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Abstract
The present work fits into the efforts deployed to minimize the huge problems related to corrosion phenomena. As several 
industries are affected by the deterioration of metallic materials, new solutions need to be offered by the scientific community. 
In this context, we describe, in this paper, the electrochemical synthesis of polydiphenylamine coating (PDPA) on steel in 
an organic solution consisting of  CH2Cl2 as solvent and N(Bu)4PF6 as supporting electrolyte. The electrolytic medium has 
been retained after a preliminary electrogravimetric study has shown that it can inhibit the working electrode dissolution 
without preventing the PDPA film formation. Spectroscopic and microscopic analyses were then achieved for the elaborated 
coatings. Analyses by X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR) have 
allowed a detailed characterization of the polymer (molecular structure, doping rate, chain length, …). In addition, morpho-
logical characterization by scanning electron microscope (SEM) confirmed that the value of the applied current density has 
a direct influence on the properties of the obtained polymer. The homogeneity and high adherence of the prepared PDPA 
film allow its use as a protective coating against steel dissolution. For this, corrosion tests were performed by studying the 
open-circuit potential (OCP), linear polarization curve (Tafel) as well as electrochemical impedance spectroscopy (EIS). 
The studies achieved in 3% NaCl solution have confirmed that the potential of the steel electrode shifts towards its passiva-
tion domain with the presence of PDPA coating. The latter is stable over time in contact with an aggressive solution and the 
inhibitory efficiency reached 97.2%.

Keywords Electrodeposition · Polydiphenylamine coating · Spectroscopic and microscopic characterization · Corrosion

Introduction

Among all metal alloys, steels stay the most frequently used 
materials. Though, their corrosion is the main problem and 
their protection is accomplished by numerous methods espe-
cially protective polymeric coatings. Indeed, conducting 

polymers such as polypyrrole [1–9], polyaniline [10–15] and 
polythiophene [16–19] have been widely used as anticorro-
sion coatings on several oxidizable metals. However, very 
limited number of papers have dealet with the case of poly-
diphenylamine (PDPA). All works carried out in this regard, 
focused on the polymerization processes and the properties 
of this polymer [20–24]. In addition, the electrodeposition of 
PDPA on oxidizable metals has never been reported and the 
most prepared coatings were obtained by chemical methods.

In this context, Nanocomposite coatings based on PDPA 
and vanadium pentoxide  (V2O5) was used as a corrosion 
inhibitor for carbon steel. Corrosion resistance performance 
of these coatings in 5% NaCl solution was determined by 
electrochemical measurements and salt spray tests. Studies 
revealed very low jcorr (7.45  10–11 A.cm–2), high Ecorr (−0.04 
V), impedance (1.69  1011 Ω.cm2), and phase angle (84°) 
after 30 days exposure. An immersion test, in 1 M  H2SO4 
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solution for 24 h, was also achieved to examine the influence 
of corroding acid on the coatings [25].

Lingam [26] has synthesized Cu-PDPA nanocomposites 
by chemical polymerization of diphenylamine (DPA) fol-
lowed by electrodeposition of copper in an acidified electro-
lytic bath. The Electrochemical impedance and Tafel polari-
zation studies were performed for electrodeposited copper 
and Cu-PDPA nanocomposites in 3.5% NaCl solution. It has 
been shown that the Cu-PDPA nanocomposite coatings were 
more corrosion resistant than pure electrodeposited copper 
coating.

By a chemical process also, PDPA derivative was syn-
thesized via diphenylamine, styrene, and formaldehyde. 
The anti-oxidative properties of the obtained PDPA were 
evaluated through oxidation–corrosion tests and differential 
scanning calorimetry [27].

In the same aim, DPA monomer was polymerized in the 
suspension of nano-crystalline  SnO2 to form inorganic–organic 
composite, in which  SnO2 was integrated within PDPA matrix/
chain via in-situ oxidative polymerization. Electrochemical 
impedance spectroscopy (EIS) data substantiates the modi-
fied electrode affords higher electron transfer rate claims its 
diverse electro-analytical applications [28].

The objective of the present work is to improve the 
corrosion resistance of steel by means of adherent and 
homogeneous PDPA coating. The electrosynthesis of 
PDPA is carried out in dichloromethane in the presence of 
N(Bu)4PF6. The choice of this medium comes down to its 
synergistic effect in inhibiting the oxidation of the metal 
surface. The obtained films developed by different elec-
trosynthesis techniques (potentiodynamic, galvanostatic 
and potentiostatic modes) have been characterized using 
various spectroscopic and microscopic analysis methods 
(FTIR, XPS, SEM). In addition, the behaviour of the pre-
pared polymer on steel electrode toward an aggressive 
3% NaCl solution was performed using linear polariza-
tion, electrochemical impedance spectroscopy and OCP 
methods.

Experimental

All chemicals were obtained from Sigma-Aldrich and were 
reagent grades so they were used as received.

The electrochemical experiments were performed in a one 
compartment cell using an Origalys potentiostat/galvanostat 
monitored by Origamaster 5 software. As evidenced by XPS 
measurements, the working electrode was a Steel disk with a 
chemical composition of 58.5% Fe, 18.3% O, 8.9% C, 7.4% 
Mn, 2.4% Si and other element traces (Fig. 1). The auxiliary 
electrode was a platinum plate, and all potentials were meas-
ured vs. a saturated Ag/AgCl reference electrode.

The adherence tests were performed via the standard 
Sellotape test TESA-4204 BDF tape. Polymeric films 
were cut into small squares, the adhesive tape is fixed on 
the surface of the coating and then stripping it. The ratio 
between the number of adherent film squares remaining 
and their total number gives the adherence percentage.

