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Abstract

:

ZnO-NiO nanocomposite with epoxy coating on mild steel has been fabricated by the sol–gel assisted method. The synthesized sample was used to study corrosion protection. The analysis was performed by electrochemical impedance spectroscopy in 3.5% NaCl solution. The structural and morphological characterization of the metal oxide nanocomposite was carried out using XRD and SEM with Energy Dispersive Absorption X-ray (EDAX) analysis. XRD reveals the ZnO-NiO (hexagonal and cubic) structure with an average ZnO-NiO crystallite size of 26 nm. SEM/EDAX analysis of the ZnO-NiO nanocomposite confirms that the chemical composition of the samples consists of: Zn (8.96 ± 0.11 wt.%), Ni (10.53 ± 0.19 wt.%) and O (80.51 ± 3.12 wt.%). Electrochemical Impedance Spectroscopy (EIS) authenticated that the corrosion resistance has improved for the nanocomposites of ZnO-NiO coated along with epoxy on steel in comparison to that of the pure epoxy-coated steel.
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1. Introduction


At the moment stainless steel can play an imperative role in a human lifetime by being used in applications like cars and chemical factories. Mild steel has been chosen because it has good mechanical properties but at the same time, can prevent the corrosion process. Corrosion can be the main reason for industrial accidents. Corrosion attacks the material by interaction with the environment [1]. Corrosive elements such as water, ions, and oxygen are competent at exceeding all coatings of a polymer. Epoxy resin is employed to protect the steel in most of the common polymers owing to its adhesion, chemical resistivity, mechanical and dielectric properties. Because of wear and abrasion of surface, metals with epoxy coatings are easily degraded. Pure epoxy coated metals exhibit extremely feeble corrosion resistance due to the convoluted cross-linked structure. Hence, various nanostructured fillers were employed to boost the defending properties of epoxy coatings.



Nanostructured materials are recognized for their exceptional physical and mechanical properties owing to their tremendously fine grain size and huge grain boundary volume. In past few years, bi and tri-metal oxide nanocomposites have been an area of vigorous integrative research, owing to their extensive technological purposes. Metal oxide nanocomposites provide the rewards of unique physical and chemical properties. The adherence of a composite coating was established to be imperative in the anticipation of corrosion and transfer in open circuit potential to the anodic site. The outstanding enhancement in the recital of these coatings has been linked with the enhancement of the barrier to dissemination, preclusion of charge transport by metal oxide nanomaterials [2].



The metal oxide coating is broadly utilized for anticorrosion owing to its inexpensive manufacture, effortlessness of function, and superior anticorrosive property [3]. Metal oxide coatings offer conciliatory protection to steel reports with outstanding wear, abrasion, and corrosion resistance. Fabrication of bi and tri-metal oxide composite coatings is an excellent option for improving the service life of steel [4]. Many examinations have reported composite coating enclosing various metal oxide nanoparticles such as ZnO, SnO2, TiO2, ZrO2, Al2O3, NiO, CeO2, SiO2, CrO3, etc., which demonstrated advanced properties of excellent thermal stability, shelf life, wear resistance, hardness and corrosion resistance [5,6]. There are ample published papers with research work related to that of metal oxide nanoparticles for corrosion resistance. For instance, Boomadevi Janaki et al. have used nano-alumina encapsulated epoxy coated on mild steel, which was confirmed by Electrochemical Impedance Spectroscopy (EIS) and scanning electrochemical microscopy (SECM) with a 3.5% NaCl solution [7]. They improved nanoparticles of the alumina by modification of their surface and analyzed it by Fourier transform infrared spectroscopy, concluding that the resistance of corrosion for alumina epoxy nanocomposites coated on the mild steel can be improved. Therefore, chemical reactions that can be evolved amid epoxy and surface of alumina nanoparticles in composites give high fortification properties and ionic resistances [8,9,10,11]. By using analyses like SEM with EDAX, they have shown the presence of metals like Fe, Al, and O in the corrosion products. Hardness and tensile strength tests also proved that they have improved mechanical properties for alumina epoxy nanocomposite coated on mild steel.



