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ABSTRACT: Polypyrrole (PPy) films doped with molybdate and salicylate have
been successfully electropolymerized on low carbon steel in aqueous solutions
containing both molybdate and salicylate in a one-step process that did not require
any pre-treatment of the steel substrate. Salicylate-doped PPy films were
synthesized in the same way for comparison. The steel surface was rapidly
inhibited and the PPy-based films were formed on it easily. The PPy-based films
were characterized by Fourier transform infrared, scanning electron microscopy,
energy dispersive X-ray, and thermal gravimetric analysis methods. The corrosion
protection performance of the coatings was investigated with electrochemical
impedance spectroscopy, open circuit potential (OCP), salt spray test, and Tafel
polarization. It was found that in the presence of both molybdate and salicylate as
dopants, the films on steel could present a better corrosion resistance than PPy
film doped with only salicylate. The self-healing property of PPy-based films was
observed on the OCP measurement with the fluctuation of rest potential. The salt spray test results showed that the PPy film doped
with both salicylate and molybdate was more salt-resistant than the PPy film doped with only salicylate. The results suggest that the
PPy coatings doped with both molybdate and salicylate are potential for application as metallic anti-corrosion coatings.

1. INTRODUCTION

Nowadays, metals, alloys in general and low carbon steel
(LCS) in particular, are the most common material widely
used in all areas of economic and social life. Metals such as
Ni,1,2 Fe,3−5 Al,6,7 and Ag;8 alloys such as FeCoNi,9 CuAu,10

Fe2O3,
11 AgAu,12 FeC,13 AlNi,14 AuCu,15 NiCu,16−18 and

NiFe;19,20 nonmetallic polymers;21,22 and polymer−metals23

have good properties such as durability, fire protection, and
good electrical conductivity. When metal or nonmetallic
dopants are introduced into polymers, their conductivity
increases.21−23 Their highest disadvantage is that they can
oxidize or corrode when they are exposed to the environment
as microbial corrosion in petroleum and industrial waste-
water,24,25 the biodegradation of hydrocarbons,26 and the
methanol extract from marine algae inhibit the corrosion
ability of steel in sodium chloride medium.27 Corrosion of
metals and alloy destroy metal and alloy structures, reduce
their lifetime, and consume significant amounts of metals and
alloy. Thus far, protecting metals and alloys from corrosion is
always a difficult and costly issue. Among a wide range of
methods to prevent metal and alloy corrosion, creating

coatings has always been of interest for its low cost, ease of
implementation, and efficiency. To create a film, which is
resistant to the corroding of the environment, there are many
methods. The most used method today is the electrochemical
method, which is the cheapest and the most cost effective.28−31

In particular, the role of the electrode determines the
effectiveness, quality, and applicability of the product. Electro-
des include many types such as glass carbon electrodes, boron-
doped diamond, graphene, carbon screen-printing electrode,
and so on; they are mainly applied in pharmaceutical
fields.32−35 In the fields of science and technology, researchers
also use the low carbon bare electrode,36−38 which has been
widely used due to its low cost, chemical inertness, and
increasing capacity for applicability in practice. Three
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scientistsHeeger, Shirakawa, and MacDiarmidmade a
breakthrough in the successful study of polymer materials
capable of conducting electricity, and as a consequence, they
won the prestigious Nobel Prize in Chemistry in 2000.39 By
2003, 2021 there are successful research works on the ability to
reduce corrosion in industrial wastewater, petroleum, and acid
environments.24−27 In recent research, scientists have success-
fully investigated the possibility of increasing the electrical
conductivity of polymer materials by doping metals.23

Scientists referred to this material as polypyrrole (PPy)
material. PPy is one of the materials that have excellent
properties such as high conductivity, stability, easy synthesis,
and good bio-compatibility. Especially, it has better eco-
friendly properties than polyaniline or polythiophene. Using
PPy-based coatings for corrosion protection becomes a
potential approach in the anti-corrosion of metals, which can
be considered a sustainable alternative to toxic chromate-based
coatings.
The aim of this study was threefold: (i) to electrochemically

synthesize PPy coatings on LCS substrate by a one-step
process in the solution containing both salicylate and
molybdate anions; (ii) to characterize the doped PPy coatings;
and (iii) to evaluate the role and synergetic effect of salicylate
and molybdate dopants in corrosion protection for LCS. In our
recent article,22 we have simulated numerically the structure
and band gap of some polymers (using copyrighted Material
Studio software at the Center of Computational Science of
Hanoi University of Education, Viet Nam); also, the
numerically simulated results can be compared with exper-
imental ones.