X-ray photoelectron spectroscopy analysis was per-
formed with a Vacuum Generators Escalab MKI spec-
trometer equipped with Mg Kα (1256.6 eV) and Al Kα 
(1486.6 eV) sources operating at 200 mW. The Spectra 
were calibrated against the 1 s carbon electron peak (285 
eV binding energy) of the polydiphenylamine ring carbon 
atoms as internal reference. The scanning electron micro-
graphs of all samples were taken using JOEL Ltd., JXA-
8900 instrument. Fourier transform infrared spectrom-
etry analysis was carried out using a JASCO FT/IR-4200 
spectrophotometer.

The conductivity measurements were performed using 
a home-made equipment and wherein the polymer is sand-
wiched between the metallic electrode and a mercury con-
tact (Fig. 2). Its impedance (R) is then measured and its 
conductivity deduced following equation:

where R is the electrical resistance; χ is the conductivity; 
e: the thickness of the coating and S represent the surface 
of the polymeric film which is in contact with the mercury 
layer.

The electrochemical impedance spectroscopy meas-
urements were performed at an open circuit potential 
with a 10 mV as amplitude of the superimposed AC sig-
nal, and the applied frequency ranged from 1 kHz to 10 
mHz. The fitting of the recorded EIS curve was achieved 
using Zsimpwin software. All electrochemical corrosion 
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Fig. 1  XPS spectrum showing the chemical composition of the work-
ing electrode
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measurements were performed at room temperature in 3% 
NaCl solution.

Results and discussion

Electrosynthesis of PDPA on steel electrodes

Electropolymerization can be performed by several electro-
chemical techniques. These techniques have a great influ-
ence on the electropolymerization reaction and on the "qual-
ity" of the obtained polymer (morphology, homogeneity and 
adherence). Thus, in this section, we will examine the effect 
of the potentiodynamic and galvanostatic methods on the 
electropolymerization of DPA.

The potentiodynamic mode makes it possible to follow 
the steps of the electropolymerization process to identify the 
oxidation potential of the monomer and the oxidation and 
reduction peaks of the polymer. Beforehand, the behaviour 
of the working electrode in the absence of the DPA is man-
datory as it helps to differentiate the peaks of the metal and 
the electrolytic medium from those of the polymer. For this, 
we have also studied the electropolymerization process on a 
noble metal, platinum (Pt), for comparison.

Before starting the electropolymerization, we evaluate 
the inhibitory effect of the electrolytic medium  (CH2Cl2 
+ N(Bu)4PF6) on the dissolution reaction of the working 
electrode, which favors the electropolymerization reaction 
of DPA. The study is carried out by electrogravimetry, in 
the absence and in the presence of the monomer. It involves 
imposing current densities to the working electrode for a 
period of time and measuring the resulting change in mass 
Δm. The value and the sign of Δm provide information on 
the electrochemical behaviour of the electrode.

The electrolytic medium, particularly the supporting elec-
trolyte, plays a key role in the electrodeposition of conduct-
ing polymers (CPs) on oxidizable metals. Indeed, the used 

salt must be chosen so that it promotes the passivation of the 
working electrode.

Tetrabutylammonium hexafluorophosphate N(Bu)4PF6 is 
known by its passivation effect [29–33]. An electrogravimet-
ric study on the effect of salt on the electropolymerization of 
thiophene confirmed that, among several used salts, the best 
results are obtained in the case of N(Bu)4PF6 with a faradic 
yield of 85% [34]. For these reasons we have chosen this 
supporting salt to study the electropolymerization of DPA 
in organic medium.

A series of steel electrodes, whose chemical composi-
tions are described in the experimental part (Fig. 1), have 
been polished, rinsed, dried and weighed. Current densities 
ranging between 0.05 and 2 mA.cm−2 were applied to the 
working electrode for 5 min in  CH2Cl2 + 0.1 M N(Bu)4PF6 
electrolytic medium.

In the absence of the DPA monomer, according to the 
electrogravimetric curves (Fig. 3), a slight positive variation 
of the mass is observed. This change as a function of the 
imposed current density rapidly evolves towards a plateau 
when j exceeds a few tenths of mA.cm−2. This indicates the 
formation of a passivation layer based on oxides and fluori-
nated compounds on the surface of the electrodes, resulting 
from the decomposition of the salt, by analogy with the work 
carried out on  AsF6

− [35] and in agreement with the expla-
nations of literature [34]:

In turn,  PF5 can be reduced according to the reaction:

Overall, the decomposition of the counterion is described 
by the following reaction:

PF−
6
⇌ PF

5
+ F−

PF
5
+ 2 e− ⇌ PF

3
+ 2 F−

Fig. 2  Device developed in the laboratory and used for conductivity 
measurements

Fig. 3  Electrogravimetric curves recorded on steel in the absence (a) 
and in the presence (b) of the DPA monomer
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The fluoride ions  F− resulting from the decomposition of 
 PF6

− are the origin of the passivation of the metal.
When the monomer is added to the electrolytic medium, 

Δm increases rapidly, indicating the formation of the poly-
mer on the surface of the electrode.

Chronopotentiometric curves recorded on platinum and 
steel are shown in Fig. 4. The curves vary according to the 
nature of the metal and the applied current density.

In the case of platinum, for a relatively low current den-
sity j = 0.1 mA.cm−2, the polymerization does not start. The 
formation of the polymer is only observed at 0.5 mA.cm−2. 
By increasing the current density to 1 mA.cm−2 a thin and 
inhomogeneous green film is obtained. Beyond this value, 
the films are black, thicker and homogeneous.

