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Abstract

A strategy for the corrosion protection of porous materials using conductive
polymers and nanocomposites of polymers and nanoparticle is presented. Several
conductive polymers, various dopants and different electropolymerization conditions
are studied to select the films with the highest corrosion resistance on porous and non-
porous materials. It is found that nanocomposite films prepared from two different
methods i.e., the co-generation of Au nanoparticles and the dispersion of TiO;
nanoparticles inside the selected polymer coating give rise to an excellent corrosion
resistance. Coated porous samples have the most noble corrosion potentials, the lowest

stable passive current densities and the highest polarization resistances.
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INTRODUCTION

The use of protective coatings is the most common strategy to improve the
corrosion resistance of metallic materials. In recent years, conductive polymers have
been of great interest for their potential applications, not only in corrosion protection
[1,2] but also in biomedicine [3] sensors [4,5], rechargeable batteries, catalysis and
microbial fuel cells [6,7], among many others. Polypyrrol (PPy), polyaniline (PA) and
poly (3.,4-ethylene-dioxyethiophene (PEDOT)) are three of the most common
conductive polymers used for the corrosion protection of active metals, such as copper
[8], aluminium [9], iron and steel [10] or nickel and titanium [11], as well as stainless
steels [12,13]. From these studies, it is known that the formation and effectiveness of
these films depends largely on how they are applied and the conditions of the corrosion
experiments. Therefore, depending on the polymerization conditions (concentration,
current, potential) on the composition of the electrolyte (dopant) and on the nature of
the metallic substrate, an excellent protection capacity can be obtained or, on the other
hand, a disastrous corrosion attack can be caused.

Taking into account the fact that the effectiveness of polymers as a barrier and/or
inhibiting effect is a function of the degree of attachment to the metal surface, the
adhesion of the polymer to the substrate is one of the most critical parameters; the loss
of adhesion causes delamination, which is the main cause of the corrosive attack on the
substrate [11,14]. One strategy to solve this problem is the use of porous substrates,
since their porosity could improve the adhesion of the film. Most of the works referred
to have been carried out on non-porous substrates. In the present work, porous
substrates will be used, with which it is expected to improve the adhesion of the

polymer film.



In recent years, noble metal noble nanoparticles have attracted much interest due
to their excellent and different properties from bulk materials. The high ratio of atoms
on the surface to atoms on the bulk, in addition to the quantum effects, has promoted
their use in such technological fields as spectroscopies, biomedicine, catalysis, etc. [15].
Gold nanoparticles (AuNPs) are well-known for their antibacterial, antifungal, optical,
electronic or catalytic properties, among others [16,17]. Nanocomposites of noble metal
nanoparticles in an organic matrix are highly promising materials that combine the
molecular ordering of organic materials such as conductive polymers and the quantum-
confined properties of metal NPs. The properties of these hybrid materials depends not
only on the nature of the NPs and the conductive polymer, but also on the size, shape
and distribution of the NPs in the organic matrix [18,19]. There are some applications of
this kind of nanocomposite to improve the corrosion resistance of biomaterials such as
titanium alloys [20] or stainless steels [21] in physiological solutions. Once again, there
are no studies on porous metallic substrates.

In addition, the electronic, optical and electrochemical properties of conducting
polymers could be improved by combining them with metal oxide nanoparticles.
Hosseini et al. [22] have proven that the dispersion of TiO;, Mn,0, ZnO NPs within a
PPy matrix on aluminium electrode alloys improves the corrosion resistance in
aggressive environments, especially for TiO,NPs. This enhancement of the performance
of these coatings has been associated with the increase in barrier properties and the
increase in the lifetime of organic coatings [23,24]. Kumar et al. [25-27] have
demonstrated that the incorporation of metallic oxide NPs, such as Nb,Os, ZrO, or
Ti0,, to the electropolymerization of PPy can be successfully used to produce bioactive
nanocomposite coatings over stainless steels for orthopaedic implants. On the other

hand, these nanocomposites of metallic oxides and conductive polymers deposited on



metallic substrates are very interesting as electrodes for fuel cells. Stainless steels are
selected as anode electrodes of microbial fuel cells due to their low cost and good
mechanical properties; however, their corrosion resistance needs to be improved [28,
29]. The electrodeposition of MnO, on PPy coated stainless steels has made it possible
to enhance electrochemical activities in microbial fuel cells [30]. Therefore, porous
stainless steels could be a good alternative as electrodes for fuel cells due their intrinsic
porosity.

AISI 316L SS is one of the austenitic stainless steels most widely used in the
manufacturing of components in the automotive, food, chemical, energy and medical
industries; it is known for exhibiting a good combination of corrosion, oxidation and
mechanical properties in highly aggressive mediums [31,32]. Powder metallurgy (P/M)
is a feasible and economic processing technique of porous austenitic stainless steels; it
provides net or near-net shape, good mechanical properties, high surface finish and
dimensional precision with porosity control [33-35]. It is known that the corrosion
resistance of porous stainless steels is significantly lower than that of either cast or
wrought stainless steel due to the inherently residual porosity. The high surface area
exposed to the environment and the formation of oxygen concentration cells within the
pores increase the susceptibility to corrosion [36]. This is particularly relevant in acid
environments with chlorides [37], although this has also been confirmed in other
environments such as biological solutions [38]. Therefore, there is a great need to
improve the corrosion resistance of these porous materials to expand their industrial
applications.

As mentioned above, fuel cells could be one of the possible applications of these

compounds. One of the limitations of this technology is that the energy generation is

still too low and is mainly related to the electrode materials [28-30]. The ideal electrode




should have conductivity, large surface area, good mechanical strength, low cost and

high corrosion resistance in high aggressive environments. The nanocomposites of PPy

and NPs coated porous SS could be a good candidate since the electrode surface area is

one key parameter. The higher area provides larger active surface and reduce the charge

transfer resistance. For simulated high ageressive environment, acid solution with

chlorides has been used on corrosion testing.

The main objective of this work is to study the effect that coatings of conductive
polymers, with and without nanoparticles, have on porous materials from the point of
view of corrosion resistance. For this purpose, the conductive polymer, the dopant and
the electropolymerization conditions that achieve the best corrosion resistance will be
selected. Then the effect of the dispersion of metallic AuNPs and metallic oxide
nanoparticles, such as TiO,, in the selected conductive polymer is studied. The coating
films are characterized by scanning electron microscope (SEM) and transmission
electron microscopy (TEM). The protective effect of the coating films is investigated by

open circuit, potentiodynamic techniques_and electrochemical impedance spectroscopy

in an acid environment with chlorides. Porous steel 316L, obtained by powder
metallurgy using two different sintering atmospheres, has been selected as the porous
substrates. Wrought 316L stainless steel is used as a reference material to analyse the

effect of the porosity and sintering conditions of the porous samples.

EXPERIMENTAL

2. Materials and methods

2.1. Chemicals
Pyrrol, aniline, 3,4-ethylenedioxythiophene, poly (styrene sulfonate),

dodecylbenzene sulphonate acid sodium salt (DBSA), lithium perchlorate, oxalic acid,



sulphuric acid, sodium chloride, and tetrachloroauric acid were all purchased from
Sigma-Aldrich. Solvents were of reagent grade and used as supplied. Solutions were
prepared by dissolving substances in deionized water (resistivity 18.2 MQ-cm-1)
obtained from a Milli-Q system (Millipore, Billerica, MA, USA).

