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ABSTRACT: This study explored the possibility of using
poly(o-toluidine) (POT)/ZrO2 nanocomposite coatings for
the corrosion protection of mild steel in a chloride environ-
ment. POT/ZrO2 nanocomposite coatings were synthesized
on steel substrates through an electrochemical route. These
coatings were characterized with cyclic voltammetry, ultra-
violet–visible absorption spectroscopy, Fourier transform
infrared spectroscopy, scanning electron microscopy, and
X-ray photoelectron spectroscopy. The performance of
POT/ZrO2 nanocomposites as protective coatings against
the corrosion of mild steel in aqueous 3 wt % NaCl was
evaluated with the potentiodynamic polarization technique

and electrochemical impedance spectroscopy. The results
of this study demonstrate that POT/ZrO2 nanocomposite
coatings provide better protection for mild steel against
corrosion than pure POT coatings. The corrosion potential
was about 0.312 V versus a saturated calomel electrode,
more positive in aqueous 3 wt % NaCl for the nanocompo-
site-coated steel than the uncoated steel, and the corrosion
rate of steel was reduced by a factor of almost 51. � 2007
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INTRODUCTION

During the last decade, electrically conducting poly-
mers have been a center of scientific interest and
active multidisciplinary research because of their
excellent potential for widespread technological
applications.1–5 Several studies have been carried out
recently or are in progress concerning the use of con-
ducting polymer coatings for the corrosion protec-
tion of oxidizable metals.6–9 Electrochemical poly-
merization is a simple, relatively inexpensive, and
very convenient route for synthesizing novel con-
ducting polymers on metallic surfaces. It has now
become apparent that a careful choice of the solvent
and/or supporting electrolyte and the establishment
of electrochemical parameters are necessary for a
successful electrochemical synthesis of conducting
polymer coatings on oxidizable metals.10,11

Recently, considerable research interest has devel-
oped in synthesizing metal and/or metal oxide nano-
particle incorporated polymer matrices with interest-

ing physical properties and tremendous application
potential in diversified areas such as physics, chemis-
try, materials science, optics, microelectronics, and bio-
medical science.12–18 Platinum,12 palladium,13 gold,14

and copper15 nanoparticles have been successfully
incorporated into polyaniline and its substituted
derivatives. The first attempt to electrochemically
synthesize TiO2- and WO3-incorporated polypyrrole
films on Au or indium tin oxide electrodes was made
by Yoneyama and coworkers.16,17 Ferreira et al.18

showed that TiO2 incorporation in the polypyrrole
matrix during electrochemical synthesis on mild steel
leads to the formation of polypyrrole/TiO2 composite
films. Furthermore, these composite films exhibit a
slight improvement in the corrosion protection of
mild steel in aqueous 3.5% NaCl solutions in compar-
ison with pure polypyrrole.

In this work, we attempted to synthesize strongly
adherent ZrO2-nanoparticle-incorporated poly(o-tolu-
idine) (POT) coatings on mild steel from an aqueous
tartrate solution by using cyclic voltammetry. To the
best of our knowledge, there are no reports in the
literature dealing with the electrochemical synthesis
of corrosion-protective ZrO2-nanoparticle-incorpo-
rated POT coatings on mild steel from an aqueous
tartrate medium. These coatings were characterized
with cyclic voltammetry, ultraviolet–visible (UV–vis)
absorption spectroscopy, Fourier transform infrared
(FTIR) spectroscopy, scanning electron microscopy
(SEM), and X-ray photoelectron spectroscopy (XPS).
The ZrO2 nanoparticles were successfully incorpo-
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rated into the POT matrix and resulted in the forma-
tion of poly(o-toluidine)/ZrO2 (POTZRO) nanocom-
posite coatings on mild steel. The corrosion protection
performance of these coatings was examined in an
aqueous 3 wt % NaCl solution by the use of the poten-
tiodynamic polarization technique and electrochemi-
cal impedance spectroscopy (EIS). The results of this
study demonstrate that the incorporation of ZrO2

nanoparticles into the POT matrix reduces the corro-
sion rate (CR) of mild steel by a factor of almost 51.

