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Abstract  

This work presents a novel self-healing/anti-corrosion coating based on epoxy resin decorated with 

electrochemically deposited silicon dioxide (SiO2)/linseed oil (LO). For this purpose, the SiO2/LO composite was 

prepared via a one-pot electrochemical deposition method, which was then utilized as a precursor for epoxy 

coating preparation. Various techniques, including Fourier transform infrared spectroscopy (FTIR), scanning 

electron microscopy (SEM), energy dispersive x-ray spectroscopy (EDS), thermogravimetric analysis (TGA), and 

X-ray diffraction analysis (XRD) were used to characterize the coated steel samples. Corrosion current and 

corrosion potential were decreased following the addition of SiO2 and LO to the steel surface. The mechanism of 

improved anticorrosion performance of the composite coating can be attributed to the synergistic effect of the 

components within the composite film. The effect of various coatings on the anticorrosive characteristics of the 

self-healing coatings has been investigated by electrochemical impedance spectroscopy (EIS), Tafel plots, salt 

spray, and optical images. The defected self-healing coating consisting of epoxy/SiO2/LO exhibited exceptional 

healing ability and corrosion inhibition performance toward steel metal as evidenced by EIS and optical images. 

The SiO2/LO coating layer shows the lowest corrosion current of 0.091 µA/cm2 compared to SiO2 with 0.822 

µA/cm2 in corrosive saline media. Furthermore, epoxy coated SiO2/linseed oil and epoxy coated SiO2 films on 

steel supports exhibit corrosion resistances of 1.95×108 and 7.20×107 Ω/cm2 demonstrating better performance 

of silica containing linseed oil. It seems that the addition of a hydrophobic linseed oil component can successfully 

delay the diffusion of water molecules or electrolyte ions, resulting in the improvement of anticorrosion 

characteristics of the coating layer. 
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1. Introduction 

Corrosion is a spontaneous (ΔG<0) electrochemical procedure and is an expected manner of material degradation 

owing to exposure to corrosive media. Thus, it practically seems that stopping the corrosion procedure is 

impossible and instead of it could be tuned or retarded via appropriate methods. There are two modes of corrosion 

control methodologies named as either active or passive modes. Cathodic and anodic protection as well as 

utilization of corrosion inhibitors are examples of active modes, whereas passive routes mostly emphasize the 

material’s type (alloys) and coatings (metal or non-metal) [1, 2]. Compared to the passive coating mode, the active 

mode still provides corrosion inhibition even while the coating is physically damaged. The most effective coating 

as an active coating for metals is chromate coating, and its widespread usage has been limited owing to its highly 

toxic benign [3-5]. Thus, finding a new alternative active material without a negative environmental impact is of 

great importance [6-9]. Research in the field of environmentally friendly corrosion inhibitors and the use of cheap 

and effective compounds with low environmental impacts has been carried out extensively [10,11]. 

One of the most practical methods to protect metals against corrosion is the use of organic molecules, which has 

become more popular [12,13]. The most common route for shielding the steel surface from corrosion is the use of 

organic coatings like epoxy coatings that cannot deliver long-term protection and their performance normally 

deteriorates during exposure to corrosive media [5, 14]. To address this issue, self-healing coatings, have received 

increasing emphasis in recent decades [15-18]. Motivated by nature, self-healing coating materials have gained 

tremendous consideration owing to the large lifespan and ease of application of these protective materials [19-

21]. In fact, the self-healing coatings could deliver healing materials to the metal substrate to impede corrosion 

expansion while the main coating material is damaged following exposure to corrosive circumstances [22]. A self-

healing agent has been embedded through the coating, and it releases whenever is needed [23,24]. When a crack 

is created through a coating, the self-healing agent is released from the coating and the crack has been repaired 

following the release of this component [25,26]. However, several kinds of materials have been utilized as healing 

reagents in combination with epoxy resins like dicyclopentadiene (DCPD) [27], phenylacetate (PA), 

chlorobenzene (CB), linseed oil [28,29], tung oil (TO) [30], perfluorooctyl triethoxy-silane (POT) [31], 

isophorone diisocyanate (IPDI) [32], and so on. Among these materials, LO as a healing reagent has a large 

amount of unsaturated fatty acids with eco-friendly properties and high thermal stability [22]. The first report on 

the utilization of LO to make the epoxy based self-healing coating was presented by Suryanarayana et al. [33]. 

Since then, research papers that use LO as a self-healing material have been growing [34, 35]. Owing to the free 

radical oxidation of unsaturated double bands present in the composition of LO by oxygen, LO is recognized as 

one of the most important oils for self-healing aims in the coatings. The formation of bonds between the LO’s 

molecules produces a solid layer that gives the surface water repellency characteristics and makes the surface 

impermeable to many chemical reagents [36]. Therefore, the LO coating performance fails in the corrosive media 

due to the formation of conductive pathways within the coating [35]. However, the usage of these coatings in 

combination with other anticorrosive reagents could be the solution method for the development of new coating 

layers with superior performance as compared to single-component coatings.  

Among the various micro- and nanomaterials utilized as co-coating layers for self-healing coatings, silicon dioxide 

(SiO2) nanomaterials have marvelous characteristics that encourage researchers to discover and develop new 

hybrid coatings by the presence of SiO2. This nanomaterial based self-healing coatings could possess some 



 

 

advantages such as uniform distribution of the healing agent through the coatings, high loading of healing agent 

owing to large surface areas and pore volumes, high mechanical and physical durability, and entrapment of large 

amounts of air to form an air layer at the interfacial area of solid-liquid which could be helpful, especially for 

anticorrosion coatings [36]. Several methods have been developed for the formation of such coatings, including 

sol-gel [37], electro-spinning [38], electrodeposition [39], etc. Among these routes, electrodeposition has drowned 

immense consideration owing to high accuracy, simplicity, cost-effectiveness as well as simple equipment and 

possible simple manipulation [39,40]. Up to now, several attempts have been made for electrodeposition of SiO2 

hybrid coatings. In this case, Wu and Collagenous fabricated the SiO2 coating film by sol-gel electrochemical 

deposition and viewed that the SiO2 coating showed good water repellency, high chemical and physical stability, 

and great mechanical properties [41]. In other research, Liu and co-workers electrochemically deposited the 

porous film of SiO2 on the surface of mild steel. Then, it was utilized as support for the loading of various corrosion 

inhibitors consisting of polyvinylpyrrolidone (PVP) and zinc gluconate. Moreover, the pre-processed mild steel 

was painted using epoxy resin and the final coating showed superior corrosion resistance performance as 

compared to single-component coatings [6]. The same group has reported superhydrophobic coating on a mild 

steel substrate with the assistance of an electrodeposition strategy [42].  

