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Abstract The present study shows a novel method for the synthesis of uniformly-shaped poly(oth-

ophenylediamine) (PoPD) nanofibers by chemical oxidative polymerization method for application

towards smart corrosion resistance coatings. Transmission Electron Microscopy (TEM) and Scan-

ning Electron Microscopy (SEM) studies confirm morphology of PoPD with three dimensional

(3D) networked dendritic superstructures having average diameter of 50–70 nm and several hun-

dred meters of length. UV–vis and FTIR spectral results shows the formation of PoPD nanofibers

containing phenazine ring ladder-structure with benzenoid and quinoid imine units. Thermogravi-

metric analyses (TGA) of PoPD nanofibers possess good thermal stability. The anti-corrosion

behavior of PoPD nanofibers on 316L SS was investigated in 3.5% NaCl solution using potentio-

dynamic polarization and electrochemical impedance spectroscopic (EIS) measurements. The PoPD

coated 316L SS exhibits higher corrosion potential when compared to uncoated specimen. EIS stud-

ies, clearly ascertain that PoPD nanofiber coatings exhibits excellent potential barrier to protect the

316L SS against corrosion in 3.5% NaCl.
ª 2012 Cairo University. Production and hosting by Elsevier B.V. All rights reserved.
Introduction

In recent years, intrinsically conducting polymers (ICPs) such
as polyaniline, polypyrrole, polythiophene and their deriva-

tives have been investigated for use in numerous potential
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applications, including rechargeable batteries, organic elec-
tronics, electrochromic devices and sensors [1]. One of the
applications of conducting polymer is their use as surface coat-

ings to protect metals against corrosion; it is an environment
friendly and effective method. Several studies have been car-
ried out recently or are in progress concerning the use of con-

ducting polymer coatings for the corrosion protection of
oxidizable metals [2,3].

Among the conducting polymers, poly(o-phenylenedi-
amine) (PoPD), a highly aromatic polymer containing 2,3-dia-

minophenazine or quinoraline repeating unit has received
significant attention because it can be utilized in many fields
[4–6]. PoPD was first electrodeposited on 304 SS from aqueous

solutions of phosphoric acid and sulfuric acid by D’Elia et al.
.V. All rights reserved.
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[7] and by Hermas et al. [8] for corrosion protection
application. The PoPD polymer has a ladder structure and dif-
ferent characteristics from those of PANI. Hermas [9] reported

that PoPD passive film on steel, formed by electropolymeriza-
tion, exhibits a superior resistance for pitting in aerated 3%
NaCl compared with PANI film under similar experimental

conditions.
In electropolymerization a careful choice of the solvent

and/or the supporting electrolyte, and, the establishment of

electrochemical parameters are necessary for the successful
electrochemical synthesis of conducting polymer coatings on
oxidizable metals. To overcome these difficulties, many efforts
have been devoted to synthesize one-dimensional (1D) nano-

or micro-structures of the material obtained from the chemical
polymerization of conducting polymers [10–17]. Yao et al. [18]
reported that the carbon steel coated with PANI nanofibers by

chemical polymerization has excellent corrosion protection
than that with aggregated PANI. Coatings prepared from
polyaniline–nano-TiO2 particles synthesized by in situ poly-

merization were found to exhibit excellent corrosion resistance
compared to pure polyaniline (PANI) in aggressive environ-
ments [19]. Normally, micro- or nanofibers or nano-belts are

obtained by solution polymerization through mixing [20], stir-
ring [21], or reprecipitation [22], oligomers-assisting [23], seed-
ing [24] or interfacial [25] processes. Recently, it has been
reported that chloroauric acid shows good oxidative ability

and can act as an oxidant for the oxidative polymerization
of aniline [26], pyrrole [27], and o-phenylenediamine [28–30]
to form their polymers. However, synthesis and the anti-corro-

sion properties of the PoPD nanofibers on 316L SS and other
active metals have never been reported.