EXPERIMENTAL

Analytical-reagent-grade chemicals were used through-
out this study. The o-toluidine monomer was double-
distilled before its use. In this work, an aqueous
solution containing 0.1M sodium tartrate and 0.1M
o-toluidine was used as the electrolyte, and it is called
the standard electrolyte in the remaining text.

The chemical composition (wt %) of the mild steel
used in this study was 0.03% C, 0.026% S, 0.01% P,
0.002% Si, 0.04% Ni, 0.002%Mo, 0.16%Mn, 0.093% Cu,
and 99.64% Fe. The mild steel substrates (� 10 mm
3 15 mm3 0.5 mm) were polished with a series of em-
ery papers of different grit sizes (180, 400, 600, 800, and
1200). After polishing, the substrates were cleaned
with acetone and double-distilled water and dried in
air. Before any experiment, the substrates were treated
as described and freshly used with no further storage.

In a typical experiment, 40-nm ZrO2 powder (1.25
g/L) was added to double-distilled water and soni-
cated for 1 h. Subsequently, in this emulsion solu-
tion, 0.1M sodium tartrate and 0.1M o-toluidine were
dissolved with vigorous magnetic stirring for
30 min. The POTZRO nanocomposite coatings were
synthesized by electrochemical polymerization in a
ZrO2-containing standard electrolyte with slow mag-
netic stirring through cyclic voltammetry.

The electrochemical polymerization experiments
were carried out with the setup described in our
previous article.19 The synthesis of POTZRO coatings
was performed by continuous cycling of the elec-
trode potential between �0.5 and 1.8 V at a potential
scan rate of 0.02 V/s. After deposition, the working
electrode was removed from the electrolyte, rinsed
with double-distilled water, and dried in air. For
comparison, pure POT coatings were also synthe-
sized under experimental conditions identical to
those mentioned previously for the standard electro-
lyte without ZrO2 powder.

The adhesion of the POT and POTZRO coatings
was determined by the standard cellotape test (TESA
4204 BDF), which consists of cutting the coating into
small squares, sticking the tape, and then stripping it.
The percentage adherence was calculated from the
ratio of the number of the remaining adherent coat-
ing squares to the total number of the squares.

The FTIR transmission spectra of the coatings
were recorded in the spectral range of 4000–400
cm�1 with a PerkinElmer (Wellesley, MA) 1600 se-
ries II spectrometer. The optical absorption studies
of these coatings were carried out ex situ at room
temperature in the wavelength range of 300–1100
nm with a Hitachi model U2000 microprocessor-
controlled, double-beam UV–vis spectrophotometer.
SEM was employed to characterize the surface
morphology with a Leica (Cambridge, UK) Cam-
bridge 440 microscope. The XPS analysis was carried
out with a V.G. Microtech Scientific (Crawley, UK)
ESCA 3000 spectrometer equipped with two
ultrahigh-vacuum chambers. The pressure in the
chambers during the experiments was about 10�9 Pa.
The XPS spectra were recorded with unmonochrom-
atized Mg Ka radiation (photon energy ¼ 1253.6 eV)
at a constant 50-eV pass energy. The core level bind-
ing energies were corrected with the C 1s binding
energy of 284.9 eV. The C 1s, O 1s, N 1s, and Zr 3d
spectra were fitted to Gaussian component peaks of
equal full widths at half maximum. The position and
intensity of the component peaks were optimized to
give the best fit to the experimental spectrum.

The corrosion protection performance of these
coatings was investigated in aqueous 3 wt % NaCl
solutions with a potentiodynamic polarization tech-
nique and EIS. The potentiodynamic polarization
measurements were performed as described in our
previous article.19 All the measurements were
repeated at least four times, and good reproducibil-
ity of the results was observed. The potentiodynamic
polarization curves were analyzed with Corr-View
software from Scribner Associates (Southern Pines,
NC).20 This software performed the Tafel fitting and
calculated the values of the corrosion potential
(Ecorr), corrosion current density (Icorr), and CR in
millimeters per year.