In the case of steel, the polymerization is initiated at 
higher current densities because of the metal dissolution 
reactions that compete with the electropolymerization reac-
tion. At current densities j < 0.5 mA.cm−2 potential stabi-
lizes at 0.2 V (Table 1). This low value is below the oxida-
tion threshold of the monomer; therefore, nothing is formed 
on the surface of the electrode. By applying 1 mA.cm−2, the 
potential increases to 0.92 V and a very thin green film with 

PF−
6
+ 2 e− ⇌ PF

3
+ 3 F− edge effects is deposited on the surface of the electrode after 

a preliminary stage of germination during which a compe-
tition with the dissolution of the metal is established and 
lasts a few seconds. A thick, black and homogeneous film is 
obtained from 2 mA.cm−2.

Assuming that the mass variation is entirely due to the 
formation of the polymer, the value of the faradic yield of 
the electropolymerization reaction can be deduced by taking 
the imposed current density j = 2 mA.cm−2 by the formula:

MM: molar mass of the monomer
MA: molar mass of the doping anion
y: doping rate
Q: applied load
F: Faraday

Assuming sufficiently important chain lengths and a 
50% doping rate, the polymerization requires 2.5 electrons 
per monomer. These hypotheses make it possible to calcu-
late a theoretical mass of polymer per charge consumed, 
if all the oligomers are deposited on the substrate. The 
polymerization yield can then be estimated by calculating 

Y = mexp∕mth with mth =
[(
MM + yMA

)
Q
]
∕
[
(2 + y)F

]

Fig. 4  Chronopotentiometric curves recorded on platinum and steel in  (CH2Cl2 + 0.1 M N(Bu)4PF6 + 0.5 M DPA) medium. Applied current 
densities: a 0.1; b 0.5; c 1; d 2 mA.cm−2

Table 1  Electropolymerization 
of DPA in organic medium on 
Pt and steel by the galvanostatic 
mode

+,- PDPA film obtained or not, homogeneity good or bad

Pt Steel

j (mA.cm−2) E (V) Formation Homogeneity E (V) Formation Homogeneity

0.1 0.78 - 0.1 -
0.5 0.81 + - 0.2 -
1 0.85 + - 0.92 + -
2 0.93 + + 1.5 + + 

357   Page 4 of 16 Journal of Polymer Research (2022) 29: 357



1 3

the ratio of the experimental mass to the theoretical mass 
according to the above formula. Thus, for a charge density 
of 0.6 C.cm−2 (2 mA.cm−2 for 5 min), the yield is of the 
order of 69%.

This preliminary study showed that the electrolytic 
medium consisting of  CH2Cl2 as solvent and N(Bu)4PF6 
as salt allowed the inhibition of the dissolution of the 
working electrode and the growth of a PDPA film. In 
what follows, we have used this medium to study the elec-
tropolymerization reaction of DPA by potentiodynamic 
technique.

Figure 5 represents the voltammograms recorded on plati-
num and steel in the absence (A) and in the presence (B) of 
DPA. On Pt an oxidation peak at 0.9 V is observed in the 
absence the of the monomer, which can be attributed to the 
oxidation of  PF6

− by analogy with observations reported 
in the literature [34]. The voltammogram recorded on steel 
is complex with several redox peaks. The first scan shows 
three oxidation peaks, the one at 0.9 V can be attributed to 
the oxidation of  PF6

− [34] and the others could be due to 
oxidation of the substrate. The current decreases from 2 to 
1.2 mA.cm−2 after the first three scans.

Fig. 5  Voltammograms 
recorded on platinum and steel 
in the absence (A) and in the 
presence (B) of DPA. scan rate 
100 mV.s−1
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After the addition of the 0.5 M DPA to the electrolytic 
medium (0.1 M  CH2Cl2 + N(Bu)4PF6), the curves show 
increasing trends on both metals. On Pt, the oxidation wall 
of the monomer is identified at 0.8 V and a couple of redox 
peaks of the polymer at (0.85 V oxidation, 0.22 V reduction) 
are well observed. A blackish-green PDPA film is formed on 
the surface of the electrode.

In the case of steel, the voltammograms show varied 
and complex shapes. A competition is established between 
the electropolymerization reaction and the oxidation of the 
metal. Here, the active dissolution of the metal substrate 
predominates and inhomogeneous films are formed on the 
surface of the working electrode. It should be noted that a 
deposit is obtained only on the edges of the metal due to the 
fact that the density of the current is greater; this phenom-
enon is known as the edge effect.

After the electrosynthesis step, the PDPA films were char-
acterized by various analytical techniques in order to access 

the structure, the elemental composition and the morphology 
of the coatings.

Characterization of PDPA films

Firstly, PDPA Electrodeposited on steel by galvanostatic 
mode was analyzed by XPS. The carbon, nitrogen, phospho-
rus and fluorine signals were decomposed and the ratios of 
the intensities of the different components were calculated to 
access the elemental composition of the polymer backbone 
and its doping level.