Concerning the formation mechanisms of conducting poly-

mer (PANI and its derivative) nanofibers, it was stated that the
newly formed primary PANI nanofibers, whose formation
mechanism is still unclear, at the interface were continually

withdrawn into the aqueous phase and separated with the
monomers, leading to the continuing formation of the primary
PANI nanofibers and the effective suppression of the second-
ary growth of the primary nanofibers. In the case of rapid mix-

ing polymerization, aniline and the oxidant were consumed
during formation of the primary nanofibers and the secondary
growth of the primary nanofibers was suppressed then. Based

on the results of these novel approaches and the fact new
chemistry can be generated by using ultrasonic irradiation in
preparing nano-materials due to its cavitation and vibration

effect. However, synthesis by ultrasonication and the anti-cor-
rosion properties of the PoPD nanofibers on 316L SS and
other active metals have never been reported [31].

Stainless steel (SS) is being increasingly used as a structural

material in marine and petrochemical applications. This is
mainly due to its high corrosion resistance, high strength and
toughness. However, in the presence of chloride ions, localized

corrosion such as pitting and crevice corrosion is still a serious
problem for such a materials [32–34]. Hence, the study on SS
in chloride medium to enhance protection from corrosion

has been of technological importance.
In this paper, (i) a novel synthesis protocol is presented for

the preparation of PoPD nanofibers from o-phenylenediamine/

HAuCl4/PVP aqueous solution at room temperature by ultra-
sonic agitation, (ii) to confirm the structure and morphology of
the PoPD nanofibers using UV–vis, FTIR, CV, TGA, TEM
and SEM studies (iii) to investigate the corrosion inhibition
performance of the PoPD film on 316L SS in 3.5% NaCl
solution.

Experimental

Chemicals

Monomer o-phenylenediamine (oPD) and auric chloride
(HAuCl4) and polyvinylpyrrolidone (PVP) (Mw �55,000) were
purchased from Sigma–Aldrich. Polyvinyl butyral (PVB) (Mw
60,000) was obtained from SRL and used without further puri-
fication. Aqueous electrolytes used for the synthesis of the
materials were prepared in double distilled water.

Synthesis and coatings of PoPD nanofiber on 316L SS

The PoPD nanofibers were prepared by controllable chemical

oxidative polymerization route. In the experimental procedure,
1 g of PVP and 1 g of oPD monomer were dissolved in 10 and
20 mL of double distilled water, respectively, under vigorous

magnetic stirring to form homogeneous solutions at room tem-
perature. Aliquots of the 2 mL of PVP and 12 mL of oPD were
taken from these as-prepared solutions and mixed. The mixed

solution was then diluted with 10 mL of double distilled water,
and 0.2 mL of HAuCl4 (10 mM) was added drop by drop. The
solution quickly turned purple-red and became turbid in 5 s.
The conical flask was then subjected to ultrasonication for

45 min at room temperature and the product was centrifuged
and washed several times with double-distilled water. The
polymerization mechanism is represented in scheme 1.

PVB (2 g) was dissolved in methanol (20 mL) and 10 wt.%
of PoPD nanofibers powder was added and subjected to soni-
cation for 45 min. This yielded a uniform dispersion of PoPD

nanofiber in the PVB solution. The 316L SS samples of
10 · 20 · 2 mm3 size were mechanically polished with 120–
1000 grit silicon carbide papers followed by polishing with dia-

mond paste to obtain mirror finish. The steel was then washed
thoroughly with running distilled water, rinsed and ultrasoni-
cally degreased with acetone and then dried. This pretreated
steel with a surface area of 0.5 cm2 was then dip coated with

the PoPD nanofiber/PVB in methanol solution and dried at
60 �C temperature for 45 min.

Instrumentation

UV–vis spectra were recorded using ‘‘TECHCOMP’’ UV–vis
spectrometer of model 8500 using a matched pair of Teflon

Stoppard quartz cuvettes of path length 1 cm. FT-IR spectra
were recorded using ‘‘BRUKER’’ (model TNSOR 27) in the
region 4000–400 cm�1 as KBr pellets. The TEM images were
obtained with Hitachi model H-800 and SEM image was ob-

tained using LEO 440 I model. Thermograms were recorded
using a Perkin Elmer Thermal Analyzer over a temperature
range of 100–1000 �C in an inert atmosphere at a heating rate

of 10 �C min�1.
A conventional three electrode cell was used for all the elec-

trochemical measurements. A saturated calomel electrode

(SCE) was used as reference electrode, platinum foil acts as a
counter electrode and 316L SS as the working electrode.
Potentiodynamic polarization and Electrochemical Impedance

Spectroscopy measurements were carried out for the test
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Scheme 1 Schematic representation of polymerization mechanism of PoPD.

