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Abstract: Duplex coating consisting of an inner cerium-based layer and polypyrrole (PPy) film topcoat was 
electrodeposited onto AISI 304 stainless steel. The cerium-based coating was electrodeposited in solutions containing 
cerium nitrate at 50 ºC. The polymeric outer layer was electropolymerized in the presence of sodium bis(2-ethylhexyl) 
sulfosuccinate (AOT). The electrosynthesis was done under potentiostat conditions. The coatings were characterized by 
scanning electron microscopy (SEM) and energy dispersive x-ray spectrometry (EDX). The morphology of the double-
layered cerium polypyrrole film shows a granular structure with the presence of agglomerates of small grains.  

The anticorrosive performance of the coatings was evaluated in sodium chloride solution by linear polarization, open 
circuit measurements, and electrochemical impedance spectroscopy (EIS). Single films, cerium layer and PPy coating, 
and the duplex film all reduce the corrosion rate of AISI 304 stainless steel in NaCl solution. The duplex coating presents 
an improved corrosion resistance concerning the single films. The combination of the characteristics of the single layers 
is responsible for the superior corrosion protection efficiency of the double-layered cerium polypyrrole coating. 

Keywords: Cerium-based film, Polypyrrole, Duplex coatings, AOT, Anticorrosive properties, AISI 304 SS. 

1. INTRODUCTION 

Type 304 stainless steel is widely used for a variety 
of household and industrial purposes due to its 
mechanical properties. Nevertheless, this material 
suffers pitting corrosion in aqueous solutions, which 
limits its potential applications [1, 2]. Consequently, 
much effort has been expended in attempting to 
understand and overcome pitting corrosion. One 
alternative to avoid this type of degradation is the use 
of protective coatings. Different electrochemical 
treatments were carried out to generate anticorrosive 
films. Between them, conversion treatments are known 
for their low cost and simplicity of operation [3, 4]. 
Conversion coatings provide corrosion protection due 
they act as a barrier between the substrate and the 
corrosive environment and/or through the presence of 
corrosion inhibitors in the film [5]. Cerium based 
conversion coating is one of the most promising 
environment-friendly chemical treatments to modify the 
steel surface properties since cerium ions are 
considered good corrosion inhibitors [6]. However, it 
has been reported that the improvement achieved with 
this type of coatings is not significant because its non-
compact morphology and cracked and porous structure 
that facilitates the electrolyte diffusion to the substrate 
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[7]. Golden et al. have been informed of an 
enhancement of the anticorrosive properties of 
stainless steel (type 430) by anodic deposition of 
cerium oxide films [8]. 

On the other hand, conducting polymers have been 
widely studied to improve the corrosion resistance of 
metallic substrates. Among these polymers, polypyrrole 
(PPy) has been extensively investigated due to its 
physicochemical stability, high conductivity, easy 
processability and relatively low cost [9]. Several 
studies have reported that the electrosynthesis of 
polypyrrole (PPy) films on pure iron [10, 11], mild steel 
[12-14] and stainless steel [15-18] can effectively inhibit 
the corrosion of these materials. It has been proposed 
that PPy coatings protect metallic substrates through a 
mixed mechanism of isolation and charge transfer [18]. 
Moreover, it has been demonstrated that the use of 
sodium bis(2-ethylhexyl) sulfosuccinate (AOT) in the 
chemical synthesis of PPy significantly increases the 
conductivity of the polymer due to the incorporation of 
the anionic part of the surfactant into the PPy chains 
[19]. In previous works, we showed that AOT plays a 
dual role as a dopant and as a surfactant in the 
electrodeposition process of PPy [20-22]. Motheo et al. 
have been reported a good anticorrosive performance 
of cerium conversion and polyaniline duplex coatings 
formed on AA6063 aluminium alloy [23]. The general 
corrosion protection mechanism has been attributed to 
the presence of cerium-based film acting as a barrier 
and the anodic protection provided by the conducting 
polymer.  
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In this study, the formation of a duplex coating onto 
AISI 304 stainless steel is presented. The objective 
was to combine the properties of the cerium-based 
layer with those of the PPy film. In this regard, the inner 
layer was obtained in a solution containing cerium 
nitrate and the outer film was PPy doped with AOT. 
The influence of different parameters on the 
anticorrosive performance of the duplex coating was 
analyzed. The characterization of the films was done 
using electrochemical techniques and SEM/EDX. For 
comparative purposes, the anticorrosive behavior was 
also checked for the single films and the uncoated AISI 
304 stainless steel. 

