 30 mV s–1.  

EIS measurements (frequency response analyzer TF 
2000, Institut für Physikalische Chemie und Elektro-
chemie, Heinrich Heine – Universität Düseldorf) were 
carried out in the frequency range from 100 kHz to 10 
mHz at constant potential of 0.2 V/SHE, for the charac-
terization of doped, and –0.6 V/SHE for the undoped 
state of PPy and/or PPy/AC composite films; with a.c. 
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signal of 5 mV. The experimental results were fitted 
using software developed by Boukamp [26]. 

RESULTS AND DISCUSSION 

Cyclic voltammetry 

Electrochemical synthesis of PPy and PPy/AC com-
posite films was performed at constant current density 
(2.0 mA cm–2) from ACN electrolyte containing 0.1 mol 
dm–3 pyrrole, 0.5 mol dm–3 NaClO4 and dispersed AC 
particles (30 g dm–3). The thicknesses of PPy (from 0.5 
to 15 μm) as a “pure” polymer, and as a constituent in 
the composite films were regulated by parameter Q 
using the Eq. (1): 

4

4
Py ClO

PPy
PPy

( )10

(2 )

Q M yM
L

y Fρ
−+

=
+

 (μm) (1) 

where Q is the anodic charge of formation (C cm–2), and 
it was taken to be 0.36 C cm–2 μm–1 [25], while y is the 
doping level of the obtained PPy (usually 0.2–0.3), the 
density ρPPy = 1.51 g cm–3 [21], MPy is the molar mass of 
the pyrrole repeating unit and 

4ClOM −  the molar mass of 
the ClO4

– doping anion, and F is the Faraday constant. 
As it was previously found the doping level of ClO4

– in 
ACN solution was found to be 0.245 and 0.24 at the 
polymerization potentials of 0.95 and 1.05 V/SHE, res-
pectively [25]. Regarding the thickness of polypyrrole 
(PPy) and composite (PPy/AC) films, as a first approx-

imation, the same density of both has been taken (ρPPy ≈  
≈ ρPPy/AC ≈ 1.51 g cm–3). 

Cyclic voltammograms of PPy and PPy/AC com-
posite films in 0.5 mol dm–3 NaClO4 obtained in pot-
ential range of –0.6 to 0.95 V/SHE, and scan rates of 2 
to 30 mV s–1 are presented in Figure 1. The linear 
dependences of capacitance current (jC) on sweep rates 
(dE/dt) for different thicknesses (5, 10 and 15 μm) of 
“neat” polymer and composite films are shown in 
Figure 2, while the corresponding voltammetric para-
meters are enclosed in Table 1. 

Our observations of redox charge (qred) and capac-
itance (qC) enhancement for about 40% of PPy/AC – 
composites in respect to that of PPy-film confirm our 
previous observations [21] and literature data of similar 
systems [3,27]. Hence, qred and qC values from 283 C g–1 
(216 F g–1) for “pure” PPy-film increased to ∼385 C g–1 

(∼318 F g–1), for the PPy/AC composite films. qred was 
calculated by the integration of an area under the vol-
tammetric curves, Figure 1, and the values of the cap-
acitance, qC, were obtained according the Eq. (2) (as a 
slope of the linear jC/(dE/dt) plots), Figure 2 [28,29]. 
The ratio qC/qred usually ranged about 0.8, for both, PPy 
and PPy/AC composite films, demonstrates a primary 
contribution of the capacitive component in the total 
current (jtotal = jc + jF). 

c d EC j
t

∂ =  ∂ 
 (2) 

5.0 μm

5.0 

2.5 

2.5 

 
Figure 1. Voltamograms for PPy and PPy/AC – composite films synthesized from 0.1 mol dm–3 Py in 0.5 mol dm–3 NaClO4; 
Qpol. = 0.36 C cm–2μm–1. 
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Figure 2. jC/(dE/dt) dependences for composite PPy/AC films, 
with different thicknesses. 

