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ABSTRACT. Polypyrrole (PPy) films of different thickness were characterized by electrochemical impedance 

spectroscopy (EIS) measurements in acetonitrile and aqueous solutions, containing 0.1 M NaClO4 or sodium 

dodecylsulfate as the dopant. The PPy films were electrochemically deposited on Pt, and their electrochemical 

properties studied by cyclic voltammetry. Impedance spectra were obtained at potentials ranging from 0 to 0.8 

V/SCE. The EIS data were fitted using two different equivalent electrical circuits (depending on the nature of the 

dopant). They involve a diffusive capacitance, which increased with the passing charge during electrosynthesis 

(i.e. film thickness) for ClO4
--doped PPy, but was practically unaffected by the film thickness in the case of SDS-

doped PPy. Also, a double-layer capacitance was found only in the circuit of ClO4
--doped PPy. It increased with 

the film thickness, and showed a minimum near the open-circuit potential. Finally the charge-transfer resistance 

(Rct) obtained with SDS is nearly 200-fold higher than that obtained with ClO4
- in the same solvent (H2O). With 

the same dopant (ClO4
-), Rct is about five times higher in acetonitrile relative to water. All these EIS results of the 

different types of PPy suggest a relation with the wettability of the polymer. 

 

KEY WORDS: Conducting polymers, Polypyrrole, Electrochemical impedance spectroscopy, Equivalent-

electrical circuit, Micellar media 

 

 

INTRODUCTION 

 

Polypyrrole (PPy) and its derivatives, obtained either by chemical [1-6] or electrochemical      

[7-16] oxidation of the corresponding monomers, have been the subject, during the last years, to 

a large number of studies because of their many potential applications including gas sensors 

[17], transistors [18-20], photovoltaic cells [21], energy storage [22-28], protective coatings 

[29-32], etc. 

The electropolymerization of pyrrole and derivatives have been realized in organic media  

[8-12], aqueous or micellar media (presence of surfactants) [13-16, 33-35]. In all cases, the 

resulting polypyrroles were obtained as adherent conductive films on metallic surfaces, such as 

platinum or oxidizable metals [29-32]. The electrical and mechanic properties, as well as the 

morphology of the PPy films were found to depend on the doping anion, which can be ClO4
-
, 

PF6
-
, dodecylsulfate, dodecylbenzenesulfonate, etc. [6, 7]. The PPy films have been 

characterized by many spectroscopic methods, including FT-IR and Raman spectroscopy, XPS 

analysis, etc. [7]. The electrochemical characterization of PPy films was also realized, and 

showed unsymmetric oxidation and reduction peaks, describing the doping/undoping processes 

[28-30]. 

Electrochemical impedance spectroscopy (EIS) has been found to be a powerful tool to 

study charge transfer, ion diffusion and capacitance of conducting polymer-modified electrodes 

[36]. Recently, some works have been devoted to the EIS characterization of PPy doped with 

ClO4
-
 on ITO [37], a membrane of PPy/tetraethylammonium tosylate deposited on Pt [38], 
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insulating PPy formed on Pt [39]. Other authors studied by EIS the behavior of PPy composites 

prepared with high molecular weight dopants: PPy/polystyrenesulphonate on Pt [40], 

PPy/polyimide [41] on stainless steel sheets, etc. 

In our previous works, we studied the electrosynthesis and electrochemical characterization 

of poly(3-methoxythiophene) (PMOT) in aqueous micellar media (in the presence of different 

types of surfactants [42-44]. Very recently, we realized the EIS characterization of PMOT in 

aqueous LiClO4 solutions [45]. However PMOT films cannot be obtained in organic media 

because of the solubility of this conducting polymer in organic solutions. The study of the 

solvent effect on the EIS properties is therefore unfeasible on PMOT. In contrast, PPy films can 

be electrodeposited in metallic substrates either in organic media, or in aqueous ones because of 

its insolubility.  

In this paper, we study the electrochemical properties and propose a EIS analysis of PPy 

films electrosyhthesized on Pt. In these preliminary works on PPy, we will examine two types of 

dopants and two different solvents: NaClO4 as dopant in water (PPy/ClO4
-
/w) and in acetonitrile 

(PPy/ClO4
-
/acn), and sodium dodecylsulfate in water (SDS) (PPy/SDS). 