There are several reports of the use of LO as a healing agent [43, 44]. Szabó et al. synthesized core–shell 

microcapsules composed of urea-resorcinol-formaldehyde (UF) and LO as shell and core materials, respectively, 

as paint additives for self-healing coatings. The coating material consisting of core-shell self-healing 

octadecylamine (ODA) and Co-octoate, revealed the best anticorrosion performance [44]. Hasanzadeh et al. 

prepared microcapsules of UF as the shell and LO as the healing material which can be loaded by CeO2 

nanoparticles (NPs) and finally used as a coating material for carbon steel metal [34]. Zhou et al. reported a triple-

function smart anticorrosion composite coating based on graphene and ZIF-8 with excellent pH-responsive self-

healing [45]. Ren et al. developed a self-healing epoxy composite coating based on pH-responsive PCN-222 smart 

containers for long-term anticorrosion of aluminum alloy [46]. However, synthesis procedures utilized for the 

preparation of hybrid coatings containing both SiO2 and LO have advantages and disadvantages. Most of these 

methods suffer from labor and time-consuming procedures and thus searching for discovering a one-step, simple, 

fast, and scalable strategy is of great importance.  

The authors propose a novel self-healing/anti-corrosion coating based on epoxy resin decorated with 

electrochemically deposited silicon dioxide (SiO₂) and linseed oil (LO). The combination of SiO₂ and LO in the 

coating provides synergistic effects, contributing to improved anticorrosion performance. SiO₂ nanoparticles offer 

advantages such as uniform distribution of the healing agent, high loading capacity, and mechanical durability. 

Linseed oil, known for its eco-friendly properties and high thermal stability, acts as a healing reagent. The novelty 

of this work lies in the one-pot electrochemical deposition method used to prepare the SiO₂/LO composite, which 

serves as a precursor for the epoxy coating. This method offers simplicity, cost-effectiveness, and scalability 

compared to other synthesis procedures. The authors highlight that the use of this innovative strategy can lead to 

the development of robust self-healing anticorrosion coatings with superior performance compared to single-

component coatings. The evaluation of the coating's performance was performed through various characterization 

techniques and corrosion testing methods. 

 



 

 

2. Experimental 

2.1. Materials 

The steel panels were prepared from the local market. Before use, steel panels with a thickness of 0.1 cm were cut 

into 2.0 cm×1.0 cm pieces followed by abrasion with emery papers of various grades 400, 600 and 1200. Ethanol 

(EtOH) (≥ 96 % v/v), acetone (99 % v/v), and tetraethoxysilane (TEOS, >99 %) were purchased from Merck 

company (Darmstadt, Germany). All other chemicals were bought from Sigma-Aldrich and were of analytical 

grade and used as received without any further purification.  

 2.2. Apparatus 

Electrochemical studies were performed via an Ivium CompactStat (Netherlands). The functional groups of the 

coated steel panels were determined via an ATR-FTIR spectrometer (Bruker Optics GmbH, Ettlingen, Germany) 

in the frequency range of 600-4000 cm-1. The surface morphology of bare steel and coated steel plates was studied 

by FE-SEM (FE-SEM, Mira 3-XMU) equipped with an EDS detector (LEO 9121413). Phase characterization 

was investigated by XRD via the X’Pert PANalytical X-ray diffractometer (Netherlands) with a Cu anode 

(𝜆𝐶𝑢Kα=1.54 Å) as the radiation source. The thermal stability of SiO2 and SiO2/LO species was assessed by TGA 

(STA 1500) at a heating speed of 10 °C/min under N2 gas flow. An optical microscope (JM300) has been used for 

the observation of scratched steel panels. 

2.3. Electrochemical deposition of SiO2 and SiO2/LO coatings on steel panels 

The pretreated steel specimens were utilized as substrates for the electrochemical deposition of SiO2 and SiO2/LO 

coatings in a one-pot sol-gel electrochemical deposition procedure. For this purpose, a three electrode 

configuration has been utilized by using steel plates, Pt plate and Ag/AgCl (KCl saturated) as working, auxiliary, 

and reference electrodes, respectively. A single step amperometric plateau by using a constant cathodic potential 

of -1.3 V was applied for electrodeposition of SiO2 and SiO2 containing healing agent. In a typical synthesis 

procedure, an electrodeposition bath was containing of 5 mL TEOS, 50 mL EtOH, and 50 mL aqueous solution 

of NaNO3 (0.2 M). The pH of the solution was adjusted by the addition of adequate amounts of HNO3 or NaOH 

(pH≈3). Before electrodeposition, the precursor solution was agitated under an ultrasonic bath at a fixed 

temperature of 25 °C for 2h. The electrochemical deposition step was performed for a time duration of 5 min. For 

the synthesis of SiO2 containing LO (healing agent), a similar strategy was utilized rather than 0.5 mL of LO was 

added to the electrodeposition bath media. After that, the as-prepared coated samples were dried in an oven at 60 °C for 

2 h.  It must also be emphasized that the exposed surface area of steel samples to the solution was about 1 cm2.  