To explain the corrosion inhibition mechanism of PPy
coatings, the mechanism of anodic passivation,40,41 physical
barrier,42 complex formation,43 and self-healing44,45 have been
proposed. PPy coatings provide stabilization of passive films on
the metal substrate through coupling interactions;46,47 there-
fore, they can enhance the corrosion inhibition in aggressive
environments.48 However, single PPy coatings exhibit some
disadvantages. They may lose their protective behavior due to
some small defects in the polymer layer. In the presence of
defects, the barrier mechanism does not work and corrosion
takes place at these defects, resulting in the peeling of the film.
Consequently, the iron substrate is not protected anymore.
This problem can be tackled if the dopant anions are mobile
enough to be easily released from the PPy film in the
oxidation-reduction reactions and moved to the corrosion site.
Dopants and metal ions can then form an insoluble salt in the
defects of the metal surface. The defects are thus passivated
and healed. Such coatings are so-called self-healing.49−53

Besides, although electrochemical synthesis is known to be
cleaner and easier to control the coating thickness and
morphologies compared to chemical polymerization, it is
really difficult to electrochemically synthesize PPy films on
active metal substrates such as iron because they dissolve very
fast before the pyrrole (Py) monomers can reach the electrode
surface. This results in poor adhesion, even the peeling of the
films. Some kinds of anions can inhibit the dissolution of iron
and promote the oxidation of Py monomers on active
substrates. The role of dopant anions in improving corrosion
protection by conductive polymers has been largely
discussed.54−62 The protective behavior of conductive polymer
films can be controlled by changing different types of dopant

Figure 1. Potential vs time curves of electropolymerization of PPy in PPy/Sa (a1,a2) and PPy/Sa/Mo (b1,b2) solutions.
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anions that are corrosion inhibitors. Inhibition dopants can
provide the barrier effect, and some dopants can introduce
passivation, such as dodecyl sulfate and oxalate ions,54

molybdate,24,55,56 phosphate,57 polyvinyl acetate,58 tungstate,59

ammonium oxalate,60,61 phosphotungstate,62 dodecylbenzene
sulfonate, p-toluene sulfonate, and 2-naphthalene sulfonate
composite pigments.63 Besides, salicylate ion has been also
known as an effective inhibitor dopant of PPy film on
iron.64−66 In our recent articles, it was discussed that
molybdate dopant can play a role as an inhibitor for PPy
smart coatings. Single doping with molybdate anion into PPy
films or ion exchange by the polarization of PPy films was
reported to provide a self-healing effect for PPy coatings on
iron.67−69 They can be released from the film during the
reduction process and keep the open circuit potential (OCP)
of iron in the passive zone for a long time. Doping both
salicylate and molybdate anions into PPy films may be thus
expected to enhance even more the corrosion protection
performance of LCS. To our best knowledge, this approach has
not been much explored. In a recent paper, we tried to
electrochemically synthesize PPy coatings on an LCS substrate
by a one-step process in the solution containing both salicylate
and molybdate anions. Also, we characterized the doped PPy
coatings and evaluated the role and synergetic effect of
salicylate and molybdate dopants in corrosion protection for
LCS.

2. RESULTS AND DISCUSSION

2.1. Electrochemical Polymerization. Typical poten-
tial−time curves obtained during the deposition of PPy at 1
mA/cm2 in PPy/Sa and PPy/Sa/Mo solutions are shown in
Figure 1.
It is observed that, once the current was imposed, the

potential instantaneously increased due to double-layer
charging effects and the nucleation process. Electrode
passivation was immediate as immersion. Then, the potential
starts to decrease at t1, t2 [Figure 1(a1)]. The process shows
that from the initial time corresponding to the potential 0.57
V/SCE to the next time t1 = 0.75 s, the potential increases
linearly from 0.57 to 0.96 V/SCE. When increasing the time
from t1 = 0.75 s to t2 = 5.75 s, the potential decreases
logarithmically and reaches saturation value at 0.76 V/SCE
[Figure 1(a2)]. At 5 s, the potential is stabilized at constant
values corresponding to the oxidation potential of pyrrole. The
obtained results show that the non-inducible polymerization
leads to hindrance of the dissolution of LCS and creates a

passivation layer on the metal/electrolyte surface.70 Similarly,
in the case when both salicylate and molybdate anions are
present in the electrolyte solution (PPy/Sa/Mo), the results
show an increase in potential when an electric current is
applied [Figure 1(b1)]. At the initial time corresponding to
0.45 V/SCE potential, to the next time t1 = 0.6 s, the potential
increases linearly from 0.45 to 0.60 V/SCE. As the time
increases from t1 = 0.60 s to t2 = 8.80 s, the potential decreases
logarithmically and reaches saturation value at 0.56 V/SCE
[Figure 1(b2)]. The obtained results show that with pyrrole
oxidation, the corresponding potential value is +0.55 V/SCE,
which is lower than the potential value in the case of normal
oxidation, with a lower value than the potential value in the
case of normal oxidation (+0.8 V/SCE). The results confirmed
that the passivation layer on the LCS was strong enough to
prevent the dissolution of the steel but did not interfere with
the polymerization of the pyrrole. It is not a barrier to the
development of PPy overlays. An opposite trend was obtained
with a single-doped PPy film with molybdate,71 where pyrrole
oxidation was higher than normal.
The electropolymerization of PPy/Sa/Mo was investigated