Gold nanoparticle (AuNP) colloids were synthesized at the same time as the
polypyrrol film is formed, using the “cogeneration method”, by mixing a solution
containing chloroauric acid 10 mol/L and a solution containing pyrrol-DBSA. In this
method, and according to the oxidation potentials of pyrrole (0.7 Vagagci) and the
reduction potential of AuCI™ (1 Vagagci), the AuNPs where generated in situ and
inserted in the polymeric film during the electrochemical growth. Titanium (IV) oxide
nanoparticles (TiO,NPs) were purchased from Sigma-Aldrich.

2.2. Materials

The porous samples were obtained by PM using an atomized austenitic AISI
316L SS powder (HOGANAS, Belgium). The characteristics of the powder were:
chemical composition (0.021% C, 0.2% Mn, 0.87% Si, 13.55% Ni, 16.1% Cr, 2.24%,
0.02%Cu), apparent density 2.87 g/cm’, flow rate 25 s/50 g and nominal particle size
<150 pum. Wrought austenitic 316L SS (Acerinox, Spain), with chemical composition
(0.030% C, 1.26%Mn, 0.34% Si, 10.85% Ni, 17.3% Cr, 2% Mo, 0.33%Cu), was used
on a comparative basis. Although the compositions were not exact, the differences were
not significant.

Porous samples with cylinder morphology of 12 mm in diameter and 6 mm in
height were obtained using uniaxial compaction at 750 MPa for 300 s with a floating die
and zinc stearate as die lubricant. Two sintering atmospheres were used. Some
compacted samples were sintered in a (95 % - 5 %) N,-H; atmosphere and others were

sintered at low vacuum (11 Pa) to minimize chromium losses. Both were heated to



1250°C for 1 hour at 5°C/minute. The samples sintered in nitrogen were cooled in water
to avoid the precipitation of nitrides [39], these samples are referred to as nitrogen (N);
while those sintered in a vacuum were cooled in the furnace to avoid oxidation

problems and are referred to as vacuum (V). Wrought SS is referred to as (W).

2.3. Deposition of conducting polymers coatings

To obtain the coatings, the electropolymerization technique was used. It was
carried out on an EG&G Parstat 273A potentiostat/galvanostat at room temperature,
with the classic three-electrode configuration. A platinum plate was used as counter
electrode, the Ag/AgCl electrode in a 3 mol/L KCl solution as reference electrode and
the stainless steel samples with final polishing, with 0.3 micron alumina and cleaning in
an ultrasonic bath, as working electrode.

Some PPy and PA films were obtained by electropolymerization from a solution
containing 0.1 mol/L pyrrol/anilina and 0.25 mol/L oxalic acid as dopant. Other PPy
films were obtained using the same amount of monomer and 0.05 mol/L DBSA as

dopant.-. The PEDOT/PSS films were obtained from a solution containing 0.01 mol/L

EDOT and 0.1 mol/L of PSS. tTwo different electrochemical techniques: chrono-

potentiometry (CP) at a current density of 0.02 mA/mm?” s and chrono-amperometry
(CA) at a potential of 0.8 Vsg/aeci, 1n both cases for 800 s. The films were deposited on

the forged PM and SS surfaces.

2.4. Deposition of nanocomposite coatings
PPy-AuNp films doped with DBSA were deposited using a solution containing
the monomer, the dopant and chloroauric acid as the precursor of the gold nanoparticles.

PPy-TiO,NPs were prepared following a similar method by mixing the



monomer/dopant solution with the corresponding metal oxide nanoparticle (0.2 mg/ml)
after 30 min sonication. Chrono-potentiometry (CP) at a current density of 0.02
mA/mm? during 800 s was applied for electrodeposition nanocomposite films over PM
and wrought SS. Once prepared, the polymeric films were extracted from the generation

solution and washed thoroughly with water.

2.5 Characterization

Immersion of the Archimedes method was used to determine the density of the
sintered samples and image analysis to determine the degree of porosity. The
microstructural characterization of the surface of the substrates and coatings was carried
out with the SEM-FEI (QUANTA 200F) equipment.

The peel test (ASTM D 3359), method A [40], was used to determine the
adhesion of the coatings in order to select the best doping and electropolymerization
conditions. Two cuts were made in the film, intersecting near its centre, with a small
angle (30° and 45°), then an adhesive tape was pressed to the striped sample for 60 s

and removed and the X-cut area was checked to remove the coating from the substrate.

2.3. Electrochemical corrosion measurements

Electrochemical corrosion measurements were carried out in acid solution with
chloride containing 0.5M NaCl + 0.5M H,SOy at 30°C £ 1 using a Saturated Calomel
Electrode (SCE) as the reference electrode. The electrochemical methods included open
circuit potential (OCP) during 4000s and potentiodynamic anodic polarization
measurements.

ASTM standard G-5 [41] was applied to the anodic polarization curves. The test

conditions were: initial potential = 350 mVgcg below Vo, final potential = 1200



mVsgcg, sweep speed = 50 mV/min, temperature = 30°C. The surface preparation of the
metal samples was carried out with 1 micron diamond paste. Deaeration with nitrogen
and agitation was maintained throughout the test. After the test, the samples were
examined by optical microscopy. Tafel's analysis was used to determine corrosion rate,
corrosion potentials and corrosion current densities. All tests were performed in
triplicate for each sample with coefficients of variation between these tests of less than

5%.

Electrochemical Impedance Spectroscopy (EIS) measurements were conducted

using impedance analyser Solartron SI 1260 combined with EG&G potentiostat 273 A.

Impedance spectra were acquired in acid chloride solution with a frequency range from

1MHz to 0.01 Hz and a signal amplitude of 10 mV at OCP after a stabilization step at

open circuit during 1800 s. Impedance data were managed with Zview software and

fitted to equivalent circuits. Tests were repeated three times.

RESULTS AND DISCUSSION

3.1 Electropoylymerization of conductive polymer coatings.

The electropolymerization of the three monomers (aniline, pyrrol or edot) on every
sample was generated under CP or CA conditions; always resulting in the formation of
an electroactive polymer film. Fig. 1a shows the potential vs. time curves registered
during the electrodeposition of the PPy/DBSA films using a CP process. For all the
samples, a strong initial drop in potential was observed, related to the charge of the
double layer capacitance that produces a nucleation process on the electrode surface.
This was followed by a stabilization and growth stage of the layer in which the potential

is stable [42]. The behaviour was the same for all the monomers, although PA showed



the lowest stable potential value and PEDOT the highest. The adhesion of the coating
was satisfactory in all samples, since the film was not removed at all after the peeling

test.

The CA technique was used to prepare other coatings. Fig. 1b shows the density
current vs. time for the electrodeposition of the PPy/DBSA film, as an example. As
expected, in all cases, an initial sharp decrease in current density was observed. This can
be related to an induction step where the monomer oxidation was controlled by
diffusion, followed by the nucleation and growth of the polymer film on the electrode
surface which caused the current to increase rapidly over time. Finally, the current
density was stabilized, indicating the progressive growth of the film [43]. For all
conductive polymer electrodepositions by CA, the wrought samples showed the lowest
current densities, indicating lower electrical charges than for porous samples. In
addition, for wrought samples, the detachment of the coating was observed during
normal handling. Additionally, the results of the adherence test indicated the removal of

most of the X area under the tape in the case of the wrought samples. Additional studies

were conducted using potentials other than 0.8V such as 0.6V and 1V. Figure Ic is an

example for PEDOT/PSS deposition on the wrought sample. For CA at higher potential

thicker layers were obtained but still detached: with lower potential no uniform

deposition was achieved. In view of this poor performance, the CA electrodeposited
technique was discarded and CP was selected for electrodeposited coating submitted to

corrosion testing.

