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Electrodeposition of polypyrrole films on aluminum from aqueous solutions containing p-toluene sulfonic 
acid and pyrrole was performed by cyclic voltammetry and galvanostatic technique. The influence of applied 
current density on the morphology of the films was studied by Scanning Electron Microscopy. The films displayed 
a cauliflower-like structure consisting of micro-spherical grains. This structure is related to dopand intercalation 
in the polymeric chain. Films deposited at higher current density were more susceptible to the formation of 
pores and defects along the polymeric chain than films deposited at lower current density. These pores allow the 
penetration of aggressive species, thereby favoring the corrosion process.
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1. Introduction

Currently chromates are used to protect aluminum surfaces 
against corrosion. However, these inhibitors have high toxicity and 
environment problems1,2. Conducting polymers represent a class of 
materials that might replace chromate conversion coating in aluminum 
corrosion control3-5.

Barrier, inhibitor, anodic protection, and the mediation of oxygen 
reduction have been suggested to explain the aluminum corrosion 
protection of conducting polymer6.

Proposed mechanism to explain the anticorrosion activity of 
conducting polymer is:

1)	The reaction of metal (M) oxidation and conducting polymer 
(CP) reduction, which results in the growth of a passive oxide 
M(OH)

y
 layer.

M + CP+m + y H
2
O → M(OH)

y
 + CP0 + y H+

2)	The reaction of polymer oxidation and oxygen reduction.
O

2
 + 2 H

2
O + CP0 → CP+m + 4 OH–

Polypyrrole (PPy) is a conducting polymer that has been exten-
sively investigated because of its high conductivity and environmental 
stability as well as its possible use in a wide range of applications such 
as membranes, sensors, batteries, and anti-corrosion films7,8.

PPy films can be synthesized from aqueous or organic media by 
chemical and electrochemical methods. Electrochemical synthesis is 
more advantageous since the coating properties can be controlled by 
varying parameters such as current density, monomer concentration, 
electrolyte solution, and pH9.

Various research groups have reported the electrodeposition of 
PPy on aluminum surfaces in different electrolytes, such as sulfuric 
acid, sulfonates, sulfosuccinate, and oxalic acid10-14. The type of 
pre-treatment (polishing or galvanostatic activation), electrolyte, and 
solvent (aqueous or organic) affect the electropolymerization process 
on aluminum surfaces.

Our previous works have shown the electrodeposition of adherent 
and homogeneous PPy films on aluminum surfaces from aqueous 
solutions containing carboxylic acids. Doped films can be deposited 
depending on the synthesis conditions, such as electrolyte, pH, and 
deposition potential15,16. The electrolyte plays an important role in 

determining the porosity of the oxide film formed under the PPy film. 
Additionally, the electrolyte can participate as dopant and incorporate 
onto PPy film16.

Studies have also shown that the corrosion protection of aluminum 
surfaces by PPy films depends on synthesis conditions. Saidman 
et al. reported that localized corrosion occurred when the polymer-
coated electrode was exposed to chloride ions, when the polymer 
was electrodeposited on aluminum from nitric acid17. Ocon et  al. 
showed a good performance corrosion of the PPy films electrodepos-
ited in oxalic acid on aluminum surfaces18. Additionally, Paloumpa 
et al. studied the corrosion protection of aluminum surfaces by PPy 
chemically deposited from phosphoric acid and conclude that coated 
surfaces presented excellent corrosion resistance19.

Aromatic sulfonates can act as dopants to PPy and influence the 
electrical and electrochemical properties of PPy films20, 21.

Although the corrosion performance of PPy films deposited in 
sulfonic acid media have been reported for iron surfaces22, the corro-
sion protection of aluminum surfaces coated with PPy films deposited 
from a p-toluene sulfonic acid medium has not been investigated.

This work presents results of the electrodeposition of PPy films 
on aluminum surfaces in aqueous solutions containing p-toluene 
sulfonic acid and the behavior of the films with respect to corrosion 
prevention of the aluminum surfaces.

