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A facile sol-gel technique was successfully used to deposit Ni-doped ZnO thin film on low carbon
steel substrates for evaluation of electrochemical corrosion resistance. The morphology, composition
and crystalline phase of the coatings were obtained by scanning electron microscopy, energy
dispersive X-ray spectroscopy, X-ray diffraction and atomic force microscopy. The evaluation of
corrosion protection was carried out by potentiodynamic and electrochemical impedance spectroscopy
analysis in 3.5% NaCl solution. The electrochemical results show that the uniform and thick coatings
of Ni-doped ZnO thin film as an insulator indicated higher resistances and lower capacitances than
other samples. The assessment of coating thickness influences on corrosion protection revealed that the
sample with 454 nm thickness had a lower corrosion current density and higher corrosion potential
than that of the other samples, indicating a better performance in corrosion resistance.
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1. INTRODUCTION

Corrosion of steel is one of the problems that cause disastrous damage to steel structures and
alloys which can lead to economic consequences such as replacement, product losses, repair,
environmental pollution and safety [1, 2]. Therefore, further evaluation in this case is necessary to
improve the performance of steel structures. Low carbon steel (LCS) is widely used materials which
plays a major role in the metallurgical industry [3].

There are many methods to protect LCS from corrosion in harsh environments [4]. Among
others, organic coatings are widely used to provide higher corrosion resistance for steel in the industry
[5]. Recently, ceramic coatings as coating materials had attracted more attention due to their excellent
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electrical and thermal properties [6, 7]. Furthermore, they show more resistant to corrosion, wear,
oxidation and erosion than metals in aggressive and high temperature environments [8]. Thus, ceramic
oxide thin films and coatings such as silica, titania, alumina and zinc oxide can be coated on steel to
modify their surface properties [9-11].

Several techniques are employed to coat ceramic materials on steel surfaces such as laser
cladding sol-gel process, plasma spraying and chemical vapor deposition [12]. Among all the
accessible approaches, the sol-gel method seems to be the most appropriate. Sol-gel technique is a
chemical procedure that prepares ceramic materials at low temperatures [13].

Electrochemical approaches have been broadly used by some researchers to investigate the
corrosion behavior of coating materials [14]. Electrochemical impedance spectroscopy (EIS) method is
an effective and compelling tool for the analysis of corrosion process of coated metals [15].

However, there is an extensive work to study the unique properties of ZnO and Ni
nanostructures [16-18], no previous studies had reported a combination of both in protective coatings.
Thus, in this study, Ni-doped ZnO coated on LCS substrate was prepared by sol-gel method.
Furthermore, the electrochemical technique were used to evaluate the corrosion behavior of the
samples and the effects of coating thickness on corrosion resistance.

2. MATERIALS AND METHOD

The preparation of precursor solutions were done by the sol—gel technique using nickel acetate
and zinc acetate for both Ni-doped ZnO (NZO) and undoped ZnO. First, 0.8 g zinc acetate (as a
precursor) was directly dissolved into 20 mL of ethanol to get a Zn stock solution (for coating undoped
Zn0). Then, the 0.2 M nickel acetate was dissolved in methyl cellosolve under a nitrogen flow. The
solutions was stirred and heated at 80 °C on the hot plate for 1 hour until it became clear and
homogeneous. Then, the solution was sonicated at 50 °C for 1 hour by using an ultrasonic water bath.
Finally, both the prepared solutions were blended to produce the stable, transparent, and stoichometric
NZO precursor. The final solution (0.4 M concentration) was green colored and transparent. Before
coating it on steel surface, the prepared solution was aged for one day. The AISI 1018 low carbon steel
(LCS) coupons (10*10 mm?) were polished by silicon carbide papers down to 2500# (LANHU,
Germany), and finally all samples were cleaned in acetone in an ultrasonic cleaner (Mophorn, China )
and washed in distilled water for 20 min. A dip-coating method was used to form ZnO and NZO on the
LCS substrate at 0.5 mm/s withdrawal speed. Immediately after the coating process, the thin films
were heated to 300 °C for 10 minutes to evaporate the solvent. The samples were then heat-treated for
1 hour at 450 °C to activate the oxide conversion and eliminate the residual and the organic
contaminations.