with the cyclic voltammetry (CV) technique. The CV method
sweeps the voltage from negative to positive and vice versa in a
fixed potential range; the monomer is oxidized to form a film
on the electrode. The resulting film is also reduced and
oxidized during the scanning process. The highlight of this
method is that after the synthesis is complete, the films are
investigated for redox properties. Oxidation and reduction
peaks are shown. This is a property that any conductive
polymer must have to make a protective film.
Figure 2a shows the consecutive CV cycles for the

electropolymerization of PPy/Sa/Mo films in the PPy/Sa/
Mo solution with a scan rate of 10 mV s−1. For the first cycle
(Figure 2b), the current was rapidly increased at a potential of
about +0.55 V, and it was stabilized from +0.7 to +0.8 V (this
result corresponded to the oxidation of monomer pyrrole). It
was interesting to notice that oxidation of the pyrrole
monomer occurred on LCS with the same behavior on the
inert electrode. The passivation was so fast that we did not see
the oxidation peak (dissolution) of iron. Without molybdate
anion in the electrolyte solution, the dissolution peak of iron
was observed at −0.25 V.71 During the subsequent cycles, the
LCS surface was already in a passive state, and PPy was
formed. It took a certain time to passivate the LCS electrode.
These results indicate that molybdate anion improved the
properties of the passive layer on LCS, which affected the

Figure 2. Cyclic voltammogram curves (a), with the first cycle (b) of electropolymerization of PPy in solution PPy/Sa/Mo.
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oxidation potential of the pyrrole monomer. This potential
ensured the oxidation of pyrrole monomer and film formation
without any difficulties on the LCS. The results obtained from
the CV and potential−time curves are quite consistent.
2.2. Morphology of Doped PPy Film. The PPy films

formed on LCS were quite thin, smooth, black, and
homogenous. This can be seen in scanning electron
microscopy (SEM) images of doped PPy films in Figure 3.
The surfaces of PPy/Sa and PPy/Sa/Mo films resulting from

the PPy/Sa and PPy/Sa/Mo solutions, respectively, are
characterized by a typical cauliflower-like structure of PPy
coating72,73 constituted by spherical grains (PPy balls) with
different magnitudes. When doping with both salicylate and
molybdate anions, the PPy/Sa/Mo film (Figure 3b) is more
uniform, thinner, smoother, and more compact with smaller
grains (ca. 1 μm) compared to the single-doped PPy/Sa film
(Figure 3a), which exhibits a larger globular structure
compared to the PPy film without dopants,71 which shows
that the role of Mo in the passivation with metal substrates is
better than that of Sa. This result is consistent with other
studies71,73 and indicates that the presence of molybdate anion
as a dopant in PPy films can improve the morphology of
coatings on carbon steel. The successful incorporation of
molybdate anion was also confirmed by energy-dispersive X-
ray (EDX) analysis. Elements such as carbon, oxygen, iron, and
molybdenum were detected in PPy films as shown in Figure 4.
Their percentage in the samples is given in Table 1.
It can be seen that the Mo element was doped with 17.66%

to the PPy/Sa/Mo film (Figure 4b), of which Fe composition
was smaller than in the PPy/Sa film (Figure 4a). It shows that
when Mo is present, the amount of Fe is less dissolved than
when only Sa is present. It was molybdate anion doped in the
coating that inhibited the dissolution of Fe.71

2.3. Electrochemical Properties. Figure 5 shows the
respective cyclic voltammograms of the PPy film obtained in
monomer-free solutions with a pH of 4 by sweeping the
potential from −0.8 to +1.0 V at a scan rate of 10 mV s−1. It
can be seen clearly from Figure 5 that anodic and cathodic
peaks appeared for all cycles. The curves show that the PPy
polymer can be doped and undoped electrochemically,
indicating that the polymer coating remains electroactive
during the potential sweepings. When the electrolyte solution
contained only salicylate anion, in the first CV cycle, a pair of
strong oxidation and reduction peaks appeared at about −0.2
and −0.4 V, respectively (Figure 5a). For the subsequent
cycles, the anodic peak increased with the number of scan
cycles, maybe due to the completion of the PPy film growth.
However, after 5 scan cycles, the cycles were reversible, and the
anodic peak kept steady. Meanwhile, the cathodic peak moved
to the positive potential with the increase in sweeping cycles.
This was associated with the release of dopants from the PPy
film. It can be said that the PPy film still maintained its
electrochemical properties while dopants could be incorpo-
rated into or released from the PPy film during the redox
process. When the peaks of redox and reduction change a little
after scan cycles, the redox process is stable. In the free-
monomer solution containing both salicylate and molybdate
anions, the electrochemical behaviors of the PPy film are quite
different (Figure 5b). In this case, anodic and cathodic peaks
were at more negative potentials compared to the previous

Figure 3. SEM pictures of PPy fìlm obtained in different solutions: PPy/Sa (a); PPy/Sa/Mo (b).

Figure 4. EDX spectra of PPy/Sa film (a); PPy/Sa/Mo film (b).