Nowadays, mixed metal oxide composites have shown noteworthy chemical and physical properties compared to distinct metal oxide nanoparticles for multifunctional applications. Popolla et al. have accounted the corrosion studies (superior hardness, corrosion and wear resistance) of a Zn-ZnO-Y2O3 composite coating [12]. The Zn-ZnO-Cr2O3 coating showed higher hardness and anticorrosion behavior when investigated by Fayomi et al. [13]. Malatji et al. have accounted for the superior corrosion resistance behavior of a mixed metal oxide Zn-Al2O3-CrO3-SiO2 nanocomposite exhibiting excellent corrosion resistance behavior [14]. Preparation of CeO2 doped ZnO nanoparticle composite coatings on mild steel have been reported by Kallappa et al. [15].



NiO is a superior reinforcing metal oxide and displays excellent corrosion resistance properties. Nanostructured NiO has a lesser thermal conductivity and its composite with metal oxide coatings displayed excellent corrosion resistance. Wadhwani et al. have demonstrated the enhanced corrosion inhibitive effect of NiO nanoparticles for mild steel in an acid medium [16]. Synthesis, characterization, and anticorrosion studies of spray-coated NiO thin films have been reported by Shajudheen et al. [17]. The behavior of Ni/CeO2 nanocomposite coatings via the electrodeposition route for anticorrosion has been accounted by Aruna et al. [18]. Leaf extract mediated NiO nanoparticles for anticorrosive applications were reported by Suresh et al. [19]. Yu-Jun et al. have stated that Ni–CeO2 composite coatings have excellent tribological performance [20]. Comparison of anticorrosive studies of spray-coated TiO2 and NiO thin films has been performed by Shajudheen et al. [21]. Deng et al. have reported the corrosion behavior of electrodeposited Ni and Cu nanocrystalline foils with the influence of UV light irradiation [22]. ZnO-NiO nanocomposites having plentiful exceptional parameters, such as corrosion resistance, large surface area, thermal conductivity, broad potential windows etc., are a glowing ensemble for corrosion studies. Various techniques have been accessed for the fabrication of ZnO-NiO nanocomposites such as thermal composition, hydrothermal, co-precipitation, sol–gel, spray pyrolysis methods, etc. [12,13,14,15,16,17,18,19,20,21,22]. Among these methods, the sol–gel assisted route is simple and also does not involve many control parameters, multistep processes, etc. Hence, the anticorrosive studies of the present mixed metal oxide composite are fabricated by the sol–gel assisted route. Only a few pieces of the mixed metal oxide composite research works have focused on corrosion protection in recent years.



Based on the recent reports, the anticorrosion behavior of nanostructured ZnO-NiO with epoxy composite has not been exhaustively studied so far. So, this paper aims to fabricate ZnO-NiO with Epoxy nanocomposites by the sol–gel assisted route and an examination of the structural (XRD), morphology (SEM with EDAX), and electrochemical (corrosion protection) properties of the prepared ZnO-NiO-epoxy nanocomposite coatings on mild steel has been carried out.




2. Experimental


2.1. Materials


All the chemicals: zinc acetate hexahydrate (99% purity), nickel nitrate hexahydrate (99% purity), sodium hydroxide (>98% purity) (for the synthesis of ZnO-NiO nanocomposite), sodium chloride (99% purity), and chloroform (99% purity) used for the preparation of electrolytes were of analytical grade and obtained from Sigma Aldrich. Bisphenol-A epoxy resin (LAPOX*C-51), and hardener (LAPOX AH-428) were obtained from Atul Limited, India for coating purposes.




2.2. Preparation of ZnO/NiO Nanocomposite


The ZnO and NiO nanoparticles were prepared by the sol–gel assisted method. A representative sol–gel assisted synthesis process was approved for the fabrication of a ZnO/NiO nanocomposite. An amount of 0.5 M of zinc acetate and 1 M of sodium hydroxide were dissolved in double distilled water (DD) to form solution A. A total of 0.5 M of nickel nitrate and 1 M of sodium hydroxide were dissolved in DD to form solution B. Then, solution B was included dropwise into the solution A. In order to achieve a homogenous solution, the prepared mixed solution was vigorously stirred for 5 h and made into a blackish gel. The resulting blackish gel was mixed with DD and centrifuged at 7000 rpm for 30 min followed by washing with DD and ethanol three times to remove the impurities. The black-colored product was kept on a hot plate for ignition and heated at 150 °C (six h). To acquire nanocrystalline powder, this was sintered at 400 °C for 4 h. A fine black colored powder was attained, and this was carefully collected for additional characterization purposes.