Electrochemical analysis of the samples was carried out by electrochemical impedance
spectroscopy (EIS) technique. A conventional three-electrode cell was applied for the measurements
which contain the coated LCS substrate as working electrode, a platinum wire as a counter electrode
and a saturated calomel electrode as the reference electrode with 3.5 wt% NaCl solution as
working electrolyte. The EIS analysis was done in a frequency range of 0.01 Hz to 0.1 MHz. The
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potentiodynamic polarization (CorrTest Instruments Corp., Ltd.,, China) measurement was
performed at 1 mV/s scanning rate from 0 V to -0.7 V. The morphology of the Ni-doped ZnO (NZO)/
low carbon steel (LCS) substrate was analyzed by scanning electron microscopy (SEM, FEI Sirion
200). The surface topography of NZO/LCS substrate was performed by atomic force microscopy
(Veeco Instruments, Inc., USA, AFM) with an operation of contact mode. Crystallinity analysis of
ZnO and NZO coated LCS was performed with Xpert Pro X-ray diffractometer with 1.5404 A (Cu Ka)
in wavelength and 40KV/30 mA in power.

3. RESULTS AND DISCUSSION
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Figure 1. (a) FESEM, (b) AFM images and (c) EDX analysis of NZO thin film and (d) XRD pattern of
the bare and NZO films.

The surface morphology of Ni-doped thin films was observed by SEM image in Figure la. As
shown, the sample have smooth surface including well faceted grains.

In order to study on the surface roughness of the Ni-doped ZnO (NZO) thin film, the AFM was
done. Figure 1b indicates the AFM image of NZO thin film formed on low carbon steel (LCS)
substrate. The average roughness of the NZO thin films was 33.5 nm. The high value of surface
roughness in NZO thin film might be due to the improvement in the amount of nucleation sites
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through Ni dopants [19, 20]. Figure 1c shows the EDX results of the sample which proved the
presence of nickel, oxygen and zinc in the NZO film. The presence of Fe and C in the film can be
attributed to the substrate effect to eliminate charging effects.

Figure 1d shows the XRD pattern of the bare and NZO films. It confirms that the deposited thin
films were polycrystalline with hexagonal wurtzite structures which were corresponding with JCPDS
card (36-1451) [21]. Furthermore, no peaks related to NiO or Ni appeared in the doped thin film which
had proven the solubility limit of NZO film. The increasing intensity of the peaks and reduction of
peak width proposed that the quality of the crystal structure in the NZO film was enhanced by Ni-
doping. The lattice parameter for (0 0 2) plane in the undoped and NZO were 5.1127 A and 5.1158 A,
respectively. The larger lattice constant of NZO proved that the Ni ions are existent in the ZnO
interstitial sites.
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Figure 2. The Nyquist plots of bare LCS, undoped and NZO coating on LCS substrates in 3.5% NaCl
solution.

The EIS was used to evaluate the corrosion behavior of ZnO thin films doped with Ni on LCS
in 3.5% NaCl solution. The Nyquist plots for bare LCS, and undoped and NZO coating on LCS
substrates in 3.5% NaCl solution in figure 2. The overall shape of the plots was the same for all
specimens, with only single capacitive semicircle appearing for each sample. A great capacitive loop
was found for the NZO coated specimen which was larger than the bare LCS and ZnO coated LCS
substrates. The capacitive loop is apparently related to the EIS results of the corrosion process
happening at the NZO coated steel interface [22]. The existence of only one semicircle in the Nyquist
diagrams show that the corrosion of NZO coatings contain a single time constant. Therefore, it is
obvious that the NZO coatings in the aggressive media interface reveal the mechanism of charge
transfer. The EIS results was attained by equivalent circuit and experimental fitted data. The equivalent
circuit model used is indicated in Fig. 3.
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Figure 3. An equivalent circuit model