2. Experimental

Electrochemical experiments were carried out using a 
Potentiostat/Galvanostat (Model MQPG-01 Microquimica) and 
were performed at 25 °C in a one-compartment cell containing three 
electrodes. The working electrodes were 99.9% w aluminum inlaid 
on Teflon®, with a 0.53 cm2 disc shaped exposed area. The reference 
electrode was a saturated Ag/AgCl, Cl– electrode, and the auxiliary 
electrode was a platinum wire.

The aluminum surfaces were polished with abrasive paper (220, 
400, 600 and 1200 grits) and rinsed with distilled water before each 
electrochemical experiment.



504 Liu et al. Materials Research

PPy electrodeposition was carried out by cyclic voltammetry by 
scanning the potential between –1.0 and 2.0 V vs. Ag/AgCl at a sweep 
rate of 5.0 mV/s. The PPy film growth was also performed using 
the galvanostatic technique, by applying current densities ranging 
between 1.0 and 10.0 mA.cm–2 to the working electrode.

The electrolytic solution was prepared by dissolving 0.2 mol.L–1 
p-toluene sulfonic acid + 0.5 mol.L–1 pyrrole in distilled water.

The morphology of surfaces coated with the polypyrrole films 
was analyzed using a Jeol® JXA-840A Scanning Electron Microscope 
(SEM). The micrographs were obtained using a 15 keV electron 
beam.

Fourier transform infrared spectroscopy (FTIR) was used to 
analyze the compositions of the PPy films. The spectra were obtained 
with a spectrometer model SPECTRUM-2000 (Perkin Elmer). The 
analysis conditions were: wavenumber range of 4000-400 cm–1, 4 cm–1 
resolution, 40 scans, and room temperature (25 °C). KBr pellets were 
prepared with solid p-toluene sulfonic acid and with the PPy films 
removed from the aluminum surfaces. The analysis of the liquid pyr-
role was performed using the capillary liquid film technique.

The corrosion protection of aluminum surfaces by PPy films was 
investigated by potentiodynamic polarization curves in a 0.1 mol.L–1 
NaCl solution (pH = 5.9), which was not stirred, open to the atmos-
phere, and at a temperature of 25 °C. The experiments were carried 
out by varying the electrode’s potential, at 5 mV/s, from –1.0 V up 
to +1.5 V and reversing the potential down to –1.0 V. The corrosion 
potential and the corrosion current density were obtained from the 
Tafel plots.

3. Results and Discussion

3.1. Electrodeposition of polypyrrole

Our previous work reported on the electrodeposition of homoge-
neous and adherent PPy films using 0.2 mol.L–1 electrolyte (organic 
acids) and 0.5 mol.L–1 monomer. In 0.2 mol.L–1 electrolyte, a porous 
aluminum oxide layer was formed, favoring the PPy film growth. 
Furthermore, the higher the monomer concentration was, the faster 
the oxidation reaction of pyrrole at the aluminum/electrolyte solu-
tion interface, and the electropolymerization process commenced at 
lower oxidation potential15,16. Higher electrodeposition potential was 
undesirable since overoxidized PPy films were formed.

Figure 1 shows the first cycle for the cyclic voltammetry per-
formed to investigate the electrodeposition of PPy from 0.2 mol.L–1 

p-toluene sulfonic acid solutions (pH 1.5) and 0.8 mol.L–1. The 
cyclic voltammogram for the aluminum electrode in monomer free 
0.2 mol.L–1 p-toluene sulfonic acid aqueous solution showed that the 
surface was passive. Curve 2 in Figure 1 illustrates that the anodic cur-
rents increase at about 0.75 V which indicates pyrrole oxidation.

The polymerization process was also performed using the galva-
nostatic technique. Figure 2 shows the potential-time curves obtained 
for PPy deposition from aqueous solutions containing p-toluene 
sulfonic acid (0.2 mol.L–1) and pyrrole (0.5 mol.L–1) while varying 
the current density between 0.5 and 10.0 mA.cm–2.

