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Abstract
In this study, zinc–nickel (ZnNi) particles were electrochemically deposited on carbon steel (CS) electrode applying

constant current of 1 mA with chronopotentiometry technique. Poly(N-methylpyrrole) (PNMP) film on CS/ZnNi elec-

trode was synthesized with cyclic voltammetry technique from 0.10 M N-methylpyrrole containing 0.20 M sodium oxa-

late solution. The corrosion performances of coated and uncoated electrodes in 3.5% NaCl solution were evaluated with

the help of AC impedance spectroscopy (EIS) and anodic polarisation curves. Scanning electron microscopy (SEM) and

linear sweep voltammetry (LSV) were used to characterization of coatings. It was shown that the ZnNi particles exhibi-

ted important barrier effect on CS substrate. The highest 298350 ohm value of polarization resistance showed that 

PNMP film on the CS/ZnNi electrode exhibited an effective barrier property and electrocatalytic behaviour protection

of substrate for longer exposure time.
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1. Introduction

Corrosion of the metals is one of the most serious
problems in industry.1 Zinc coating provides good pro-
tection for ferrous substrates. Zinc and zinc alloys (Zn-
Co, ZnNi) are widely used in the corrosion protection of
steel.2–8 But these zinc alloys exhibit a significantly hig-
her corrosion resistance than pure zinc coating.9–16 Con-
ducting polymers like polyaniline, polythiophene and
polypyrrole have shown wide range of applications due
to their very interesting physical properties. Some of
their important properties include electrical conducti-
vity, electroactivity, electrochromism, environmental
stability, chemical stability and corrosion inhibitive pro-
perty.17 Conducting polymers act as anodic protection
and constitute effective physical barrier against corrosi-
ve products in the protection of metals. These polymers
significantly reduce the rate of corrosion.18–21 Introduced
advantages by these organic coatings are a good adhe-

sion at the metal surface and nontoxic corrosion prob-
lems as than occurs in the commonly painting systems.22

Due to these properties polypyrrole and polyaniline and
its derivatives are most extensively studied conducting
polymers.22–33

Ozyilmaz et al. studied comparative study of passi-
vation of ZnFe and ZnFeCo alloy platings on carbon steel
from oxalate and tartrate medium and the results were
showing that in oxalate medium passivation exhibited bet-
ter physical barrier behavior.34

The purpose of the present study was to synthesize
electrochemically PNMP film on thin zinc–nickel (ZnNi)
plated carbon steel in sodium oxalate (NaOX) solution.
The corrosion behaviors of ZnNi deposited carbon steel
electrodes with and without PNMP film have been investi-
gated in 3.5% NaCl and compared by using AC impedan-
ce spectroscopy (EIS) technique, open circuit potential-ti-
me measurements linear sweep voltammetry (LCV) tech-
nique and anodic polarization curves.
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2. Experimental

All electrochemical experiments were performed in
a standard one-compartment three-electrode cell. The re-
ference electrode was Ag/AgCl (3 M, KCl) and the coun-
ter electrode was a platinum sheet. Surface area of plati-
num sheet and working electrode were 0.18 cm2 and 0.05
cm2, respectively. The working electrode used in this
study was carbon steel with the composition: 0.0561% C,
0.4498% Mn, 0.0103% P, 0.0036% S, 0.14085 Si and
99.3394% Fe. The surface of this electrode was carefully
polished with abrasive paper (1200 grid), degreased with
1/1 ethanol/acetone mixture, washed with distilled water
and dried. CHI 606C and CHI 660B model digital elec-
trochemical analyzers were used for all electrochemical
measurements. Zinc-nickel plating was carried out in a
bath including 200 gl–1 ZnSO4.7H2O, 140 gl–1 NiSO4 ·
6H2O, 20 gl–1 H3BO3, 2 gl–1 CH3C6H4SO3H · H2O.
Meanwhile pH was approximately 5.5. The plating time
was 400 sec applying 1 mA constant current. ZnNi pla-
ting was accomplished under atmospheric condition wit-
hout stirring the solution. The thickness of alloy plating
was determined by estimation of the passing charge
amount applying 1 mA constant current and the thickness
of ZnNi alloy plating was estimated to be between ap-
prox. 2.73–3.80 m. Poly(N-methylpyrrole) film was elec-
trochemically synthesized using cyclic voltammetry
technique. Electrochemical impedance measurements
were obtained at measured open circuit potential values
applying 7 mV of amplitude in frequency range from 105