Where Rs is the resistance of solution [23]. Rct and Qqi are charge transfer resistance in steel
surface and constant phase element, respectively [24]. In this equivalent circuit, the constant phase
element was used for a double-layer capacitance due to the non-ideal property of the response. It is
because of the coating materials which had resulted in a certain surface roughness and homogeneities.
Mahmoudian et al. suggested the same equivalent electrical circuit to consider the behavior of
polypyrrole/TiO2 nanostructure coatings on mild steel at 3.5 wt% NaCl solution [25]. The determined
dataare indicated in Table 1.

Table 1. The attained data of fitting the Nyquist diagrams for samples with different coating.

Samples Rs(Q) | Rt (Qem?)  Qai(nF
cm2)
LCS 5.3 48 0.34
ZnO/LCS 6.7 406 0.17
Ni-doped ZnO/LCS 8.8 645 0.12

As shown in table 1, the Rt values of LCS, ZnO/LCS and Ni-doped ZnO/LCS samples were
48, 406 and 645 Qcm?, respectively. The calculated Qa were 0.34, 0.17 and 0.12 pF cm™ for LCS,
ZnO/LCS and Ni-doped ZnO/LCS samples, respectively. The Ni-doped ZnO/LCS sample had the
lowest Qi and the highest Rct, which indicates reduced electrolyte access to the LCS substrate due to
compact structure of the coating materials. The highest Rct value of LCS substrate coated with NZO
layer shows the best barrier feature indicating an increase in corrosion resistance ability. Furthermore,
reducing Qai by increasing the coating thickness increases corrosion resistance [26, 27]. Moreover, the
decrease in Qq value can be related to a reduction in the local dielectric constant. Enhanced
performance in corrosion experiments indicated that adding nickel ions to the ZnO nanostructure had
resulted in significant synergies and increased the protection of low carbon steel.



Int. J. Electrochem. Sci., Vol. 15, 2020 4122

3.5
3.0 7 —e— Ni-doped ZnO/LCS
—e— ZnO/LCS
':‘g 2.5 1 ~—— Bare LCS
o
S~
G
=20
N
o0 &
S 154
1.0 -+
)
)
0.5 4

0.3 0.8 13 1.8 2.3 2.8 3.3 3.8
Logf (Hz)

Figure 4. Bode plots of bare LCS, undoped and NZO coating on LCS substrates

The Bode diagrams attained from the EIS results are revealed in Fig. 4. Figure 4 shows that Ni-
doped ZnO/LCS sample indicates the best performance to inhibit the corrosion behavior in marine
environment. Furthermore, the diagrams of all specimens indicate one time constants showing that, a
uniform and dense coating on the LCS.
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Figure 5. Potentiodynamic polarization of samples in 3.5 wt% NaCl solution after 20 hours exposure
time

The corrosion resistance of the samples can be evaluated by polarization plots. Figure 5 shows
polarization plots of LCS substrate with different coating materials exposed to 3.5 wt% NaCl solution
after 20 hours exposure time. Clearly, the coating materials can provide separation of the LCS
substrate with a corrosive medium. As shown in fig. 5, the anodic polarization plots are investigated by
passive zones for all samples, showing that the passive layers had clearly formed on the surface of
steel once they were exposed to the marine environment [28]. Moreover, a significant shift was
observed in corrosion potential to a positive direction which revealed that the dissolution of anodic
metal was effectively retarded by the coating materials [29]. The values of corrosion current density
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(Icorr) and corrosion potential (Ecorr) are indicated in table 2 which are taken from the polarization

diagrams in Figure 5.

Generally, a higher Ecorr and a lower lcorr indicate a better corrosion resistance [30]. As shown,
the Icorr reduced from 6.3 x 10°° A-cm2t0 0.3 x 10 A-cm™2 which can be attributed to the thicker and
compact coating materials that most corrosion reactions formed on the solution/coating interface.