2.4. Epoxy resin coated steel samples 

The epoxy resin coated steel panels were prepared in similar conditions reported by Liu and coworkers with some 

modifications [15]. Epoxy resin and polyamide resin (5/4 mass ratios) were mixed with xylene and n-butanol 

solvents with a volume fraction of 7:3. The mixture was treated sonically for 1 h, and then the steel plates were 

coated with epoxy resin using a brush. The coated steels were kept at r.t for about 2 h, and then it was cured at 60 

◦C for 48 h and after that, it was stored for 1 day before electrochemical tests. For evaluation of the performance 

of various coatings, different coating arrangements were fabricated: epoxy layer onto the pure steel panel (E/SS), 



 

 

epoxy layer coated onto electrodeposited SiO2 onto the steel panel (E/ SiO2/SS) and epoxy layer coated onto 

electrodeposited SiO2-LO onto the steel panel (E/SiO2-LO/SS).  

2.5. Electrochemical measurements 

Electrochemical measurements consisting of Tafel and EIS tests were conducted to evaluate the anticorrosion 

properties as well as the self-healing capability of the prepared coatings. For self-healing investigations, the 

coating steel panels were scratched and immediately immersed in 3.5 wt% NaCl solution as corrosive media. 

Electrochemical impedance spectroscopy tests were done at an open circuit potential by applying a sinusoidal 

perturbation potential of as high as 10 mV over the frequency range of 100 kHz to 10 MHz. The goodness of 

model fitting was estimated by the parameter known as Chi-squared (𝜒�2). The smaller the 𝜒�2, the better the model 

fitting (Chi-squared≤ 0.001). However, this is not the only criterion for the best model fitting. The equivalent 

circuit elements must address the possible physical procedure at the electrode/electrolyte interfacial area. In all 

cases, the chi-squared quantities were lower than 0.001 demonstrating good model fitting and the suitability of 

elements selected for model fitting [47]. All electrochemical studies were carried out in a three-electrode 

configuration, whereas the coated steels (1cm×1cm), Ag/AgCl and Pt plate (1cm×2cm) were used as working, 

reference, and the auxiliary electrodes, respectively. For all measurements, the exposed area of the working 

electrode in connection with the electrolyte was about 1 cm2. The potentiodynamic polarization plots (Tafel) were 

recorded from negative potentials to positive ones with a potential scan rate of 0.5 mV/s. Before measurements, 

all samples were submerged in 3.5 wt% NaCl aqueous solution for 10 min for the establishment of equilibrium 

between the samples and corrosive media. 

 

2.6 Salt spray test 

The visual corrosion resistance of self-healing coatings on steel supports was evaluated using the ASTM B117 

salt spray method. The edge and backside of the steel substrates were covered with water-resistant glue. After 

that, the coated steels were placed in a salt spray chamber containing 5 % NaCl as fogging medium. The salt spray 

chamber temperature was tuned to 35±2 °C. Then, the coated samples were scratched and inserted in the salt spray 

chamber for 96 h.  

3. Result and discussions 

3.1. Coating materials  

The facile and scalable one-pot sol-gel electrochemical deposition strategy has been applied for electrodeposition 

of SiO2 and SiO2 containing LO coatings onto the surface of steel plates. The idea of sol-gel electrochemistry 

comes from the fact that applying negative potential could accelerate the condensation interactions of silane 

containing moieties. By applying the negative potential to the cathode electrode (steel electrode in this case), the 

pH of the electrode increases owing to water/oxygen reduction or in some cases electrolyte reactions (e.g. nitrate 

ions). Each of the above-mentioned reactions could induce the production of hydroxyl ions, which further 

increases the condensation reaction rate of the sol near the cathode surface and provides additional motivating 

force for the deposition of SiO2 structures onto the surface of the cathode electrode [41]. Scheme 1 shows the 



 

 

detail of the electrochemical strategy applied for the precipitation of porous SiO2 based film coatings onto the 

surface of the steel substrate along with its anticorrosion performance against corrosive media.  

 

 

Scheme 1. Schematic illustration of electrodeposition of SiO2 microstructures containing LO on the surface of the steel 

panel and its anticorrosive performance against corrosive media. 

3.2. Characterization 

3.2.1. FTIR analysis 

Fig 1 exhibits the IR spectra of the electrochemically deposited SiO2 based coatings onto the steel substrate. For 

electrodeposited SiO2, sharp absorption bands at about 1050 and 794 cm−1 are related to the asymmetric and 

symmetric stretching modes of Si-O-Si bonds, respectively. An observed shoulder at about 958 cm−1 corresponds 

to the stretching mode of the Si–OH bond [48,49]. For the FTIR spectrum of the coating material containing LO, 

the bands at around 2922 and 2852 cm−1 are ascribed to the stretching vibrations of C−H related to the −CH2− and 

−CH3 groups. The peak at 1737 cm−1 is related to the stretching vibration of the carbonyl group present as the 

COOH functional group. The stretching vibration of −CH3 is represented at 1458 cm−1. The characteristic peak at 

about 718 cm−1 is assigned to the bending vibration of the unsaturated =C−H bond, whereas its corresponding 

stretching vibration band is overlapped via the broad stretching vibrational peak of the OH functional group [50]. 

However, the shift in the band positions of SiO2 containing LO as compared to pure SiO2 coating reveals that the 

O–Si–O network is influenced by the existence of LO in its surrounding area.  



 

 

 

Figure 1. ATR-FTIR spectra of coated steel panels after electrodeposition step 

3.2.2. SEM analysis 

Mechanical treatment of steel plates with sandpaper and then washing them resulted in the formation of a nearly 

rough surface (Fig. 2A). In the case of electrochemically deposited SiO2 coating onto the steel substrate, the highly 

rough layer containing many grooves was detected. This may come from the releasing of gaseous hydrogen 

following water reduction at the near surface of the cathode electrode (Fig. 2B). Higher magnified SEM image 

revealed that precipitated silica structures have spherical morphology with the dimensions of about 61-99 nm (Fig. 