3.2. Corrosion protection abilities of conductive polymer coatings.

The corrosion resistance of uncoated and coated samples were evaluated, in 0.5M

NaCl + 0.5M H,SO4, by means of open circuit and potentiodynamic tests. Firstly, the



effect of the dopants on the PPy films was analysed; secondly, the effect of the type of
conductive polymer was studied; and thirdly, the effect of the substrate was
investigated. From these results, the coated film with the best corrosion protection

capabilities was selected. The best one was subsequently modified with nanoparticles.

It is known that the doping process in conductive polymers is the key to explaining
their conductivity [22]. Doping agents can be separated into two categories according to
their molecular size: small and large. Since both the conductivity and the structural
properties of the polymer depend on the size, it is very likely that this will also affect
the ability to protect against corrosion. In the case of PPy films, two different dopants:

Oxalic acid and DBSA as small and large dopants, respectively, were used.

Fig. 2a shows the open circuit test of the two forms of Oxalic or DBSA doped PPy,
as well as the uncoated material. Initially, both the PPy films displaced the potential of
the SS to the passive state, as compared to the uncoated SS. In addition, the coated
samples showed a higher potential than the uncoated samples throughout the test; the
uncoated samples remained in the active state over time. However, the potential
achieved by PPy/DBSA is initially higher and much more stable than that of
PPy/Oxalic, although the final potentials were very similar. The ennoblement of the
potential with the coating was observed for both sintered and wrought samples;
although the latter had a slightly more noble potential than the porous samples. The
anodic polarization curves, Fig 2b, confirmed the beneficial effect of the deposition of
the PPy coatings, as the curves were shifted to the right and upwards, indicating that the
potentials were more noble and the current densities lower. These changes were greater
for PPy/DBSA. Generally, the Eco is smaller than the corresponding E,, which could

be due to the depassivation process on the surface during cathodic scanning.



Nevertheless, open circuit and polarization tests agree in pointing to the beneficial effect
of the coatings.

The well-known relation between the protective capacity of PPy film and the
doping/undoping process should be considered to explain these results. Metal oxidation
(anodic reaction) is the driving force behind the doping process (cathodic reaction) [44].
Large doping agents, such as DBSA, are more integrated into the polymer and do not
migrate as easily over time, giving the polymer greater electrochemical stability. Small
dopants, such as oxalate ion, are easily expelled in the cathodic reaction, favouring
anion exchange with chloride anions. On the other hand, DBSA is a surfactant and is
capable of creating micelles incorporated into the polymer matrix. The negatively
charged surface of these micelles could attract cations and repel anions, such as
chlorides, and then corrosion resistance would increase. This behaviour has also been
observed for other metallic substrates, such as copper or carbon steel [45,46]. In order to
select the most resistant polymer coating in a 0.5M NaCl + 0.5M H,SO, solution, a
comparative study of the protective capability of three different conductive polymers,
PPy/DBSA, PA/Oxalic and PEDOT/PSS, were carried out. It was observed from Fig 2¢
that these three coatings caused a shift in the corrosion potential to a more noble value.
Furthermore, both anodic and cathodic branches moved to lower current densities. The
anodic branch implies dissolution, passivation and passive film breakdown. The lowest
passive current density and the more extended passive region are an indication of higher

corrosion resistance; therefore, PPy/DBSA showed the best protection ability.

The parameters such as corrosion potential (Ecqy), corrosion current density (icor),
Tafel constants (B, and ), polarization resistance (R,) and protection efficiency (PE%)
are listed in Table 1. The polarization resistance and the protection efficiency were

obtained by using the following expressions:



Ba X Be

Rp = ;
P 2303 (Ba + Be) X icorr
PE % = (RCoated - RUncoated % 100)
Rcoated

Table 1 shows that all polymer coatings caused a remarkable potential shift in E¢or
toward more noble potentials. The three coatings lead to significant decreases in icor and
significant increases in Ry, resulting in significant protection efficiency values. For all

samples, the highest PE% (73-95.5) was found for PPy/DBSA.

Fig 2d shows the potentiodynamic polarization curves of the uncoated and
PPy/DBSA coating samples for the different sintering conditions, as well as for the
wrought material. In the case of porous samples, it is impossible to calculate the actual
current density, since the surface of the pores wetted by the electrolyte is unknown, so
the current density is overestimated [39]. The porosity and sintering density of the
nitrogen sintered sample were around 11% and 7.2 g/cm’; while, for the vacuum
sintered sample, the values were around 12% and 6.9 g/cm’, respectively; so, on a
comparative basis, the influence of porosity will always be similar. The wrought sample
was free of pores, so the real exposed area was lower than that for the sintered samples
and the anodic curve shifted to a lower current density. It is indicative of the poor

corrosion resistance of the uncovered sintered samples.

The PPy/DBSA coating modifies the polarization curves, but in a very different
way for porous and non-porous materials. The changes were more significant for PM
samples, since the E.q potential shifted to nobler values, the passive current density
decreased and the breakdown potential increased. Furthermore, the V-PPy/DBSA

sample showed the lowest current density, while the N-PPy/DBSA samples showed the



most stable and larger passive range. The beneficial effect of the PPy/DBSA coating on
the wrought sample was less intense, but so were the potential increases and the current

density decreases. The effect of the substrate is similar to the other two polymers; figure

2e corresponds to the PA/Oxalic coatings. It can be seen the improvement for PM

samples although the W-PA/Oxalic showed nobler potential and lower current density

than porous substrates.

According to the literature, the corrosion protection mechanisms proposed to
explain the role of conducting polymers in metal substrates [22, 47] are multiple. The
barrier effect, the anodic protection and the displacement of the electrochemical
interface are the most common. The results demonstrate that the coatings are an
effective barrier to the diffusion of chloride ions. Also, the polymer applied in its
conductive state can act as an oxidizer at the polymer/metal interface, or even keep the
metal in the passive domain in small defective areas. The anodic protection provided by
the coatings would explain the increased corrosion potential and the formation of a
more stable and lower current density passive layer. Moreover, the inhibition effect of
dopant ions should be important; considering their large size during the reduction
process, the DBSA anions remain trapped in the polymer and could incorporate anion
micelles, thus providing a more effective barrier against the penetration of chloride

anions.

The quantitative effect of the metallic substrate on the corrosion resistance of
PPy/DBSA coating was analysed by Tafel analysis, Table 1. As expected, the effective
protection was higher for sintered than for wrought samples and, as a consequence of
this, the negative effect of porosity disappeared. The lowest values of passive current

density and the largest passive potential range were observed in N-PPy/DBSA. To



explain these results, the microstructure of coated and uncoated samples must

necessarily be analysed.