 

 

EXPERIMENTAL 

 

Chemicals and apparatuses 

 

The monomer (pyrrole, 98 %) and sodium dodecylsulfate (SDS 99 %) were obtained from 

Aldrich. Pure sodium perchlorate was purchased from Riedel-de-Haën. All these reagents were 

freshly purchased and have been used without further purification. 

The PPy electrosynthesis was carried out using an EG & G Princeton Applied Research 

Potentiostat/Galvanostat Model 283. This apparatus, coupled with a Schlumberger SI 1255 

Frequency Response Analyzer, was also used in the EIS measurements. 

 

Polymer electrodeposition 

 

Polypyrrole films were electrochemically obtained, by applying a constant current density (1 

mA/cm
2
) during 150, 300, 450, 600 or 900 s. In this range, the film thickness varies linearly 

with the passing charge [46-47]. The electrodeposition was performed in a one-compartment 

cell, containing the working electrode (a Pt disc with 1 cm diameter), the reference electrode 

(saturated calomel electrode, +242 mV/NHE, referred henceforth as SCE), and the counter-

electrode (stainless steel wire). Prior to use, the working and the counter electrodes were 

cleaned with acetone in an ultrasonic bath. The electrolytic medium of electrosynthesis was 

prepared by dissolving 0.1 M pyrrole + 0.1M NaClO4 in water (PPy/ClO4
-
/w), 0.1 M pyrrole + 

0.1 M SDS in water (PPy/SDS) and 0.1M pyrrole + 0.1 M NaClO4 in acetonitrile (PPy/ClO4
-

/acn). The PPy thus electrosynthesized is in its oxidized form and holds ClO4
-
 or dodecylsulfate 

anions, as dopants (doping level: 25-30 % [7]). It was washed with distilled water or acetonitrile 

(according to the medium of preparation), dried with air and used like this in the impedance 

measurements.  

 

EIS measurements 

 

EIS measurements were carried out on the PPy films at various DC potentials (referred hereafter 

as Edc) by applying 5 mV AC on the DC potential at frequencies ranging from 100 kHz to 0.01 

Hz, with 5 points/decade. The impedance data were fitted to equivalent electrical circuits by 
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using Boukamp’s fitting program [48]. Because of a loss of accuracy at too high or too low 

frequencies, the simulations were limited in the range 10 kHz - 0.1 Hz. In a series of 

measurements on a particular sample, we started by the open-circuit-potential (OCP or E0), 

evaluated just before any EIS running. In the following experiments, the applied DC potentials 

were, sequentially: E0 -0.1, E0 -0.2, E0 -0.3, E0 +0.1, E0 +0.2, and E0 +0.3 V/SCE. Before each 

EIS measurement, the electrode was hold during an equilibrium time of 5 min. 

 

 

RESULTS AND DISCUSSION 

 

Electrodeposition and electrochemical characterization of polypyrrole 

 

The electropolymerization of pyrrole was carried out via the galvanostatic route (Figure 1.), by 

applying a constant current density (1 mA/cm
2
) and varying the polarization time (150, 300, 

450, 600 or 900 s). The curves are characterized, after a short period of induction, by horizontal 

lines, indicating the different oxidation potentials of the monomer in the different media: 0.61, 

0.64 and 0.81 V/SCE, in, respectively, aqueous SDS, aqueous NaClO4 and acetonitrile NaClO4 

solutions. The measured potentials can be expressed as: 

E = E0 + (ΣR) x I, 

where E is the measured potential, E0 the oxidation potential of the monomer (pyrrole), I the 

current intensity and ΣR the overall ohmic resistance between the counter-electrode and the 

working electrode. The higher specific resistance of the organic solution relative to water 

explains the fact that the potential is higher in acetonitrile than in water. 

0 200 400 600 800
0.4

0.5

0.6

0.7

0.8

0.9

PPy/SDS

PPy/ClO4
-/w

E
 /

 V
 v

s 
S

C
E

t / s

PPy/ClO4
-/acn

 
Figure 1. Chronopotentiometric curves of electrodeposition of PPy films (i = 1 mA/cm

2
). 