to 10–3 Hz. The anodic polarization curves were recorded
after 168 h of immersion time in corrosive test solution.
The scan rate was 4 mV/s and the measured open circuit
potential value was the initial potential for the scan. SEM
was employed to characterize the surface morphology
with a JEOL JSM-5500LV scanning electron microscope
at 10 kV.

3. Results and Discussion

In this study, zinc–nickel (ZnNi) plating was elec-
trochemically deposited on carbon steel (CS) electrode
applying constant current of 1 mA with chronopotentio-
metry technique. After deposition, the composition 
ZnNi plating was mechanically removed from the surfa-
ce of the electrode and dissolved in 0.10 M HCl solu-
tion. The chemical composition of the ZnNi alloy was
analyzed by atomic absorption spectroscopy (AAS).
The percentage metal ratio was determined as 20.27%
Ni and 79.73% Zn. 

The cyclic voltammograms recorded for zinc-nickel
plated carbon steel (CS/ZnNi) in monomer containing
NaOX solution are given in Fig. 1. PNMP coating was
synthesized in two steps. The first cycle was obtained in
the potential range from –1.10 to +1.80 V. Then the film

growth was carried out in the potential range between
0.00 and 1.80 V. Fifty segment were employed for the
preparation of PNMP covered CS/ZnNi electrode. The
scan rate was 100 mVs–1 for both cases. The thickness of
synthesized PNMP coating was estimated as 5.59 μm by
the sum of the charge amount passed in the monomer oxi-
dation potential region.32 In Fig. 1a, anodic current values
started to increase at approximately –0.70 V due to the
zinc and nickel dissolution process, which continued in a
wide potential range. The passivation of the surface was
observed to terminate at approximately 0.56 V. The passi-
vation mechanism resulted from the formation of inso-
luble zinc and nickel oxalate compounds. Ozyilmaz et al.
have reported the influence of anion and concentration on
the passivation of ZnFe and ZnFeCo alloy plating on car-
bon steel using an aqueous bath of sodium tartrate and
sodium oxalate with different concentrations, resulting in
a lower corrosion rate by 0.20 M sodium oxalate.34 In
Fig. 1b, there are growth curves of PNMP film synthesi-
zed on the surface of CS/ZnNi electrode. At anodic scan,
the current waves observed at around 1.07 V were attribu-
ted to monomer oxidation. The current values of these
waves decreased proportional number of cycles. This ca-
se showed that the PNMP film covered the CS/ZnNi elec-
trode surface. The adherence of synthesized PNMP coa-
ting was tested by a simple sello tape test, where perfect
results were obtained. 

SEM images of bare CS, CS/ZnNi and CS/Zn-
Ni/PNMP electrodes are given in Fig. 2. The bare electro-

Fig. 1. First CV (a) and film growth curves (b) recorded for CS/Zn-

Ni electrode 0.10 M N-methylpyrrole containing 0.20 M NaOX so-

lution, scan rate: 100 mVs–1

a)

b)
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de showed the evidence of emery. The emery traces obser-
ved for CS electrode disappeared for CS/ZnNi and
CS/ZnNi/PNMP electrodes. It can be seen that CS/ZnNi
electrode was smooth structure. The surface of CS/ZnNi
electrode was covered with granular structure of PNMP
film.