Table 1. Element Composition in the PPy Samples

sample C (%) O (%) Fe (%) Mo (%)

PPy/Sa 75.02 21.31 3.36 0.0
PPy/Sa/Mo 56.74 23.37 2.23 17.66
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ones in the salicylate solution. This resulted from the doping of
both molybdate and salicylate anions into the PPy film, which
shifted the redox peaks. The doping or releasing of both
dopants into/from the polymer film could affect the redox
behavior of PPy because it was reported that the size and
mobility of dopants had some effects on the redox behavior of
the PPy film.49,53 In this case, it seems that the molybdate
dopant was incorporated into or released from the PPy film at
the same time as the salicylate dopant. This led to the change
in redox peaks of PPy.
2.4. FTIR Study. The Fourier transform infrared (FTIR)

spectra of PPy/Sa and PPy/Sa/Mo films were investigated in
the wavelength range from 600 to 2800 cm−1; the
corresponding results are shown in Figure 6.

Absorption bands at 670, 872, and 1015 cm−1 were
attributed to the out-of-plane and in-plane C−H bending
vibration of the aromatic rings. The peaks at 1144, 1212, 1562,
and 2672 cm−1 could be assigned to the vibration of the
pyrrole ring and stretching vibrations of C−C, CC, and 
C−H in salicylate and pyrrole structures. The band at 1667
cm−1 was characteristic of the stretching of salicylate CO
(Figure 6). The bending vibration of the N−H bond in PPy
and O−H bond in salicylate appeared in the range of 1449−
1529 cm−1, whereas the peaks at 759 and 1305 cm−1 were the
stretching vibrations of MoO4

2−.71 The FTIR results indicate
that the PPy films were successfully synthesized with the
incorporation of salicylate dopant or both salicylate and
molybdate.

2.5. TGA Characterization. Figure 7 shows the thermal
gravimetric analysis (TGA) curves of PPy/Sa (dark blue) and

PPy/Sa/Mo (red) samples, which allow us to analyze their
thermal stability. The first weight loss of PPy/Sa (50−150 °C)
and PPy/Sa/Mo (50−200 °C) was assigned to the evaporation
of water inside the polymer samples. The second one (200−
450 °C) could be due to the decomposition of dopants and
residue monomers. The third stage (450−600 °C) was the
breaking down of the C chains and thermal degradation of the
polymer. At the end of the analysis (600 °C), there was 40%
(w/w) residue of PPy/Sa/Mo film while only 5.1% residue of
PPy/Sa film. This suggests that molybdate doping could
exhibit an improvement of the thermal stability of PPy film
that resulted in a degradation of the PPy backbone at higher
temperatures.

3.6. Corrosion Study. The corrosion performance of the
doped-PPy films coated on LCS was investigated using OCP
curves.
Figure 8 shows the OCP curves of the doped PPy samples

after immersion in 3% aerated NaCl solution. In the first stage
of immersion, both samples remained OCP at relative positive
potentials. OCP is the corrosion potential; if this is more
positive, it means that the metal will fall into a passive state,
leading to inhibited corrosion and enhanced protection of the
metal. Over time, Cl− in the solution (corrosion agent) passes
through the membrane, contacts the metal substrate, and
corrosion occurs; at this time, the metal is corroded, and the

Figure 5. CV curves of the PPy film on LCS in monomer-free solutions: 0.1 M salicylate (a) and 0.1 M salicylate + 0.01 M molybdate (b) with a
scan rate of 10 mV s−1.

Figure 6. FTIR spectra of the Ppy/Sa/Mo film.

Figure 7. TGA curve of PPy/Sa film and PPy/Sa/Mo film.
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potential changes to a negative value. When observing the
change in OCP, it will be possible to judge whether the base
metal has been corroded or not. If the value of OCP is close to
the corrosion potential value, it can be concluded that metal
corrosion is taking place; the film is not protected as the
corrosion potential of Fe is (−0.55 V) [compared to saturated
calomel electrode (SCE)]; if OCP measured is close to this,
the Fe metal will corrode. This potential stage was 5 and 350 h

for PPy/Sa (Figure 8a) and PPy/Sa/Mo (Figure 8b) films,
respectively. It is clear that both doped PPy films provided
corrosion protection for LCS substrates. The substrates were
in a passive state and well protected. A slight increase in OCP
in this region can be observed. It may present the anion
exchange of salicylate and molybdate dopants with chloride
anions in the electrolyte. Then, a slight decrease can be seen in
both samples. Interestingly, slight fluctuations of potential can

Figure 8. OCP of PPy/Sa film (a) and PPy/Sa/Mo film (b); LCS (c) samples in 3% aerated NaCl solution.