2B and 2C). After the introduction of LO to the electrodeposition bath, the surface morphology of the deposited 

film was undoubtedly changed, which means that LO could affect the electrodeposition of SiO2 film onto steel 

support. Additionally, the interfacial area among the spherical silica particles was filled by the LO and the 

deposited film became more compact and the roughness of the coating layer was decreased following the usage 

of LO in the electrodeposition bath media (Fig. 2D, 2E, and 2F). However, it seems that the introduction of LO 

does not change the electrodeposition mechanism of SiO2 microspheres, since the overall microstructure 

morphology of SiO2 coating film remains unchanged.  



 

 

 

Figure 2. SEM images of (A) pre-treated steel plate, (B and C) steel coated SiO2 at various magnifications, and (D, E and 

F) steel coated SiO2/LO at various magnifications 

3.2.3. EDS analysis 

The EDS spectra along with elemental analysis of the steel panel were monitored, and results are presented in Fig 

3. EDS spectrum displays the weight percentages of Fe (73.29%), Cr (18.68%), Ni (7.56%), Si (0.34%), and Al 

(0.12%), which confirmed the presence of steel substrate. 

The EDS analysis and elemental mapping analysis of coated steel samples are exhibited in Fig. 4 and Fig. 5. EDS 

mappings of SiO2 coated steel plate demonstrated the homogenous distribution of C, O, and Si elements in its 

structure. This observation undoubtedly proves the successful precipitation of the SiO2 layer onto the surface of 

the steel substrate. In addition, the presence of Fe (49.05%), Cr (13.19%), and Ni (4.63%) elements in the EDS 

spectra is related to the steel substrate (Fig. 4). In the SiO2/LO coating (Fig. 5), it can be observed that the 

percentage of C element is increased as compared with SiO2 coating layer, which indicated the successful loading 

of LO into the layer. Furthermore, the quantitative elemental analysis by EDS spectra reveals that the percentage 

of elements corresponding to steel substrate was significantly decreased in the composite coating, which revealed 

the denser and thicker benign of the composite coating layer. The EDS elemental maps of the SiO2/LO coating 

proved the high uniformity and high carbon content of the coating on the surface of the steel substrate.  



 

 

 

Figure 3. EDS spectra and elemental analysis of steel substrate 



 

 

 

Figure 4. SEM/EDS elemental analysis and EDS data of steel coated SiO2 film 



 

 

 

Figure 5. SEM/EDS elemental analysis and EDS spectra of steel coated SiO2 film containing LO 

3.2.4. TGA analysis 

The thermal stability of SiO2 and SiO2/LO was assessed by TGA analysis (Fig. 6). The samples were heated from 

room temperature to 800 °C at a heating speed of 10 °C.min-1 under N2 gas flow. As it is obvious from TGA 

analysis, the SiO2 material shows a weight loss at about 100 °C corresponding to loss of interfacial-adsorbed water 

molecules in the SiO2 sample and after that, it preserves its stability until 800 °C under an inert nitrogen 

atmosphere. Thus, in the case of SiO2/LO rather than a weight loss relating to adsorbed water molecules, a sharp 

weight loss in the range of 330-450 °C is attributed to the thermal decomposition of LO constituent within the 

composition of the composite coating. The difference in weight loss between the two samples could be used to 

calculate the loading of LO material in the composite material, which was about 41.6 %. The high loading of LO 

within the chemical profile of the composite coating could help improve the anticorrosion/self-healing 

performance of steel coated panels.  



 

 

 

Figure 6. TGA profiles of the scratched electrodeposited SiO2 and SiO2/LO samples 

3.2.5. XRD analysis 

X-ray diffraction patterns of the as-prepared SiO2 and SiO2-LO coating films are shown in Fig 7. The prepared 

films are mainly composed of SiO2 and the crystallographic results demonstrate that the major phase is crystalline 

SiO2 at 2θ equal to 14.32° and 17.15°. It is also noteworthy that after the inclusion of LO within the coating film, 

the intensity of diffraction peaks was decreased demonstrating decreasing the crystallinity of the SiO2 because of 

the inclusion of amorphous linseed oil within the coating film.  



 

 

 

Figure 7. XRD patterns of steel coatind with SiO2 (dashed black line) and SiO2-linseed oil (solid red line) 

3.3. Anticorrosion and self-healing characteristics of coatings 

3.3.1. Anticorrosion investigation by Nyquist plots 

The steel plates with various coating materials with an exposed area of 1 cm2 were submerged in 3.5 %wt. saline 

solution and their anticorrosion performance were studied via EIS measurements as well as linear polarization 

experiments. To show the effect of LO on the corrosion resistance of steel panels, Nyquist plots of coated steel 

plates before epoxy coating in 3.5 wt% saline solution are illustrated in Fig 8. In each case, a depressed semicircle 

related to the charge transfer resistance was observed. The best fitted model was a model consisting of electrolyte 

resistance (Rs), charge transfer resistance (Rct), and (constant phase element) (CPE) (inset of Fig 8). The CPE 

component has been utilized to show the non-ideality of the formed capacitance at the interfacial area of the 

electrolyte/electrode. Rs and Rct elements are related to the solution resistance as well as the charge transfer 

resistance, respectively. The Rs value relates to the summation of the ohmic resistances within the electrochemical 

cell consisting of uncompensated solution resistance, contact resistance, and internal resistance of electrode 

material. The steel coated plates showed higher charge transfer resistances as compared to bare steel substrate 

owing to the protective benign of silica and LO components within the composition of the coating layer. Thus, 

the coated steel panel containing LO displayed the highest charge transfer resistance. These observations 

demonstrate that the addition of LO further retarding the availability of corrosive components in saline solution 

or from dissolved oxygen to the metal substrate surface. However, Rct values were found to be 1104, 2001, and 

3106 Ω.cm2 for bare stainless steel, SiO2/SS, and SiO2-LO/SS electrodes, respectively. The reason for the 

improvement of anticorrosion performance of silica coated steel in comparison to a bare steel plate is related to 

the fact that the electrochemically deposited film of SiO2 can be attached firmly to the metallic supports owing to 



 

 

the formation of the chemical binding between metal and SiO2 by the assistance of OH- ions following the applying 

a negative potential to the cathode electrode [42].  