The Nyquist diagrams recorded for CS, CS/ZnNi
and CS/ZnNi/PNMP electrodes in 3.5% NaCl solution are
given in Fig. 3, after various immersion times. As seen
from Fig. 3, there were one depressed semicircle at high
frequency and an inductive loop at low frequency region,
in presence of CS electrode, while these plots for CS/Zn-
Ni and CS/ZnNi/PNMP electrodes consisted two depres-
sed semicircles which could not be well resolved from
each other at high and mid frequency regions, after 2 h of
exposure time. The depressed semicircle at high fre-
quency region obtained for CS electrode was related to the
charge transfer resistance (Rct) that was responsible for
the anodic dissolution of bare metal and oxide layer resi-
stance (Ro). On the other hand, there were Rct at high fre-
quency region and alloy plating (RZnNi) + Ro or RZnNi + Ro

+ polymer film resistance (Rpf) for CS/ZnNi or CS/
ZnNi/PNMP electrodes, respectively. The inductive loop
at low frequency region was related to adsorption of diffe-
rent corrosion intermediates. In this study, Rp values were
used in stern-Geary equation for calculation of corrosion
current (Icorr).

32

(1)

In this equation, B value was equal to (βa × βc)/(βa
+ βc) × 2.303); βa and βc were anodic and cathodic Tafel
slopes, respectively. The value of B was taken as 0.026 V
for uncoated electrode and 0.052 V for coated electrode.
The protection efficiency values (E %) were calculated by
using the following equation.34

(2)

After 2h of exposure time, Rp values for CS/ZnNi
and CS/ZnNi/PNMP electrodes were found to be higher
than CS electrode, while the highest Rp value was obtai-
ned for CS/ZnNi/PNMP electrode. This case was related
to barrier effect of PNMP film and supported that the va-
lue of Icorr and E% are presented in Table 1. After 48 h, Rp

values of all electrodes were greater than those of 2 h ex-
posure times. This case showed that oxide layers formed
with time. Protection efficiency value of CS/ZnNi/PNMP
electrode was 75.36% that it was relatively higher value
than that of CS/ZnNi electrode. After 96 h, Icorr value ob-
tained for CS/ZnNi/PNMP electrode was 0.63 μA that the
lowest value when compared with those of all electrodes.
At the same time, Rp value increased from 40578 to 82115
Ω for CS/ZnNi/PNMP electrode. This increase in Rp va-
lue of CS/ZnNi/PNMP electrode was related to electroca-
talytic behaviour of polymer film. Electrocatalytic pro-
perty of polymer film contributed to the polarization resi-
stance due to the formation of protective oxide layers and
the reduction of polymer film. When the ions diffused the
pores of the coating, zinc and nickel were oxidized the-
reby yielding the formation of their oxide layers. Then,
polymer film was reduced at metal/polymer interface.32

After 168 h of immersion time, the Rp value observed for
CS/ZnNi/PNMP electrode was approx. 298350 Ω. Ozyil-
maz et al reported corrosion protection of passivated car-
bon steel substrate by oxalate ions. It was clearly observed
that the Icorr decreased and Ecorr increased for CS/Zn-
Ni/PNMP electrode when compared with that of CS/Zn-
FeCo/OX electrode, after 168 h of exposure times. The
positive shift in Ecorr indicated the protection of the alloy
plating surface by the PNMP coating. The corrosion rate
(CR) decreased significantly as a result of the reduction in
the Icorr.

34

This value is fairly higher than those of CS and
CS/ZnNi electrode values. The results clearly showed that

Fig. 2. SEM images of bare CS (a), CS/ZnNi (b) and CS/Zn-

Ni/PNMP (c) electrodes. 

a)

c)

b)
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Table 1. The Rp, Eocp, Icorr and E% values recorded for CS, CS/ZnNi and CS/ZnNi/PNMP electrodes after va-

rious exposure times in 3.5% NaCl. 