Figure 9. Photographs of PPy/Sa film (a−d) and PPy/Sa/Mo film (e−h) on LCS after exposure to salt spray for 0 (a,e); 3 (b,f); 9 (c,g); 21 h
(d,h).
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be observed in the PPy/Sa/Mo sample in this plateau.
Meanwhile, the OCP of PPy/Sa decreased gradually without
any oscillations. This fluctuation of OCP in corrosion
protection can be known as a self-healing mechanism. The
pinholes on the coating could be passivated and activated
continuously. Molybdate has been well known as the inhibitor
dopant and could self-heal the film.49,53

In the case of PPy coating without molybdate dopant (PPy/
Sa), its OCP had the same behavior as PPy/Sa/Mo coating,
but the potential plateau was so short, only 5 h. After 5 h, the
OCP decreased gradually and reached the corrosion potential
of the bare steel. At that time, the PPy coating could not
protect the steel substrate anymore. It is remarked that the
fluctuation of potential was not observed. After a certain time,
OCP fell to the corrosion potential of carbon steel. The PPy
film could not provide further corrosion protection of LCS. It
can be concluded from the OCP results that the PPy film
doped with molybdate and salicylate can protect LCS from
corrosion according to a self-healing mechanism.
Figure 9 shows the images of PPy samples after a certain

time of exposure to the salt spray test. The salt spray method is
a qualitative method used to evaluate the protective ability of a
film. Based on the results obtained, determining its ability to
stick, peel the outside image of the film, and compare it with
other films to comment on its ability to protect. Visual
observation of the PPy/Sa and PPy/Sa/Mo samples reveals
that the PPy/Sa coating was damaged from 0 to 3, 9, and 21 h
of exposure (Figure 9a−d), whereas the PPy/Sa/Mo coating
samples still adhered to the LCS.
Although there were still some blisters and damage points

on the PPy/Sa/Mo coating, brown rust could not be observed
on it (Figure 9e−h). The PPy/Sa coating was almost peeled off
and an iron oxide layer was formed (Figure 9d). The process of
salt spray and photography was done by the members of the
author group, Nguyen Thuy Chinh and Hoang Thai, at the
Institute for Tropical Technology, Vietnam Academy of
Science and Technology.
Molybdate dopant may play an important role in the

inhibition of corrosion protection. It protects iron in a large
area exposed to the NaCl atmosphere. The adhesion to the
metal substrate of the PPy/Sa/Mo film was promoted, which
resulted in an improvement of its corrosion resistance. The
corrosion current and potential of the PPy/Sa and PPy/Sa/Mo
coatings and bare LCS were also recorded in a 3% NaCl
solution (Figure 10).

It is obvious from the Tafel curves that lower corrosion
current and higher corrosion potential have been recorded for
the Ppy/Sa/Mo (red) coating. Tafel is a tool used to measure
corrosion currents represented by current−potential graphs
and extrapolate two branches, anode and cathode. Then, the
point of intersection is the corrosion current and potential.
Here, the corrosion current is shown in the presence of
molybdate doping substances; if the corrosion current is small,
it shows that they are less corroded. The corrosion potential
Ecorr of the PPy/Sa/Mo film shifted toward positive values
compared to that of PPy/Sa (blue) film and LCS (black). Also,
the corrosion current was smaller than that of PPy/Sa film and
LCS.
The calculated anti-corrosion currents were used to know

the corrosion inhibition efficiency (η) of Ppy/Sa and Ppy/Sa/
Mo with LCS, according to eq 1

η =
−

×
I I

I
100%corr

0
corr

corr
0

(1)

where Icorr
0 and Icorr are corrosion currents of bare LCS and

Ppy-coated LCS, respectively. The anti-corrosion efficiency of
the Ppy/Mo/Sa sample is 92.6% and that of Ppy/Sa is 53.8%,
which shows that the anti-corrosion performance of Ppy/Sa/
Mo is larger than that of Ppy/Sa.
From the extrapolation of Tafel curves, the corrosion current

density (Icorr) and corrosion potential (Ecorr) of the PPy/Sa and
PPy/Sa/Mo samples were 3.7 × 10−5, 5.9 × 10−6 A cm−2,
respectively (Figure 10). The Icorr values of PPy/Sa/Mo
sharply decreased in the presence of molybdate in the coating.
It is indicated that the incorporation of molybdate anions

significantly enhanced the corrosion resistance. Molybdate
dopant helped to form a more resistive PPy coating. The
results obtained from this corrosion stream are in complete
agreement with the results obtained previously. The complex
compound should cover and stop the corrosion reaction at the
active site. In addition, the passive film could be strengthened
by the iron salicylate salt. This effect led to the enhancement of
corrosion protection of PPy coating.
To understand the behavior of the coating during protection

time, electrochemical impedance spectroscopy (EIS) spectra of
PPy films with different dopants were recorded in 3% NaCl
and are shown in Figure 11.
Figure 11 presents the Bode plots of these coatings after 5

and 10 h of immersion in a 0.1 M NaCl solution. In the
presence of molybdate in PPy film, the impedance of the PPy/
Sa/Mo (Figure 11b) film was higher than that of PPy/Sa
(Figure 11a) and increased after 5 h of immersion. The
polymer film resistance (Rpol) could be 10 kΩ after 10 h of
immersion (Figure 9b), whereas the polymer resistance of
PPy/Sa decreased after 5 h of immersion (Figure 9a). The
resistance of PPy/Sa was still smaller. Bode plot of the PPy/
Sa/Mo sample shows that the magnitude of the impedance
increases with immersion time, which indicated the stability
and good anti-corrosion properties of the coating in an
aggressive solution. Here, Bode represents the change of
impedance. The greater the impedance, the greater the ability
of the film to protect the base metal. Because the pyrrole
conducts electricity, the membrane couples with the metal
base, forming an electrochemical cell. When corrosion occurs
(due to the process of soaking the sample, Cl− in the solution
diffuses through the membrane, moving to the Fe surface), Fe

Figure 10. Tafel plot of LCS, PPy/Sa film, and PPy/Sa/Mo film in
3% NaCl solution.
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undergoes oxidation, and the film is reduced. The reduced Ppy
becomes gradually increased, inhibiting the corrosion of Fe.