Significantly increased values of qred and qC for the 
composites are essentially attributed to the increased 
area of the solution / composite film interface and/or 
its capacitance similar to that shown for arrangements 
comprising electroconducting polymers and carbon 
based constituents [24,30,31]. Namely, in the case of 
the composite film mainly two processes take place: 
charging/discharging of the double layer AC particles/  
/solution interface and the redox processes of the bulk 
PPy film [7,32,33]: it is known that the electrochemical 
behavior of PPy films is mainly based on their doping 
(oxidation)/undoping (reduction) processes, accom-

panied by the insertion and ejection of anions from a 
polymer film: 

Oxidation
4 4Reduction

PPy ClO [(PPy) ClO ] eyy y y− + − −⎯⎯⎯⎯→+ +←⎯⎯⎯⎯  

where ClO4
– is a doping anion to compensate positive 

charges generated during oxidation processes, and y is 
the doping level. 

The processes of doping (oxidation) of PPy films 
using the perchlorates are characteristic for the anodic 
potential range (0.9 – –0.2 V/SHE), while in the catho-
dic range (–0.2 – –0.6 V/SHE) PPy exists in its undoped 
(reduced) form. 

The incorporated AC particles with their redox char-
acteristics contribute to the redox behavior of the com-
posite films. It is considered that the oxygen groups at 
the surface play the main role in the electrochemical 
behavior of activated carbon. The electronic conduct-
ivity of the activated carbon, mainly, does not depend 
on the potential, so as it was expected, their presence 
in the composite films provides a good conductivity, at 

both oxidized and reduced state of polymer films. It 
was suggested that the synthesis of films with higher 
thicknesses and/or presence of AC particles increases 
the porosity of the composite films, which facilitate the 
ClO4

– penetration in the films during doping, as well as 
their easier ejection during undoping processes [34]. 

The increased values of the capacitances of com-
posite films in respect to those of “pure” PPy film, as 
well as, the linear qred/L and qC/L plots (correlation 
coefficient between 0.991 and 0.998), Figure 2 and 
Table 1, indicate a relatively homogenous distribution 

Table 1. Redox behavior of PPy and PPy/AC composite films obtained with dispersed particles of AC in the solution for electroche-
mical synthesis; CAC = 30 g dm–3. jpol. =2.0 mA cm–2; Qpol. – anodic charge necessary for polymerization of PPy of a given thickness; 
τpol –time of polymerization of PPy and PPy/AC composites; LPPy – the thicknes of the PPy film in the PPy/AC composite; LPPy/AC – the 
thickness of the composite PPy/AC film, values given in the parenthesis; assuming ρPPy  ≈ ρPPy/AC; 1.51 g cm–3; mf

PPy – mass of the 
polypyrrole in the composite film; mf

PPy/AC – mass of the composite film; mf
AC – mass of activated carbon in the composite film; qC – 

capacitance calculated from the voltammograms, by the relation: 
d

c d
E

C j
t

=  
 
 

; 

qred – redox capacitance, obtained by the graphical integration of the area under anodic and cathodic processes on the 
volatammograms 

Qpol. / C cm–2 τpol / s LPPy; LPPy/AC / μm mf
PPy mf

PPy/AC mf
AC qred / mC cm–2 qC / mF cm--2 

mg cm–2 0 30 g dm–3 AC 0 30 g dm–3 AC 
0.180 90 0.5 (∼0.7) 0.075 0.105 0.030 22 – 16.8 – 
0.540 270 1.5 (∼2.43) 0.225 0.364 0.139 64.45 94.5 ∼58 62.5 
0.900 450 2.5 (∼4.55) 0.375 0.682 0.307 119 ∼142 92 108 
1.800 900 5.0 (∼8.85) 0.750 1.328 0.578 216 278 162 235 
2.700 1350 7.5 (∼13.43) 1.125 2.015 0.890 340 373 237 305 
3.600 1800 10.0 (∼18.13) 1.500 2.720 1.220 413 478 282 413 
5.400 2700 15.0 (∼27.07) 2.250 4.060 1.810 595 835 436 742 
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of the AC particles irrespective to the thickness of the 
composite films.  

Electrochemical impedance spectroscopy (EIS) study 

The study performed by electrochemical impedance 
spectroscopy (EIS) confirms the electrochemical 
behavior of PPy and PPy/AC composite films shown in 
Figures 1 and 2, and Table 1. 