Figure 6 shows the C1s and N1s XPS signals of the doped 
and undoped PDPA films. Deconvolution of the C1s carbon 
signal revealed the presence of five peaks. The intense peak 
taken as a reference at 285 eV corresponds to the carbon of 
the C–C and C-H bonds [36, 37]. The peak at 287.1 eV can 
be attributed to groups C-N and C = N [38, 39]. The peak at 
289 eV corresponds to C-N+ and C =  N+ [40]. The intensity 

Fig. 6  Decomposition of the C1s and N1s XPS signals of doped and undoped PDPA films synthesized by the galvanostatic mode on steel in 
 (CH2Cl2 + N(Bu)4PF6 0.1 M + DPA 0.5 M) electrolytic medium
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of this peak drops after dedopage of the PDPA films with 
ammonia (Table 2), which confirms the hypothesis that 
this component is due to an interaction between the carbon 
skeleton of the polymer and the doping anion. The peaks 
at 291.4 and 293.2 eV are attributed to groups C–OH and 
C = O respectively [36–40]. They may be originating from 
carbon contamination or likely over-oxidation which leads 
to oxygen groups fixed on the chains of the polymer [16, 41].

The nitrogen signal consists of three components. The 
first at 399.3 eV corresponds to nitrogen doubly bound to 
carbon C = N. The second component at 401.8 eV is attrib-
uted to nitrogen from the C-N group. The last peak at 403 
eV corresponds to nitrogen atoms carrying a positive partial 
charge (C =  N+ and C-N+). The relative intensities of these 
components decrease as the degree of oxidation of the poly-
mer decreases.

The ratios of the total carbon signal to the nitrogen signal 
range from 14 to 17 depending on the oxidation state of the 
polymer. These values are close to the theoretical value of 12 
(12 carbons for each nitrogen). The difference comes from 
the presence of carbon atoms of contamination.

The fluorine signal can be decomposed into two com-
ponents at 686 and 687.2 eV from the  PF6

− counter ion 
of the electrolyte salt (Fig. 7). The first component at 686 
eV corresponds to the fluorine of the  PF6

− [42, 43] dop-
ing anion. The second component at 687.2 eV could be 
due to the formation of C-F bonds during the electropo-
lymerization, resulting from the decomposition of the 
salt (PF−

6
+ 2 e− ⇌ PF

3
+ 3 F−) [44, 45]. Doping rate calcu-

lated by total fluoride to total carbon intensity ratios is 43%.
The phosphorus signal in the oxidized PDPA sample has 

a single doublet at (135.2, 136.7 eV). The doublet corre-
sponds to the phosphorus atoms of the  PF6

− [46, 47] doping 
anion. In the reduced films no phosphorus signal is detected, 
which reflects that the polymer is completely undoped after 
treatment with ammonia.

To confirm the results obtained by XPS, particularly those 
concerning the doping-undoping of the polymer, oxidized 
and reduced samples were analyzed by FTIR spectroscopy. 
Figure 8 shows the FTIR spectra of the films deposited on 
steel by galvanostatic mode. Both spectra have substantially 
the same appearance and consist of the same bands. The 
first remark concerns the "quality" of the spectra: that of the 
reduced form of the PDPA have a high signal/noise ratio, the 

bands are thin and better resolved than that belonging to the 
spectra of the oxidized state. This observation is related to 
the degree of order in the polymer chains and which is more 
important in the case of undoped reduced films. Indeed, it 
is well known that when the film is oxidized, there is the 
insertion of counter-ions from the electrolytic medium to 
compensate the excess of positive charges on the backbone 
of the polymer. Thus, under the effect of stearic hindrance 
the chains are distorted. Added to this is the creation of side 
groups attached to the polymer, which increases the rate 
of structural defects and decreases the length of conjuga-
tion. This behaviour during the doping-undoping process 
has been studied in detail by resonance Raman spectroscopy 
(RRS) and surface-enhanced Raman spectroscopy (SERS) 
in the case of other conductive polymers [48–52].

Bands at 1600 and 1500  cm−1 correspond to the C = C 
bonds elongation of the benzene rings [53, 54]. The absorp-
tion band at 1490  cm−1 comes from the vibrations of the 
N–H bond (shears) and the bands between 1240 and 1350 
 cm−1 are due to shear vibrations C-N [55, 56]. The low 
intensity bands at 696 and 750  cm−1 correspond to off-plane 
vibrations of the C-H bonds of the monosubstituted phenyls 
[57, 58]. The intensity of these bands is considerably high 
in the monomer spectrum presented by Athawale et al. [21]. 
The band around 800  cm−1 is due to the vibration of the C-H 
para-disubstituted phenyls [59, 60], it is absent in the spec-
trum of the monomer [21]. Athawale et al. [21] have noticed 
that the band at 1490  cm−1 (N–H) is light in comparison 
with that observed on the monomer spectrum, for this reason 
they assumed that the coupling is also via the amine group.

The C-H vibration bands of the phenyls make it possible 
to approach the chain length of the synthesized polymers. 
Indeed, if it is supposed that the polymerization is carried 
out solely by C–C coupling, it is possible, by calculating 
the ratio of the intensities of the bands corresponding to the 
monosubstituted and para-disubstituted phenyls, to deduce 
therefrom the average mass of the polymer. This method 
was applied to the ratio of the bands at 696 and 800  cm−1 
then with the bands at 750 and 800  cm−1 and chain lengths 
between 50 and 100 are obtained.

The C-N vibration bands at 1240 and 1350  cm−1 and the 
N–H shear vibration band at 1490  cm−1 provide a qualita-
tive assessment of the doping rate of PDPA films. Indeed, 
the absorption bands at 1240 and 1490  cm−1 correspond to 

Table 2  Intensity ratios of the 
different components of the 
XPS signals for oxidized and 
reduced PDPA films

Sample Intensity ratios (%)

Ci/Ctotal Ni/Ntotal Fi/Ftotal Pi/Ptotal

C285 C287.1 C289 C291.4 C293.2 N399.3 N401.8 N403 F686 F687.2 Pdoublet

PDPAOx 76 16 4.4 2.1 1.5 55.7 28 16.3 86.8 13.2 ~100
PDPARe 82.5 12.1 3.8 0.7 0.9 62.6 32.4 5 57.6 42.4 ~0
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the phenylamine form of PDPA and the band at 1350  cm−1 
refers to the quinone-imine form.