 

Figure 8. Nyquist plots of various prepared samples in 3.5 wt% NaCl solution 

3.3.2. Self-healing investigation by Tafel plots 

Polarization plots and related fitted parameters of the bare steel and coated steel samples are given in Fig 9 and 

Table 1. In this table, Ecorr, Icorr, bc, and ba stand for the corrosion potential, corrosion current density, and the slope 

of the cathodic and anodic half-cycles, respectively. It is obvious that the corrosive potentials shift in the positive 

direction owing to decreasing the anodic dissolution of steel substrate following the addition of anticorrosive 

reagents. The coated sample consisting of silica microspheres and LO exhibits the highest anodic potential shift. 

The icorr value of the steel panel was 4.3 μA/cm, which was decreased to 0.822 μA/cm for SS/SiO2 and 0.091 

μA/cm2 for SS/SiO2-LO. The lower the icorr, the higher the corrosion resistance. From Table 1, it could be 

undoubtedly inferred that the electrodeposition of silica structures on the surface of the steel plate increased the 

corrosion resistance of the steel as compared to the bare steel panel. By contrast, the addition of LO to the 

electrodeposition media further increased the corrosion resistance against saline corrosive media. Therefore, it 

can be deduced that the coated samples show higher resistance against corrosive media by hindering the active 

sites of the steel panel. Moreover, the presence of LO would make the coating less rough and more compact, 

which ensuing the increasing of the corrosion resistance. The silica film not only enhances the diffusive pathway 

of corrosive ingredients to the surface of steel support but also enhances the corrosion potential of steel as 

evidenced by Ecorr values. The increasing of the anodic and cathodic slope branches of coating steel panels as 

compared to blank steel sample one was related to the decreasing of anodic and cathodic reaction rates, 

respectively, revealing the mix of anodic/cathodic inhibition of the coating materials. The higher the Tafel slope 



 

 

in mV/dec unit means that higher potentials should be applied for attaining a special current density. Moreover, 

the inhibition yield of various coatings was evaluated based on the following equation: 

(%η) = 100 × (1-i′corr/icorr)                                                                                                          (1)  

where η is the corrosion inhibition yield; 𝑖�𝑐�𝑜�𝑟�𝑟��and�𝑖�′𝑐�𝑜�𝑟�𝑟��are related to the corrosion current density in the 

absence and presence of coating materials, correspondingly. Corrosion inhibition yields for coated steel plates 

were found to be about 80.9% and 97.9% for SiO2/SS and SiO2/LO/SS, respectively. These findings further 

demonstrate the protective effects of the coatings on the steel panels.  

 

Figure 9. Tafel polarization plots of various coated stainless steel panels at scan rate of 0.5 mV/ s 

 

Table 1. Polarization parameters of bare steel and steel coated samples in saline media 

System Ecorr/vs. Ag/AgCl 

(KClsat) (mV) 

icorr (µA/cm2) -bc (mV/dec) ba (mV/dec) 

SSa 

SS/SiO2 

SS/SiO2-LO 

-694 

-565 

-473 

4.3 

0.822 

0.091 

26 

51 

41 

43 

54 

48 

a Stainless steel 

 

 

 



 

 

3.3.3. EIS measurements on the intact and scratched steel coated samples 

3.3.3.1. Investigation impedance quantities of Non-defected coated 

After complete characterization of the various electrodeposited coatings, the effect of epoxy resin incorporation 

into various electrodeposited formulation coatings containing SiO2 microspheres and SiO2 structures/LO on the 

corrosion resistance was assessed by EIS measurements on the intact and scratched steel coated samples (Fig 10). 

The impedance response of intact samples at the early stages of immersion in saline media was dominated by the 

capacitive behavior as shown by CPE rather than Cdl to denote the non-ideal capacitive characteristics of the 

coatings. However, there is a pure resistance behavior in the low-frequency domain, which is related to the 

resistance of the coating against charge propagation. The equivalent circuit related to the Bode curves has been 

shown in Fig. 9C. It was observed that the epoxy coated steel panel containing both LO and silica particles delivers 

the highest impedance quantities over the entire frequency range (Fig 10A, B). Table 2 denotes the electrochemical 

parameters attained from EIS data at the time of 0.5 h in 3.5 % NaCl. As shown in this Table, the obvious increase 

in Rcoat quantity of epoxy coating in samples containing electrodeposited SiO2 (3.64 times) and SiO2-LO (4.56 

times) demonstrated the extremely poor corrosion protection characteristics of the neat epoxy coating (E/SS) as 

compared with E-SiO2/SS and E-SiO2-LO/SS coated plates. Also, CPEcoat as a criterion was utilized for the 

estimation of the distribution of ionic species at the interfacial area between the coating and the electrolyte. The 

higher value of CPEcoat means that the coating is more potent to corrosion [51]. Thus, both Rcoat and CPEcoat values 

showed that the epoxy coating containing both LO and silica microspheres has higher anticorrosion properties 

against corrosive media when compared to neat epoxy coating and an epoxy coating containing silica 

microspheres. The impedance values in the lowest frequency (|Z| 10 mHz) were applied to visualize the variations 

of corrosion resistance. However, the (|Z| 10 mHz) quantities of E-SiO2-LO/SS, E-SiO2/SS, and E/SS were found to 

be about 1.95×108, 7.2×107, and 1.87×107 Ω cm2, respectively. The larger impedance at the low-frequency region 

demonstrates the higher anticorrosive characteristics of the sample. Hence, the E-SiO2-LO/SS shows the highest 

anticorrosive behavior, followed by E-SiO2/SS and E/SS samples. The incorporation of various anticorrosion 

coatings significantly improved the coating barrier properties of the organic coating as compared to the pure 

coated epoxy steel sample. The chemical interaction among silica microparticles/LO and functionalities on the 

epoxy matrix may be responsible for the improvement of barrier characteristics and ionic resistance. More 

interestingly, silica microspheres can increase the contact area between the substrate and the epoxy coating film, 

which could help improve the barrier characteristics of the composite coating as compared to the pure epoxy 

coating sample.  