2.3. Preparation of Pure Epoxy


Epoxy resin (EM 9500) and curing agent (EM 9520) were mixed in the ratio of 3:1; this mixture was degassed in a bath sonicator. It was then coated into a steel substrate and permitted to dry for 24 h at room temperature.




2.4. Preparation of Epoxy/ZnO/NiO Nanocomposites


Amounts of 1 and 1.8%-ZnO/NiO nanopowder was dispersed in 5 mL chloroform using an ultrasonicator for 30 min. Then the solution was mixed with Epoxy resin and stirred overnight. The homogenous mixture was placed over the hot plate at 80 °C until the chloroform evaporated. After this, the mixture was degassed for 10 min and hardener was included in the mixture and mixed well. The adopted epoxy: the Hardener-mixing ratio was 3:1. Then the final mixture was coated on a steel substrate and dried at room temperature. The above synthesis steps were used to prepare Epoxy/ZnO-NiO composite samples with different concentrations of ZnO/NiO (1 and 2.5%).




2.5. Different Steps for the Preparation of Epoxy with Metal Oxide Composites


An amount of 0.06 g of ZnO-NiO powder was added to 5 mL of chloroform. The mixed solution was sonicated for 30 min. An amount of 3 mL of Resin was added to the sonicated solution under constant stirring for 24 h. After 24 h, 1 mL of Hardener was added in the above solution and stirred again for 1 h.




2.6. Corrosion Behavior of Steel Before and After the Coating


Corrosion is the interface between the metal and the environment, which will damage the properties of the metal itself. Interaction between the metal and oxygen can cause the formation of oxide layers. Electrochemical instruments can tell us if the materials that we coat in the metal can prevent corrosion or not. We tested the steel with a nanocomposite epoxy polymer in an electrochemical instrument with NaCl solution to test for electrical conductivity. The principle behind this being, the lower the current the current the better the protection from corrosion. We checked coated steel, and it showed that the epoxy prevented corrosion well. In addition, the nanocomposite played a good role in the prevention of corrosion.




2.7. Characterization


The fabricated ZnO-NiO nanocomposite was inspected via morphological and structural analysis. The crystallinity, crystal structure, physical parameters (lattice constant, crystallite size, and dislocation density) of the synthesized ZnO-NiO nanocomposite were analyzed by using X-ray diffraction analysis. The XRD pattern was examined by the X’PERT-Pro MPD, PANalytical Co., Almelo, Netherlands diffractometer equipped with CuKα radiation (1.5404 Å), using a step scanning mode and a tube voltage of 40 kV and a current of 15 mA. The scanning range varies between 10° and 80°, with the scanning rate (2°/min) and sampling rate (0.04°/min), varying correspondingly. Morphological studies were conducted by scanning electron microscopy (SEM). In the SEM analysis, the accelerating voltage was 5 kV and the working distance was attuned to approximately 6 mm. The contrast and brightness of the images were set to the most favorable values so that particles could be effortlessly distinguished from the background. Energy Dispersive Absorption X-ray (EDAX) analysis is a technique of elemental analysis connected to electron microscopy supported by the creation of characteristic X-rays that discloses the occurrence of elements present in the specimens. The SEM used has an in built EDAX (SEM, Hitachi S-4800, Hitachi, Tokyo, Japan).




2.8. Electrochemical Experiments


Initially the samples were coated on well-polished steel sheets using single-layer smart coatings (SLSCs). The electrochemical measurements were executed in a double-jacketed cell with the three-electrode system. Epoxy with ZnO-NiO nanocomposite was utilized as a working electrode. Ag/AgCl and graphite rods were employed as counter and reference electrode, respectively. All electrochemical experiments were carried out in 3.5 wt.% NaCl saturated solution with diverse concentrations of the prepared composites using (reference 3000, Gamry Co., Warminster, PA, USA). Steel was dunked into the 3.5% NaCl solution for 30 min to accomplish the balanced state for the metal with the solution before each testing. The EIS analyses were performed in a frequency of 0.1 Hz to 100 kHz with AC amplitude of 10 mV using a reference 3000, Gamry Co., USA. The potentiodynamic polarization plots were accomplished versus the reference electrode potential.