The EIS measurements of the POT- and POTZRO-
coated mild steel were carried out at the open circuit
potential in aqueous 3 wt % NaCl solutions. The fre-
quency was varied from 0.1 Hz to 20 kHz with an
alternating-current excitation potential of 0.01 V. The
analysis of the impedance spectra was performed by
the fitting of the experimental results to equivalent
circuits with Z-View software from Scribner Associ-
ates.21 The quality of the fitting to the equivalent cir-
cuit was judged first by the v2 value and second by
a comparison of the experimental data with the
simulated data.

RESULTS AND DISCUSSION

Synthesis of the POT and POTZRO coatings

The cyclic voltammogram of the first scan recorded
during the electrochemical polymerization of
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o-toluidine on the mild steel electrode in the stand-
ard electrolyte without ZrO2 powder is shown in
Figure 1(a). The first positive cycle is characterized
by anodic peaks A, B, and C at approximately
�0.365, 1.137, and 1.445 V versus a saturated calomel
electrode (SCE), respectively. During the reverse
cycle, the anodic current density decreases rapidly,
and a negligibly small current density can be
observed until the end of the negative cycle. Most of
the features of these cyclic voltammograms exhibit a
good resemblance to those reported by Pawar et al.19

Anodic peak A is attributed to the formation of in-
soluble iron(II) tartrate (FeC4H4O6) on the electrode
surface, and as a result, the mild steel surface is pas-
sivated. Oxidation peak B at approximately 1.137 V
versus SCE is attributed to the irreversible oxidation
of o-toluidine because a black uniform film is depos-
ited on the mild steel substrate. This suggests that
the electrochemical polymerization of o-toluidine
takes place on the mild steel electrode in an aqueous
tartrate solution. Oxidation peak C at approximately
1.445 V versus SCE is assigned to the oxidation of
the tartrate electrolyte.

During the second scan [Fig. 1(b)], peak A is not
observed, and the current density corresponding to
peak B decreases considerably. In addition, peak C
is shifted in the anodic direction. This suggests that
the coverage of the mild steel surface by POT inhib-
its the dissolution of the electrode. On repetitive cy-
cling, voltammograms identical to that of the second
scan can be obtained. However, the current density
corresponding to the oxidation peaks decreases
gradually with the number of scans. A visual inspec-
tion of the mild steel electrode after 10 scans reveals
the formation of an adherent black POT coating.

Thus, the electrochemical polymerization of o-tolui-
dine on the mild steel substrate occurs in two steps
from an aqueous tartrate solution.

The cyclic voltammogram of the first scan
recorded during the electrochemical polymerization
of o-toluidine on the mild steel electrode in the
standard electrolyte with ZrO2 powder is shown in
Figure 2(a). This voltammogram of the first scan
shows strikingly different characteristics in compari-
son with that recorded in the standard electrolyte
without ZrO2 nanoparticles. Indeed, anodic peak A
has disappeared, and the first positive cycle indi-
cates oxidation peaks B and C at approximately
1.189 and 1.598 V versus SCE, respectively. During
the reverse cycle, the anodic current density
decreases rapidly, and a negligibly small current
density can be observed until the end of the negative
cycle.

It may be argued that because of the common
hydrophilic character of the ZrO2 powder, these
nanoparticles are easily attached to the electrode sur-
face. Consequently, the attachment of ZrO2 nanopar-
ticles modifies the electrode surface before the elec-
trochemical polymerization. The absence of anodic
peak A corresponding to the dissolution of the mild
steel substrate supports this argument, which indi-
cates the stabilization of the electrode surface in the
presence of ZrO2 nanoparticles. o-Toluidine is read-
ily and concurrently concentrated on the mild steel
substrate in the standard electrolyte with ZrO2 nano-
particles, and this results in a greater chance for
nucleation; hence, a higher polymerization rate is
observed.

