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Abstract: This study employed core-shell polymerization to synthesize three types of 
interpenetrating polymer networks (IPNs): (epoxy / resole) IPN/ppy@nanoSiO2, 
(Epoxy /resole) IPN/ppy@nanoZnO, and (epoxy - resole) IPN/ppy@nanoFe3O4. The 
prepared compounds were subjected to comprehensive characterization using Fourier 
Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM), 
Transmission Electron Microscopy (TEM), X-Ray Diffraction (XRD), 
Thermogravimetric Analysis (TGA), and Differential Scanning Calorimetry (DSC) 
techniques. These IPNs were subsequently applied as self-healing coatings on carbon 
steel (C1010) alloy. The inhibition efficiencies of the coated carbon steel were then 
evaluated in a 1M HCl solution using Electrochemical Impedance Spectroscopy (EIS). 
The results demonstrated an increase in the Rp values according to the following order: 
(epoxy /resole) IPN/ppy@nanoSiO2 > (epoxy / resole) IPN/ppy@nanoZnO > (epoxy/ 
resole) IPN/ppy@nanoFe3O4. Notably, the (epoxy /resole) IPN/ppy@nanoSiO2 coating 
exhibited a remarkable inhibition efficiency of 100%. 
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1. Introduction 

 In recent years, the development of self-healing coatings has garnered considerable attention as a 
promising technology that offers autonomous damage repair and surface protection. These coatings 
incorporate functional agents within their matrix, enabling them to respond to external stimuli such as 
heat, light, or mechanical force, and initiate the healing process. Numerous research efforts have been 
dedicated to advancing self-healing coatings across various industries including aerospace, automotive, 
and marine sectors (Wang et al. 2014; Karekar et al. 2018; Neto et al. 2020; Mohamed et. al. 2022; 
Andreia et al. 2021; Piao et al. 2022; Soliman et al. 2023). Within the realm of corrosion protection, 
significant progress has been made in the synthesis and characterization of self-healing coatings 
utilizing poly pyrrole (PPy) and metal oxide nanoparticles. PPy, a conductive polymer possessing 
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inherent self-healing properties, has demonstrated potential as an effective corrosion inhibitor. 
Extensive studies have focused on evaluating the self-healing capabilities of PPy coatings, showcasing 
their ability to mend cracks and defects resulting from corrosion, thereby enhancing overall corrosion 
resistance. Factors such as PPy concentration, pH, and applied potential have been explored to 
understand their influence on the self-healing behavior of PPy coatings (Paliwoda-Porebska et. al. 
2005). Furthermore, metal oxide nanoparticles like zinc oxide (ZnO) and cerium oxide (CeO2) have 
been investigated as alternative self-healing corrosion inhibitors (Ziouche et.al. 2021). These 
nanoparticles exhibit the capacity to release corrosion inhibitors in response to environmental changes, 
such as variations in pH or the presence of corrosive substances. Research has demonstrated that the 
integration of metal oxide nanoparticles into coatings significantly improves the corrosion resistance 
of metal surfaces. Moreover, their self-healing properties enhance their performance under harsh 
conditions. (Michele Fedel et. al. 2013; Jian et. al. 2020; Yin et al. 2020; Jadhav et. al. 2010; Guo et.al. 
2022) 
In recent years, hybrid coatings combining PPy and metal oxide nanoparticles have gained increased 
attention. These hybrid coatings exhibit enhanced self-healing capabilities and improved corrosion 
protection compared to individual coatings. Ongoing research focuses on optimizing the composition 
and structure of these hybrid coatings to achieve optimal performance in terms of self-healing ability 
and corrosion resistance. (Shuo Tang, et. al. 2023; Mousa et. al. 2023; Dagdag et. al. (2017). 
This paper presents the results of a comprehensive investigation into the corrosion resistance of hybrid 
coatings utilizing Electrochemical Impedance Spectroscopy (EIS) techniques. The study focuses on 
the utilization of Epoxy/Resole Interpenetrating Polymer Networks (IPNs) incorporated with 
ppy@nano(SiO2/ZnO/Fe3O4) for this purpose. 