 

 

 

Figure 10. Typical Bode (A) and phase angle (B) plots of pure epoxy (E/SS), E-SiO2/SS, and E-SiO2-LO/SS after 

immersion in 3.5 wt% NaCl solution for 0.5 h, (C) Electrical equivalent circuit utilized for modeling of impedance spectra 

 

Table 2. The electrochemical parameters of various steel coated samples containing E/SS, E-SiO2/SS, and E-

SiO2-LO/SS after immersion in 3.5 wt% NaCl solution for 0.5 h 

a Epoxy resin 

3.3.3.2. Investigation of non-defected coatings in different immersion times 

Impedance studies were performed on the non-defected coatings after various immersion times to estimate the 

anticorrosive characteristics and the effect of the SiO2 microstructures as well as the presence of LO on the 

coatings at the various immersion times. Fig 11 shows the variations of the |Z10 mHz| at various immersion periods. 

The electrolyte could diffuse into the interfacial area of the coating material and steel surface. Following 

electrolyte diffusion, the electrochemical reactions that are responsible for the corrosion of steel surfaces can be 

started [52]. It was generally accepted that by increasing the time of immersion, the corrosion resistance was 

reduced correspondingly. This happens because of the diffusion of water molecules and ionic species (exist in the 

electrolyte) along with dissolved oxygen molecules through the coating layer into the metal surface [34]. A similar 

trend was observed for all samples, whereas the composite coating showed a negligible decrease in |Z10 mHz| as 

compared to other samples. Rather than the hydrophobic benign of LO within the composition of the E-SiO2-

Electrode CPEcoat 

Y0 (Ω-1 cm-2Sn)                ncoat 

Rcoat (Ω cm2) 

Ea/SS 

E-SiO2/SS 

E-SiO2-LO/SS 

2.3 × 10-9                        0.9 

1.6 × 10-9                        0.94 

1.4 × 10-9                        0.96 

1.87 × 107 

7.20 × 107 

1.95 × 108 



 

 

LO/SS, this compound shows self-healing characteristics as reported previously [35,43]. For all coated steel 

panels, the impedance quantities at 10 MHz reduced with enhancing the time of immersion, which manifested 

that by the enhancing of immersion time, the corrosive ions, oxygen, and water molecules gradually penetrated 

through the coatings, resulting in a decrease of the impedance modulus. So, the composite coating containing LO 

showed the least decrease in |Z10 mHz| as compared with the two other samples, which is related to the limited 

diffusion of corrosive species to the interface of metal surface-coating. This could be also further explained by the 

fact that the epoxy resin utilized here, is polar and so it has a significant affinity to absorb water. This water 

tendency could subsequently create corridors for the diffusion of corrosive species, which could finally result in 

the corrosion of the under layered steel substrate. Moreover, as it can be seen, the E-SiO2/SS shows higher |Z10 

mHz| when compared to the pure epoxy coating steel panel. The formation of Si-O-Si binding through exposure to 

corrosive media may be responsible for the better anticorrosive performance of the E-SiO2/SS [53]. It can be 

emphasized that for each point of presented data, three runs have been done, and the average values were reported.  

 

Figure 11. Log |Z10 mHz| variations against immersion time for non-defected E, E-SiO2, and E-SiO2-LO coated steel panels 

3.3.3.3. Impedance spectra for scratched samples 

Creating a defect in the coated steel panels meaningfully altered the impedance modulus of the samples because 

of the direct contact between the metal surface and the corrosive media. The direct contact between naked metal 

and corrosive media triggers the metal corrosion. Fig 12 displays the typical Bode plots of the defected coated 

steel panels after 96 h of immersion in saline media. The impedance modulus was quite different from the 

impedance spectra of non-defected steel panels. Impedance spectra for scratched samples were fitted to the 

equivalent circuit displayed in Fig. 12C. The related fitted data of the EIS plots are presented in Table 3. In the 



 

 

applied equivalent circuit, Rs, Rct, CPEdl, Rcoat, and CPEcoat stand for the solution resistance, charge transfer 

resistance at the interface of the steel panel and electrolyte, non-ideal double layer capacitor related to the interface 

of steel support and electrolyte, coating resistance, and a non-ideal capacitor formed at the interfacial area between 

electrolyte and coating material, respectively.  

When a defect was deduced in the self-healing coating material, the embedded healing agent should be available 

to release near the crack location in such a way that the least negative effect on the barrier performance was visible. 

Thus, it can be revealed from the results that the composite coating containing both LO and SiO2 microspheres 

played superior barrier performance in the epoxy coating, even after creating a defect on the surface of epoxy 

composite coated steel panel. When the results were compared to the non-defected samples, it could be clearly 

understood that the created defect also deteriorates the integrity of both coatings including neat epoxy and E-SiO2. 