 

Despite the fact that the aqueous SDS solution is less conductive than the aqueous NaClO4 

one, the oxidation potential of Py in the presence of the surfactant is lower than that observed in 

the absence of SDS in the same solvent. Previously, we noted a similar decrease of the oxidation 

potential of several thiophene derivatives [44, 49-50], which was assigned to trapping of the 

monomers in micelles formed by many SDS units. The formation of these complex-like 

structures leads to a lowering of the oxidation potential. 
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On the other hand, during the electropolymerization (oxidation and linking of the monomer 

units), the films hold substantial quantities of anions to maintain electroneutrality (doping of the 

polymer) [7-16, 28-30]. The doping/undoping phenomena of the polymer film can be described 

by the reactions shown in Scheme 1. 
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H
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               y 
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H
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Scheme 1. Doping and undoping reaction schemes for PPy/ClO4
-
/w (I) and PPy/ClO4

-
/acn (I) 

and PPy/SDS (II). 

 

The dodecylsulfate anion (DS
-
), because of its long hydrophobic chain, diffuses difficultly 

in the polymer film. PPy/SDS appears therefore to be more resistant than PPy/ClO4
-
/w. These 

features are noticed when we perform voltammograms of the different types of PPy, in the 

medium used during electrosynthesis, but free of monomer (Figures 2-4). The voltammograms 

are characterized by one anodic peak, ascribed to the insertion of anions, which is significantly 

faster than cations expulsion [40]. The oxidation and reduction peak potentials are given in 

Table 1. They are strongly dependent on the scan rate, in water. The peak current density varies 

linearly with the scan rate for PPy/ClO4
-
/w and PPy/ClO4

-
/acn, which indicates a reaction rate-

controlled process (the diffusion is faster than the charging process). This is typical of reactions 

of substances grafted on an electrode, like polymer films [51]. In contrast, for PPy/SDS, the 

peak current density varies linearly with the square root of the scan rate. The ion diffusion (most 

likely rather in the film than in the bulk electrolyte) is in this case slower [51], presumably 

because of the high length of the DS
-
 chain. The electrochemical process is therefore controlled 

by the ion diffusion. 
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Figure 2. Electroactivity of PPy/ClO4

-
/w (obtained after 600 s) in aqueous 0.1 M NaClO4. Scan 

rate: a): 50, b): 25, c): 10 and d) 5 mV/s. 
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Figure 3. Electroactivity of PPy/SDS (obtained after 600 s) in aqueous 0.1 M SDS. Scan rate: a): 

50, b): 25, c): 10 and d) 5 mV/s. 
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Figure 4. Electroactivity of PPy/ClO4

-
/acn (600 s) in acetonitrile 0.1 M NaClO4. Scan rate: a): 

50, b): 25, c): 10 and d) 5 mV/s. 

 
Table 1. Oxidation and reduction peak potentials (Ep

ox
 and Ep

red
, in mV/SCE) and equilibrium potentials 

(Eeq = (Ep
ox

 + Ep
red

)/2, in mV/SCE) on the voltammograms of the different types of PPy electrode-

posited at 1 mAcm
-2

 during 600 s. 

 

50 25 10 5 V (mV/s) 

Ep
ox Ep

red Eeq Ep
ox Ep

red Eeq Ep
ox Ep

red Eeq Ep
ox Ep

red Eeq 

PPy/ClO4
-/w 450 -296 77 250 -188 31 116 -136 -10 33 -68 -17 

PPy/ClO4
-/acn 191 -682 -245 97 -497 -200 57 -383 -163 8 -230 -111 

PPy/SDS a -118 -960 -539 -264 -824    

(-692) 

-544 -315 -744  

(-502) 

-529 -328 -684  

(-156) 

-506 

a The shoulder potential is given between brackets. 
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The cathodic part of the curves presents more broadened peaks. In the case of PPy/ClO4
-
/w, 

a peak appearing between -0.3 and -0.07 V/SCE (according to the scan rate) can be observed, 

whereas, for PPy/SDS, an intense peak is located between -0.96 and -0.68 V/SCE (see Table 1), 

which is coupled with a shoulder at ca -0.69, -0.50 and -0.16 V/SCE for the three lower scan 

rates. It is however widened by the main peak at high scan rates (50 mV/s). The shoulders can 

be attributed to the undoping of the polymer, accompanied by a release of anions, and the peak 

with the more negative potential to an up-take of cations (Na
+
) [52-55]. This latter type of 

undoping is therefore predominant in PPy/SDS. SDS is really difficult to remove from the film, 

not only due to the high size of the surfactant alkyl chain, but also because of the presence of 

polar and apolar extremities of its molecule, the former being compatible with the charged 