Fig. 1 TEM (a–c) and SEM images (d) of PoPD nanofiber.
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Fig. 2 UV–vis spectra of PoPD nanofiber.

Fig. 3 FT-IR spectra of PoPD nanofiber.
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specimens in 3.5% NaCl solution using Potentiostat/Galvano-

stat (CH Instruments, model 1100A, USA).

Results and discussion

TEM and SEM analysis of PoPD nanofibers

The TEM images of the PoPD nanofibers that were synthe-
sized by three different concentrations of PVP ((a) absence
of PVP (b) 0.3 g of PVP and (c) 0.6 g of PVP) containing

0.1 g of monomer in 10 mL water are shown in Fig. 1. The ab-
sence of PVP results in the formation of PoPD polymer micro-
spheres with an average diameter of 250–300 nm (Fig. 1a).

Moreover, in the presence of PVP leads the formation of PoPD
in nanofibers morphology with an average diameter of 50–
70 nm width and several hundred nanometers of length
(Fig. 1b and c). These results indicate that by increasing the
N

H
N

N
H

N

n

n(2H+  + 2e-)
PVP concentration there is a decrease in the diameter and an
increase in the length of the PoPD nanofiber. This is due to
the anisotropic growth of the conducting polymer [26–31].

This may be the result of the selective adsorption of PVP on
certain surfaces, which hinders their growth. Thus, when the
concentration of PVP is high, this kind of adsorption becomes

stronger; hence the final particles become narrower in diameter
and longer in length. The elongated form (fiber) is established
as the growth rate for PoPD is distinctly not identical in all

directions. Moreover the new active nucleation centers can
be formed on initially formed nanofibers for the additional
growth of nanofibers resulting in a branched network or den-
drites (secondary nucleation). As it is obvious from the SEM

image (Fig. 1d), the PoPD nanofibers are inter-connected to
form dendritic and three-dimensional (3D) networked struc-
tures with highly branched geometry.
UV–vis and FTIR analysis

The UV–vis spectra of oPD and PoPD were shown in Fig. 2.

The peak located at 295 cm�1 can be assigned to the p to p*

transition of the benzenoid rings, and the band at 428 cm�1

suggests the existence of quinoid imine units (AC‚NA) [26–

29]. From the spectroscopic analysis, it can be concluded that
the synthesized PoPD has a head-to-tail type arrangement with
the benzenoid and quinoid structures in the phenazine-like
backbone.

Fig. 3 shows the FTIR spectrum for PoPD film. PoPD is a
ladder polymer, and the characteristic peaks at 3458, 1636,
1213, and 878 cm�1 can be assigned to NAH stretching, quin-

oid stretching, CAN stretching, and the presence of the phen-
azine ring, respectively. The bands at 1057 and 588 cm�1 are
assigned to the oxalate dopant [26–29]. The UV–vis and FTIR

spectroscopy results confirmed the formation of the PoPD film
containing phenazine ring ladder-structure with benzenoid and
quinoid imine units.
Cyclic voltammetry analysis

Cyclic voltammetric response of uncoated and PoPD nanofi-
ber coated 316L SS in 0.1 M NaCl solution at the scan rate

of 50 mV s�1 is depicted in Fig. 4. The oxidation (Epa) and
reduction (Epc) peak potentials were �135 mV and
�182 mV, respectively, showed no variation with cycling.

The charge transfer reaction was quasi-reversible with the sep-
aration of peak potential (DEp = 317 mV). This behavior is
similar to that reported for PoPD films obtained by electro-

chemical deposition method on noble electrodes [5,23] and
consequently the structure of the PoPD film grown on steel
is expected to be similar. The proposed structure of the PoPD

was represented as ladder polymer containing phenazine rings
with an asymmetrical ‘‘quinoid’’ structure, and the expected
redox reaction is as follows [35–37].
N
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Fig. 4 Cyclicvoltammogram of PoPD nanofiber coated 316L SS

in 0.1 M NaCl at scan rate 50 mV s�1.