Bode plots (log Z – log f, and ϕ – log f) of PPy/AC 
composite films with doped state of PPy (E = 0.2 
V/SHE), are presented in Figure 3. 

The impedance behavior of composite films indi-
cates the existence of two regions:   

The first one, between 100 kHz and ∼10 Hz, with a 
small and almost constant values of the impedance, Z, 
and the values of the phase angle, ϕ, between 0 and 
–60°, is mainly attributed to the ohmic behavior of the 
electrolyte between the working and the reference 
electrode. 

The second frequency range, f ≤ 10 Hz, where Z and 
ϕ linearly increase in accordance with a “finite diffusion 
model” of Ho et al. [25,32], characterized by the exist-
ence of the diffusion controlled doping/undoping 
processes in the bulk of the composite films [32,33]. 

The impedance characteristics of the PPy/AC sys-
tems are summarized in Table 2, where Rel – resistance 
of the electrolyte (Z’ ≈ Rel = ∼13 Ω cm2, determined at 
f → ∞), RL – limiting resistivity of the films, Rtotal – total 
resistance (Rtotal = Rel + RL), extrapolated at very low 
frequencies (Z’ ≈ Rtotal, at f → 0), CL – limiting cap-
acitance of the film, and D – diffusion constant of 
doping anions. 

The values of the limiting capacitance, CL, listed in 
the Table 2, are calculated from the linear plots: 
–Z”/(1/ω), shown in Figure 4, according the Eq. (3):  

1 / d( ) / d(1 / )LC Z ω′′= −  (3) 

where ω is an angular frequency (ω = 2πf).  
The linear dependences of CL of polymer and com-

posite films on their thicknesses are shown in Figure 5. 
Increasing values of the limiting capacitance, CL, of the 
PPy/AC composite films compared to that of a “pure” 
PPy films, Figure 5, is in accordance to the previously 
calculated values of qC. Namely, limiting capacitance 
(CL) of the composite films, takes values of ∼260 F g–1 
(∼73 A h kg–1) compared to ∼180 F g–1 (∼50 A h kg–1) for 
the PPy film, which is very close to those of similar sys–
tems [35]. 

The diffusion coefficient, D, of the doping anions 
(ClO4

–), for PPy/AC composite films, is calculated by 
equation: 2 3 L LD L R C= , according to the diffusion 
model of Ho at al. [32]. It is obvious that for relatively 
small thicknesses, the diffusion coefficient takes values 
in the order of magnitude of 10–9 cm2 s–1 (increasing 
with the thickness of the composite films, Table 2). This 
phenomenon is most probably result of the facilitated 
transport of the doping anions in the bulk of the com-
posites, that could be ascribed, as it was shown in the 
literature, to the increased amount of both, PPy and AC 
particles in the films [19,36]. The values of the diffusion 
coefficients which depend on the thickness and mor-
phology of the film, the synthesis condition, as well as 
the nature of the doping anion, are in accordance to 
the literature data [19,25,33,36]. Thus, Malviya et al. 

CPE 

QL; n RL 

 

 
Figure 3. Bode plots (log Z – log f, and ϕ – log f) of PPy/AC composite films (30 g dm–3 AC) with different thicknesses, in doped 
(E = 0.2 V/SHE) state of PPy in the 0.5 mol dm–3 NaClO4/ACN solution.
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found that the diffusion coefficient of a less voluminous 
chlorine anion in PPy system is of the order of mag-
nitude of 10–7 cm2 s–1 [36]. 

 

 
Figure 5. CL/LPPy plots (calculated from the –Z”/(1/ω)) for PPy 
and composite PPy/AC films in the doped (E = 0.2 V/SHE) state 
of PPy, in the solution of 0.5 mol dm–3 NaClO4 (ACN). 

Nyquist (–Z” vs. Z’) plots of PPy and composite 
PPy/AC films, for the conducting state of polymer 
component, are presented in Figure 6a and b.  