Bands at 550; 845 and 1155  cm−1 are characteristic of 
the oxidized form; they are of low intensities or completely 
absent in the reduced form. These bands could come from 
modes of vibration of the doping anion or result from inter-
actions with  PF6

− [61, 62].
The adherence of the same samples, estimated by the 

standard Sellotape test, given in %, was good. The polymer 
is extremely adherent (100%).

The conductivity measurements were also achieved on 
reduced and oxidized PDPA films synthesized by galvano-
static mode on steel electrodes. The results of the measure-
ments are collated in Table 3. The thicknesses of the films 
are estimated by scanning electron microscopy (SEM). As 
expected, the conductivity of the oxidized film is greater 
than those of the reduced film. The conductivity of oxidized 

films is 0.31  10–3 S.cm−1. For reduced film, the conductivity 
value is very low 0.35  10–11 S.cm−1, reflecting the insulating 
nature of the reduced PDPA.

Generally, conjugated polymers are conductive in the 
doped form and insulating in the undoped neutral state. 
Conductivity develops during doping process of the poly-
mer. Polymeric chains in a film are negatively charged in 
the case of reduction and positively charged in the case of 
oxidation. To maintain electroneutrality, counterions diffuse 
into the film during charging and out of the polymer during 
discharging. These phenomena are explained by the bipo-
laron model [63]. Bipolarons are equivalent to diionic states 
of a system after oxidation or reduction from the neutral 
state. The transition from the neutral state to the bipolaron 
takes place via the polaron state, monoion. Additional local 
distortions occur in the chain during the charging of the 
polymer.

Fig. 7  Decomposition of the F1s and P2p XPS signals of doped and undoped PDPA films synthesized by the galvanostatic mode on steel in 
 (CH2Cl2 + N(Bu)4PF6 0.1 M + DPA 0.5 M) electrolytic medium
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The mechanism of charge transport in electroactive poly-
mers is based on electron hopping between oxidized and 
reduced sites of a redox state [63]. The bipolaron model has 
supposed that charge transport occurs along single infinite 
long chains. However, the knowledge that the chain lengths 
of conjugated polymers are relatively short, ranging on aver-
age between 30 and 60 units, has led to the conclusion that 
the ratedetermining transport step is intermolecular and 
should be described by a hopping process.

The maximum conductivity should be observed when 
the amount of oxidized and reduced sites of a redox state 
is equal. By contrast, conductivity measurements of con-
jugated polymers reveal that maximum conductivity arises 
at high doping, indicating that the charge carriers in that 
regime are spinless [63]. Spinless bipolarons could become 
mobile at high dopant concentrations, where the Coulomb 
attraction with counterions is largely screened. At very high 
charging levels, the bipolaron model predicts that the broad-
ening of the bipolaron states in the gap leads to the merging 
of the lower and upper bipolaron bands with the valence 
band (VB) and the conduction band (CB), respectively. This 
effect produces a new unfilled VB band and, therefore, a 
transition to metallic-like transport properties.

From the viewpoint of physicists, conducting polymers 
may be considered as strongly disordered semiconducting 
materials [63]. Their transport properties can be described 

by the variable-range hopping model (VRH), where con-
duction occurs by hopping between electronically localized 
states in the band gap.

The morphology of the samples was then analyzed by 
SEM (Fig. 9). The films have different topography depend-
ing on the applied current density and the electrosynthesis 
time. Indeed, the film synthesized at a current density of 1 
mA.cm−2 for 10 min, corresponding to a charge density of 
0.6 C.cm−2, has a random lamellar structure. The lamellae 
have different sizes and do not seem to have a privileged 
orientation, but overlap to form an amorphous network. As 
soon as the electrical charge of electrosynthesis is increased 
(Q = 2.7 C.cm−2), the morphology changes.

Properties of polymers depend on the electropolymeriza-
tion method. In addition, experimental parameters like elec-
trical charge of electrosynthesis are also important for the 
quality and the properties of the polymer. In particular, the 
formation current in a galvanostatic experiment determines 
the chain length and structure of the film [63]. Very high 
currents, which imply the formation of highly charged and 
reactive intermediates, lead to defects and the formation of 
cross-linked materials. At low electrical charges, the oligo-
meric intermediates are weakly charged, and consequently, 
the electropolymerization may end at an oligomeric level.

Electropolymerization starts with the formation of oli-
gomers in solution. The next step is the deposition, which 
includes nucleation, growth, and additional chemical steps 
under solid-state conditions. There are two types of nuclea-
tion, namely instantaneous and progressive, and three types of 
growth involving one- (1D), two- (2D), and three-dimensional 
(3D) processes. In the instantaneous nucleation, the number 
of nuclei is constant and they grow without the formation of 
further nuclei. In the case of progressive nucleation, nuclei 
are generated at all times. 1D growth takes place only in 
one direction, e.g. perpendicular to the electrode. In the 2D 
growth, the nuclei grow parallel to the electrode, and in the 
3D growth, the rates for these processes perpendicular and 
parallel to the electrode are very similar.

In addition, the polymer formation and its oxidation (dop-
ing) occur simultaneously. Every third to fourth monomeric 
subunit will be charged at the end of the electropolymeriza-
tion [63].