Fig. 5 XRD spectra of PoPD nanofiber.
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XRD analysis

The XRD spectrum (Fig. 5) of the PoPD film show the broad
peak centered at 2h = 25� revealing that the local crystallinity
may be caused by the periodicity perpendicular to the polymer

chain. The partial crystallinity may be resulted from the long
range ordering of polymer chains in PoPD back bone. More-
over, the diffraction peaks related to Au cannot be found in
the XRD patterns, strongly indicating that the product is the

pure poly(o-phenylenediamine) networks [36,37].

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was used to examine the
thermal stability of PoPD nanofiber and oPD monomer.
PoPD nanofibers have a three stage thermal transition that

lead to weight loss (Fig. 6). The first thermal transition ob-
served at 150.6–240 �C was related to the removal of moisture.
The second thermal transition occurred at 240–312 �C which

corresponded to the loss of low molecular weight oligomers
and side products. The third transition was observed between
312 �C and 700 �C with a weight loss of �50%, which can
attributed to the degradation of the backbone units of the

PoPD (benzenoid and quinonoid units) [36]. Moreover PoPD
nanofibers possess good thermal stability than the PANI and
poly(phenylenediamine)s [36–40]. This may be due to the pres-

ence of ladder back bone in the PoPD structure.

Surface morphological studies of uncoated and PoPD nanofibers
in PVB coated 316L SS

Fig. 7a and b shows the SEM micrographs of uncoated 316L
SS and PoPD nanofiber coated 316L SS, respectively, with

the same magnification. It is very clear from the figure that un-
coated 316L SS surface exhibits smooth morphology. How-
ever, thin, uniform and closely packed continuous nodular
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Fig. 7 SEM images (a) uncoated and (b) PoPDnanofiber 316L SS.
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PoPD nanofiber coated 316L SS in 3.5% NaCl solution.
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film without any holes and scratches covering the entire
316L SS surface was observed for the PoPD nanofiber coated
316L SS.
Electrochemical corrosion behavior of PoPD nanofiber coated
316L SS using potentiodynamic polarization and EIS

measurements

Fig. 8 shows the potentiodynamic polarization curves for un-
coated and PoPD nanofiber coated 316L SS steel in 3.5%
NaCl solution. It was observed that the PoPD nanofiber

coated 316L SS exhibited higher corrosion potential (Ecorr)
and current density (Icorr) compared to uncoated 316L SS.
The Ecorr shifts, from �256 mV to a more positive value of
174 mV when the steel surface was covered by the PoPD nano-

fiber film. The positive shift in Ecorr confirms the best protec-
tion of the SS when its surface is covered by the PoPD
nanofiber. This indicates that PoPD nanofiber coating on

316L SS steel acts as a protective layer, which may be due to
the presence of p electrons in the aromatic ring and the lone
pair of electrons in the nitrogen atom leads to the effective sur-

face modification of 316L SS steel against corrosion. The thin,
compact fibriform morphology covering the entire surface of
316L SS is thought desirable as an electrode material for inhib-

itors, because it can enable the effective and rapid passivation
of SS, which results in high corrosion protection. It has been
shown that conducting polymer coatings can either act as a
physical barrier toward corrosive agents, or as inhibitory by



Table 1 Electrochemical corrosion parameters for uncoated and PoPD nanofiber coated 316L SS in 3.5% NaCl solution.

316L SS Ecorr (mV) Icorr (A cm�2) ba (mV dB�1) bc (mV dB�1) Rp (X) CR (mmpy)

Uncoated �256 1.821 · 10�8 41 39 1.37 · 105 2.20 · 100

PoPD coated 174 1.146 · 10�7 19 16 3.97 · 105 1.38 · 10�3

Table 2 Electrochemical Impedance parameters of uncoated and PoPD nanofiber coated 316L SS in 3.5% NaCl solution.