Thus, the absence of anodic peak A when ZrO2

nanoparticles are in the standard electrolyte indi-

Figure 1 Cyclic voltammograms of the (a) first, (b) sec-
ond, and (c) tenth scans recorded during the synthesis of a
POT coating on mild steel in an aqueous tartrate solution
without ZrO2 powder.

Figure 2 Cyclic voltammograms of the (a) first, (b) sec-
ond, and (c) tenth scans recorded during the synthesis of a
POT coating on mild steel in an aqueous tartrate solution
with ZrO2 powder.
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cates that the nanoparticles affect the passivation
process of the electrode surface, and subsequently,
the electrochemical polymerization of o-toluidine
on the mild steel substrate occurs in a single step
from the standard electrolyte containing ZrO2 nano-
particles.

Furthermore, the current densities corresponding
to oxidation peaks B and C are significantly higher
than those observed in the cyclic voltammogram
recorded in the standard electrolyte without ZrO2

nanoparticles. This suggests that the polymerization
rate increases significantly with the aid of ZrO2

nanoparticles present in the standard electrolyte.
Also, the peak potentials of the oxidation peaks are
observed to shift in the positive direction in the pres-
ence of ZrO2 nanoparticles.

On repetitive cycling [Fig. 2(b)], voltammograms
identical to that of the first scan can be obtained,
and the current density corresponding to the oxida-
tion peaks decreases gradually with the number of
scans.

Visually, the appearance of the POTZRO coating
synthesized from the standard electrolyte with ZrO2

nanoparticles is drastically different from that of the
pure POT coating. The POTZRO nanocomposite
coating is shiny, more compact, and strongly adher-
ent to the mild steel surface. The POTZRO coating
adherence is enhanced when the coating is synthe-
sized in the standard electrolyte with ZrO2 nanopar-
ticles. The coating adherence, estimated by standard
cellotape, is approximately 100%. The coating thick-
ness was also estimated as follows:22

d ¼ QM

2Fq

where Q (C) is the specific overall charge for the
electrochemical polymerization, q is the density of
POT (1.34 g/cm3), M is the molar mass (107.15 g/
mol), and F is the Faraday constant (96,500 C) The
thicknesses of the POT and POTZRO coatings were
found to be approximately 0.35 and 3.8 lm, respec-
tively.

Characterization of the coatings

The FTIR spectra of POT, ZrO2 nanoparticles, and
POTZRO nanocomposite are shown in Figure 3. The
main characteristic bands of POT are assigned as fol-
lows:23–26 the broad band at approximately 3383
cm�1 is due to the N��H stretching mode, the band
at approximately 2922 cm�1 is associated with C��H
stretching in the methylene group, the C¼¼N and
C¼¼C stretching modes for the quinoid and benzoid
rings occur at 1600 and 1500 cm�1, the bands at
approximately 1310 and 1251 cm�1 are assigned to
the C��N stretching mode for benzoid rings, the

band at approximately 1118 cm�1 is attributed to a
plane bending vibration of C��H (which is formed
during protonation), and the bands between 800 and
700 cm�1 reveal the occurrence of the 1–3-substitu-
tions. As can be seen in Figure 3(c), the main charac-
teristic bands of the pure POT and ZrO2 nanopar-
ticles appear in the FTIR spectrum of the POTZRO

Figure 3 FTIR spectra of the (a) ZrO2 nanoparticles, (b)
pure POT, and (c) POTZRO nanocomposite.
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nanocomposite. The bands at 1600, 1500, 1310, and
1251 cm�1, corresponding to the stretching modes of
C¼¼N, C¼¼C, and C��N, are shifted to lower wave
numbers, which may be attributed to the incorpora-
tion of the ZrO2 nanoparticles into the POT matrix.
The splitting of the band at 1118 cm�1 that formed
during the protonation into two bands at 1155 and
1113 cm�1 reveals that the incorporation of ZrO2