3. Results and Discussion


3.1. Structural and Morphological Analysis of the ZnO/NiO Composite


The XRD diffractogram of the ZnO, NiO, and ZnO-NiO nanocomposite is depicted in Figure 1. The XRD results show that the ZnO-NiO nanocomposite contains hexagonal ZnO and cubic NiO phases. The diffractions peaks located at 31.77°, 34. 45°, 36.15°, 47.58°, 56.60°, 66.45°, 68.03°, and 69.13° are in good accordance with the ZnO standard crystal planes (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (2 0 0), (1 1 2) and (2 0 1). The other peaks located at 37.06°, 42.96°, 62.92°, 74.85°, and 78.87° correspond to NiO crystal planes (1 0 1), (0 1 2), (1 1 0), (1 1 3) and (2 0 2). The pattern obtained conforms well to the standard JCPDS (Joint Committee on Powder Diffraction Standards) card number 89-1397 (ZnO) and 89-7130 (NiO). The physical parameters attained for the synthesized ZnO-NiO nanocomposite are presented in Table 1. There were no contamination peaks detected in the XRD pattern, which proves the superior clarity in the synthesized ZnO-NiO nanocomposite. The average crystallite size (D) of the composite was computed through the Debye Scherrer formulae followed by estimation of the dislocation density (δ) [22].



The SEM micrographs of the ZnO-NiO nanocomposite with different magnifications are shown in Figure 2a,b. The surface of the nanocomposite was not smooth. At 10KX magnification, the average grain size of the powder was revealed to be around 100 nm. Figure 2a illustrates the SEM image at a higher enlargement and it can be observed that the particles were detained collectively owing to feeble physical forces. Here, particles were produced with sizes in the micron range. Figure 2b shows the SEM images at a higher enlargement, and it can be observed that particles of sizes less than 100 nm were produced. It also provides an understandable idea about the particle separation, which can be seen from the fact that the particles are divided effortlessly and not extremely influenced by agglomeration. The composite with Ni was not demonstrated to have a remarkable outcome on the particle size of ZnO. Since Ni ions were isolated onto the surface of ZnO, they might have control over the growth to minute grains [23]. As seen in Figure 2a,b, particles with different sizes were present in the nanocomposite powder.



The EDAX spectrum of the ZnO-NiO nanocomposite (Figure 2c) confirms that the chemical composition of the samples consists of Zn (8.96 ± 0.11 wt.%), Ni (10.53 ± 0.19 wt.%) and O (80.51 ± 3.12 wt.%). It was found that the chemical composition corresponded to the requirement and EDAX validates the effective incorporation of Ni into the ZnO nanoparticles [23]. No contamination peaks were present in the spectra representing the chemical purity of the sample.




3.2. Potentiodynamic Polarization (PP) Characterization


The corrosion fortification performances of the steel, epoxy, EP/1 ZnO-NiO, and EP/1.8 ZnO-NiO nanocomposite coatings were estimated by EIS and Potentiodynamic polarization measurements. The Tafel plots of the steel, epoxy, EP/1 ZnO-NiO, and EP/1.8 ZnO-NiO nanocomposite coatings subjected to 3.5% NaCl solution are illustrated in Figure 3. It can be seen from the figures that there was change in Tafel slope plots, and this was owing to the passive layer arrangement on steel. It can be seen that the EP/1.8 ZnO-NiO nanocomposite coating demonstrated superior resistance to that of other coated samples. The epoxy customized ZnO-NiO coated steel was not active in the direction of the corrosion reaction as can be observed from Figure 3. The corrosion parameters computed from Tafel plots are illustrated in Table 2. The Tafel plots demonstrate that the EP/1.8 ZnO-NiO had the lowest corrosion current and rate. As a result, it had the uppermost corrosion protection in contrast to the other tested coatings. Furthermore, the corrosion potential of the EP/1.8 ZnO-NiO altered in a positive direction, which represents greater protection behavior. This is owing to the constraints placed on the progress of corrosive ions to the substrate by the deposition of boosted cross-linked chemical structures and improved dispersion on surface modified using the ZnO-NiO composite [24,25,26,27,28]. This acted as a strong physical barrier. This behavior develops the corrosion resistance rate (CR). As a result, the CR of epoxy tailored ZnO-NiO nanocomposite coatings was established to be very low compared to that of the samples without surface modification coating. The outcome verifies that pure epoxy and epoxy-based nanocomposites (different ratio) diminished the CR [29,30,31,32].