2. EXPERIMENTAL 

AISI 304 stainless steel (AISI 304 SS) rod samples 
were used as working electrodes. The rods with an 
exposed area of 0.070 cm2 were inserted in a Teflon 
holder. Before the coating formation, the exposed 
surfaces were ground from 600 to 1200 grit SiC paper. 
Subsequently, the electrodes were cleaned with 
acetone and rinsed with triply distilled water. After this 
pretreatment, the samples were immediately 
introduced to the electrochemical cell.  

A saturated Ag/AgCl and a platinum plate were 
employed as the reference and counter electrodes, 
respectively. Electrochemical tests were performed 
using a potentiostat–galvanostat Autolab PGSTAT 
128N and PAR Model 273A. The impedance 
measurements were done in the frequency range of 10 
Mhz to 100 kHz and the perturbation signal amplitude 
was 10 mV. Surface morphologies and element 
compositions of the films were studied by a dual-stage 
ISI DS 130 SEM and an EDAX 9600 quantitative 
energy dispersive X-ray analyser, respectively.  

Before the electropolymerization, the AZ91D 
samples were immersed in a cerium nitrate 
hexahydrate (Ce(NO3)3.6H2O) solution at 50ºC for 30 
min. The polymer was electrodeposited at 0.90 V 
during 1800 s in a solution containing 0.05 M AOT and 
0.50 M Py, pH 6. Pyrrole (Sigma – Aldrich) was freshly 
distilled under reduced pressure before use. 

A Mecmesin basic force gauge (BFG 50N) and a 
Scotch® MagicTM double-coated Tape 810 (3M) were 
used to measure the force necessary to peel off the 
film. 

The potentiodynamic method, the variation of the 
open circuit potential (OCP) as a function of time and 
electrochemical impedance spectroscopy (EIS) were 

employed to evaluate the corrosion performance of 
samples in aerated 0.50 M NaCl solution. Before the ac 
measurements, the electrodes were allowed to 
equilibrate at the fixed voltage. Furthermore, the EIS 
data were analyzed and modelled into equivalent 
electrical circuits (EEC) with Z-View software. 

The Tafel measurements were made by polarizing 
from cathodic to anodic potentials concerning the OCP 
at 0.001 Vs-1 in aerated 0.50 M NaCl solution. Tafel 
extrapolation method allows estimating the corrosion 
parameters. In the case of reactions controlled by 
charge transfer, the corrosion current density (icorr) at 
the corrosion potential (Ecorr) can be obtained from the 
extrapolation of anodic and/or cathodic lines. Each 
experiment was carried out after 1 h of immersion in 
the solution to guarantee that steady-state Ecorr was 
reached.  

To ensure reproducibility and minimize experimental 
error, all experiments were independently repeated 
(duplicates or triplicates). 

3. RESULTS AND DISCUSSION 

3.1. Cerium Deposition 

In order to establish the best conditions for cerium-
based coating formation, deposition parameters such 
as the applied potential, immersion time and bath 
temperature were analyzed. In this way, 
potentiodynamic polarizations in 0.50 M NaCl of the 
electrodes treated in different cerium-based baths were 
carried out. 

Adherent greyish-white films were obtained on AISI 
304 SS after immersion in a 50 mM Ce(NO3)3 solution 
at 50 ºC after polarization in the potential range 
between - 0.20 V and - 0.60 V during 30 min. 
Polarization measurements in 0.50 M NaCl solution for 
cerium coatings synthesized at different potentials are 
presented in Figure 1. For comparison, the curve 
obtained for the untreated substrate is also included 
(Figure 1, curve a). As it could be seen from the curve, 
the active dissolution of the alloy starts at 
approximately 0.20 V. All the formed films modify the 
potential value of the beginning of the dissolution. It is 
noticeable that the Ce layer formed at - 0.20 V shows 
the best anticorrosive performance (Figure 1, curve d), 
leading to a shift in the potential value to around 1.50 
V. The corresponding curve initially exhibits low current 
densities, indicating that the corrosion reaction of AISI 
304 SS is retarded by the presence of the coating. 
Considering this result, the cerium-based coating 
selected for further experiments will be 
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electrodeposited onto AISI 304 SS at - 0.20 V under 
the mentioned conditions. The transient obtained for 
the formation is shown in Figure 2, curve a. This single 
layer will be called Ce film. 