The charge Q is related to the polymer thickness δ by the 
equation [64]: � =

QM

0.5FA�
 , where M and ρ are the molecular 

weight and the density of the monomer respectively, A is the 
area of the electrode and F the Faraday’s constant.

Corrosion tests

Among the potential applications of the new coating, its use 
as a physical barrier against corrosion phenomenon. We have 
therefore undertaken an electrochemical study to evaluate 

Fig. 8  FTIR spectra of oxidized (––) and reduced (-----) PDPA films, 
electrodeposited on steel by the galvanostatic mode

Table 3  Conductivities of reduced and oxidized PDPA films elec-
trodeposited on steel electrodes by the galvanostatic mode

Film S (cm2) e (µm) R (Ω) χ (S.cm−1)

PDPAOx 0.38 7 5.821 0.31  10–3

PDPARe 473  104 0.35  10–11
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the protection performance of electrodeposited PDPA on 
steel. The study was conducted by three techniques: i) open-
circuit potential (OCP) measurement, ii) determination of 
corrosion current density based on linear polarization curve 
(Tafel method) and iii) electrochemical impedance spectros-
copy (EIS).

The first method provides information on the behaviour 
of the metal. The measurement of the open circuit poten-
tial  EOC over time makes it possible to follow the evolution 
of the behaviour of the polymer/metal system immersed 
in a corrosive electrolytic solution. The experiments were 
undergone for144 h immersion time in an aggressive solu-
tion of 3% NaCl and allowed to evaluate the stability of the 
polymeric coatings (Fig. 10A). The coating/metal system 
goes through two stages. At the beginning of immersion, 
a first transitional stage, which lasts for 50 h, results in the 
reduction of the potential. The drop in EOC is explained by 
an interaction between the coating/metal and its environ-
ment which leads to transformations, exchange and maybe 

a slight degradation of the PDPA/metal system. Followed 
by a period of stability where the system adapts to the sur-
rounding conditions and the transformations and exchange 
decrease. The initial potential (at  t0 = 0 h) of the coated 
metal is shifted to a more anodic value (-569 mV) than the 
potential of uncoated electrode (-608 mV). This shows that 
the PDPA film moves the potential of the steel electrode 
towards its passivation range. During the immersion, we 
recorded a decrease in abandonment potential during the 48 
h at a potential of -686 mV. After 48 h the potential stabi-
lizes. The solution becomes yellow and a precipitate due to 
the oxidation of the metal surface under the effect of chloride 
ions is formed at the bottom of the cell after 72 h. In the case 
of bare steel, the yellow precipitate forms immediately after 
immersion in saline medium. The film does not come off the 
surface of the metal, but the corrosion products diffuse to the 
solution through the polymer. This steel behaviour is usual 
in aggressive environments. The dissolution reaction of the 
steel in an aqueous medium is:

Fig. 9  SEM micrographs of PDPA deposited on steel. A Q = 0.6 C.cm−2. B Q = 2.7 C.cm−2

Fig. 10  Electrochemical study of PDPA-coated steel electrode in an aggressive solution of 3% NaCl at different immersion times. A Evolution of 
the open-circuit potential. B log∣j∣ = f(E) Tafel curves
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Reduction of the corrosive agent:

The corrosion product:

This ferrous hydroxide Fe(OH)2 or hydrated ferrous oxide 
(FeO.nH2O) constitutes a greenish-black layer on the sur-
face. In the presence of oxygen,  Fe2+ is oxidized to  Fe3+. 
Ordinary rust is the product of this step:

The hydrated ferric oxide has an orange to red-brown col-
our. It exists in the form of non-magnetic  Fe2O3 (haematite) 
or magnetic  Fe2O3.Fe3O4.nH2O [65]. Thus, rust films can 
contain up to three layers of iron oxides in different oxida-
tion states [66].

The corrosive agent infiltrates through the film on the 
surface of the metal. An amount of the metal hydroxide 
that forms on the surface of the steel turns into iron oxide 
because of its low solubility product, thus forming a passive 
film which protects the metal from corrosion according to 
the reactions described above:

In this context, a study of the variation of open circuit 
potential over time for a vinyl coating containing 0 to 5% of 
PDPA deposited on steel was conducted by Sathiyanarayanan 
et al. [67]. The authors found that the potential of coated 
plates containing PDPA (3% and 5%) increases after 80 days 
of immersion compared to the coating that does not con-
tain PDPA. They proposed a steel protection mechanism by 
the PDPA similar to that of polyaniline, based on the oxida-
tion–reduction potentials of the polymers that are neighbours. 
They bound the passivation of the metal to the oxidoreduc-
tion capacity of the polymer.

Fe → Fe2+ + 2 e−

O
2
+ 2 H

2
O + 4 e− → 4 OH−

Fe2+ + 2 OH−
→ Fe(OH)

2

4 Fe(OH)2 + O
2
+ 2 H

2
O → 4 Fe(OH)3

Fe(OH)
2
→ FeO + H

2
O and 2 Fe(OH)

3
→ Fe

2
O

3
+ 3 H

2
O

Beck et  al. [68] suggested a two-step mechanism: i) 
dedoping (reduction of the film) which is counterbalanced 
by an anodic overoxidation reaction and ii) the chemical 
attack of nucleophiles of the radical-cations (Fig. 11). The 
reactants  H2O,  OH− and  A− do not react only to the surface, 
but infiltrate into the conductive polymer film. In the case 
of polypyrrole, anodic overoxidation provides the anodic 
process [69]. The conjugation is interrupted. However, in 
the case of polythiophene, the overoxidation is concentrated 
on the S atom, leading to a sulfone group. Therefore, the 
conjugation is not interrupted.