3.3. EIS Characterization


The corrosion resistance of the nanocomposites coatings was premeditated by EIS analysis. Figure 4 reveals the Nyquist plots of steel, epoxy, EP/1 ZnO-NiO, and EP/1.8 ZnO-NiO nanocomposite coatings in 3.5% NaCl solution. The curve appears as a two-time constant semicircle because of the permeation of a corrosive medium through the defects or pores, coming out in under-film corrosion and coating delamination. The low-frequency impedance displays the elevated stability of the coatings through immersion.



The corrosion performance of the bare steel was considered the baseline position. The EP/ZnO-NiO composite illustrated excellent corrosion inhibition compared to that of steel as the Epoxy layer nearly enclosed the steel surface and formed a physical barrier that obstructs the transmission of the ions from the salt solution. In EP/1.8 ZnO-NiO, the impedance value at small frequency was improved when compared to that of Epoxy. This is accredited to the superior interfacial contact of ZnO-NiO with epoxy via the surface functionalities, good ZnO-NiO dispersion, and the long convoluted corridor for the stabbing molecules [33,34,35,36,37].



Figure 5 illustrates Bode and phase angle plots for steel, epoxy, EP/1 ZnO-NiO, and EP/1.8 ZnO-NiO nanocomposite coatings. It is evident that the EP/1.8 ZnO-NiO nanocomposite coating demonstrates the utmost maximum phase angle and impedance change from the low to the high-frequency region compared to the pure epoxy and EP/1 ZnO-NiO coated samples. The EP/1.8 ZnO-NiO nanocomposite coated mild steel had superior charge transfer resistance compared to pure epoxy and EP/1 ZnO-NiO coated samples. It can be observed that the EP/1.8 ZnO-NiO coating displayed an enlarged time constant in the series of the high frequencies that is accredited to its improved barrier properties [38,39,40]. As can be seen from Table 3, the EP/1.8 ZnO-NiO nanocomposite coatings exhibited superior anticorrosive performance when compared to other reported nanomaterials and thin film coating systems.




3.4. Corrosion Inhibition Mechanism


The projected illustration of the corrosion protection mechanism of the nanocomposites on the metal surface is shown in Figure 6. Since the corrosion procedure in an unbiased chloride solution can be performed with an anodic route of suspension of Fe and a decrease in the cathodic route of O2 and H2O, OH− can be produced; Fe2O3 is then created via a series of the chemical oxidation route. Diverse materials for corrosion protection were produced and found from the restrained nature of the corrosion effect, such as evading O2 and H2O diffusion onto the metal composite surface and hindering metal oxidation. Significant study of the mechanism of corrosion protection with nanocomposite materials can be categorized as follows: (i) the high surface energy owing to nanomaterials system guides the creation of appropriate surface irregularity and hydrophobic surfaces at the top of the Epoxy/1.8 ZnO-NiO coating, and (ii) the formation of an adjacent interconnecting structure with tough adhesion at the coating–composite interface [54,55,56,57,58].



The former of these experiments reproduced the aqueous corrosive ions from the surface of the Epoxy/1.8 ZnO-NiO coating, while the latter generated an impediment in the dissemination of the ionic electrolyte, which created the notable corrosion defensive capability in the nanostructured metal oxide composite coatings [59,60,61,62,63,64,65,66,67,68].