The impedance behavior of “neat” PPy and/or 
PPy/AC composite films, for the best fit of the experi-
mentally obtained data, in the conducting state of PPy 
(E = 0.2 V/SHE), as suggested by the simulation soft-
ware developed by Boukamp [26], can be described by 
a simple RQ equivalent electrical circuit (EEC), pre-
sented in Figure 7a [31,37]. On the other hand, it 
appears that EEC presented in the Figure 7b [19,31,37] 
gives significantly better agreement to the –Z”/Z’ plots, 
Figure 6a and b. Such a behavior has been observed 
mainly for composite films with the thicknesses higher 
than 2.5 μm. 

The best fitting parameters of R(QR)Q equivalent 
electrical circuit (Figure7b) for PPy and composite 
PPy/AC films, as proposed by the software, are given in 
Table 3. Rel denotes the ohmic resistance of the elec-
trolyte, Rct is proportional to the charge transfer resist-
ance, the element Q1 (with the exponential coefficient 
n1), known as constant phase element (CPE), corres-
pond to the double layer capacitance, Cdl ( 1/

dl
nC Q= ). 

For LPPy ≥ 2.5 μm the coefficients n1 takes similar values 
for both, PPy and PPy/AC films, indicating diffusion or 
mixed (ohmic-diffusion) control at the film/solution 

Table 2. Impedance characteristics of PPy/AC composite films in doped (oxidized) state of PPy; CAC = 30 g dm–3; E = 0.2 V/SHE

LPpy / μm (mf
PPy / mg cm–2) Rel / Ω cm2 RL / Ω cm2 Rtotal / Ω cm2 CL / mF cm-2 D×108 / cm2 s–1 

1.5 (0.225) 13±0.5 87 ∼100 ∼68 0.127 
2.5 (0.375) 49 64 107 0.397 
5.0 (0.750) 16.5 30 244 2.07 
7.5 (1.125) 16.0 ∼28 360 3.26 
10.0 (1.5) 12.0 ∼27 405 6.86 
15.0 (2.25) ∼5.5 ∼22 587 17 

 
Figure 4. Z” – 1/ω plots for PPy/AC composite films (30 g dm–3) with different thicknesses, in the 0.5 mol dm–3 NaClO4/ACN solution 
for the doped (E = 0.2 V/SHE) state of PPy. 
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a) 
b) 

 

 
Figure 6. Nyquist plots for PPy (a) and composite PPy/AC film (a and b), LPPy= 5 μm, in the oxidized (doped) state of PPy 
(E = 0.2 V/SHE) in 0.5 mol dm–3 NaClO4/ACN solution for the RQ and R(QR)Q EEC; experimentally obtained values of 
“neat” PPy: (-□-) and PPy/AC composites: (-■-); simulation: (⎯). 

(a) 

Rel. 

Q2; n2 

solution film 

Rct 

Rel. 

Q1; n1 

Q2; n2 

solution 
interface film 

(b) 

 
Figure 7. Electrical equivalent circuit for doped (E = 0.2 V/SHE) state of PPy (LPPy = 5 μm) in the PPy/AC composite film. 

Table 3. The best fitting impedance parameters of R(QR)Q equivalent electrical circuit (Figure 7b) for PPy (values given in the 
parenthesis) and composite PPy/AC films, CAC = 30 g dm–3, E = 0.2 V/SHE 

LPPy / μm 
Rel. Rct Q1/Ω-1 sn cm-2 n1 Q2/Ω-1 sn cm-2 n2 

Ω cm2 
0.5 – 

(4.1) 
– 

(46.0) 
– 

(7.23⋅10–4) 
– 

(0.53) 
– 

(1.14⋅10–2) 
– 

(0.907) 
1.5 12.0 

(3.0) 
4.4 

(36.0) 
0.224 

(5.22×10–4) 
0.127 

(0.485) 
3.3×10–2 

(3.27×10–2) 
0.783 

(0.917) 
2.5 12.8 

(3.2) 
4.9×1018 

(131.0) 
0.36 

(5.94×10–5) 
0.120 

(0.735) 
5.54×10–2 

(2.25×10–2) 
0.82 

(0.735) 
5.0 ∼12 

(∼0) 
23.5 
(∼33) 

0.123 
(1.11×10–2) 

0.517 
(0.226) 

0.235 
(0.119) 

0.977 
(0.921) 

10.0 14.1 
(11.6) 