SEM micrographic images of PPy coating samples for sintered and wrought samples are
shown in Fig. 3. For the sintered samples, Fig 3a, the coating showed a homogeneous,
globular, compact and fine-grained cauliflower structure. PPy coating on the wrought
sample, Fig 3b, also had a compact and globular distribution, but a coarse grain size and
it showed some heterogeneities. Some smooth areas interconnected with globular areas
with pores inside can be seen in Fig 3c. The more homogeneous and fine-grained
microstructure for the sintered samples could be related to a higher adhesion of the
coating due to the presence of pores. In a previous work [48], the authors explained the
high corrosion resistance observed in porous coated samples in biological media by the
improvement in the morphological properties. Concerning the influence of the sintering
atmosphere, both samples showed a precipitate-free austenitic microstructure, Figs 3d
and 3e. However, the higher content of nitrogen in the solid solution of the austenite for
the nitrogen sintered sample could lead to the formation of a more corrosion resistant
passive layer; thus justifying the better corrosion behaviour of the nitrogen sintered

sample, also in the presence of the coating.

3.3 Electropoylymerization of nanocomposite coatings

Figs 4a and 4b show the CP curves for PPy/DBSA-AuNPs and PPy/DBSA-
TiO,NPs nanocomposites, respectively, in a mixture of pyrrol, DBSA and trichloroauric
acid or pyrrol, DBSA and TiO,NPs on sintered and wrought samples. All the curves
were similar in shape to each other and similar to those obtained for the PPy coating.
However, some differences were observed. For PPy/DBSA-AuNPs nanocomposites, the

highest nucleation rate (faster electrode potential variation) was observed when PPy was



polymerized in the absence of trichloroauric acid precursor. At the same time, the final
potential (at which the monomer was oxidized) was higher for PPy/DBSA-AuNPs
films. According to these results, it can be assumed that the formation of AuNPs at the
same time as the electropolymerization affects the nucleation of PPy, making the
oxidation of the monomers more difficult. On the contrary, in the case of PPy/DBSA-
TiO, nanocomposites, the presence of already formed nanoparticles in the solution
mixture increased the nucleation rate and decreased the final potential. Therefore, the
final potential attained, when polymerization was carried out in the presence of
previously formed nanoparticles (trapping), was lower than the potential obtained when
nanoparticles were generated in situ (cogeneration). This result seems to confirm that
nanoparticles affect the nucleation process. Only a small difference was found in the
final potential attained by nanocomposites deposited on sintered and wrought SS,

although the final potential was slightly lower for the latter substrate.

All the nanocomposites coatings exhibited no failed regions after tape adhesion

test, which indicates good adhesive resistance on SS surface.

The microscopic structure of the PPy/DBSA-AuNP nanocomposites analysed by
SEM confirmed the incorporation of the AuNPs into the PPy films over sintered and
wrought SS samples, Fig. 5. The PPy/DBSA-AuNPs films obtained on sintered
substrates showed a uniform globular morphology with AuNPs uniformly dispersed in
the polymer matrix, Fig. 5a. The morphology of PPy/DBSA-AuNPs films on wrought
samples was a cauliflower type structure with a higher degree of roughness and higher
grain size than observed in covered sintered samples, Fig 5b. This different morphology
had already been observed for PPy films. For both substrates, the formation of AuNPs

in a PPy matrix created a finer and less porous morphology coating than a PPy one



without nanoparticles. In all cases, the medium size of AuNPs was around 30-40 nm,

Fig 5Sc.

As can be seen in Fig 5d, the presence of the TiO, was confirmed by SEM
micrographs. The incorporation of oxide nanoparticles strongly modified the PPy films.
The PPy/DBSA-TiO; nanocomposites presented a smooth and granular structure, where
the typical cauliflower morphology was not visible. Therefore, the presence of oxide
nanoparticles interfered with the PPy electropolymerization, leading to an increased
compactness of the coating. The structures of nanocomposite films deposited onto
sintered or wrought SS were almost identical. It has already been reported for others
oxide nanoparticles [33-35, 49], concluding that the interaction between the metal oxide
and the polymer chains during electrodeposition leads to a fine, spherical grain structure
in the PPy matrix. The structures of nanocomposite films deposited onto sintered or
wrought substrates were almost identical. From Fig 5d, the presence of aggregates can
be seen in addition to individual nanoparticles dispersed in the matrix. The TEM image
of one of these aggregates is shown in Fig Se, the average size of the TiO, nanoparticles

being around 10-15 nm.

The anodic polarization curves for both uncoated samples and those coated with
PPy/DBSA, PPy/DBSA-AuNPs and PPy/DBSA-TiO,NPs, in substrates sintered in
nitrogen atmosphere, are shown in Fig. 6a. The morphology of the curves corresponding
to the coated samples is similar in all of them, but very different from that observed in
the bare substrate. A more stable, passive layer and a more noble breakdown potential
was observed for coated samples. The incorporation of nanoparticles shifted the
polarization curve to lower current densities and a more noble potential was observed,

an indication of an ulterior improvement in corrosion resistance with respect to simple



PPy coating. A similar displacement was observed for substrates sintered in a vacuum

and for the wrought substrate.

In order to evaluate the effect of the porosity of the substrate, Fig. 6b and Fig. 6¢
show the anodic behaviour for PPy/DBSA-AuNPs and PPy/DBSA-TiO,NPs,
respectively, for samples sintered in nitrogen atmosphere, in a vacuum and the non-
porous wrought substrate. In the case of nanocomposite coatings, the influence of the
substrate was clearly lower and all the samples had a similar anodic behaviour. The
sintered samples had similar or even lower current densities than the wrought sample.
The differences were even more limited for the PPy/DBSA-Ti0O, nanocomposites. This
could be explained by considering the remarkable changes in the microstructures of

every coating in function of the substrate.

In addition, for all substrates, a change in the open circuit potential towards more noble
values was registered when nanocomposite coatings were applied. This was in good
agreement with the anodic polarization curves. This suggests the formation of a more
protective passive layer because the nanocomposites act as electronic/chemical and

physical barriers to prevent diffusion of the oxygen and chloride anions [50].

The electrochemical parameters calculated from the polarization data are
collected in Table 2. According to the Tafel analysis, the incorporation of inorganic
materials at the nanoscale into the organic coating greatly improves desirable properties
in organic films, such as the barrier effect, layer adhesion and layer cohesion. It was
found that the addition of AuNPs increased the R, and PE% for all samples, but the

increase was even more significant in the case of TiO,NPs addition.

The inhibition efficiency values obtained for polarization measurements
revealed that the electrochemical nanocomposite coatings have greater protection

efficiency than pure PPy/DBSA, especially for wrought SS. The incorporation of



nanoparticles achieved more homogeneous, smoother and less porous coatings. The
enhanced compactness of the nanocomposites allowed a significant improvement in
corrosion resistance by preventing the electrolyte from reaching the substrate. This is in
accordance with the SEM microstructure, since a finer and more compact grain and
homogenous microstructure is obtained when polymer electrodeposition and AuNP
formation occur at the same time (cogeneration method). In the literature, the
improvement in corrosion resistance associated to AuNPs has been attributed to the
improvement in barrier effects due to a more compact coating [28,29]. On the other
hand, the increased conductivity of the polymer, along with the incorporation of AuNPs,

could also influence the protective capability.

The maximum inhibition efficiency (98.32%) was obtained for PPy/DBSA-
TiO,NPs nanocomposites. This improvement could be related to the change in
morphology of the PPy matrix from cauliflower-like to the smooth and globular particle
shape. Similar behaviour has been referenced for wrought 316L SS with the
incorporation of oxide nanoparticles such as ZrO,, TiO, [34,36] or MnO,; [38] in PPy

coatings on biological media.