Table 2. Corrosion current density and potential of the bare LCS, undoped and NZO coating on LCS

substrates
Samples Corrosion current density = Corrosion potential
Bare LCS 6.3 pA/cm? -0.521V
ZnO/LCS 1.6 uA/cm? -0.443 V
Ni-doped 0.3 pA/cm? -0.216 V
ZnO/LCS

As shown in Fig. 1a, the nanostructure can trap a large amount of air, so the air cushion can
provide effective protection against Cl™ attack [31]. Moreover, the corrosive solution including CI™ ions
can be repulsed through Laplace pressure and the coated LCS substrate can be protected efficiently
[32, 33]. These findings show that Ni-doped ZnO/LCS substrate has an outstanding corrosion
resistance.

In order to study on the thickness effect of coating layer on corrosion behavior of LCS,
potentiodynamic polarization test was done.
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Figure 6. Potentiodynamic polarization plots of the specimens with various coating thickness in 3.5
wit% NaCl solution.

Fig. 6 indicates potentiodynamic polarization plots of samples with different coating thickness
in 3.5 wt% NacCl solution. The Ni-doped ZnO/LCS substrate with 185, 362, 454, 553, and 648 nm
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thickness were prepared 2, 3, 4, 5 and 6 times sol-gel coatings, respectively. The electrochemical
parameters attained from potentiodynamic polarization plots are given in Table 3.

Table 3. The electrochemical parameters attained from potentiodynamic polarization plots of the

samples
Coating thickness Corrosion current density Corrosion potential
185 nm 0.3 pA/cm? -0.316 V
362 nm 0.02 pA/cm? -0.225 V
454 nm 0.007 pA/cm? -0.185V
553 nm 0.1 pA/cm? -0.322V
648 nm 0.6 pA/cm? -0.382 V

As shown in table 3, the samples with the coating thickness of 185, 362 and 454 nm exhibit
similar behavior against corrosion resistance. The decrease of lcorr and enhancement of Ecorr Can be
observed by increasing the coating thickness. The sample with 454 nm thickness shows a lower lcorr
than that of the other samples. The Ecorr was shifted positively to -0.185 V. However, when the coating
thickness was increased more, the cathodic shifts of the Ecorr was found, indicating the reduction of
corrosion protection performances. A similar electrochemical behavior was observed in Masalaki et al.
research on corrosion resistance of Al>Os coatings on 316L stainless steel in a corrosive environment
[34]. The corrosion resistance reduction with increasing coating thickness over 454 nm can be
attributed to the defection and adhesion of the coatings due to the stress produced in the film thickness
because of the successive application of thermal and sol treatments. Furthermore, during the
densification and crystallization procedure, and removal of residual organic and hydroxyl groups,
cracks can be formed which cause the substrate to deform near the edges [35].

4. CONCLUSIONS

In this study, the NZO thin film coated on LCS substrates was prepared by dip-coating and sol-
gel methods for investigation of LCS corrosion protection. The coating layer were considered in detail
by SEM, AFM, XRD and EDX. The doping of ZnO with Ni had improved the surface area and led to a
protection on the ZnO coating morphology. Structural measurements exhibited good Ni dispersion in
ZnO matrix. The high corrosion resistance of LCS substrate gained by coating with NZO can be
attributed to the low value of surface roughness and high compact of the film. The EIS results
indicated that Ni-doped ZnO/LCS substrate had the lowest Cq and the highest R, introducing the
excellent barrier property of the thin film. The evaluation of the influence of coating thickness on
corrosion protection revealed that the sample with 454 nm thickness had a lower corrosion current
density and higher corrosion potential than that of the other samples, indicating its better performance
of corrosion resistance. The polarization results showed that the corrosion resistance of the coated LCS
relates not only to the composition but also to its coating thickness.
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