527 
(∼9) 

0.533 
(1.445×10–2) 

0.511 
(0.525) 

0.262 
(0.207) 

0.913 
(0.88) 

15.0 11.3 
(–) 

4.31 
(–) 

0.082 
(–) 

0.572 
(–) 

0.416 
(–) 

0.879 
(–) 
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interface [24,35]. The very slow processes in the bulk of 
the composite films are presented by a phase element 
Q2 (with the exponent n2), proportional to the limiting 
capacitance, CL. The coefficient n2 with a substantially 
higher values clearly shows a relatively close behavior 
to that of an ideal capacitor (n = 1). The difference in 
the values of the limiting capacitance Q2 (28.4 mF cm–2 

μm–1), of PPy/AC composites, calculated by regression 
analysis (Q2/L) of data in Table 3, and the limiting cap-
acitance, CL (39.4 mF cm-2 μm-1), obtained using the 

–Z”/(1/ω) dependences, is most probably result of the 
different EECs considered. Namely, the simple RQ cir-
cuit, Fig. 7a, was applied during determination of CL, 
while Q2 values are obtained with the R(QR)Q EEC, 
more consistent with the experimentally obtained data 
(Fig. 7b).  

Bode and Nyquist plots in Figures 8 and 9, respect-
ively, concern the features of PPy film (5 μm) in doped 
(E = 0.2 V/SHE) and undoped (E = –0.6 V/SHE) states, 
indicating some qualitative and quantitative differences 

 
Figure 8. Bode plots (log Z – log f, and ϕ – log f) for PPy film (5 μm) in doped (E = 0.2 V/SHE) and undoped (E = –0.6 V/SHE) states, in 
0.5 mol dm–3 NaClO4/ACN solution. 

b) 

a) 

 
Figure 9. Nyquist plot (–Z”/Z’) for a) PPy film and b) composite PPy/AC film (30 g dm–3 AC), LPPy = 7.5 μm, in the undoped 
(E = –0.6 V/SHE) state of PPy, in 0.5 mol dm–3 NaClO4/ACN) solution, for the best fitting R(QR)Q (a) and R[Q(RW)] (b) EEC; 
experimentally obtained values of “neat” PPy and PPy/AC composites: (-■-); simulation: ( ⎯ ).



A. PORJAZOSKA KUJUNDZISKI et al.: POLYPYRROLE/ACTIVATED CARBON COMPOSITE Hem. ind. 68 (6) 709–719 (2014) 

 

717 

in the impedance behavior of PPy and composite 
PPy/AC films in both, doped (conducting) and undoped 
(insulating) state of PPy.  

When undoped state of PPy, “neat” and as a part of 
composite PPy/AC films is concerned, the dominant 
semicircles in –Z”/Z’ plots, Figure 9, attributed to the 
charge transfer processes at the polymer/solution 
interface, and the linear part of these dependences, at 
very low frequencies, characteristic for diffusion con-
trolled processes, Warburg impedance [35], can be 
expressed by the EECs in Figure 10a and b. Namely, the 
simpler EEC, Figure 10a, has been used for fitting the 
data obtained for the films with lower thicknesses, 
while for the systems with higher thicknesses, a more 
complex EEC, Figure 10b, should be applied.  

The ohmic charge transfer resistance, Rct, depends 
on both, the film thickness, and the quantity of AC par-
ticles in the composite film. The presence of the AC 
particles in composite film reduces the volume resist-
ivity, ρ, for about two orders of magnitude in respect to 
that of the PPy-film. Thus, ρ = 7×104/7.5×10–4 – 108 Ω 
cm (the Rct value is ∼70 kΩ cm2) for PPy film (Figure 9a), 
while ρ of the PPy/AC composite film, with the same 
thickness (Figure 9b), takes value of 1000/7.5×10–4 = 
= 1.3×106 Ω cm (Rct ≈ 1 kΩ cm2). Such a behavior is 
most likely related to an increased conductivity and 
microporosity of these films. Two types of conduct-
ivities are characteristic for PPy/AC composites: ionic 
and electronic. Composites comprise two independent 
components: a polymer responsible for ionic conduct-
ivity, while AC with its physical and chemical properties 
provides the electronic conductivity of these systems, 

which mainly depends on the concentration of AC par-
ticles in the composites, and is almost independent on 
the given potential.  