Impedance measurements confirmed the OCP and anodic potentiodynamic

results. EIS data were recorded after immersion non-coated and coated SS in aggressive

solution for 800s to determine the effectiveness of PPy/DBSA., PPy/DBSA-AuNPs and

PPy/DBSA-TiO,_coatings but also to providing information of the corrosion

mechanisms. Fig. 7a. 7b and 7c¢ show the Nvyquist and Bode plots of un-coated PM

sintered in nitrogen atmosphere and coated PPy/DBSA in presence and in absent of

nanoparticles.

The Nvyquist diagram revealed two depressed capacitive loopss, one at high

frequencies and another at low frequencies. These semicircles increased radius for




coated samples; bearing in mind that the larger the radius of the semicircle, the greater

the resistance to polarization of the material, it can be said that the corrosion resistance

increased with the PPy coatings and specially in the presence of nanoparticles. The

impedance modulus was larger than one order of magnitude for the PPy/DBSA sample

than the uncoated sample and larger than one and a half order for PPY/DBSA-TiO,NPs

nanocomposite which indicates its better corrosion behaviour.

For the interpretation of the impedance spectra, an appropriate equivalent

electric_circuit should be chosen. The depression of the circles indicates non-ideal

capacitive behavior and therefore a constant phase CPE element is introduced into the

circuit to give a more accurate fit. Fig. 7d shows the equivalent electric circuit proposed,

Figs 7a, 7b and 7c collect the results of the fitting and the parameters of the fitting are

presented in Table 3. Chi-square values, y°, were used to evaluate the fittings quality, it

was of a magnitude to the order of 10°3-10*, In the proposed model for non-coated

sample, CPE, is the first time constant and it is represented by capacitance of the

passive film in pore-free areas, and R; is the resistance of porous oxide passive layer

impregnated with electrolyte. The electrolyte can penetrate through the pores of the

passive layer. These defects lead to the appearance of double-layer capacitance (CPE,)

and the charge-transfer resistance (Rj), this second time constant related to the

dissolution of the metal due to the formation of a non-protective passive layer. For

coated samples, CPE; and R, relate to the high frequencies time constant associated to

the porous coating;. C, and R, can be related with the double-layer capacitance and the

charge-transfer resistance through porous coating, respectively.

Table 3 show the important increased f R; and R, with the coatings. The sum of

R, and R, -is defined as electric charge-transfer resistance (R.) and is related to the

corrosion resistance; this clearly increased for coated samples. The higher value of R




of PPy/DBSA sample is attributed to the effective barrier behavior of the polymer

coating. Furthermore, the value of R increases specially in presence of nanoparticles.

The nanoparticles decrease the porosity of PPy and it inhibits the ions and water

penetration into the coating and subsequent electrochemical reactions at the

coating/metal interface, leading to improved barrier performance of the nanocomposite

coating.

In good agreement with the OCP and polarization measurements, the maximum

R, values was obtained for -Ppy/DBSA-TiO,. The synergist effect between PPy and

Ti0O, has been reported for other substrates as copper by Beikmohammadi et al. [51] or

aluminium by Hosseini et al. [52]. It is shown that PPy being p-type presents a large

barrier for electron transport while TiO, being n-type, gives hindrance to hole transport

across the interface. In addition, the different position of the valence bands and the wide

energy range make load transport between the two semiconductors difficult. The same

has been observed for Al,0; nanoparticles (n-type) and PPy (p-type) on steel [53]. The

good corrosion behaviour observed for PPy-TiO, nanocomposites has been attributed to

the combination of several factors [51-53]. One of this is the formation of a passive

laver in which the conductive polymer acts as a physical, electronic and chemical

barrier to diffusion of oxygen and aggressive ions and the nanoparticles improve this

barrier effect by decreasing the porosity. Other effect is the high specific surface area of

nanoparticles that increasing the surface area available for releasinge of dopant on

nanocomposite. Finally, the hetero-junction formation between PPy (n-type) and TiO,

(p-type) promotes a potential barrier for charge transport that leads to much better

performance for PPy-TiO, nanocomposites. In this work, it has been proven that this

also happens in a strong corrosive medium for porous SS: achieving protection

capabilities similar to or even higher than those observed in bare wrought SS.




Therefore, in this work, it has been demonstrated that there is a synergistic effect
between nanoparticles and conductive polymer coatings, leading to a very important
improvement in the corrosion protection. This effect occurs in different ways, such as
preventing the access of corrosive ions to the substrate thanks to the nanometric size of
the additives. In addition, the changes induced in the conductivity of the polymer and
the increase in the active surface of the polymer are both relevant factors. All these
elements lead to a much better performance than the uncoated component systems

analysed above.

CONCLUSIONS

Porous materials have multiple potential applications; however, their use is
currently limited by their poor corrosion resistance due to their intrinsic porosity.

Therefore, it is advisable to search for possible solutions to this issue.

The electrochemical behaviour of coated and uncoated porous and non-porous
materials i1s investigated in highly aggressive acid chloride solutions. The OCP
evolution results and the anodic polarization measurements show that porosity greatly

increases their corrosion susceptibility.

In a first experiment, conductive polymer coatings are used to solve this
problem. It is shown that the effectiveness of the coating depends largely on the type of
polymer, the dopant used, the polymerization conditions and the substrate. The PPy
films doped with DBSA, using the CP electrodeposition method, is successfully
employed to improve the corrosion resistance. The PPy coating stabilizes the OCP and
modifies the polarization curves, but its effect is different for each substrate depending

on the surface morphology of the coating. The pores play a beneficial role in the



adhesion of the coating, resulting in a smooth, compact and finer grain size surface;

thus, greater corrosion protection efficiency is observed on coated porous substrates.

In the second experiment, nanocomposites are included as protective coatings.
The incorporation of Au and TiO, nanoparticles into the PPy coating also modified the
surface morphology, obtaining less porous coatings than the PPy coating, thus reducing
the possibility of electrolyte penetration, and resulting in a further improvement in the

corrosion protection of the porous and non-porous substrates.

The most efficient protection results are found in the porous sintered stainless
steel with a PPy/DBSA-TiO; nanocomposite coating. This is associated with an
improvement in the barrier effect, with increased layer stability due to anodic
protection, with reduced charge transport due to the nano-size of the TiO, and with

increased surface area for dopant release.
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Table 1

Table 1. Tafel parameters of uncoated and conducting polymers coated samples

Sample Coating Ecorr Ba Be Leorr R, PE

(mV) (mV/decade) (mV/decade) (uA/em®)  (Q/em?) (%)

- 33410 118.243.5 205.746.2  280.98+8.4  96.29+2.9 -
Vacuum  PA/Oxalic  -21246.3  253.37+6.3  152.52++3.8  95.08+2.4 273.44+68 64.78+1.6
PPy/DBSA  -205+8.2  164.85+3.3  118.14£2.4  30.9+0.6  2143.8+43  95.50+1.9
PEDOT/PSS -222+4.4  120.77+3.3 93.50+2.0  80.6242.2 322.48+8.8 70.14+1.9

- -357£16  93.28+3.7 140.62+5.6 343+13  75.08+3.0 -
Nitrogen  PA/Oxalic  -106£3.2  109.53£1.9  106.01£1.8  114.742.0 227.41+3.9 66.98+1.2
PPy/DBSA  -22145.5  51.43+1.5 84.41+2.5 27.6+0.8  943.99+28  92.08+2.7
PEDOT/PSS  -41+1.6  139.76+4.9 96.38+2.4 58.742.1  443.96+1.5 83.09+2.9

- -340+17  79.78+3.5 121.14+5.4  82.19+3.7  317.50+14 -
Wrought PA/Oxalic  -110£4.6  227.26+6.8  194.54+£5.7  43.77£1.4 593.92+18  46.54+1.4
PPy/DBSA  -166+4.2  133.72+27  155.88+3.2  24.35+0.5 1177.3+24  73.03+1.5
PEDOT/PSS  -96+3.9  166.08+6.7  156.02+6.3  47.59+1.4 552.20+16  42.50+1.3




Table 2

Table 2. Tafel parameters of nanocomposites coated samples.