Increases in current density (a) shifted the working potential to 
values that are more positive and (b) increased PPy film thickness. 
At lower current densities (0.5 and 2.5 mA cm-2), homogeneous PPy 
films on aluminum surfaces did not form. However, at 5.0 mA.cm–2, 
the PPy film was homogeneous and the potential stabilizes at 0.79 V 
vs. Ag/AgCl and remained constant even about 2 h after switch-
ing on the current. This result is in accordance with that observed 
in cyclic voltammetry, in which the PPy growth commenced at 
0.75 V vs. Ag/AgCl (curve 2 in Figure 1).

Moreover, the potential oscillated when 10.0 mA.cm–2 was ap-
plied. This result was associated with side reactions (overoxidation) 
that occur in the polymer matrix at higher potentials. The reactions 
that occured during the overoxidation process are represented be-
low23,24 (Figure 3).

Previous results have shown that the formation of overoxidized 
films onto aluminum surfaces depend on the electrolyte (A–) nature.16 
In citric acid medium the plateau potential for galvanostic deposition 
was 1.5 V vs Ag/AgCl resulting in the overoxidized film that was 
confirmed by the presence of carbonyl in the FTIR spectrum.

Figure 1. Cyclic voltammograms of Al polarized in aqueous solutions of: 
(1) 0.2 mol.L–1 p-toluene sulfonic acid and (2) 0.2 mol.L–1 p-toluene sulfonic 
acid and 0.5 mol.L–1 pyrrole. Scan rate: 5 mV/s.

Figure 2. Potential-time curves for PPy electrodeposition from 0.2 mol.L–1 
p-toluene sulfonic acid + 0.5 mol.L–1 pyrrole.  The applied current densities 
(mA cm-2) were: 1) 10.0; 2) 5.0; 3) 2.5 and 4) 0.5 mA.cm–2.

Figure 3. The overoxidation process in the polymer matrix at higher po-
tentials.
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Bazzaoui et  al. reported that the PPy eletrodeposited is over-
oxidized in saccharin aqueous medium at potential higher than 
1V vs. Ag/AgCl 25.

3.2. Characterization of PPy films

The composition of PPy films electrodeposited in p-toluene 
sulfonic acid was analyzed by FTIR (Figure 4).

The presence of the absorption bands at: 1635 cm–1 
(axial def. C=C); 1302 cm–1 (asymmetric axial def. O=S=O); and 
1132 cm–1 (symmetric axial def. O=S=O) assigned in the spectrum 
of the PPy film (Figure 4a) suggested that the p-toluene sulfonic acid 
was incorporated into the polymer as a dopant.

Figure 5 shows the SEM micrographs of the aluminum surfaces 
coated with PPy films electrodeposited at 5.0 and 10.0 mA.cm–2 and 
at the same deposition charge of 9.0 × 104 C.m–2.

The films displayed a cauliflower-like structure of micro-spherical 
grains. This cauliflower structure is related to the dopant intercalation 
difficulty in the disordered polymeric chain26.

The micrographs also showed that the PPy films deposited at 
10.0 mA.cm–2 had larger voids between the grains and were less homo-
geneous than those formed at 5.0 mA.cm–2. The morphological differ-
ences between the films can be explained by the overoxidation which 
results in the formation of pores and defects along the PPy chain.

3.3. Corrosion tests

The corrosion resistance of aluminum surfaces coated with PPy 
films was investigated in chloride containing medium.

Figure 6 shows potentiodynamic polarization curves at 5 mV/s, 
in a 0.1 mol.L–1 NaCl aqueous solution (not stirred, pH 5.9) for 
uncoated aluminum surfaces and for surfaces coated with PPy films 
electrodeposited at 5.0 and 10.0 mA.cm–2 and at the same deposition 
charge of 9.0 × 104 C.m–2.

The corrosion potential of the aluminum surfaces coated with poly-
meric films shifted to less negative values, and the anodic current densities 
of these surfaces were lower than those observed in the uncoated surfaces. 
The cathodic current densities, however, were higher for aluminum 
surfaces coated with PPy than for the uncoated surfaces. Breslin et al. 
also observed a higher rate of reduction reaction for aluminum electrode 
coated with a copolymer constituted of polypyrrole and polianiline elec-
trodeposited in tosilyc acid medium than for uncoated electrode 27.