Minh and Quoc [65] assume that dopant anions DAs 
form insoluble complexes with iron ions  FexOyDAz and can 
prevent further corrosion (Fig. 12). The use of big anions 
such as polystyrenesulphonate and dodecyl sulphate could 
improve corrosion protection by preventing the entry of 
chloride [70].

To confirm the results obtained by monitoring the free 
potential, we performed a linear polarization study of the 
samples at different open-circuit immersion times in 3% 
NaCl (Fig. 10B). The potentials and the corrosion currents 
are determined from the Tafel lines by extrapolation of the 
parts corresponding to the strong polarizations of the log∣j∣ 
= f(E) curves. The inhibitory efficiency E (%) is obtained 

Fig. 11  Anodic overoxidation 
reaction and chemical nucleo-
philic attack in the case of 
polypyrrole and polythiophene 
[68]

Fig. 12  Proposed corrosion protection mechanism according to Minh 
and Quoc [65]. ECP: electronic conducting polymer; DA: doping 
anion
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by the equation: E(%) = (j0
corr

− jcorr )∕jcorr ; where  j0
corr and 

 jcorr are corrosion current densities of bare metal and PDPA 
coated metal respectively. Corrosion parameters  (Ecorr,  jcorr 
and E (%)) are summarized in Table 4.

The potential and the corrosion current decrease slightly 
during immersion. These results are consistent with the evo-
lution of open circuit potential. The values of the current 
densities are comparable and coherent. The stability of the 
currents reflects the stability of the PDPA/Steel system in 
the corrosive medium which indicates a corrosion inhibition 
effect. The inhibitory efficiency increases from 64.6% at the 
beginning of immersion to 95.5% after 24 h and reaches 
97.2% at the end of immersion. These results were expected 
given the results of the adherence tests.

The corrosion resistance of electrodeposited PDPA coat-
ings was also studied by electrochemical impedance spec-
troscopy (EIS). Impedance spectroscopy can reveal inter-
facial changes due to the modification of the surface of the 
electrode. Figure 13A shows the electrochemical impedance 
loops measured at the abandonment potential. The imped-
ance diagram makes it possible to study the evolution of 
the system through the values of each parameter defined by 
the electrochemical impedance diagram. The analysis of the 
evolution of the values of these parameters informs on the 
evolution mechanism of the coated metals: penetration of the 
electrolyte in the coating, corrosion of the metal, detachment 
of the film…

The impedance diagrams have a single capacitive/induc-
tive loop through the different immersion times. After 48 h 
of immersion, a slight change was observed in the diameter 
(resistance) and the height (capacity) of the half-loop. The 
loops correspond to the phenomenon of charge transfer, 
which confirms the aggressive effect of chloride ions [38]. 
The simulation of the experimental data with the ZSimp 
software makes it possible to determine the equivalent 
electrical circuit. The latter provides several characteristic 
parameters of the system.

The proposed circuit for bare steel includes 3 elements 
(Fig. 13B), of which  Rs represents the resistance of the 
solution and  Qcd a constant phase element (CPE) which 
represents the capacity of the double layer. The value of 
the capacitance associated with the capacitive loop of the 
impedance diagram can be estimated from the relation 
C = 1∕2�fR (after converting the CPE into capacitance 
using the Brug formula); where f corresponds to the char-
acteristic frequency (determined at the maximum of the real 
part of the loop) and R is the diameter of the loop.

The charge transfer resistance is represented by  Rct. The 
circuit becomes more complex by the application of the pol-
ymeric coating (5 elements), with  Lp and  Rp the inductance 
and the resistance of the coating respectively. The parameter 
 Lp gives the inductive aspect to the impedance loop. After 
24 h of immersion, these last two are replaced by W, a short-
circuit term of Warburg, which represents the diffusion.

Table 5 shows the evolution of the characteristic param-
eters of the PDPA/Steel system during immersion. Follow-
ing the variation of the characteristic parameters numerous 
conclusions can be drawn. The charge transfer resistance 
 (Rct) and Warburg coefficient (W) vary with time, providing 
the suggestion that after an inductive period (t < 24 h), the 
formation of active centers occurs contributing to percepti-
ble diffusion limitations [71]. However, the capacity of the 
double layer  (Qcd) increases. After 144 h,  Qcd increases to 
1.403  10–3 S.s0.5. On the other hand, the resistance of the 
solution  (Rs) remains approximately constant (34–36 Ω). 
Briefly, the decrease in  Qcd and W and the increase in  Rct 

Table 4  Corrosion parameters: corrosion potential  (Ecorr), corrosion 
current density  (jcorr) and inhibitory efficiency (E (%)) of the PDPA-
coated steel at different immersion times

t (h) ECorr (mV) jCorr (µAcm−2) E (%)

Bare metal -821 1.78 -
0 -625 0.63 64.6
24 -723 0.08 95.5
48 -773.9 0.06 96.6
96 -781.5 0.04 97.7
144 -763.1 0.05 97.2

Fig. 13  Electrochemical imped-
ance loops (Nyquist diagram) 
of PDPA-coated electrode 
measured at different immersion 
times in 3% NaCl (A). Equiva-
lent electrical circuit (B)
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shows that the diffusion of corrosion products and the charge 
transfer decrease. This confirms the good corrosion protec-
tion performance of the polymer.