3. EXPERIMENTAL SECTION
3.1. Substrate Pretreatment. Initially, we used LCS bars

according to 2001-TCVN 1656-75 standard, product label
TISCO Com., Thai Nguyen, Viet Nam, and the corresponding
ingredient content: 0.010% P, 0.62% Mn, 0.042% S, 0.15% Si,
and 0.16% C; the size of each the bar is 100 mm × 40 mm × 1
mm. To increase the smoothness of the surface of the material,
they are mechanically polished with SiC papers of different
roughness such as 1500, 1200, 1000, 800, and 600. Then,
materials are cleaned using acetone, washed with purified
water, and finally dried at room temperature, T = 300 K.
3.2. Chemicals. All chemicals such as pyrrole monomer

(Py), sodium molybdate (Na2MoO4), and sodium salicylate
were purchased from Sigma Aldrich with high purity. To do
this, Py monomers were distilled before each use to remove all
oligomer components and oxidized substances from the
material. The oligomer is a compound formed by the self-
polymerization of pyrrole monomers. Distillation is required to
separate them all, to avoid being mechanically attracted to the
PPy film during formation on the electrode, contaminating the
PPy film. Then, the rod was placed in the dark at T = 277 K
with the electrolyte solution with distilled water and previously
prepared ingredients.
3.3. PPy Electrolysis on Low Carbon Materials. PPy

thin films were formed at room temperature T = 300 K by
electrostatic and CV measurement techniques of the Zahner
workstation (Germany). CV is a widely used method in the

electrochemical synthesis of conductive polymers. To electro-
lyze a solution containing 0.1 M pyrrole (PPy/Sa) sodium
salicylate and 0.1 M sodium salicylate + 0.03 M sodium
salicylate solution, Na2MoO4 + 0.1 M pyrrole (PPy/Sa/Mo)
was prepared. Before performing the electrolysis of the
material, all previous solutions were purged through nitrogen
gas (N2) to remove all oxygen from the solution. CV technique
was carried out by scanning voltage from −500 to +800 mV
with a scanning speed of 20 mV s−1 in 6 scanning cycles. After
electrolysis, the resulting PPy film was washed with distilled
water several times with a stream of N2 gas and finally dried at
T = 333 K after 5 h. The final result obtained was that the PPy
film doped in PPy/Sa and PPy/Sa/Mo solutions was denoted
as PPy/Sa and PPy/Sa/Mo, respectively.

3.4. Characterization. To study the structure of the
materials, we used SEM and field emission SEM equipment of
Hitachi-4800.
The infrared spectroscopy results are FTIR functions of the

doped PPy films and were recorded using a Shimadzu Prestige-
21 FTIR instrument set at room temperature T = 300 K with a
resolution of 4 cm−1, with a wave count of 400−4000 cm−1.
TGA of the samples was performed on a Shimadzu TGA-

50H thermal gravimetric analyzer from room temperature T =
300 K to T = 600 K with a scan rate of 283 K min−1 under
atmospheric conditions.
SEM was used to determine the morphological character-

istics of materials, FTIR was used to determine functional
groups in materials, and TGA was used to investigate the
change of sample mass with temperature to determine the
relationship between the mass of the sample and the
temperature.

3.5. Corrosion Protection Test. To measure the electro-
chemical impedance of the materials, we used an EIS device
(German Zahner workstation) over the frequency range from
100 kHz to 10 MHz in 0.1 M NaCl solution at room
temperature T = 300 K with 10 mV amplitude. For the case of
Tafel polarization, electrodynamic polarization curves were
obtained using a scan rate of 1 mV/s with magnetic electrode
potentials between −400 and 600 mV. All the electrochemical
measurements of the material were done by us on a three-
electrode cell, where the counter electrode is made of a
platinum plate, SCE is made of electricity reference, and
working electrodes are made of LCS pads. EIS is the method
used to evaluate the corrosion resistance of membranes. It is
known that the working principle is based on applying a shock
to a conductive system in an electrochemical system; then, the
meter emits a frequency range, and the impedance of the
system and the phase difference coefficient of i(t) and u(t) are
recorded. The results obtained are the variations of R and θ.
To evaluate the protective ability of the membrane, people rely
on the value of R; the higher the R, the better the protection.

4. CONCLUSIONS

The PPy film doped with molybdate and salicylate was
successfully electropolymerized in the electrolyte containing
both dopants by a one-step process. The PPy film was
smoother and denser than that of PPy film without molybdate.
The film adhesion was quite good. The results show that with
the use of Sa, Sa/Mo doping has improved and the ability to
protect against corrosion of the film compared to LCS has
increased. This is the prospect of the application of pyrrole film
in anti-corrosion.