 

Figure 1: Polarization behavior in 0.50 M NaCl at 0.001 Vs-1 
of AISI 304 SS uncoated (a), and coated with cerium-based 
films formed in 50 mM Ce(NO3)3 pH 4.7 during 30 min at: - 
0.20 V (b), - 0.40 V (c) and - 0.60 V (d). 

 

Figure 2: Potentiostatic transients obtained for AISI 304 SS 
during the formation of: Ce film (a), PPy film (b) and Ce/PPy 
duplex coating (c). 

Normand et al. have reported that cerium-based 
electrochemical treatments enhance the corrosion 
resistance of stainless steel due to a chromium 
enrichment in the passive layer [24]. When the 
substrate is immersed in the electrolyte solution the 
chromium present in the alloy reacts with the dissolved 
oxygen. In addition, it has been informed that an 
increment in the pH at the electrode surface was 
caused by electrochemical reactions such as the 
reduction of water, dissolved oxygen or nitrates, 
leading to the formation of cerium hydroxide due to the 
hydrolysis of Ce3+ [25]. Thus, in aerated solutions, 
Ce(OH)3 is oxidized to Ce(OH)4 which reacted with 
electrogenerated OH- ions to form a precipitate of CeO2 
[26]. In the same way, an oxidation mechanism has 
been proposed for the Cr2O3 formation [6]. As a result, 
the coating is composed of oxides/hydroxides of cerium 
and chromium. 

3.2. Electrosynthesis of PPy Films  

In previous works, we reported the electrosynthesis 
of uniform and adherent polypyrrole (PPy) films on SAE 
4140 steel obtained in solutions containing 0.05 M AOT 
[27]. Uniform and adherent PPy films were obtained on 
AISI 304 SS at 0.90 V for 30 min in a solution 
containing 0.05 M AOT and 0.50 M Py, pH 6. Figure 2, 
curve b shows the potentiostatic transients obtained for 
the synthesis of PPy films on AISI 304 SS. Initially, the 
magnitude of the current decreases, which is 
associated with oxide growth and, after this stage, the 
formation of the polymer starts. At the end of the 
potenciostatic procedure, the substrate surface was 
completely covered with a black PPy film.  

3.3. Electrodeposition of the Duplex Coating 

The adherent duplex coating was formed by a 
potentiostatic method. As mentioned previously, the 
inner layer was the Ce film. The coated electrode was 
rinsed with tridistilled water before being immersed in 
the electrochemical cell for the electrodeposition of the 
outer layer. This polymeric film was electro synthesized 
at 0.90 V for 30 min in a solution containing 0.05 M 
AOT and 0.50 M Py at pH 6 (Figure 2, curve c). The 
charge consumed during the electrosynthesis of the 
outer layer is approximately 30 percent of the charge 
involved in the electroformation of the PPy coating 
doped with AOT onto the uncoated steel, which is 
obviously due to the presence of the inner film. For 
practical purposes, the duplex coating will be called 
Ce/PPy coating.  

3.3.1. Coatings Characterization 

The SEM images of the single films and the duplex 
coating are shown in Figure 3. Ce film is constituted by 
worm-like deposits with dimensions in the order of 2 
µm similary to the morphology reported by Vakili at el. 
(Figure 3A) [28]. Figure 3B shows the typical granular 
structure of PPy film. Ce/PPy duplex coating also 
shows the granular structure with the presence of 
agglomerates of smaller grains (Figure 3C).  