In the aerated solution, the main cathodic reactions were the re-
duction of oxygen and PPy, since the initial doped polymer structure 
could be cathodically reduced. The possible chemical reactions that 
occur on aluminum surfaces coated by PPy films during the polariza-
tion experiments are represented below. 28, 29

Anodic reactions

Al → Al+3 + 3 e–	 (1)
Figure 4. FTIR spectra of: a) PPy films deposited on aluminum at 5.0 mA.cm–2; 
b) p-toluene sulfonic acid and c) pyrrole.

Figure 5. SEM of the aluminum surfaces coated with PPy films galvanostatically deposited at a) 5.0 and b) 10.0 mA.cm–2.
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Cathodic reactions

2 H
2
O + O

2
 + 4 e– → 4 OH–	 (2)

PPy 
doped

 + ne– → PPy 
undoped

	 (3)

Surfaces coated by films deposited at 5.0 mA.cm–2 presented 
higher cathodic current densities. A higher overoxidation degree of the 
PPy films formed at 10.0 mA.cm–2 would explain the lower cathodic 
current densities observed for that surface (curve 2 in Figure 6), since 
overoxidized films are less susceptible to reduction reaction during 
polarization experiments.

The electrochemical parameter values obtained from the polariza-
tion curves shown in Figure 6 are presented in Table 1.

The results presented in Table 1 indicate that the corrosion cur-
rent densities of the aluminum surfaces coated with PPy films were 
higher than those for uncoated surfaces. The occurrence of redox 
reactions in the polymeric matrix can also contribute to increasing 
the corrosion current density.

However, considering the anodic current densities as criteria for 
determining the corrosion protection afforded by the PPy films, the 
PPy coated surfaces were less susceptible to corrosion processes 
than uncoated aluminum. Additionally, the PPy film deposited at 
5.0 mA.cm–2 had better corrosion protection performance than films 
deposited at higher current densities. This result is ascribed to the 
greater homogeneity of this film (SEM micrographs).

The presence of larger voids in the cauliflower structure of the film 
deposited at higher current density allowed the penetration of chloride 
ions (aggressive species), which favored the corrosion process.

After the polarization experiment there were pits on the uncoated 
aluminum surface. The pitting potential was –0.48 V vs. Ag/AgCl in 
the curve 1 (Figure 6).

Moreover, the aluminum surfaces coated by PPy films deposited 
at 5.0 mA.cm–2 presented smaller amount of pits after polarization 
experiments in chloride medium than those coated by PPy deposited 
at 10.0 mA.cm–2. The greater porosity of overoxidized PPy films al-
lowed the penetration of aggressive species, thereby promoting pits 
formation on aluminum surfaces.

4. Conclusion

After electrodepositing polypyrrole film from aqueous solution 
containing p-toluene sulfonic acid onto aluminum surface, the fol-
lowing conclusions can be described.

The morphology of the PPy films displayed a cauliflower-like 
structure comprise of micro-spherical grains, which is related to 
dopant intercalation in the polymeric chain. Furthermore, the FTIR 
spectra suggest that the p-toluene sulfonic acid was incorporated into 
the polymer as a dopant.

The films deposited at higher current density were more sus-
ceptible to the formation of pores and defects along the polymeric 
chain.

The corrosion potential of aluminum surfaces coated with 
polymeric films shifted to less negative values and the anodic cur-
rent densities of these surfaces were lower than those observed for 
uncoated aluminum surfaces.

The corrosion current densities of the aluminum surfaces coated 
with PPy films were slightly higher than for uncoated surfaces. This 
can be attributed to the polymer dedoping reactions that may contrib-
ute to increasing the cathodic current densities, which explains the 
higher corrosion current values for PPy coated surfaces. Therefore, 
polymer films deposited at lower current density presented better 
corrosion performance.
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