4. Conclusions


In this work, the sol–gel assisted ZnO-NiO nanocomposite and its structural, morphological, and compositional properties were investigated. XRD revealed a hexagonal ZnO - cubic NiO arrangement with an average crystallite size of 26 nm. SEM images confirmed the agglomerated particles with sizes of less than 100 nm of the prepared composite. EIS and PP experiment results established that the ZnO-NiO with Epoxy coating has the superior anticorrosion capability. EIS studies demonstrated higher charge and resistance for the epoxy/1.8–ZnO-NiO nanocomposite coated steel. The improved anticorrosion performance was exhibited by the EP/1.8 ZnO-NiO–epoxy coating compared to the pure epoxy, EP/1 ZnO-NiO coatings. This could be accredited to the surface alteration of the ZnO-NiO composite to speed up the probable chemical communications between the composite and epoxy matrix. The anticorrosion (Epoxy/1.8 ZnO-NiO) coating has outstanding physical barrier qualities, which can be employed in the corrosion protection field.
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Figure 1. XRD pattern of ZnO, NiO nanoparticles and ZnO-NiO nanocomposite. 
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Figure 2. (a,b) SEM with different magnifications and (c) Energy Dispersive Absorption X-ray (EDAX) images of ZnO-NiO nanocomposite. 
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Figure 3. Potentiodynamic polarisation illustration for the steel, epoxy, epoxy/1.0 ZnO-NiO, and epoxy/1.8 ZnO-NiO nanocomposites. 
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Figure 4. (a) Nyquist plots attained for steel, epoxy and EP/1.0 ZnO-NiO nanocomposites and (b) EP/1.8 ZnO-NiO nanocomposite coated mild steel submerged in 3.5% NaCl solution (inset: Nyquist plot of steel). 
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Figure 5. (a,b) Bode plots acquired for steel, epoxy and EP/1.0 ZnO-NiO nanocomposite coated mild steel immersed in 3.5% NaCl solution. 
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Figure 6. Proposed mechanism of the corrosion protection by the metal oxide (ZnO-NiO) nanocomposite. 
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Table 1. Physical parameters calculated from XRD data of nanocomposite.
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Material

	
Phases

	
Lattice Constant

(nm)

	
D (nm)

D = kλ/βcosθ

	
(δ) × 1014 (Lines/m2)

δ = 1/D2






	
ZnO

	
hexagonal

	
a = 0.3234

c = 0.5165

	
41

	
5.95




	
NiO

	
cubic

	
a = 0.4175

	
28

	
12.8




	
ZnO-NiO

	
ZnO (hexagonal)

	
a = 0.4218

c = 0.5191

	
34

	
8.65




	
NiO (cubic)

	
a = 0.4170

	
18

	
30.9
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Table 2. Electrochemical data for different specimens from Tafel fitting.
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	Samples
	Ecorr

(V)
	Icorr

(μA/cm2)
	ba

(V/Decade)
	bc

(V/Decade)
	Corrosion Rate (mpy)





	Steel
	−0.97
	95.49
	0.38
	0.42
	43.99



	Epoxy
	−0.91
	18.62
	0.21
	0.36
	8.57



	EP/1 ZnO-NiO
	−0.79
	13.18
	0.12
	0.17
	6.07



	EP/1.8 ZnO-NiO
	−0.68
	5.37
	0.11
	0.11
	2.47
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Table 3. Comparison of the corrosion parameters of different nanomaterial coatings.
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	Sample
	Substrate
	Medium
	Ecorr

(V)
	Icorr

(μA/cm2)
	Ref.





	TiO2 nanoparticles
	316L stainless steel
	0.5 mol/L NaCl solution
	−0.117
	0.783
	[41]



	Amorphous TiO2 nanoparticles (CrN/TiO2)
	316L stainless steel
	3 wt.% NaCl solution
	−0.49
	0.00031
	[42]



	Ta2O5 thin films
	Carbon steel
	0.2 M NaCl solution
	−0.671
	0.0348
	[43]



	Al2O3 thin films
	Copper
	0.5 M NaCl solution
	−0.308
	2.71
	[44]



	ZrO2 thin films
	316L stainless steel
	1M H2SO4 solution
	−0.1814
	3.11
	[45]



	CS/GO-OA
	Carbon steel
	3.5 wt.% NaCl solution
	−0.374
	3.9
	[46]



	Graphene/polyaniline
	Mild steel
	0.1 M HCl (pH = 1)
	−0.532
	0.572
	[47]



	Al2O3/Ni
	Mild steel
	3.5 wt.% NaCl solution
	−0.253
	0.011
	[48]



	SiC/Ni
	Carbon steel
	0.5 M Na2SO4
	−0.2605
	1.9
	[49]



	TiO2-Ni-Zn-P
	Low carbon steel
	3.5 wt.% NaCl solution
	−0.404
	0.364
	[50]



	SiC-Ni
	Copper
	3.5 wt.% NaCl solution
	−0.248
	0.6645
	[51]



	SiC-Ni-P
	St37 tool steel
	3.5 wt.% NaCl solution
	−0.255
	1.58
	[52]



	SiO2-Ni-P
	API-5LX65 steel
	3.5 wt.% NaCl solution
	−0.336
	0.308
	[53]



	EP/1.8 ZnO-NiO
	Steel
	3.5 wt.% NaCl solution
	−0.68
	5.37
	Present study
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