EDX analysis of all obtained coatings is presented 
in Figure 4. EDX spectrum confirms the presence of 
cerium in the Ce film (Figure 4A). As it was mentioned, 
cerium-based films are formed from the precipitation of 
oxides, due to an increase in local pH at the interface 
substrate/solution. The presence of sulfur in the EDX 
spectrum obtained for the PPy film indicates that AOT 
was incorporated into the polymer matrix (Figure 4B). It 
was demonstrated that the AOT surfactant is 
incorporated into the PPy chain similarly as the dopant 
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anion does [19]. EDX spectrum of the duplex coating 
(Figure 4C) confirms that both AOT and Ce are present 
in the bilayer. 

The chemical composition of the coating was 
analyzed by XPS. The overall XPS survey and high 
resolution deconvoluted C 1s, N 1s, O 1s and Ce 3d 

               

 

Figure 3: SEM micrographs of AISI 304 SS coated with: Ce film (A), PPy film (B) and Ce/PPy coating (C). Magnification 1000x. 

 

Figure 4: EDX spectra of AISI 304 SS coated with: Ce film (A), PPy film (B) and Ce/PPy coating (C). 



Duplex Coating Consisting of a Cerium-Based Layer and a Polypyrrole Film Journal of Material Science and Technology Research, 2021, Vol. 8    5 

was presented in Figure 5A. C, N, O, and Ce were 
detected as the major elements. As shown in Figure 5B 
the C 1s spectrum can be decomposed into five peaks: 
284,4 eV for β carbons of the pyrrolic chains and 
adventitious C; 285.1 eV for α carbons of the pyrrole 
chains and C-C and C-H of AOT; 286.3 eV for C=N of 

the pyrrole rings and the bipolarons (-C=N+) and C-O 
and C-SO3

- of AOT; 287 eV for the bipolarons (-C=N+) 
and C=O; 289.5 eV for O-C=0 of AOT [29-32]. The 
high-resolution N 1s spectrum can be fitted using two 
components corresponding to -NH- (399.5 eV) and -N+- 
species (400.9 eV) (Figure 5C) [34-36].  

   

   

      

Figure 5: (A) XPS survey spectrum of Ce/PPy coating. XPS intensities of: (B) C 1s, (C) N 1s, (D) O 1s and (E) Ce 3d. 
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The O 1s signal was deconvoluted into two peaks at 
binding energies of 532.6 eV, and 533.6 eV related to 
O=C, HO–C and bound water, respectively (Figure 5D) 
[35, 37]. In Figure 5E, the high-resolution Ce 3d 
spectrum shows the presence of two types of cerium 
oxides, CeO2 and Ce2O3. In this case, the 
deconvoluted peaks of Ce 3d at about 905.1 eV, 902.2 
eV, 889.5, 887.2 eV, 883.7 eV and 882.5 eV are 
attributed to the Ce4+ and the peaks at 903 eV and 
886.2 eV correspond to Ce3+ [38, 39]. The Fe 2p signal 
corresponding to the substrate is undetectable 
probably associated with the high thickness of PPy film. 

Mechanical polishing was required to remove all the 
coatings. The adhesion force, so-called pull-off force, of 
the different coatings, is informed in Table 1. The Ce 
and PPy films present values of 19.30 and 26.40 N 
respectively. Whereas the duplex coating needed 
37.10 N to be removed. Even though the necessary 
forces to peel off the films are all of the same order of 
magnitude, the dual-layer (Ce-PPy coating) is the most 
adherent. Moreover, the presence of Ce film improves 
the adherence of the PPy coating on the AISI 304 SS. 

Table 1: Adherence Force Obtained for Different 
Coatings Coated AISI 304 SS after Peel-off 
Testing 

Sample Adherence Force (N) + 0.10 

Ce layer 19.30 

PPy film 26.40 

Ce/PPy coating 37.10 

 
3.3.2. Anticorrosive Properties of the Duplex 
Coating 

The variation of the open circuit potential (OCP) as 
a function of time roughly describe the grade of 
corrosion protection achieved with the generated films. 
The OCP was monitored in 0.50 M NaCl for all the 
obtained coatings and the curves are presented in 
Figure 6. The pitting potential of the uncoated electrode 
is - 0.276 V vs. Ag/AgClsat (Figure 6, curve a). There is 
a clear ennoblement in the OCP for the coated 
electrodes (Figure 6, curves b, c and d). The initial 
OCP value for Ce film was - 0.050 V (Figure 6, curve 
b). Then, the OCP decreases until around - 0.105 V 
where it remains for approximately two days. After 3 
days of immersion, the OCP value is approximate - 
0.180 V, reaching the corrosion potential of the 
uncoated substrate. The behavior of single PPy films is 
presented in Figure 6, curve c. In this case, the initially 
measured potential is 0.040 V but it drops relatively fast 