Figure 11. EIS spectra of PPy/Sa film (a) and PPy/Sa/Mo (b) film
after 5 and 10 h of immersion in 3% NaCl solution.
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A reversible redox process of PPy film was observed.
Molybdate can be doped into or dedoped from the PPy
polymer during potential sweeping, even with the presence of
salicylate dopant. The peak of oxidation and reduction was
observed. Molybdate dopants were mobile enough to be
released from the polymer and moved to the corrosion site.
The results showed that other properties of PPy film were

also improved with molybdate doping such as morphology and
thermal stability. Especially, the PPy/Sa/Mo coatings could
protect LCS from corrosion with both passive film on the
metal surface and the barrier effect of the coating. The
corrosion test results indicated that the PPy/Sa/Mo coatings
provided good protection for LCS from corrosion. OCP, EIS,
Tafel polarization, and salt spray test results were the evidence
to prove the enhancement of corrosion protection ability of
PPy/Sa/Mo. Thus, in the presence of both molybdate and
salicylate as dopants, the films on steel could present a better
corrosion resistance than the PPy film doped with only
salicylate. Furthermore, the PPy film doped with both salicylate
and molybdate was more salt-resistant than the PPy film doped
with only salicylate with an anti-corrosion efficiency of PPy/
Sa/Mo of 92.6% and PPy/Sa of 53.8%. As has been mentioned
in the Introduction, one can conclude that the PPy coatings
doped with both molybdate and salicylate are potentially
suitable for application as metallic anti-corrosion coatings.
As has also been emphasized in the Introduction, we will try

to simulate numerical problems considered in this paper. This
will be the subject of future publication.
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Ştefan Ţălu − The Directorate of Research, Development and
Innovation Management (DMCDI), Technical University of
Cluj-Napoca, Cluj-Napoca 400020, Romania; orcid.org/
0000-0003-1311-7657

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c01561

Author Contributions
Conceptualization: V.Q.T., L.M.D, H.T., D.N.T. Sample
preparation: H.M.H., L.V.K., N.T.B.V., D.K.L., H.T.T.L.
SEM, FTIR, EDX measurements: L.V.K., N.D.D., D.T.Y.O.,
V.T.H. Electrochemical tests: L.V.K., H.M.H., V.T.H. Salt
Spray and photography: N.T.C., H.T. Data analysis: N.X.L.,
L.M.D. Writingoriginal draft: C.L.V., D.N.T., S.T., V.Q.T.,
L.M.D. Writingreview and editing: D.N.T., S.T., V.Q.T.,
C.L.V., H.T.
Funding
This research was funded by the Viet Nam National
Foundation for Science and Technology Development
(NAFOSTED) under grant number 104.02-2019.327.
Notes
The authors declare no competing financial interest.