(oxidized) form of the molecule, and the latter with the neutral backbone [13]. In the case of 

PPy/ClO4
-
/acn, a "rectangular" wave appears in the cathodic region, with maxima at values 

ranging from -0.68 to -0.23 V/SCE, according to the scan rate (see Table 1). The mean value of 

the oxidation and reduction peak potentials (equilibrium potential, noted Eeq in Table 1) is also 

presented. The different potentials of the different types of polymers are such as: 

EPPy/ClO4
-
/w > EPPy/ClO4

-
/acn > EPPy/SDS 

 

This might indicate a degree of polymerization (number of monomeric units) varying in the 

same sequence [7].  

The voltammograms have been used to evaluate the amount of undoping charge (Qcv), by 

integration of the curves of electroactivity of the different types of PPy in the corresponding 

electrolytes, which can be compared to the passing charge during electrosynthesis (Qp) (Figure 

5). The plots can reasonably be considered as linear. It follows that the passing charge parallels 

the coulometry of the films in pure electrolyte, and therefore the film thickness. The amount of 

polypyrrole (~ Qcv) electrodeposited on the Pt electrode is therefore proportional to the amount 

of charge injected during electrosynthesis, and the ratio is only slightly dependent on the 

different conditions used for the electropolymerization. 
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Figure 5. Amount of charge necessary for the undoping of the different polymers, vs. charge 

injected during the electrosynthesis. Qcv was obtained by integration of the 

voltammetric curves of the polymers at v = 25 mV/s. 
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EIS results 

 

General aspect of the EIS spectra 

 

The general aspect of the impedance and admittance curves is presented in Figures 6-8. In the 

explored frequency region, two distinct parts can be noticed for the films prepared in the 

presence of sodium perchlorate: a portion of semicircle in the region 10000-2Hz (PPy/ClO4
-
/w, 

Figure 6) and 10000-0.6 Hz (PPy/ClO4
-
/acn, Figure 7), and an oblique line between 2 and 0.1 

Hz (PPy/ClO4
-
/w, Figure 6) and 0.4 and 0.1 Hz (PPy/ClO4

-
/acn, Figure 7). For PPy/SDS, the 

semicircle portion is not observed. We have a quite linear evolution of -Zim vs Zre between 

10000 and 0.1 Hz (Figure 8). The general aspect of the curves was not affected by the 

electropolymerization charge, which is proportional to the film thickness in the prospected 

region. In the range of potentials explored (0.08-0.58 V/SCE), the electrochemical phenomena 

are traduced by the insertion/release of anions, as depicted in Scheme 1. 
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Figure 6. Impedance curves of the Pt/PPy/ClO4

-
/w-coated electrodes (E0 = 0.33 V/SCE). The 

test-solution was aqueous 0.1 M NaClO4, and the applied potential 0.08 (■) and 0.58 

V/SCE (○). The films were obtained by applying 1 mA/cm
2
 during 450 s. 

 

The linear portion, appearing in the lower frequency region, is probably a Warburg 

impedance (diffusion-controlled process), while the semicircle portion found at high frequency 

for PPy/ClO4
-
/w and PPy/ClO4

-
/acn, but not for PPy/SDS, indicates presumably a double-layer 

capacitance. The presence of a single Warburg in the impedance spectra of PPy/SDS 

corroborates the results of the electrochemical characterization of the films, which showed that 

the electrochemical process is rather diffusion-controlled for PPy/SDS only. 
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Figure 7. Impedance curves of the Pt/PPy/ClO4
-
/acn-coated electrodes (E0 = 0.62 V/SCE). The 

test-solution was acetonitrile 0.1 M NaClO4 and the applied potential 0.08 (■) and 

0.58 V/SCE (○). The films were obtained by applying 1 mA/cm
2
 during 450 s. 
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Figure 8. Impedance curves of the Pt/PPy/SDS-coated electrodes (E0 = 0.18 V/SCE). The test-

solution was aqueous 0.1 M SDS and the applied potential 0.08 (■) and 0.58 V/SCE 

(○). The films were obtained by applying 1 mA/cm
2
 during 450 s. 