Thus, the pure epoxy coating showed the highest anti-corrosion performance deterioration when compared to E-

SiO2/SS and E-SiO2-LO/SS coated samples. It seems that the neat epoxy coating shows the highest water uptake 

capability among various scratched coatings owing to its highest value of coating capacitance (Table 3). Another 

issue that could be pointed out from Fig 12B is that the time constant of the E-SiO2 is located in a lower frequency 

region (this quantity manifests that the corrosion process happens at the interfacial area between the steel support 

and the electrolyte, which could be principally ascribed to the double-layer capacitor) as compared to the neat 

epoxy coating steel panel revealing the block effect of SiO2 [15]. The lowest |Z10 mHz| among the coated steel panels 

manifests the lowest anticorrosion performance of the pure epoxy coating material. As mentioned previously, the 

higher the coating capacitance, the higher the water uptake and lower anticorrosion performance (Table 3). The 

self-healing action of LO can protect the steel surface from corrosion for a nearly long period (time of this study, 

96 h) as evidenced by small changes in the Rcoat of the steel coated composite sample before and after the creation 

of a defect (the Rcoat value was decreased from 8.21×107 to 8.4×105 Ω cm2). Moreover, the |Z10 mHz| of the defected 

composite coating during exposure to NaCl corrosive media did not change significantly, which is in line with a 

Rcoat trend (1.92×108
 to 1.05×108 Ω cm2). The healing act is supplemented by blocking the coating’s pores by LO 

as a healing agent. It seems that an adequate amount of healing agent is available in the defective area, which 

attains high self-healing performance. The results of EIS confirm the synergistic effect between the silica particles 

and LO which strengthens the anticorrosion characteristics of the composite coating containing epoxy resin when 

compared to pure epoxy coating steel substrate. On the other hand, the simultaneous introduction of silica 

microspheres and LO by simple electrodeposition method has a great effect on slowing down the corrosion of 

under layered steel substrate.  



 

 

 

Figure 12. Typical Bode (A) and phase angle (B) plots of defected E/SS, E-SiO2/SS, and E-SiO2-LO/SS after immersion 

in 3.5 wt% NaCl solution for 96 h, (C) Electrical equivalent circuit utilized for modeling of impedance spectra 

Table 3. The electrochemical parameters of scratched coated steel samples including E/SS, E-SiO2/SS, and E-

SiO2-LO/SS after immersion in 3.5 wt% NaCl solution for 96 h 

Electrode CPEcoat 

Y0 (Ω-1 cm-2Sn)                     ncoat 

Rcoat (Ω cm2) CPEdl 

Y0 (Ω-1 cm-2Sn)             ndl 

Rct (Ω cm2) 

E/SS 

E-SiO2/SS 

E-SiO2-LO/SS 

5 × 10-6                         0.79 

2 × 10-9                         0.92 

1.5 × 10-9                      0.94 

8.4 × 105 

1.5 × 106 

8.21 × 107 

6.6 × 10-9                     0.81 

5.6× 10-9                     0.79 

-                              - 

5.2× 105 

1.1× 106 

ND* 

* Negligible decrease 

3.3.3.4. Investigation of non-defected coatings in different immersion times 

The variation in impedance modulus at 10 MHz against the immersion time for the various steel coated samples is given 

in Fig 13. By increasing the immersion time (i.e., 96 h), the |Z10 mHz| value is further remarkably reduced for neat epoxy 

coating steel panels. The |Z10 mHz| value for the composite epoxy coating remains nearly the same during the immersion 

in NaCl media for a nearly long period, whereas those of the E-SiO2/SS and E/SS coatings start to decrease owing to 

the diffusion of corrosive ions following the defect formation. This confirms that the anticorrosive performance of a 

composite coating is much better than that of E-SiO2/SS and E/SS coatings, which is ascribed to the involvement of a 

self-healing component (LO) in the corrosion process. The superior self-healing performance of the composite coating 

may be ascribed to the formation of the compact film as evidenced also by the SEM image (Fig. 2). The higher |Z10 mHz| 

values for E-SiO2/SS in comparison with E/SS in all the immersion times were also related to the presence of silica 

particles and condensation of these particles following the diffusion of water after creation of an artificial crack. Thus, 

based on the EIS studies, it can be concluded that the self-healing composite epoxy coating can preserve the corrosion 

resistance performance even after defect formation. 



 

 

 

Figure 13. Log |Z10 mHz| variations against immersion time for scratched E, E-SiO2, and E-SiO2-LO coated steel panels. 

3.4. Salt spray 

The salt spray test, also known as the salt fog test or salt corrosion test, is a common method used to evaluate the 

corrosion resistance of materials and coatings. It simulates the effects of salt-laden environments, such as coastal 

or marine atmospheres, on the tested samples. 

The salt spray test was conducted to assess the anticorrosion performance of the self-healing coatings. Typically, 

the salt spray test follows a standardized procedure outlined by international standards such as ASTM B117 or 

ISO 9227. Here is a general overview of the salt spray test procedure: 

1- Test Chamber: The test is performed in a salt spray test chamber, which provides a controlled environment for 

the exposure of the samples to a salt fog. 

2- Sample Preparation: The coated steel samples, in this case, the self-healing coatings based on epoxy resin 

decorated with SiO₂/LO, would have been prepared and mounted in the test chamber.  

3- Salt Solution Preparation: A salt solution is prepared by dissolving salt, typically sodium chloride (NaCl), in 

distilled water to create a solution with a specific concentration. 

4- Test Conditions: The test chamber is set to maintain specific conditions, including temperature, humidity, and 

duration of exposure.  

5- Salt Spray Exposure: The salt solution is sprayed as a fog or mist into the test chamber, creating a corrosive 

environment. The samples are exposed to this salt fog for a predetermined period, which can range from hours to 

hundreds of hours, depending on the testing requirements. 

6- Evaluation: After the exposure period, the samples are removed from the test chamber, cleaned, and evaluated 

for signs of corrosion. Various techniques and analyses can be used to assess corrosion resistance, such as visual 

inspection, measurement of corrosion products, weight loss determination, or surface characterization using 

microscopy or spectroscopy techniques. 