■ REFERENCES
(1) Nguyen, T. D.; Nguyen, C. C.; Tran, V. H. Molecular dynamics
study of microscopic structures, phase transitions and dynamic
crystallization in Ni nanoparticles. RSC Adv. 2017, 7, 25406−25413.
(2) Dang Thi Minh, H.; Coman, G.; Nguyen Quang, H.; Nguyen
Trong, D. Influence of heating rate, temperature, pressure on the
structure, and phase transition of amorphous Ni material: A molecular
dynamics study. Heliyon 2020, 6, No. e05548.
(3) Kien, P. H.; Lan, M. T.; Dung, N. T.; Hung, P. K. Annealing
study of amorphous bulk and nanoparticle iron using molecular
dynamics simulation. Int. J. Mod. Phys. B 2014, 28, 1450155.
(4) Nguyen, T. D.; Nguyen, C. C.; Nguyen, T. T.; Pham, K. H.
Factors on the magnetic properties of the iron nanoparticles by
classical Heisenberg model. Phys. B 2018, 532, 144−148.
(5) Trong, D. N.; Long, V. C. Effects of Number of Atoms, Shell
Thickness, and Temperature on the Structure of Fe Nanoparticles
Amorphous by Molecular Dynamics Method. Adv. Civ. Eng. 2021,
2021, 1.
(6) Quoc, T. T.; Trong, D. N. Molecular dynamics factors affecting
on the structure, phase transition of Al bulk. Phys. B 2019, 570, 116−
121.
(7) Nguyen-Trong, D.; Nguyen-Tri, P. Understanding the
heterogeneous kinetics of Al nanoparticles by simulations method. J.
Mol. Struct. 2020, 1218, 128498.
(8) Trong, D. N.; Chinh, C. N.; Quoc, V. D.; Quoc, T. T. Study the
effects of factors on the structure and phase transition of bulk Ag by
molecular dynamics method. Int. J. Comput. Mater. Sci. Surf. Eng.
2020, 09, 2050016.
(9) Cao Long, V.; Sarac,̧ U.; Baykul, M. C.; Trong, L. D.; Ţal̆u, Ş.;
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influence of matrix, size, rotation angle, and magnetic field on the
isothermal entropy, and Neél phase transition temperature of Fe2O3
nanocomposite thin films by the Monte-Carlo simulation method.
Coatings 2021, 11, 1209.
(12) Cao Long, V.; Duong Quoc, V.; Nguyen Trong, D. Ab Initio
Calculations on the Structural and Electronic Properties of AgAu
Alloys. ACS Omega 2020, 5, 31391−31397.
(13) Hoc, N.-Q.; Viet, L.-H.; Dung, N.-T. On the Melting of
Defective FCC Interstitial Alloy c −FeC under Pressure up to 100
GPa. J. Electron. Mater. 2020, 49, 910−916.
(14) Nguyen-Trong, D.; Nguyen-Tri, P. Factors affecting the
structure, phase transition and crystallization process of AlNi
nanoparticles. J. Alloys Compd. 2020, 812, 152133.
(15) Nguyen-Trong, D.; Nguyen-Chinh, C.; Duong-Quoc, V. Study
on the Effect of Doping on Lattice Constant and Electronic Structure
of Bulk AuCu by the Density Functional Theory, Journal of
Multiscale. Modelling 2020, 11, 2030001.
(16) Tuan, T. Q.; Dung, N. T. Effect of heating rate, impurity
concentration of Cu, atomic number, temperatures, time annealing
temperature on the structure, crystallization temperature and
crystallization process of Ni1−xCux bulk; x = 0.1, 0.3, 0.5, 0.7. Int. J.
Mod. Phys. B 2018, 32, 1830009.
(17) Nguyen-Trong, D.; Nguyen-Tri, P. Molecular dynamic study
on factors influencing the structure, phase transition and crystal-
lization process of NiCu6912 nanoparticle. Mater. Chem. Phys. 2020,
250, 123075.
(18) Trong, D. N.; Long, V. C. Factors affecting the depth of the
Earth’s surface on the heterogeneous dynamics of Cu1‑xNix alloy, x
=0.1, 0.3, 0.5, 0.7, 0.9 by Molecular Dynamics simulation method.
Mater. Today Commun. 2021, 29, 102812.
(19) Trong Dung, N. Influence of impurity concentration, atomic
number, temperature and tempering time on microstructure and
phase transformation of Ni1−xFex (x = 0.1, 0.3, 0.5) nanoparticles.
Mod. Phys. Lett. B 2018, 32, 1850204.
(20) Nguyen-Trong, D.; Pham-Huu, K.; Nguyen-Tri, P. Simulation
on the Factors Affecting the Crystallization Process of FeNi Alloy by
Molecular Dynamics. ACS Omega 2019, 4, 14605−14612.
(21) Vu, Q.-T.; Tran, T.-T. -D.; Nguyen, T.-C.; Nguyen, T. V.;
Nguyen, H.; Vinh, P. V.; Nguyen-Trong, D.; Dinh Duc, N.; Nguyen-
Tri, P. DFT Prediction of Factors Affecting the Structural Character-
istics, the Transition Temperature and the Electronic Density of Some
New Conjugated Polymers. Polymers 2020, 12, 1207.
(22) Vu Quoc, T.; Do Ba, D.; Tran Thi Thuy, D.; Nguyen Ngoc, L.;
Nguyen Thuy, C.; Vu Thi, H.; Khanh, L. D.; Doan Thi Yen, O.; Thai,
H.; Long, V. C.; Talu, S.; Nguyen Trong, D. DFT study on some
polythiophenes containing benzo[d]thiazole and benzo[d]oxazole:
structure and band gap. Des. Monomers Polym. 2021, 24, 274−284.
(23) Vu Quoc, T.; Duong, L. T.; Quoc, V. D.; Tran Quoc, T.;
Nguyen Trong, D.; Talu, S. Effect of doped H, Br, Cu, Kr, Ge, As and
Fe on structural features and bandgap of poly C13H8OS-X: a DFT
calculation. Des. Monomers Polym. 2021, 24, 53−62.
(24) Kokilaramani, S.; Al-Ansari, M. M.; Rajasekar, A.; Al-Khattaf, F.
S.; Hussain, A.; Govarthanan, M. Microbial influenced corrosion of
processing industry by re-circulating waste water and its control
measures. Chemosphere 2021, 265, 129075.
(25) Muthukumar, N.; Rajasekar, A.; Ponmariappan, S.; Mohanan,
S.; Maruthamuthu, S.; Muralidharan, S.; Subramanian, P.;
Palaniswamy, N.; Raghavan, M. Microbiologically influenced
corrosion in petroleum product pipelines-a review. Indian J. Exp.
Biol. 2003, 41, 1012.
(26) Punniyakotti, P.; Punniyakotti, E.; Obuli, P. K.; Yen, P. T.;
Aruliah, R. A review on biodegradation of hydrocarbon and their
influence on corrosion of carbon steel with special reference to
petroleum industry. J. Environ. Biotechnol. Res. 2017, 6, 12−33.
(27) Kokilaramani, S.; Rajasekar, A.; AlSalhi, M. S.; Devanesan, S.
Characterization of methanolic extract of seaweeds as environmentally
benign corrosion inhibitors for mild steel corrosion in sodium
chloride environment. J. Mol. Liq. 2021, 340, 117011.
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