Sample Coating Ecorr Ba Be Leorr R, PE
(mV) (mV/decade) (mV/decade (uA/cm?)  (Q/em?) (%)
)

Vacuum PPy/DBSA-AuNPs -118+4.8 98.95+3.9 89.87+1.3  5.04£1.5 3896.3+117  97.5242.9
PPy/DBSA-TiO,NPs  -90+3.2 45.61+1.4 42.50+1.3 133404  4517.2+135  97.87+2.7

Nitrogen  PPy/DBSA-AuNPs 23049.2 67.08+2.7 1312452 8.50+0.3  2387.6+71  84.58+2.5
PPy/DBSA-TiO,NPs  -179+4.5 99.29+2.8 84.34+2.4  3.90£0.2  4482.1+£120 98.32+2.8
Wrought  PPy/DBSA-AuNPs -166£4.9  77.40+3.0 89.26+3.5  5.30£2.1  2967.7+89  89.30+2.6
PPy/DBSA-TiO,NPs  -125+4.3 50.17+1.1 59.79£1.2  2.74£0.5  3289.2+66  90.35+1.8




Table 3

Table 3. EIS equivalent circuit parameters of reference and coated samples.

R, 2

Sample Coating Rg CPE;-C CPE;-n R, CPEC,-C CPE;-n x
(Q/cm?) 10%s" Q' em?) (Q/em®) 10%s" Q"' em?) (Q/cm?) 107
- 7.540.15 37£1.5 0.71+0.03 44.95+2.2 30£1.5 0.5+0.02 2089104  0.26+0.01
Nitrogen PPy/DBSA 12.5+0.37 6.25+0.26 0.8120.03 1452458 7.1+0.28 0.660.02 231494425  1.6+0.01
PPy/DBSA-AuNPs  11.63+0.46 2.03+0.07 0.89+0.02 6421192 1.65+0.05 0.54+0.01 30623+418  1.7+0.01
PPy/DBSA-TiO2NPs  15.08+0.75 0.92+0.02 0.88+0.02 4260485 0.55+0.01 0.35+0.01 60833608  1.0+0.01




fig 1ar0.tif
Click here to download high resolution image

1.05 T . T . . T . . , : :
Chrono-potentiometry
5 i
< W-PPy/DBSA
=1.00 / !
15
9 R
o
a
N-PPy/DBSA ]
\V-PPy/D BSA
0-95 L) L] ' LJ L) l L) L) l L) L)
0 200 400 600 800

Time /s


http://ees.elsevier.com/surfcoat/download.aspx?id=1974219&guid=99be10bd-1de6-4cf8-98eb-a62acb35e121&scheme=1

fig 1brO.tif
Click here to download high resolution image

800 L) | l L] L] ' L] L] l L] L]
Chrono-amperometry
700 N
« 600 .
E -
°Q
p 1
- 500
2 V-PPy/DBSA
2
35
~ 400
cC
@
S
@)

300

200 —

100 T '

T
600 800


http://ees.elsevier.com/surfcoat/download.aspx?id=1974220&guid=787e4a5e-7160-4f8b-acee-9c7610257260&scheme=1

Figure 1c

Click here to download high resolution image

50

H
o

w
o
1

Current density / Alcm’
N
o

10

L) l l L L ' lJ L) l L L]

Chrono-amperometry PEDOT/PSS

1
400
Time /s


http://ees.elsevier.com/surfcoat/download.aspx?id=1974247&guid=1963f2af-2c11-401e-9f2e-885c3bf658f5&scheme=1

fig 2ar0.tif

Click here to download high resolution image

Ag|AgCl

i
o
—
(6)
1

Potential / V
o
N
o
|

OCP

V-PPy/Oxalic



http://ees.elsevier.com/surfcoat/download.aspx?id=1974221&guid=2f581153-a7ab-43b0-819f-73b5a00466a9&scheme=1

fig 2br0.tif
Click here to download high resolution image

e

1 Anodic polarization
110/ P

~

0.8 -
< V-PPY/DBSAN

O
(o)}
o1

V-PM

o O
N S
l e A l A

A A

Potential / V —
o
o

P |

O
N

0.4 -

~

-0.6 —

i l ' ' l A ' l 1 A l ' A l A A l L A l A A l ' ' l A A

L FE MR “'“' L) L) UUUUU' LA} U'U'U‘ | R R/ "l'll g 99 UU"'I L) LA VU'UU'

1E-6 1E-5 1E-4 1E-3 0.01 0.1 1
| / Amps/em’


http://ees.elsevier.com/surfcoat/download.aspx?id=1974222&guid=b6e985fc-7812-42fb-b413-d68ee640107a&scheme=1

fig 2cr0.tif
Click here to download high resolution image

1-2 L] L) l'llll' AJ L lIlllUl L) lJ Ullllll ' LA ) : LJ L] y L] L) IIIUI'
-

10 1 Anodic polarization

0.8 -
N-PPy/DBSA

O
»
1

o
H
A l A

N-PEDOT
N

Potential / V B
)
N
|

o :
o
A l 2 A

© o O
(0)) 4 N
4 l A A l A A 41 A

i l A A l A A l A A l i i l A A l A A l A A l L A l A AL

LI UU'IU' L) L) UUI'UU' LI | U'l"ll L UU'U'II LI UUU'U'] L) L "'Ul'

1E-6 1E-5 1E-4 1E-3 0.01 0.1 1
|/ Amps/cm2


http://ees.elsevier.com/surfcoat/download.aspx?id=1974223&guid=118aabc1-e234-4dd2-8594-cc82c7fd3b73&scheme=1

fig 2dr0.tif
Click here to download high resolution image

1.2 oo oo g l.}m‘!.,_mw_

ani] Anodic polarization < /

\J ™ “o' , 1

j N-PPyDBSA— T 7 /]

0.8 - ..o' "l. . ” —

o V-PPy/DBSA ¥ I -

g ] I :

o - ' 4 -

204 W-PPy/DBSA / i7" ;

= i1 VM -

§ 0.2- ) .