316L SS Rs (X cm2) Rct (X cm2) Cdl (lF cm�2) n Inhibition efficiency (%)

Uncoated 1.67 4.05 270 0.80 –

PoPD coated 3.09 60.30 229 0.83 93
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shifting the corrosion potential of the substrate to higher val-
ues thereby reducing the corrosion rate [2,36,37].

The electrochemical corrosion parameters were obtained
from the extrapolation of Tafel and are given in Table 1.
The corrosion rate of PoPD nanofiber coated steel was found

to be �0.004 mmpy�1 which is �1500 times lower than that
observed for bare 316L SS. From the table, the nanofiber
coated SS shows increased corrosion current density

(1.146 · 10�7 A cm�2) when compared to the uncoated SS
(1.821 · 10�8 A cm�2). The increase of the corrosion current
density could be due to the doped, conductive character of

the PoPD film, i.e., oxidation of the film and insertion of chlo-
ride anions as counter ions in the polymer structure [36,37,41].

EIS is widely used to characterize the corrosion protection
performance of coating systems. Bode phase angle and resis-

tance plots are illustrated in Fig. 9. From the Bode phase angle
plots (Fig. 9a), the uncoated 316L SS showed less capacitive
behavior in the middle frequency region, and, the phase angle

value decreased in the low frequency region. This linear por-
tion observed in the low frequency region indicates the disso-
lution of the metal ions in the solution. However, PoPD

nanofiber film coated specimen showed increase in the maxi-
mal phase angle value, which indicates the enhancement of
the resistive behavior of the protective layer due to the coating

on the surface of 316L SS steel. The obtained impedance spec-
tra was fitted using an equivalent circuit (Fig. 9a-inset) consist-
ing of a capacitance with interfacial double layer (Cdl) in
parallel with charge transfer resistance (Rp), both in series with

solution resistance. Rp and Cdl jointly represent the electro-
chemistry of corrosion at the polymer–metal interface after
coating penetration by corrosive ions [36,37,41].

The percent inhibition efficiency (IE%) of MS coated with
polymer was calculated as follows [4].

IE% ¼ RctðcoatedÞ � RctðuncoatedÞ
RctðcoatedÞ

ð1Þ

where Rct(coated) and Rct(uncoated) are the charge transfer
resistance values with and without polymer coatings respec-

tively. It was also shown that the coated specimen exhibited
higher impedance values compared to uncoated specimen.
The percentage of corrosion inhibition efficiency for the PoPD

coated MS is 93%
Table 2 shows the fitted impedance data for uncoated and

PoPD coated 316L SS. The lower resistance value for the un-

coated 316L SS indicates the susceptibility of the substrate sur-
face of being attacked by the ions present in the electrolyte,
attributed to the thinning process of the passive film in 3.5%
NaCl. However, higher Rp values and lower Cdl values for
PoPD nanofiber coated 316L SS can be related to the increased
degree of corrosion protection in 3.5% NaCl solution.

The Bode resistance plot for uncoated and PoPD nanofiber
coated 316L SS in 3.5% NaCl solution are given in Fig. 9b. It
can be observed that PoPD coated 316L SS exhibits higher

corrosion resistance compared to uncoated 316L SS. This
shows the corrosion protection of PoPD coated 316L SS in
3.5% NaCl medium.

Conclusions

PoPD nanofiber was synthesized by polymerization of o-phen-

ylenediamine using PVP and HAuCl4 under ambient condi-
tions. The structure and morphology of the PoPD nanofibers
were characterized by UV, FTIR, SEM and TEM. Thin,

adherent and compact layer of PoPD nanofibers were coated
on 316L SS by dip coating method. The evaluation of corro-
sion behaviors for PoPD nanofiber coated 316L SS in 3.5%
NaCl revealed that the corrosion potential shifted in the nobler

direction which indicates the strong adherent and inhibition ef-
fect of the PoPD nanofiber film. The EIS show that the passive
film of PoPD nanofiber coated on 316L SS exhibits good cor-

rosion resistance when compared uncoated 316L SS. Hence,
PoPD nanofiber coatings can be considered as a potential
coating material for 316L SS in chloride containing medium.
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