nanoparticles has an effect on the doping of POT.
The optical absorption spectrum of the POT coat-

ing [Fig. 4(a)] shows a well-defined peak at approxi-
mately 740 nm, and it is attributed to the formation
of the emeraldine salt (ES) form of POT, which is
the only electrically conducting phase of POT.27 The
optical absorption spectrum of the POTZRO coating
[Fig. 4(b)] exhibits a noticeable difference in compar-
ison with Figure 4(a). First, it indicates an increase in
the intensity of the peak at approximately 750 nm.
Second, it shows an emergence of a peak at approxi-
mately 540 nm. The peak at approximately 540 nm
is the signature of the formation of the pernigrani-
line base (PB) form of POT. PB is the fully oxidized
form of POT and is insulating in nature.27 The si-
multaneous appearance of the peaks at 750 and 540
nm clearly reveal the formation of a mixed phase of
ES and PB forms of POT. The formation of the
mixed phase may be attributed to the higher poly-
merization rate due to the presence of ZrO2 nanopar-
ticles in the standard electrolyte during the synthesis
of the POTZRO nanocomposite coating. Thus, the
optical absorption spectroscopy results are in agree-
ment with the cyclic voltammetry.

The surface morphology of the pure POT and
POTZRO nanocomposite coatings synthesized on

mild steel were characterized with SEM. The surface
morphology of the pure POT coating [Fig. 5(a)] is rel-
atively rough and is characterized by the presence of
the pores in the coating. The inset of Figure 5(b)
shows that the surface morphology of the POTZRO
nanocomposite coating on mild steel is uniform, fea-
tureless, and pore-free. There are two possible explan-
ations for the formation of the uniform and smooth
surface morphology. One possible explanation is that
the ZrO2 particles are filling the pores in the coating.
Another possibility is that the presence of these par-
ticles simply changes the polymer morphology.

The energy-dispersive X-ray (EDX) analysis of the
POTZRO coating was also performed to confirm the
incorporation of the ZrO2 nanoparticles into the POT
matrix. As expected, the signal due to Zr can be
clearly detected in the EDX spectrum, as shown in
Figure 5(b), and this proves that the ZrO2 nanopar-
ticles are incorporated into the POT matrix. In addi-
tion, weak signals at 0.7 and 7 keV can also be
observed, and this reveals the presence of Fe in the
coating. It seems that the dissolution of the LCS sub-
strate occurs during the deposition of POT, and a
negligibly small amount of iron is codeposited in the
conductive polymer film.

Figure 4 Optical absorption spectra of (a) POT and (b)
POTZRO nanocomposite coatings synthesized on mild
steel. (The spectrum was recorded ex situ in a dimethyl
sulfoxide solution.)

Figure 5 (a) SEM image of POT and (b) EDX spectrum of
the POTZRO nanocomposite coatings synthesized on mild
steel. The inset of part b shows the SEM image of a
POTZRO nanocomposite coating.

224 CHAUDHARI ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



To further confirm the incorporation of the ZrO2

nanoparticles into the POT matrix, the POTZRO
nanocomposite coatings synthesized on mild steel
substrates were analyzed with XPS. The XPS analysis
reveals the presence of C 1s (74%), O 1s (11%), N 1s
(14%), and Zr 3d (1%) in the POTZRO nanocompo-
site coating. The deconvoluted spectra of C 1s, O 1s,
N 1s, and Zr 3d are shown in Figure 6.

The C 1s spectrum has been deconvoluted into
four components at 284.9, 286, 287, and 288.4 eV
[Fig. 6(a)] with relative areas of 1 : 0.19 : 0.09 : 0.07,
respectively. The main peak at 284.9 eV is attributed
to the C��C bond in the benzene ring of POT. The
peaks at 286 and 287 eV are assigned to the presence
of C��N and C¼¼N bands, respectively. The peak at
288.4 eV is attributed to the carboxylic acid type car-
bons and indicates the presence of tartrate anions as
doping ions in the POT coating.