Samples t (h) Eocp (V) Rp (ΩΩ) Icor r (μA) E%
2 –0.585 7504 3.46 –

CS
48 –0.669 10000 2.60 –

96 –0.665 9413 2.76 –

168 –0.655 6776 3.84 –

2 –0.974 12163 4.28 38.30

48 –0.968 27980 1.86 64.26
CS/ZnNi

96 –0.891 39240 1.33 76.01

168 –0.598 71250 0.73 90.49

2 –0.981 25620 2.03 70.71

48 –0.964 40578 1.28 75.36
CS/ZnNi/PNMP

96 –0.945 82115 0.63 88.54

168 –0.572 298350 0.17 97.66

Fig. 3. The Nyquist plots recorded for CS (�), CS/ZnNi (�) and CS/ZnNi/PNMP (�) electrodes after 2 (a), 48 (b), 96 (c) and 168 h (d) of exposu-

re time in 3.5% NaCl solution.

a)

c)

b)

d)
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the PNMP coating on ZnNi plated carbon steel exhibited
an effective anticorrosive property on ZnNi plated carbon
steel.

Fig. 4a compares the anodic polarization curves of
CS, CS/ZnNi and CS/ZnNi/PNMP electrodes after 168 h
of immersion time in 3.5% NaCl corrosive solution. In the
case of CS electrode, the corrosion potential (Ecorr) value
was measured to be –0.652 V. Current values increased so
rapidly that there was not any possibility for passivation
of the CS electrode under the corrosive condition. The
Ecorr values recorded for CS/ZnNi and CS/ZnNi/PNMP
electrodes were measured –0.507 V and –0.314 V, respec-
tively. It was clearly seen that both electrodes exhibited
significantly lower current values and Ecorr values shifted
towards nobler potential regions with respect to the bare
CS electrode. But it must be noted that much lower cur-
rent values in near the Ecorr region were recorded for
CS/ZnNi/PNMP electrode with respect to CS/ZnNi elec-
trode. At the same time, Ozyilmaz et al.34 reported anodic
polarization curves of both ZnFe and ZnFeCo alloy pla-
ting passivated oxalate layer, immersed in 3.5% NaCl.
The polarization curve for PNMP coated ZnNi alloy de-
posited carbon steel showed a smaller corrosion current
and a more noble corrosion potential than that observed
with CS/ZnFe/OX and CS/ZnNiCo/OX electrode. These
results showed that PNMP coating provided much better
barrier efficiency against the attack of corrosive species li-
ke dissolved oxygen and chloride ions.

Immediately after the immersion time, open circuit
potential (Eocp) – time curves of CS, CS/ZnNi and CS/
ZnNi/PNMP electrodes in 3.5% NaCl solution are given
in Fig. 4b. It was clearly seen that Eocp values of CS/ZnNi
and CS/ZnNi/PNMP electrodes were the negative direc-
tion when compared with CS electrode. Consequently,
this behaviour of coated electrodes showed the presence
of a layer on CS substrate. Those of CS electrode were at

approx. –0.640 V, while Eocp values recorded for coated
electrodes were generally observed at approx. –0.985 V.
These values obtained for coated electrodes indicated the
presence of Zn metal on CS electrode. The Eocp values of
coated electrodes were closely each other, after 1800 s of
immersion time. But, it was shown in Table 1 that Eocp va-
lues of PNMP coated CS/ZnNi electrode was relatively
higher than that of ZnNi coated CS electrode, after 48, 96
and 168 h of exposure times. This case was related to ano-
dic protection behavior of polymer film.

a) b)

Fig. 4. The anodic polarization (a) and Eocp-time curves (b) recorded for CS (�), CS/ZnNi (�) and CS/ZnNi/PNMP (�) electrodes in 3.5% NaCl

solution.

Fig. 5. The linear sweep voltammograms recorded for CS (�),

CS/ZnNi (�)CS/ZnNi/PNMP (�) electrodes in 0.05 M EDTA con-

taining 0.50 M sodium sulphate solution.