and the corrosion potential of the uncoated AISI 304 
SS is reached after five days of immersion. The 
protection time for the two single coatings is shorter 
compared to that of the double-layered Ce/PPy coating 
(Figure 6, curve d). The curve for the duplex film starts 
at 0.200 V and after ten days, the OCP value is 
approximate - 0.038 V, which is still more positive than 
that for the uncoated alloy. These results suggest that 
the Ce/PPy coating is a very efficient barrier for 
protecting the steel against corrosion.  

 

Figure 6: Time dependence of the OCP in 0.50 M NaCl 
solution of the bare AISI 304 SS (a) and those of the alloy 
covered with: Ce film (b), PPy film (c) and Ce/PPy coating 
(d). 

Table 2: Elemental Analysis Corresponding to a 0.50 M 
NaCl Solution after a Sample was Immersed: 
Uncoated AISI 304 SS and Coated with Ce Film 
after 3 Days of Immersion; PPy Film, after 5 
Days of Immersion and Ce/PPy Duplex Coating 
after 10 Days of Immersion 

Sample  Immersion Time / days Fe (mg/L) + 0.03 

Uncoated AISI 
304 steel  3 3.20 

Ce film 3 2.60 

PPy film 5 2.10 

Ce/PPy coating 10 1.44 

 
To verify the enhancement in the corrosion 

protection of the steel, the Fe quantity released under 
OCP conditions in 0.50 M NaCl solution during different 
immersion times was compared (Table 2). In the case 
of the bare substrate, the time of immersion was 
shorter (3 days) with a result of 3.20 mg/L. The quantity 
of Fe released was low when the substrate was coated, 
being 2.60 and 2.10 mg/L for the Ce and PPy simple 
films respectively. When the substrate was coated with 
the duplex coating, the Fe quantity released after 10 
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days was 1.44 mg/L, corroborating a better 
performance even after a long exposure time. The 
formation of PPy layer on top of the Ce film seems to 
block the pores of the inner layer which prevents 
chloride ingress. 

Figure 7 shows the Tafel plots of the AISI 304 SS 
electrode covered by single films (Ce film and PPy film) 
and duplex coating (Ce/PPy coating). For comparison, 
the curve obtained for uncoated steel is presented 
(Figure 7, curve a). Estimation of the corrosion 
parameters (Ecorr, cathodic (Bc) and anodic (Ba) Tafel 
slopes and corrosion current (icorr)) are reported in 
Table 3 for all studied coatings. The icorr value 
measured for the uncoated AISI 304 SS was 1.65 µA 
cm-2, whereas the covered substrate show values of 
0.55, 0.13 and 0.06 µA cm-2 for the Ce, PPy and 
Ce/PPy coatings respectively. All the coated samples 
present values significantly lower than that of the bare 
steel. The duplex coating presents the lowest corrosion 
rate (Figure 7, curve d). 

 

Figure 7: Tafel curves obtained in 0.50 M NaCl solution of 
the bare AISI 304 SS (a) and those of the alloy covered with: 
Ce film (b), PPy film (c) and Ce/PPy coating (d). 

Polarization curves for the uncoated steel, single 
layers and duplex coating in 0.50 M NaCl solution are 
presented in Figure 8. For the single films, high current 
densities with small oscillations were registered (Figure 

8, curve b and c). In both cases, the yellow colouration 
of the NaCl solution denoted iron dissolution at the end 
of the procedure. On the other hand, a significant 
improvement in the corrosion resistance is obtained 
when the substrate is coated by the duplex coating 
(Figure 8, curve d). The corresponding curve initially 
exhibits low current, indicating that the corrosion 
reaction of the substrate is retarded. At the end of the 
potential scan, the coating deterioration is not visible to 
the naked eyes. Moreover, the chloride solution did not 
present the typical yellow colouration indicative of iron 
dissolution. Thus, the Ce/PPy duplex coating is the 
most effective in hindering the access of pitting-
causing aggressive anions to the surface of steel 
compared to single films. 