C «

g | £ :

& 0.0- ,1 N-PM -
.y L0

'02 \ ‘°$ -

] o T e

‘0.4 = Sy, "

4 N .

b W \'\\._... |

o06.] WROUGHT e :

] L] L "'“' L) L) """ L) L """ L DR . ""'l L) L :"l L) LA "'q ]

1E-6 1E-5 1E-4 1E-3 0.01 0.1 1
|/ Amps/cm2


http://ees.elsevier.com/surfcoat/download.aspx?id=1974224&guid=d6df1a6d-82dc-4c65-8d9a-f2908efe173d&scheme=1

Figure 2e
Click here to download high resolution image

1‘0 ' ' ""'ll LI ) lllllll LI § llIllll

Anodic polarization

0.8 - =
0.6 1 -~

o
»
A l A

V-PA -
W-PA

Potential / VAglAgCI
o
N
|

—
-
- -
0.0 =
-
- —
-
-0.2 - -
- N-PA
- -
0.4 - 2
-
- -
L} L) ""[ L} L UUUU] L) L) "U"' L) L) "l"' L) L | U'U" L} LA R AL

1E-6 1E-5 1E-4 1E-3 0.01 0.1 1
I /Amps/cm2


http://ees.elsevier.com/surfcoat/download.aspx?id=1974248&guid=b3dba3e2-0c7c-4c05-91cf-70fd44924627&scheme=1

Figure 3a
Click here to download high resolution image

=~
5

=5
o)
<
)
<
2]
wsl
(e}
S
p—
e,
)—h

¥

——

Landuhg-E spot mad WD HFW det — 100 pm ——
7.00keV 3.5 1000 x 8.0 mm 298 um ETD UM-PCUVa



http://ees.elsevier.com/surfcoat/download.aspx?id=1974260&guid=a0785265-5461-41c8-b7c8-edf70a52b13a&scheme=1

figura 3brO0.tif
Click here to download high resolution image

e

=~
5
c.
an
<
w2
s
S
(=]
N
=3

o P o5 57 354
PP B ST 5 PN e R SRR P e
WD HFW de 100 pm

3.00keV 2.5 1000x 7.0 mm 298 um ETD UM-PCUVa

~P
3
-



http://ees.elsevier.com/surfcoat/download.aspx?id=1974236&guid=22e8ad5f-3048-4a78-a7c1-f7628243cc02&scheme=1

figura 3cro.tif
Click here to download high resolution image

o
5
=5
an
<
w2
s
e}
(e}
a
=

Landing E spot mag WD HFW det - -4 ym -
3.00keV 2.5 30000x6.9mm 9.95um ETD UM-PCUVa



http://ees.elsevier.com/surfcoat/download.aspx?id=1974237&guid=00c78166-f06b-4cb9-9113-85cf0018132d&scheme=1

figura 3drO0.tif
Click here to download high resolution image

=
o
zZ
el
7
t
o
=3

R4

Landing E spot mag HFW WD det - 40 pm -
20.00 keV 4.5 3000 x 99.5 um 10.0 mm BSED UM-PCUVa



http://ees.elsevier.com/surfcoat/download.aspx?id=1974238&guid=08d2ae45-0905-4e47-8cd0-ab822b94d40a&scheme=1

figura 3er0.tif
Click here to download high resolution image

98]
p—
o))
5
oy,
|22]
™
o
E.::

— ; > '

Landing E'spotl mag | HFW WD‘ det 40 ym
2000 keV 4.5 3000 x 99.5 um 9.8 mm BSED UM-PCUVa



http://ees.elsevier.com/surfcoat/download.aspx?id=1974239&guid=6f5e3db6-763f-4423-9a75-48eaf47629e5&scheme=1

fig 4ar0.tif

Click here to download high resolution image

1.05

Ag|AgCl

Potential / V

0.95

OCP

V-PPy/DBSA-AuNPs

N-PPy/DBSA

\ W-PPy/DBSA

N-PPy/DBSA-AuNPs

W-PPy/DBSA-AuNPs

Voo "t -

R V-PPy/DBSA

L]

T
200

|
400
Time /s

L

Al

T
600

800


http://ees.elsevier.com/surfcoat/download.aspx?id=1974225&guid=bfa2f736-ab59-470e-adb5-9585a6774d27&scheme=1

fig 4br0.tif
Click here to download high resolution image

OCP
1.05

V-PPy/DBSA N-PPy/DBSA

—
o
o

Ag|AgCl

Potential / V

\ W-PPy/DBSA

— i S S S S e e o - - o o o |

1

§ e e g e S P o A a5 5 g 2@ S e |

¥ N-PPy/DBSA-TiO_NPs
2

/ V-PPy/DBSA-TIO,NPs

.....

090 . \‘fco-m-r-- I
\W-PPy/DBSA-TiO2NPs
. ’ T , T . ’ T ' . .
0 200 400 600 800

Time /s


http://ees.elsevier.com/surfcoat/download.aspx?id=1974226&guid=b8f0173e-db96-4a45-af07-b72b41f03e91&scheme=1

fig 5ar0.tif
Click here to download high resolution image

o
5
=5
>
o
>
Z
ov
w2
&
&
(9,1
&
=8

Landing E spot mag WD HFW  det - - 4-pm -
7.00 keV 3.5 30000 x 8.0 mm 9.95 ym BSED UM-PCUVa



http://ees.elsevier.com/surfcoat/download.aspx?id=1974227&guid=b254615d-6cde-46e4-9533-3e9abb825c22&scheme=1

fig 5br0.tif
Click here to download high resolution image

)
=
=
o
—_
>
=1
>
Z
w
[
|95}
.
=]
73
o
=
T
9
o
=g
Hj

Landing E spot mag wD HFW  det 1 um
7.00 keV 3.5 100000 x 8.0 mm 2.98 ym BSED UM-PCUVa



http://ees.elsevier.com/surfcoat/download.aspx?id=1974228&guid=a4515bfa-05a7-418f-aee7-0dd792c081e4&scheme=1

fig 5cr0.tif
Click here to download high resolution image

o
5
=5
>
o
>
=
o
w2
s
o
(91
o
=2

Landing E spot mag WD HFW  det . 4 ym
7.00 keV 3.5 30000 x 8.2 mm 9.95 ym BSED UM-PCUVa



http://ees.elsevier.com/surfcoat/download.aspx?id=1974229&guid=c9c1c8c1-7083-4ffc-9698-095977245958&scheme=1

fig 5dr0.tif
Click here to download high resolution image

Jwps @dsd SN OLL [o4d

2

L

Landing E spot mag WD HFW mode 2 um
10.00 keV 4.0 50 000 x 10.0 mm 5.97 ym A+B UM-PCUVa



http://ees.elsevier.com/surfcoat/download.aspx?id=1974230&guid=3401b944-ea56-4a5f-9051-2e16e60dd212&scheme=1

fig 5er0.tif
Click here to HMIO4MVhigh(HekoKitidnimagegpg



http://ees.elsevier.com/surfcoat/download.aspx?id=1974231&guid=7fef37f1-9355-417f-9679-b5f28ef5df9e&scheme=1

fig 6ar0.tif

Click here to download high resolution image

1.2 4

1.0 4

0.8 -

Potential / V B

0.0 -

Anodic polarization

N-PPy/DBSA

N-PPy/DBSA-AuNPs

N-PPy/DBSA-TIO,NPs

N\

lUllIl L) L] l'lll" L] LI )

IIII' LJ L] lll'.l'

LI UUIU"