 

Equivalent circuit 

 

In order to analyze the EIS results, we fitted the impedance data to equivalent electrical circuits 

(EEC) by using Boukamp’s fitting program [48]. We obtained good fittings for frequencies 

ranging from 10000 to 0.1 Hz (χ
2
 ≈ 10

-5
-10

-4
) by using the equivalent electrical circuits depicted 

in Scheme 2. 
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Scheme 2. Equivalent electrical circuits for the PPy/ClO4
-
/w (a) PPy/ClO4

-
/acn and PPy/SDS (b) 

electrodeposited on Pt electrodes 
 

The first circuit consists of a first resistance (solution resistance Rs), in series with a branch 

composed of a constant-phase element with exponent values of 0.38-0.67 for PPy/ClO4
-
/w and 

PPy/ClO4
-
/acn, and 0.6-0.7 for PPy/SDS. These exponent values, close to 0.5, indicate a 

diffusion-controlled process. This capacitance is therefore ascribed to the diffusive capacitance 

(or Warburg Impedance, noted W). W is in parallel with the faradic component, which is 

composed, in the case of PPy/ClO4
-
/w and PPy/ClO4

-
/acn (Scheme 2a), of a resistance (Rct) 

serially associated with a capacitance (Q3). Rct is the sum of the charge transfer and the film 

ohmic resistances, while Q3, with exponent values of 0.97-1, is the double-layer capacitance. As 

previously noted in the spectra, the double-layer capacitance disappears in the EEC for PPy/SDS 

(Scheme 2b), and Rct is therefore essentially due to the film ohmic resistance. 

In the next sections, we are describing the study of the evolution of Rs, W, Q3 and Rct with 

the passing charge (i.e. film thickness) and the applied potential. 

 

Solution resistance 

 

The solution resistance (Rs) is less significant because it depends on the counter-electrode 

position, and this explains the variations observed when going from a given passing charge to 

another. Rs can unsurprisingly be considered as independent of the electropolymerization time 

and the applied potential, as can be seen in Table 2. The resistance of NaClO4 solution appears 

to be higher in acetonitrile than in water. This result corroborates the interpretation previously 

given for the high value of the oxidation potential of Py in acetonitrile relative to water.  

 

Table 2.  Solution-test resistance (Ω .cm
2
), obtained after fitting impedance results to electrical-equivalent-

circuits depicted in scheme 2 (mean values of Rs for the different applied potentials).  

 

Passing charge (C) 0.150 0.300 0.450 0.600 0.900 

PPy/ClO4
-
/w 

a
 29.7 ± 0.2 27.5 ± 0.5 24.3 ± 0.4 24.3 ± 0.4 29.8 ± 0.7 

PPy/ClO4
-
/acn 

b
 76.4 ± 0.9 90.4 ± 0.8 75.0 ± 1.4 75.5 ± 0.6 77.7 ± 1.0 

PPy/SDS 
c
 27.8 ± 0.2 21.8 ± 0.1 21.2 ± 0.2 25.3 ± 1.2 17.9 ± 0.3 

a Aqueous 0.1 M NaClO4; 
b acetonitrile 0.1 M NaClO4; 

c aqueous 0.1 M SDS. 

 

Diffusive capacitance 

 

The diffusive capacitance (W) increases with the passing charge for PPy/ClO4
-
/acn and 

PPy/ClO4
-
/w, as can be seen on Figure 9 for PPy/ClO4

-
/w. In the case of PPy/SDS (Figure 10), 

W seems more or less to be unaffected by the passing charge. No solvent effect was noticed, 

because of the good similarity of the diffusive capacitances of the PPy films obtained with ClO4
-
 

as dopant in water and in acetonitrile. The high values of W (2-15 mF.cm
-2

 for PPy/ClO4
-
/w and 

PPy/ClO4
-
/acn) indicate a high diffusion speed of ClO4

-
. Regarding the increasing of W with the 

film thickness, a similar behavior has been reported for a polybithiophene film and was 