The deconvoluted N 1s spectrum of the POTZRO
nanocomposite coating is shown in Figure 6(b). This
spectrum has been deconvoluted into four compo-
nents at 398.3, 399.7, 401.0, and 402.6 eV with the rel-
ative areas of 0.07 : 1 : 0.23 : 0.11, respectively. These
components reveal the presence of quinoid imine
(¼¼N��), benzoid amine (��NH��), and positively
charged nitrogen atoms. The peak at 398.3 eV is
attributed to the ¼¼N�� imine nitrogen. The peak at
399.7 eV is due to the amine nitrogen. The peaks at
401.0 and 402.6 eV are attributed to positively
charged nitrogen and correlated with the doping
level of the POT coating. The doping level of the
POTZRO coating has been calculated from the area
ratio of the positively charged nitrogen signal to the
total N 1s signal to be approximately 24%.

The deconvoluted O 1s spectrum of the POTZRO
nanocomposite coating is shown in Figure 6(c). The

Figure 6 XPS spectra (a) C 1s, (b) N 1s, (c) O 1s, and (d) Zr 3d of a POTZRO nanocomposite coating synthesized on mild
steel.
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O 1s spectrum has been deconvoluted into four
peaks at 529.8, 531.0, 532.0, and 533.0 eV with the
relative areas of 0.1 : 0.23 : 0.33 : 1.0, respectively.
The peak at 529.8 eV is attributed to the oxygen
atoms of the ZrO2. The presence of the peak at 531.0
eV is due to the oxygen originating from surface
water contamination. Matsuoka et al.28 attributed
this peak to oxygen possibly bound to Zr. The pres-
ence of the peaks at 532.0 and 533.0 eV is attributed
to C¼¼O and O¼¼C��O� and indicates the incorpora-
tion of tartrate anions as dopants into the coating.

The deconvoluted Zr 3d spectrum of the POTZRO
nanocomposite coating is shown in Figure 6(d). The
Zr 3d spectrum has been deconvoluted into four
peaks at binding energies of 181.9, 184.3, 183.5, and
185.8 eV. It seems that there are two types of ZrO2

present on the metal surface. Peaks Zr 3d5/2 and Zr
3d3/2, observed at 181.9 and 184.3 eV, are attributed
to the first type of ZrO2 nanoparticle sitting in the
POT matrix.28,29 The spin orbit splitting between the
other two peaks observed at 183.5 and 185.8 eV is
approximately 2.3 eV, and their area ratio is approxi-
mately 1.3. This suggests that these peaks also corre-
spond to Zr 3d5/2 and Zr 3d3/2, respectively. How-
ever, these peaks indicate the shift in the binding
energies versus the characteristic Zr 3d peaks in

ZrO2. Therefore, these peaks may possibly be attrib-
uted to the second type of ZrO2 nanoparticle
adsorbed on the metal surface. The observed shift in
the binding energy in the characteristic peaks may
be attributed to the electric field at the mild steel
surface. Thus, the XPS results reveal that the ZrO2

nanoparticles are incorporated into the POT matrix.
The O/Zr area ratio originating from ZrO2 is
approximately 2, a value that corresponds to the
stoichiometry of ZrO2. The atomic concentration of
ZrO2 on the surface of the POTZRO coatings synthe-
sized on mild steel in the standard electrolyte con-
taining 1.25 g/L ZrO2 powder has been estimated
with the XPS data to be 0.16%.

Evaluation of the corrosion protection performance

The coating porosity is one of the important parame-
ters that strongly govern the anticorrosive behavior
of coatings. The porosity of pure POT and POTZRO
coatings on mild steel substrates was determined
from potentiodynamic polarization measurements.
The potentiodynamic polarization curves recorded
for uncoated mild steel, POT-coated mild steel, and
POTZRO-coated mild steel in aqueous 3 wt % NaCl
are shown in Figure 7. The values of Ecorr, Icorr, the
Tafel constants (ba and bc), the polarization resist-
ance (Rp), and CR obtained from these curves are
given in Table I. The porosity of the coating was cal-
culated as follows:30