 

 

The salt spray test was implemented on the scratched pure epoxy, epoxy/SiO2, and epoxy-LO-SiO2 coatings after 96 h, 

and the digital photos of the coatings are given in Fig 14. In the case of neat epoxy coating (Fig. 13A), several numbers 

of blisters and rusty areas were observed near the defects, demonstrating the low anticorrosion efficiency of pure epoxy 

coating after scratch formation. This finding specifies that the corrosive ions and oxygen could simply penetrate the 

defects and the reactions of these species corrode the surface of the steel panel. Thus, for E-SiO2/SS (Fig 14B), although 

there are still some blisters and rusty spots, it seems that the corrosion rate of this coating is slower than that of a pure 

epoxy coating steel panel. Results demonstrate that the epoxy coating loaded with both electrochemically precipitated 

SiO2 and LO displays good anti-corrosion/self-healing performance. The composite coating represents a negligible 

blistering zone, as clearly shown in Fig 14C. This observation could be ascribed to the presence of a film of LO on the 

metal surface. The salt spray test studies specify that the use of LO in line with silica microparticles in the epoxy coating 

significantly increased its anti-corrosion/self-healing activity. 

 

Figure 14. Digital photos of coated steel panels during exposure to salt spray test after 96 h, (A) E/SS, (B) E-SiO2/SS, 

and, (C) E-SiO2-LO/SS 

3.5. Mechanism of cathodic reactions in anticorrosion process 

Corrosion of coated metallic supports takes place in three stages, including water absorption on the coating, 

transportation of corrosive reagents into the coating, and reaching of these reagents to the coating/metal interfacial 

area. When corrosive reagents touch the metal surface, a corrosion reaction starts and several oxidation and 

reduction reactions which are responsible for the corrosion process happen. In the anodic branch of corrosion, 

iron is oxidized and Fe (II) and Fe (III) ions are released from the steel substrate. On the contrary, in the cathodic 

branch, O2 is reduced by released electrons from the anode through an external circuit. However, the coatings 

could slow down the corrosion process by retarding the redox reactions (Scheme 2). The LO can form a solid and 

compact film after the creation of a scratch, as witnessed by SEM images of the electrochemically deposited silica 



 

 

microspheres/LO (Figs. 2D, 2E, and 2F). This is because the fact that the LO comprises a significant quantity of 

unsaturated fatty acids, which contain carbon–carbon double bonds and could be easily oxidized by oxygen and 

form a film on the surface of defected epoxy coating steel [35]. Finally, the film formation significantly retards 

the corrosion of the under layered steel surface. A comparison of optical images affirms that the crack was healed 

by the loading of LO within the composition of the composite coating. As noticed above, the pure epoxy coating 

exhibited poor anti-corrosion performance after creating a crack on the surface of the pure epoxy coated steel 

panel. When the corrosion procedure happens, the defects can act as diffusion pathways for corrosive species such 

as Cl−, O2, and H2O. It seems that silica microspheres could not completely block the diffusion pathways related 

to corrosive species, and there are still some pathways for ions and corrosive species diffusion. The addition of 

LO to the electrodeposition media results in increasing the barrier performance of the composite coating as 

witnessed by EIS studies (Fig 8). Thus, after epoxy painting of SiO2-LO coated steel, fewer penetration pathways 

are available for diffusion of corrosive media to the steel support. 

 

Scheme 2. Mechanism of cathodic reactions in anticorrosion property by synthesized coating   

3.6. Comparative study 

The protection performance of the coated mild steel sample was compared with other similar researches in the 

literature and the results were displayed in Table 4. These findings further dedicate the outstanding anticorrosion 

performance of the E/SiO2-LO coating layer on mild steel support. 

 

 

 

 

 

 

 



 

 

Table 4. Literature survey of Anticorrosion performance comparison of epoxy coated electrodeposited SiO2-linseed oil  

Sample Ecorr 

(mV) 

Icorr (µA/cm2) Rct(Ω cm2) Reference 

E/SiO2-LO 

MGel/GO-EPa 

MGel/EPb 

PPY/GO-EPc 

GO-PCLd 

TGETET/DAHe 

TGETET/DDMf 

SF-MKPC (BP-4) 

-473 

-267 

-416 

-562 

-394 

-617.5 

-557.6 

-334.13 

0.091 

0.068 

0.4565 

0.0018 

0.01 

0.89 

0.73 

0.0242 

1.95 × 108 

5.046× 107 

9.080× 106 

5.142× 106 

1.784× 108 

2170 

3794 

2.25 × 106 

This work 

 [54] 

 [54] 

 [55] 

 [56] 

 [57] 

 [57] 

 [58]  

aModified gelatin/graphene oxide/epoxy, bModified gelatin/epoxy, c polypyrrole/graphene oxide-epoxy, d graphene oxide-

polycaprolactone, eTriglycidyl ether triethoxy triazine (TGETET) epoxy resin cured by 1.6-diaminohexane, f Triglycidyl ether 

triethoxy triazine epoxy resin cured by 4.4-diaminodiphenyl methane, g silica fume coated magnesium potassium phosphate 

cement. 

4. Conclusion 

In this work, one-step electrochemical deposition as a facile and rapid route was utilized for the precipitation of 

SiO2/LO on the surface of the steel substrate. Characterization of electrodeposited SiO2 and SiO2/LO was surveyed 

using FTIR, SEM, EDX, TGA, and XRD. SEM images revealed that the silica particles were spherical in 

morphology and after introducing LO to the electrodeposition bath, a compact film of LO was formed within and 

on the surface of SiO2 microspheres. The electrodeposited SiO2/LO in combination with epoxy resin created a 

coating with better healing and corrosion protection properties. The lower decline in impedance modulus at low 

frequency and also larger Rcoat of composite epoxy coating are signs of better anticorrosion performance of the 

composite coating. The superior self-healing ability of E-SiO2-LO/SS composite coating is also confirmed by 

impedance studies on injured coatings submerged in saline media. More interestingly, optical images of scratched 

samples revealed the self-healing ability of the composite coating. The protective mechanism of the composite 

coating containing LO and SiO2 microspheres was ascribed to the synergistic effect between the components and 

the self-healing capability of LO, that could impede against the invasion of corrosive species into the metal 

substrate.  
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