M. Fall et al. 

Bull. Chem. Soc. Ethiop. 2006, 20(2) 

288

attributed to changes in the morphology when the thickness increases [56]. These morphology 

changes could affect the mobility of the ion in the polymer matrix, and therefore the film 

capacitance. For the PPy/SDS films, the Warburg impedance has much lower values (0.2-0.4 

mF cm
-2

), seems practically unaffected by the film thickness, and increases with the applied 

potential (Figure 10), with a likely maximum at 0.3-0.4 V/SCE. The only weak film thickness 

effect on PPy/SDS diffusive capacitance can be due to a possible higher intrinsic resistance of 

these films, because of the lower PPy/SDS doping level. This resistance increases with the film 

thickness and moderates the doping/undoping rate. For instance, for insulating polypyrrole, the 

capacitance decreases with the applied potential [39]. On the other hand, the PPy/SDS Warburg 

impedance clearly increases with the applied potential, and seems to reach a maximum at 0.4-

0.5 V/SCE (Figure 10). This is in accordance with the observations and interpretation given by 

Tanguy et al. [52, 57]. In their works, they identified two types of ionic trapping sites in 

polypyrrole films: deeply or apparently trapped ions. The amount of the deeply trapped ions, 

which cannot follow the AC signal, increases during the film charging, i.e. the few ions that 

have entered the film remain in a quasi-free state. When the potential increases, the amount of 

quasi-free ions increases and reaches a maximum, giving a maximum film capacitance. This 

behavior is seriously reliable in the case of PPy/SDS because of the high size of the dopant, 

which is difficult to remove from the film. Furthermore, in this interpretation, there are two 

types of current in the cyclic voltammetry: a capacitive current without hysterisis effect, and a 

non-capacitive current, arising from the deeply trapped ions, giving a large hysterisis which is 

responsible for the broadening of the peaks. This non-capacitive current is here diffusional, and 

is predominant in the case of PPy/SDS. 
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Figure 9. Evolution of the diffusive capacitance of the PPy/ClO4
-
/w electrodes with the passing 

charge. The applied potential was 0.08 (■), 0.18 (●), 0.28 (▲) and 0.48 (□) V/SCE. 

 

The diffusive capacitance of PPy/ClO4
-
/w decreases with the potential applied during the 

EIS measurements in the prospected region (0.08- 0.60 V/SCE), except for the thinner films. 

The undoping process is therefore faster than the doping one. This was observed during the 

study of the electroactivity of PPy/ClO4
-
/w films: the reduction peaks were larger than the 

oxidation ones, as can be seen in Figure 2. 
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Figure 10. Variation of the diffusive capacitance of the PPy/SDS electrodes with the passing 

charge. The applied potential was 0.08 (■), 0.28 (●), 0.38 (□) and 0.48 V/SCE (○). 

 

Double-layer capacitance 

 

The double-layer capacitance also increases with the film thickness for PPy/ClO4
-
/w and 

PPy/ClO4
-
/acn (see Figures 11 and 12). This is in accordance with results already obtained with 

some polythiophene derivatives [45, 56], but also in the case of PPy/polyimide copolymer, 

doped with KPF6 [41]. In our case, the increasing of the double-layer capacitance with the 

passing charge during electropolymerization may be ascribed to an increase of the doping level 

of the polymer (ratio ClO4
-
/PPy

+
) which results in increased pseudocapacitance. The value of the 

double-layer capacitance is however minimal just after the open-circuit potential (OCP). This 

capacitance may characterize the film surface, and then the second ionic trapping sites, i.e. the 

not deeply trapped ions identified by Tanguy et al. [52, 57] (see diffusive capacitance section). 

The amount of the ions on the film surface decreases when we approach the equilibrium 

potential and reaches a minimum, giving a minimum film capacitance. We believe hence that Q3 

occurs at the interface polymer/electrolyte. The higher values of ClO4
-
-doped PPy double-layer 

capacitance in water (7-36 mF.cm
-2

) than in acetonitrile (5-21 mF.cm
-2

) and its absence in the 

micellar medium (when the surfactant is used) may suggest a relation with the wettability of the 

polymer. 
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Figure 11. Double-layer capacitance of PPy/ClO4
-
/w electrodes against the applied potential. 