1E-6 1E-5

L] A 'UIUIU' A L]

ll""' L L) l'l"'l L) L) U"UUII

1E-4 1E-3 0.01
|/ Amps/cm2

L l A L l A i l A

A A l i i l A A l i



http://ees.elsevier.com/surfcoat/download.aspx?id=1974232&guid=b792a68b-52d7-4b54-adc0-23289386feeb&scheme=1

fig 6br0.tif
Click here to download high resolution image

1.2 Ml | . SR AR S LSS S | g B="R=N VRPN o = =R RN

A

i Anodic polarization

0.8 -

I

O
()
il

W-PPy/DBSA-AuNPs

V-PPy/DBSA-AUNPS

o
N
Lga L g

O
n

Potential / V —

N-PPy-DBSA-AuNPs

' A l A A l L ' l A A l L A l A A l A A l ' A l A A

-0-6 U'UU' L) L) L} ""'I L) L) L] 'UU"I L) L} L} UUVU" Al
1E-6 1E-5 1E-4 1E-3
| / Amps/em’


http://ees.elsevier.com/surfcoat/download.aspx?id=1974233&guid=6ec935d6-383f-44ec-8658-3a629b8331ef&scheme=1

fig 6cr0.tif

Click here to download high resolution image

1.2 4+

1.0 4

0.8 -

Anodic polarization

V-PPy/DBSA-TiO,NPs

N-PPy/DBSA-TIO NPs /

ll'l L] L L 'UIUII

4

W-PPy/DBSA-TiO,NPs

A A l i i l A A l A A l A A l L A l A

A l A A l A A l

U"'l

1E-6

L)

LJ

LI

IUUI L)

1E-5
|/ Amps/cm2

IUUU'UI

1E-4

L)

L) 'Ull"'

1E-3


http://ees.elsevier.com/surfcoat/download.aspx?id=1974234&guid=481ffa10-d9a5-4ce0-b97b-281c0f5c807f&scheme=1

figura 3ar0.tif
Click here to download high resolution image

=~
5

=5
o)
<
)
<
2]
wsl
(e}
S
p—
e,
)—h

o

——

Landlhg’E spot magi WD HFW det — 100 pm ——
7.00keV 3.5 1000 x 8.0 mm 298 um ETD UM-PCUVa



http://ees.elsevier.com/surfcoat/download.aspx?id=1974235&guid=6964f6bd-c2ef-42e2-b7e3-f7a093b2f074&scheme=1

Figure 7a
Click here to download high resolution image

1.0 . I |l | |} 1
~ Experimental
— Fitted
0.8 - AD !
N-PPy/DBSA-TiO,NPs A B oA
(_E) 0-6" —
G /o
< L\
° \
: (A
~N 0.4- N-PPy/DBSA-AuNPs q
E ?
024 § /=—N-PPy/DBSA |
: ' N-PM
0.0 & W I 1 Mg 1 L/ ] U
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Re(2) (10* @ cm?)


http://ees.elsevier.com/surfcoat/download.aspx?id=1974249&guid=6993eadd-ddcd-4430-ba45-0bc4c1dfab30&scheme=1

Figure 7b
Click here to download high resolution image

v i | bbbk | ' \id | ) v | i b b ':
~ Experimental :
’ — Fitted

10°- ~ :
‘ § N / N-PPy/DBSA-TIO,NPs 4

E 10°
o : ‘ ]
o ) N-PPy/DBSA-AuNPs
S § p
N <
107 3
101 ? - i3y 3
LA A RAS Ll LA ""!T' L4 LA AAAL LANR A Ll 'V‘l"'"" v LA A AL R ALl s ‘l’ T ey L

10~ 10° 10’ 10? 10° 10° 10°
Frequency (Hz)

107


http://ees.elsevier.com/surfcoat/download.aspx?id=1974250&guid=b66a7571-9339-47d2-924e-266c41481144&scheme=1

Figure 7c
Click here to download high resolution image

~ Experimental
N-PPy/DBSA-AuNPs — Fitted ]

-60 - -
o
0 B
©
S
9
m - —l
= -40 =~
©
[ -
g /
£ e e N-PM ‘
ﬂ. - Y

-20 \ .

N-PPy/DBSA-TIO,NPs
A\

10° 10’ 10? 10° 10° 10°
Frequency (Hz)

107 10"


http://ees.elsevier.com/surfcoat/download.aspx?id=1974251&guid=7a727bb7-76dd-4960-9190-fdb4d647bd4a&scheme=1

Figure 7d
Click here to download high resolution image


http://ees.elsevier.com/surfcoat/download.aspx?id=1974252&guid=2e154d73-81ad-4e93-8f35-e8b0e2c1fd5e&scheme=1

Figure captions

Click here to download Figure: FIGURE CAPTIONS (1).docx

FIGURE CAPTIONS

Figure 1. PPy/ DBSA film electrodeposition curves as a function of time by using (a)
CP, run at a current density of 0.02 mA/mm? , (b) CA, run at a constant potential of 0.8

Vagagcr and (c) CA, effect of voltage PEDOT/PSS

Figure 2. Electrochemical behaviour of conducting polymer coatings. Effect of dopants
in PPy films (a) OCP evolution, (b) anodic polarization measurements. Effect of the
conducting polymer (c¢) anodic polarization curves and effect of substrate (d)

PPy/DBSA and (e) PA/Oxalic coated and uncoated samples.

Figure 3. SEM images of (a) PPy/DBSA film on nitrogen sintered sample, (b) and (c)
PPy/DBSA film on wrought sample, (d) nitrogen sintered sample and (e) vacuum
sintered sample.

Figure 4. Electrodeposition curves using CP a) PPy/DBSA-AuNPs nanocomposites and
(b) PPy/DBSA-TiO,NPs nanocomposites.

Figure 5. SEM images of (a) and (b) PPy/DBSA-AuNPs nanocomposite (c)
PPy/DBSA- TiO,NPs nanocomposite. TEM image of (d) PPy/DBSA-TiO,NPs
nanocomposite. All deposited on nitrogen sintered samples.

Figure 6. Potentiodynamic polarization curves of (a) coated and uncoated nitrogen
sintered samples, (b) PPy/DBSA-AuNPs nanocomposite coated samples and (c)
PPy/DBSA-Ti0,NPs nanocomposite coated samples.

Figure 7. Nyquist (a) and Bode plots (b) of uncoated and coated nitrogen sintered

samples. Results of the fitting to the equivalent electric circuit (¢) are included.
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FIGURE CAPTIONS

Figure 1. PPy/ DBSA film electrodeposition curves as a function of time by using (a)
CP, run at a current density of 0.02 mA/mm? and (b) CA, run at a constant potential of

0.8 Vagagcl

Figure 2. Electrochemical behaviour of conducting polymer coatings. Effect of dopants
in PPy films (a) OCP evolution, (b) anodic polarization measurements. Effect of the
conducting polymer (c¢) anodic polarization curves and (d) PPy/DBSA coated and

uncoated samples.

Figure 3. SEM images of (a) PPy/DBSA film on nitrogen sintered sample, (b) and (c)
PPy/DBSA film on wrought sample, (d) nitrogen sintered sample and (e) vacuum
sintered sample.

Figure 4. Electrodeposition curves using chrono-potentiometry a) PPy/DBSA-AuNPs
nanocomposites and (b) PPy/DBSA-TiO,NPs nanocomposites.

Figure 5. SEM images of (a) and (b) PPy/DBSA-AuNPs nanocomposite (c)
PPy/DBSA- TiO,NPs nanocomposite. TEM image of (d) PPy/DBSA-TiO,NPs
nanocomposite. All deposited on nitrogen sintered samples.

Figure 6. Potentiodynamic polarization curves of (a) coated and uncoated nitrogen
sintered samples, (b) PPy/DBSA-AuNPs nanocomposite coated samples and (c)
PPy/DBSA-Ti0,NPs nanocomposite coated samples.
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