In general, when metals are in contact with a doped semi-
conductor or an electronically conducting polymer, an elec-
tric field is generated limiting the flow of electrons from the 
metal to oxidizing species, therefore preventing or reducing 
corrosion rate [72].

Simpler equivalent circuits have been described in the 
literature [73–75]. Minh and Quoc [65] divide the imped-
ance spectra into three regions:

 (i) High frequency region: characterizes the behaviour 
of the electrolyte. The resistance of the electrolyte is 
described by  Re in the equivalent circuit (Fig. 14).

 (ii) Medium Frequency Region: Indicates the properties 
of the polymer film that behaves like a dielectric with 
a capacitive impedance. The behaviour is simulated 
by a  Cpm capacitance parallel to the resistance of the 
polymer film  Rpm.

 (iii) Low Frequency Region: represents the polymer/
substrate interface.  Cdl and  Rct are the double layer 
capacity and the charge transfer resistance of the 
interface, respectively.

A physical barrier effect from the polymeric film avoids 
penetration of corrosive agents to the metallic surface and 
consequently reduce corrosion at the interface coating/elec-
trode. However, this barrier effect depends basically on the 

porosity of the polymeric layer. Instead, chloride  (Cl−) diffu-
sion occurs through ion exchange in the polymer and could 
be important in the case of doped films [76]. Furthermore, 
when the anion is released during the reduction of the coat-
ing, an anion-exchange process takes place and the polymer 
is doped by small anions. By this process, chlorides can 
reach the metal surface [72]. For these reasons, the perfect 
coating must offer an impermeable obstacle and display 
durable stability.

Permeability and barrier property are two sides of the 
same coin; thus the same factors direct both the processes. 
Different concepts have been explaining the permeable 
nature of polymers [77]. According to these theories, per-
meation includes three stages: sorption of molecules in the 
polymer; diffusion of these molecules from higher concen-
tration/pressure side to lower one and desorption of the mol-
ecules from the other side of the film. Mathematically it is 
defined as: P = D ∗ S , where P, D and S are coefficients of 
permeability, diffusivity and solubility of penetrant in the 
polymer respectively [77]. The diffusion governs the gaseous 
permeation, while solubility dominates in water permeation. 
Generally, permeability depends on several factors such as 
the nature of the polymer and its thickness, size and shape 
penetrant, pressure and temperature.

The porosity can be calculating by: P =
R1

R2

∗ 10
−
|ΔEcorr|

ba  , 
where P is the total porosity,  R1 and  R2 the polarization 
resistance of uncoated and coated electrodes respectively, 
 Ecorr the corrosion potentials and  ba is the anodic Tafel slope 
for the substrate [78]. The use of this equation needs to adopt 
that the metal dissolves actively, though the coating is com-
pletely stable. In these conditions, the ratio between the 
anodic current of the coated substrate and that of the 
uncoated is approximately equal to the porosity of the poly-
mer [78]. Some secondary processes possibly will interfere 
with the measurement, for example some products may be 
deposited in the pore.

In general, no chemical bonds exist between the substrate 
and the polymer. The polymer coating remains at the surface 
due to the Van der Waals forces between the substrate and 
the polymer. Ions enter the film if their Van der Waals and 
ion–dipole interactions with the polymer are large. When 
the polymer is hydrophobic and the solvent is hydrophilic 
the interaction energies between the polymer segments and 
between the solvent molecules are higher than those between 
the polymer segments and the solvent molecules. In this 
case, the polymer segments are not solved by the solvent 
molecules. If the neutral polymer contains polar groups, 
water molecules will enter the polymer and the polymer 
phase will eventually contain substantial amounts of water. 
The situation is different when the polymer is charged, the 
interface is not permeable and the polymer film behaves like 
an ion-exchange membrane [71].

Table 5  Evolution of the characteristic parameters of the equivalent 
circuit of the PDPA/Steel system during immersion

24 h 48 h 96 h 144 h

Rs (Ω) 34.651 35.882 36.216 35.219
Qcd  (10–3 S  s0.5) 5.727 3.197 2.417 1.403
Rtc (Ω) 470.4 576.8 510.1 444.5
W (S  s5) 0.2749 0.06715 0.02525 0.05943

Fig. 14  Equivalent circuit reported in the literature [65]
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Conclusion

Polydiphenylamine has been successfully elaborated on the 
surface of steel electrodes. A systematic study was carried 
out using various electrochemical techniques to improve 
the quality of the formed coating. In this context, the gal-
vanostatic mode has proved to be the most suited to pro-
duce homogeneous and highly adherent films. Afterwards, 
elementary and vibrational analyses by XPS and FTIR con-
firmed that the synthesized polymer on oxidizable metals has 
the same chemical compositions and structural characteris-
tics as those usually obtained on noble electrodes. Hence, it 
was further tested as protective coatings against the dissolu-
tion of steel. Analysis by open-circuit potential technique, 
linear polarization and electrochemical impedance spectros-
copy over the immersion time in 3% NaCl solution revealed 
the stability of the polymeric coating. The initial potential 
of the covered metallic substrate was shifted to more anodic 
values compared to the uncoated electrode and a slight 
decrease of the corrosion current density was recorded 
during the immersion. The inhibitory efficiency increased 
from 64.6% at the beginning of immersion to 95.5% after 
24 h and reached 97.2% at the end of the test. These results 
were expected assuming the results of the adherence tests. 
The interesting electrochemical behavior of PDPA films in 
aggressive solutions can allow its use in various industries 
as a protective coating not only for steel but also for other 
metals such as aluminum, copper and zinc. Studies in the 
case of these types of metallic substrates are in progress.
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