The passing charge was 0.15 (■), 0.30 (●), 0.45 (□), 0.60 (○) and 0.90 C (▲). E0 ≈ 

0.38 V/SCE. 
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Figure 12. Double-layer capacitance of PPy/ClO4

-
/acn electrodes against the applied potential. 

The passing charge was 0.15 (■), 0.30 (●), 0.45 (□) and 0.90 C (▲). E0 ≈ 0.61 

V/SCE. 

 

Charge transfer + film resistance 

 
For the charge transfer + film ohmic resistance (named Rct), the plots show in all cases a logical 

increase with the film thickness. We have a quite constancy between 0.08 and 0.58 V/SCE, Rct 

ranging from 7 to 40 Ω.cm
2
 (PPy/ClO4

-
/w, see Figure 13). After 0.58 V/SCE, we observe an 

abrupt increasing of Rct, probably due to an over-oxidation of the polymer in water. The quasi-

stability of Rct is obtained between 0.2 and 0.9 V/SCE, Rct ranging from 35 to 215 Ω.cm
2
 in the 

case of PPy/ClO4
-
/acn. When doped with ClO4

-
, the films remain highly conductive and the 

charge transfer is rapid, even around the OCP potential. The higher values of Rct may indicate 

that when prepared galvanostatically under the same conditions (same current density and 

polymerization time), PPy/ClO4
-
/acn films are thicker than PPy/ClO4

-
/w films. In the case of 

PPy/SDS, we can observe in Figure. 14 a first increase, followed by a diminution after the 

equilibrium potential. This may be associated with the evolution of the amount of trapped ions 

(anionic and cationic), which reaches a maximum at the open-circuit potential. In fact, during 

the reduction, in addition to the release of anions (especially when high molecular weight 

dopants are concerned), cations enter the film, as previously shown by other authors [6, 13, 40]. 

The presence of this well-defined maximum at the OCP potential, which is absent when the 

dopant is ClO4
-
 and the remarkably high values of Rct (1.5-24 kΩ.cm

2
) proves the problematical 

charge transfer in this polymer because of the difficulty to extract dodecylsulfate anions from 

the film. Finally, Rct is not in parallel with the double-layer capacitance in the circuits of 

PPy/ClO4
-
/w and PPy/ClO4

-
/acn (Scheme 2), as sometimes observed for thinner films [46], but 

in series; the reason may be the fact that this charge-transfer resistance characterizes 

doping/undoping phenomena occurring in the heart of the film. 
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Figure 13. Charge transfer + film resistance of PPy/ClO4
-
/w electrodes vs. the applied potential. 

The passing charge was 0.15 (■), 0.30 (●), 0.60 (○) and 0.90 C (▲). E0 ≈ 0.38 

V/SCE. 
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Figure 14. Charge transfer + film resistance of PPy/SDS electrodes vs. the applied potential. 

The passing charge was 0.30 (●), 0.45 (□) and 0.60 C (○). E0 ≈ 0.16 V/SCE. 

 

 

CONCLUSIONS 

 

In this work, we realized the electrochemical and EIS characterization of polypyrrole thin films 

deposited on Pt and doped with sodium perchlorate in water and in acetonitrile, and with 

sodium dodecylsulfate in water. The EIS result confirmed the voltammetric characterization of 

the films. In the presence of NaClO4, the spectra showed a double-layer capacitance, associated 
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with a Warburg capacitance, while in the micellar medium only the diffusive capacitance is 

observed. This was related to the high size of this dopant. The impedance measurements 

showed that the film obtained within this medium is not far from an insulator. Furthermore, the 

comparison between the double-layer capacitance in acetonitrile and in water, and the fact that it 

disappears when the film is electrosynthesized using the surfactant lead us to the conclusion that 

the surface tension of the electrolyte medium (of synthesis and characterization) can influence 

the electrochemical properties and EIS performances of a conducting polymer like polypyrrole. 

The EIS measurements are continuing on other conducting polymers, other solvents and other 

electrolytes. We are also presently performing contact angle measurements on a series of 

conducting polymers in order to investigate deeply this conjecture. 
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