P ¼ Rps

Rpc
10

� jDEcorr j
ba

8: 9;

where P is the total porosity, Rps (O) is the polariza-
tion resistance of the uncoated mild steel, Rpc (O) is
the measured polarization resistance of the coated
mild steel, DEcorr is the difference between the corro-
sion potentials (V), and ba (V/dec) is the anodic
Tafel slope for the uncoated mild steel substrate. The
porosity of the POT and POTZRO coatings was
found to be approximately 0.16 and 4.11 3 10�4 %.
The lower value of the porosity in the POTZRO
nanocomposite coating provides an improvement in
the corrosion resistance by hindering the access of
the electrolyte to the mild steel substrates.

The potentiodynamic polarization curve for POT-
coated mild steel is shown in Figure 7(b). Icorr

Figure 7 Potentiodynamic polarization curves for (a)
uncoated mild steel, (b) POT-coated mild steel, and (c)
POTZRO-coated mild steel recorded in aqueous 3 wt %
NaCl solutions.

TABLE I
Potentiodynamic Rp Measurement Results

Sample
Ecorr

(V)
Icorr

(A/m2)
ba

(V/dec)
bc

(V/dec)
Rp

(O/m2)
CR

(mm/year)
P
(%)

Uncoated mild steel �0.710 0.3071 0.084 0.185 816.82 0.35 –
POT coated on mild steel �0.538 0.08523 0.109 0.406 4,386.28 0.09 0.16
POTZRO nanocomposite coated on mild steel �0.398 0.000691 0.094 0.175 38,393.00 0.007 0.0004
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decreases from 0.3071 A/m2 for uncoated mild steel
to 0.08523 A/m2 for POT-coated mild steel. Ecorr

increases from �0.710 V versus SCE for uncoated
mild steel to �0.538 V versus SCE for POT-coated
mild steel. The positive shift of 0.172 V versus SCE
in Ecorr indicates the protection of the mild steel sur-
face by the POT coating. The CR of mild steel is
reduced as a result of the reduction in Icorr. The CR
of mild steel is approximately 0.09 mm/year, which
is approximately 4 times lower than that observed
for uncoated mild steel.

The potentiodynamic polarization curve for
POTZRO-nanocomposite-coated mild steel recorded
in an aqueous 3 wt % NaCl solution is shown in Fig-
ure 7(c). The Ecorr value increases from �0.710 V ver-
sus SCE for uncoated mild steel to �0.398 V versus
SCE for POTZRO-coated mild steel. The positive
shift of 0.312 V versus SCE in Ecorr indicates the pro-
tection of the mild steel surface by the POTZRO
coating. Furthermore, the Icorr value for POTZRO-
coated mild steel is far lower than the corresponding
values for uncoated mild steel and for POT-coated
mild steel, indicating the corrosion-resistant feature
of the POTZRO nanocomposite coating. Icorr de-
creases from 0.3071 A/m2 for uncoated mild steel to
0.0069 A/m2 for POTZRO-nanocomposite-coated
mild steel. The CR of POTZRO-coated mild steel is
approximately 0.007 mm/year. Thus, the incorpora-
tion of ZrO2 into the POT matrix lowers the CR of
the mild steel by approximately 51 times, and this is
attributed to the low porosity of the POTZRO nano-
composite coating due to the filling of the pores by
ZrO2 nanoparticles. These results reveal the capabil-
ity of the POTZRO nanocomposite to act as a protec-
tive layer on mild steel. The protection efficiency
(PE) of the coating was calculated as follows:

PEð%Þ ¼ Rpc � Rps

Rpc

� �
3 100

The PE values of POT and POTZRO nanocomposite
coatings calculated from potentiodynamic polariza-
tion data are approximately 81 and 98%, respec-
tively. This implies that the POTZRO nanocomposite
coating provides better protection than POT.