Anodic linear sweep voltammograms obtained for
CS, CS/ZnNi and CS/ZnNi/PNMP electrodes in 0.05 M
EDTA containing 0.50 M sodium sulphate are given in
Fig. 5. All measurements were taken at scan rate of 5 m-
Vs–1. In the anodic linear sweep voltammetry technique,
different phase structures and chemical forms existing in
the metal and metal alloy plating will lead to dissolution
at present potential values depending on their equilibrum
an kinetic properties. Hence, the peak properties produced
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are the characteristics of the alloy substrates and phase
structure of the coating. There were only single anodic
peak for bare CS electrode and two anodic dissolution
peaks for CS/ZnNi and CS/ZnNi/PNMP electrodes. The
peaks at approximately –0.65 V for CS/ZnNi and –0.55 V
for CS/ZnNi/PNMP electrodes were due to dissolution of
zinc and nickel and formation of zinc and nickel complex
with EDTA. This peak in this potential was not seen for
bare CS electrode. Therefore, this behavior of CS/
ZnNi/PNMP electrode indicated the presence of alloy coa-
ting underlying the PNMP homopolymer film. The peaks
at approximately 0.43 V for CS and CS/ZnNi and 0.25 V
for CS/ZnNi/PNMP electrodes were anodic dissolution of
iron substrate. The current values recorded for dissolution
peak of iron were the lowest in presence of PNMP film. It
was clear that PNMP coating on CS/ZnNi electrode provi-
ded an adequate physical protection to metal between the
corrosive environment and ZnNi alloy plating.

4. Conclusions

ZnNi alloy plating was successfully deposited on the
CS electrode. PNMP film was synthesized on ZnNi alloy
deposited carbon steel electrode with cyclic voltammetry
techniques from 0.20 M N-methylpyrrole containing 0.20
M NaOX solution. It was shown that ZnNi alloy plating
contributed to the corrosion resistance of CS electrode.
Compared with CS/ZnNi electrode, the CS/ZnNi/PNMP
electrode exhibited the 193 mV more anodic potential va-
lue and about 19 times more lower current values near cor-
rosion potential, in anodic polarization curves. The corro-
sion test showed that CS/ZnNi/PNMP electrode exhibited
the highest protection efficiency and the lowest corrosion
current values. The polarization resistance of PNMP coa-
ted CS/ZnNi electrode was fairly higher when compared
with CS and CS/ZnNi electrodes. The protective effect of
PNMP film formed on CS/ZnNi grew in parallel extended
exposure time by its electrocatalytic behavior.
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Povzetek
V {tudiji predstavljamo elektrokemijsko depozicijo delcev cink-nikelj (ZnNi) na elektrodo iz ogljikovega jekla (CS) s

kronopotenciometri~no tehniko in uporabo toka 1 mA. Na elektrodo CS/ZnNi smo poli(N-metilpirol) (PNMP) film na-

nesli s pomo~jo cikli~ne voltametrije iz raztopine 0.01 M N-pirola in 0.2 M natrijevega oksalata. Korozijske lastnosti

elektrode CS/ZnNi in prevle~ene elektrode (CS/ZnNi/PNMP) v 3.5% raztopini NaCl smo dolo~ali s pomo~jo elektroke-

mijske impendan~ne spektroskopije (EIS) in anodnih polarizacijskih krivulj. Vrsti~no elektronsko mikroskopijo (SEM)

in elektrokemijsko metodo (linear sweep voltammetry (LSV)) smo uporabili za karakterizacijo prevleke. Pokazali smo,

da delci ZnNi predstavljajo pomembno bariero na CS noslicu. Najvi{ja vrednost polarizacijske upornosti 298350 ohm

je bila dolo~ena v primeru CS/ZnNi electrode prevle~ene s PNMP filmom, kar ka`e na efektivno bariero in bolj{o koro-

zijsko za{~ito nosilca tudi v primeru dalj{e izpostavljenosti le tega.