CONCLUSIONS 

Polypyrrole (PPy) and composites based on polypyr-
role/activated carbon (PPy/AC), with the thickness of 
PPy in both, the “neat” and the composite films ranged 
1.5 and 15 μm, were synthesized electrochemically, 
from non-aqueous, acetonitrile (ACN) solution contain-
ing Py (0.1 mol dm–3) and constant concentration of 
activated carbon (AC) (30 g dm–3). The obtained com-
posites were investigated by cyclic voltammetry and 
electrochemical impedance spectroscopy (EIS).  

It was shown that the best fitting EEC, for PPy 
and/or PPy/AC composite films in their conducting 
state is the R(QR)Q equivalent electrical circuit, and 
R[Q(RW)] equivalent electrical circuit for the insulating 
state.  

The charge transfer resistance (Rct) depends on 
both, the thickness of the films, as well as, the presence 
of the AC in the composites. A higher quantity of AC in 
the PPy/AC composites decreases the volume resistivity 
for two orders of magnitude in respect to a “pure” PPy 
films, in both, conducting and insulating states (ρ = 
= 1.3×106 Ω cm for the composite PPy/AC film, L = 7.5 
μm, and ρ ≈ 108 Ω cm for the PPy film with the same 
thickness). 

Based on the previously presented results of the 
PPy/AC electroconducting composites comprising two 
electrochemically active components, such as DLC 

(b) 

Rel. 
Rct 

Q1; n1 

W

solution 

interface

(a) 

Q1; n1 

Rel. 

Rct 

solution 
interface

 
Figure 10. Equivalent electrical circuits R(QR) for PPy film (a) and R[Q(RQ)] for PPy/AC composite film (b), in undoped 
(E = –0.6 V/SHE) state of PPy. 
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(double layer capacitors)–active carbon and redox pro-
perties of PPy, can be effectively used in supercap-
acitors and/or batteries.  
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IZVOD 

KAPACITIVNA SVOJSTVA KOMPOZITNIH FILMOVA POLIPIROL/AKTIVNI UGALJ 
Aleksandra Porjazoska Kujundžiski1, Dragica Čamovska2, Toma Grčev2 

1International Balkan University, Faculty of engineering, Macedonia 

2Faculty of Technology and Metallurgy, Sts. Cyril & Methodius University, Skopje, Macedonia 

(Naučni rad) 

Elektrohemijska sinteza polipirola (PPy) i kompozitnih filmova polipirol/aktivni
ugalj (PPy/AU) različitih debljina od 0,5 do 15 μm, ostvarena je u uslovima kons-
tante količine naelektrisanja, iz rastvora acetonitrila koji je sadržavao 0,5 mol dm–3

NaClO4; 0,1 mol dm–3 pirola (Py) i dispergovane čestice aktivnog uglja (30 g dm–3). 
Elektrohemijske karakteristike PPy i PPy/AU kompozitnih filmova određene su
pomoću ciklične voltametrije i spektroskopije elektrohemijske impedancije. Li-
nearne zavisnosti kapacitivnosti (qC), redoks kapacitivnosti (qred) i granične kapa-
citivnosti (CL) od debljine polipirolnih i kompozitnih filmova (L) ukazuju na homo-
genu distribuciju inkorporiranih čestica aktivnog uglja u kompozitne filmove. Pri-
mećeno je znatno povećanje qC, qred, i CL vrednosti za kompozitne filmove
(∼40±5%) u odnosu na iste veličine ″čistog″ PPy filma. Uočeno je da kompozitni
filmovi u neprovodnom stanju imaju za oko dva reda veličine manje vrednosti za 
specifičnu otpornost, ρ = 1,3×106 Ω cm, (za L = 7,5 μm) u poređenju sa PPy 
filmovima iste debljine, ρ ≈ 108 Ω cm. 

  Ključne reči: Elektroprovodni polimeri •
kompoziti • Ciklična voltametrija • Spek-
troskopija elektrohemijske impedancije •
Električna ekvivalentna kola 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