 

Figure 8: Polarization behavior in 0.50 M NaCl at 0.001 Vs-1 
of: the bare AISI 304 SS (a) and those of the alloy covered 
with: Ce film (b), PPy film (c) and Ce/PPy coating (d) 

To analyze the anticorrosive behavior of the 
coatings at different immersion times in aereated 0.5 M 
NaCl solution, EIS measurements were carried out. 
Figure 9 shows the Nyquist diagrams for the electrode 
covered with the singles and duplex coatings. For 
comparison, the impedance spectrum of the uncoated 
AISI 304 SS is also presented (Figure 9, curve a). At 
the beginning of immersion, the impedance spectrum 
for all coatings shows two incomplete semicircles 
(Figure 9, curve b, c and d). The semicircle at high 

Table 3: Corrosion Parameters Calculated from Tafel Polarization Plots for AISI 304 SS, Ce film, PPy Film and Ce/PPy 
Coating 

Sample Ecorr / V vs. Ag/AgClsat 
icorr 

µA/cm2 

Bc / 

mV dec-1 

Ba / 

mV dec-1 

Uncoated AISI 304 steel - 0.27 + 0.02 1.65 + 0.05 - 108.0 206.1 

Ce film - 0.52 + 0.03 0.55 + 0.03 - 336.4 101.0 

PPy film  - 0.49 + 0.03 0.13 + 0.02 - 206.0 86.0 

Ce/PPy coating - 0.79 + 0.05 0.06 + 0.01 - 148.2 283.5 
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frequencies is attributed to the charge transfer 
resistance against the substrate dissolution in parallel 
with electrical double layer capacitance [28,29]. At 
lower frequencies, the incomplete semicircle is 
associated with the presence of the inner barrier layer 
of corrosion products [30,31]. A remarkable difference 
in the Nyquist plot of the duplex coating compared to 
the spectra obtained for the single films is the increase 
in the total impedance. It is known that a high total 
impedance is associated with the best corrosion 
resistance of the coatings. This result also corroborated 
that the Ce/PPy duplex coating improves the corrosion 
performance significantly. 

 

Figure 9: Nyquist plots of the impedance spectra for the 
coatings at the open circuit potential in 0.50 M NaCl after 5 
min of immersion for the bare AISI 304 SS (a) and those of 
the alloy covered with: Ce film (b), PPy film (c) and Ce/PPy 
coating (d). 

Figure 10 shows the Nyquist plots obtained for the 
Ce/PPy coating at different immersion times in 0.50 M 
NaCl solution. As can be observed, the total 
impedance increases with the immersion time. 

However, it is interesting to note that after 7 days of 
immersion a diffusional contribution is visible in the 
impedance spectra (Figure 10, curves b and c). It has 
been reported that the linear part in the low-frequency 
region is associated with a corrosion reaction controlled 
by mass transfer limitations [32]. Thus, the duplex 
coating behaves as a blocked electrode. This result 
corroborates that the Ce/PPy duplex coating can 
effectively improve the corrosion resistance of the AISI 
304 SS in NaCl solution. In order to better understand 
the obtained impedance responses for the duplex 
coating, the equivalent circuits that simulate the curves 
were developed (Figure 11). For all cases, the model 
simulates the experimental data well, considering that 
the errors of fitting are lower than 5 % for all the 
parameters (Table 4). After 5 min of immersion, the 
impedance response presents three capacitive 
semicircles which are simulated with three R//CPE sub-
circuits. The Rs correspond to the solution resistance, 
the Rox//CPE1 element combination represents the 
oxides formed onto the steel surface, the RCT//CPE2 is 
associated with the corrosion process where RCT is the 
charge transfer resistance. Finally, the Rsf//CPE3 sub-
circuit corresponds to the corrosion product layer [33]. 
As it was mentioned before, for 3 and 15 days, the 
impedance response differs in the low-frequency region 
in comparison to the response for 5 min. Instead of 
three R//CPE sub-circuits, these Nyquist curves were 
fitted with two R//CPE sub-circuits followed by a 
Warburg element, since a straight line of approximately 
45° appears in the spectra [34]. This response is 
attributed to a corrosion process controlled by mass 
transfer limitations. The circuit described in Figure 11B 
was already reported for duplex film onto Mg substrate 