Nyquist impedance plots of uncoated mild steel,
POT-coated mild steel, and POTZRO-coated mild
steel in aqueous 3 wt % NaCl are shown in Figure 8.
These impedance plots were modeled by the equiva-
lent circuit depicted in the inset of Figure 8(a). The
equivalent circuit consists of the electrolyte resist-
ance (Rs), pore resistance (Rp), coating capacitance
(Cc), charge-transfer resistance (Rct), and double-
layer capacitance (Cdl). Instead of capacitance, a con-
stant phase element (CPE) was used. The CPE repre-
sents the deviation from the true capacitance behav-
ior. The quality of the fitting to the equivalent circuit

was judged first by the v2 value (i.e., the sum of the
square of the differences between theoretical and ex-
perimental points) and second by the limitation of

Figure 8 Nyquist impedance plots for (a) uncoated mild
steel, (b) POT-coated mild steel, and (c) POTZRO-coated
mild steel synthesized with cyclic voltammetry. The plots
were recorded at an open circuit potential in aqueous solu-
tions of 3 wt % NaCl. The inset of part a shows the equiv-
alent circuit used for modeling the impedance plots.
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the relative error in the value of each element in the
equivalent circuit to 5%. The v2 values for the fitting
of the impedance plots were observed to be approxi-
mately 10�4, and the error bars are not visible in Fig-
ure 8.

The impedance plot of uncoated mild steel [Fig.
8(a)] can be fitted with two semicircles, a smaller
one at a high frequency range followed by a larger
one at lower frequencies. The first semicircle is
attributed to the formation of the corrosion film, and
the second one is attributed to processes occurring
underneath the corrosion film. Thus, the impedance
plot of uncoated mild steel is characteristic of a sys-
tem undergoing dissolution with the precipitation of
a corrosion film at the electrode surface.

The impedance plot of POT-coated mild steel [Fig.
8(b)] was modeled with the same equivalent circuit
depicted in the inset of Figure 8(a). However, the pa-
rameter values of the best fit to the impedance plot
are significantly different than those obtained for
uncoated mild steel. In this case, the first capacitive
loop is attributed to the POT coating itself, and the
second one is attributed to processes occurring
underneath the coating. Table II gives the values for
the representative impedance parameters of the best
fit to the experimental data using the circuit shown
in the inset of Figure 8(a) for uncoated mild steel,
POT-coated mild steel, and POTZRO-coated mild
steel.

PE was calculated with the following expression:

PEð%Þ ¼ Rctp � Rct

Rctp

� �
3 100

where Rct (O) and Rctp (O) denote the charge-transfer
resistance of mild steel without and with a coating,
respectively. The PE calculated from EIS data is
approximately 80%. This is in agreement with the
potentiodynamic polarization results.

The impedance plot of POTZRO coated on mild
steel is shown in Figure 8(c). The values of the im-
pedance parameters obtained by the modeling of the
experimental impedance plot with the equivalent cir-
cuit depicted in the inset of Figure 8(a) are given in
Table II. The higher values of Rct and Rp and lower
values of Cc and Cdl indicate that the POTZRO nano-
composite coating offers better corrosion perform-

ance to mild steel. The PE calculated from EIS data
is approximately 97%, which is in agreement with
the polarization result.

CONCLUSIONS

POTZRO nanocomposite coatings have been synthe-
sized electrochemically on mild steel in ZrO2-con-
taining aqueous solutions. The characterization of
the nanocomposite coatings reveals that the ZrO2

nanoparticles are successfully incorporated into the
POT matrix. The electrochemical polymerization of
o-toluidine on mild steel occurs in a single step in a
ZrO2-containing aqueous solution. The surface mor-
phology of the nanocomposite coating is uniform
and more compact. A potentiodynamic polarization
and EIS study shows that the incorporation of ZrO2

nanoparticles significantly improves the corrosion
protection properties of the POT coating. This study
indicates that the POTZRO nanocomposite coating
provides better corrosion protection than POT and
can be considered a potential coating material to
protect steel against corrosion in aqueous 3 wt %
NaCl.
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