Table 4: Values for the Parameters of the Equivalent Circuit Obtained from the Best Fit to the Impedance Data 

Parameter 5 min 3 days 15 days 

Rs/ Ω cm2 35 23.2 60.0 

Rox/ Ω cm2 103.4 108.4 36.6 

RCT/ Ω cm2 232.5 174.8 193.1 

Rsf/ Ω cm2 4889.6 - - 

W* - 1432.2 1354.5 

P1/ F cm-2 1.35x10-4  5.33x10-5 3.00x10-7 

n1 0.34 0.36 0.91 

P2/ F cm-2 1.96x10-4 3.81x10-5 9.06x10-5 

n2 0.42 0.77 0.64 

P3/F cm-2 7.25x10-6 - - 

n3 1 - - 
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[35]. According to the authors, the Rox//CPE1 circuit is 
associated with the polymer top layer whereas the 
values of Rct and W are related to the internal area of 
the duplex film. 

 

Figure 10: Nyquist plots of the impedance spectra for the 
Ce/PPy duplex coating at the open circuit potential in 0.50 M 
NaCl after different immersion time: 5 min (a), 3 days (b) and 
15 days (c). (d) experimental data; (-) fitted data. 

 

Figure 11: Equivalent circuit used for fitting experimental EIS 
data for Ce/PPy duplex coating: (A) at 5 min of immersion in 
0.50 M NaCl and (B) 3 and 15 days of immersion in 0.50 M 
NaCl. 

The RCT is the main parameter for comparing the 
corrosion resistance of the coated substrate in different 
immersion times. As it could be seen from Table 4, the 
RCT the value for the film after 5 min is 232.5 Ω cm2 
and diminish after 3 days of immersion to 174.8 Ω cm2, 
denoting that the duplex coating is losing its protective 
capacity. Finally, after 15 days of immersion, the RCT 
value increases with respect to that corresponding to 3 
days, being 193.1 Ω cm2, this could be associated with 

an increment in the protective properties of the film due 
to the formation of a passive layer onto the substrate 
surface. 

According to the results obtained here, it can be 
concluded that the superior anticorrosive properties 
obtained by Ce/PPy coating are due to the combination 
of the characteristics of each individual layer. Indeed, 
the cerium and chromium oxides in the inner layer act 
not only as a physical barrier but also provide a 
corrosion inhibition effect. In addition, the presence of 
AOT as an immobilized dopant in the outer polymeric 
layer due to its large size also contributes to the 
superior anticorrosive performance of the duplex 
coating. Moreover, PPy film on top of the cerium-based 
film reduces the film porosity and increases the barrier 
properties of the single film.  

4. CONCLUSIONS 

Double-layered cerium polypyrrole coating was 
obtained by a potentiostatic technique on AISI 304 SS. 
The adherent cerium layer was electrodeposited on 
steel as inner film. The outermost layer was a PPy film 
electrosynthesized in the presence of AOT. Ce film, 
PPy film and Ce/PPy coating all reduce the corrosion 
rate of the substrate in chloride solution. Specifically, 
the presence of the Ce/PPy film reduced the corrosion 
rate from 1.65 µA cm-2 to 0.06 µA cm-2. Moreover, the 
Ce/PPy duplex coating showed improved anticorrosive 
performance compared to the single films. The quantity 
of Fe released was 2.60 and 2.10 mg/L for the 
substrate coated with Ce and PPy films and diminished 
to 1.44 mg/L when the alloy was covered with the 
duplex film. The enhancement of the corrosion 
resistance is associated with the combination of the 
characteristics of the single layers. In this way, the 
inner layer acts both as an adherence promoter for PPy 
film and as a corrosion inhibitor due to the presence of 
cerium and chromium oxides/hydroxides in the film. On 
the other hand, due to its large size, AOT remains 
entrapped into the polymer matrix as an immobilized 
dopant, which creates difficulties in the ingress of 
chloride ions through the coating. In addition, the 
polymeric outer layer seals the cerium film pores 
enhancing the physical barrier properties of the duplex 
coating. 
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