2. Methodology 
2.1 Sourcing and preparation of Polymers 
All chemicals utilized in this experiment were procured from BDH. Prior to polymerization, pyrrole 
underwent a distillation process. 
2.2 Instruments  
Fourier-transform infrared spectroscopy analysis was performed using a Perkin ElmeSpectrum 100 
FT-IR Spectrometer (PerkinElmer, Waltham, MA, USA), The thermal analyses (DTA/TGA) of the 
raw DE were carried out in air conditions using a Universal V4.5A TA Instrument, SDT Q600 V20.9 
Build 20 apparatus, The surface morphology of the products was determined using FEI NOVA Nano 
SEM 450). Electrical impedance spectroscopy EIS measurements were preformed using model corr 
Test –CS350  

2.3 Experiments 
Synthesis polypyrrole  
A solution of 25 mL deionized water and 8.5 mL of distilled pyrrole monomer were stirred for 10 
minutes with a magnetic stirrer. A 2.5 M solution of FeCl3 was then slowly added to the mixture to 
initiate the polymerization reaction, resulting in the formation of black precipitates in the flask. The 
reaction was allowed to proceed for 24 hours at room temperature, and the precipitate was then filtered 
several times using filter paper to remove any residual oxidant or impurities. The resulting purified 
precipitate was dried in a vacuum oven at 60-80°C until a constant weight was achieved. Abdirahman 
Yussuf et. al. (2018) 
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Synthesis of (polypyrrole @ metal oxide) using core shell polymerization 
In this experiment, core-shell polymerization was prepared by dispersing 2.8 mL of pyrrole monomer 
in 100 mL of deionized water and mixing it with 5.6g of SiO2 nanoparticles using an ultrasonic water 
bath. A solution of 3 g SDS and 1 M FeCl3 was mixed and then slowly added for in situ polymerization 
of PPy. The resulting product was filtered, washed, and dried to obtain a solid SiO2/PPy 
nanocomposite. Similar procedures were used to prepare other nanocomposites of ppy/Fe3O4 and 
ppy/ZnO (Kwang-Hyok Han et. al. 2022) 

Synthesis self-healing IPN Coating 
The epoxy resin was dissolved in toluene and mixed with metal oxide polypyrrole in a 1:1 weight ratio. 
The mixture was sonicated for 30 minutes until uniformly spread, and then the amine hardener was 
added in a ratio of 1:0.5. The components were mixed and the epoxy resin was allowed to partially 
cure. Next, resole resin was added in a 1:1 weight ratio and the mixture was sonicated for an additional 
30 minutes. Finally, the resulting interpenetrating polymer network (IPN) was used as a coating for 
carbon steel spacecraft and dried under 100°C for 5 hours. 

2.3 Product characterisation 
In the IR spectrum Figure ( 1 ) of polypyrrole, the broad and strong absorption peak around 3400 cm-
1 is associated with the stretching vibration of the N-H bond in the pyrrole rings. The peak around 2900 
cm-1 is due to the stretching vibration of C-H bonds in the aromatic ring. The peaks around 1570 cm-1 
correspond to the stretching and bending vibrations of the C=C bond in the pyrrole ring. The peak at 
around 1300 cm-1 corresponds to the C-N stretching vibration of the pyrrole ring. The peak at around 
1000 cm-1 is due to the C-H bending vibration in the aromatic ring. The broad peak around 600-800 
cm-1 corresponds to the out-of-plane deformation of the pyrrole ring.  
 

 

Figure 1. FTIR spectrum for PPY 

Figure ( 2 ) showed that infrared spectrum of PPy-SiO2 core shell polymerization the stretching 
vibrations of the Si-O bonds in SiO2 typically produce absorption bands in the infrared region between 
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1000 and 1200 cm-1, with a characteristic peak around 1100 cm-1. The bending vibrations of the Si-O-
Si bonds typically produce absorption bands in the region between 400 and 800 cm-1, with a 
characteristic peak around 460 cm-1 (Daliana Muller et al. 2015). 

 

Figure 2. FTIR spectrum for PPY-SiO2 

3-Results and discussion  

3.1XRD 
X-ray diffraction (XRD) of poly pyrrole figure (3) can provide information on its crystalline structure 
and morphology. Polypyrrole usually shows broad peaks in the XRD pattern due to its amorphous 
nature, although some weak peaks may also be observed corresponding to certain crystalline planes. 
The main peak in the XRD pattern is typically observed at around 2θ= 25-30°, which corresponds to 
the (100) plane of the polymer backbone. Additional peaks in the XRD pattern at 2θ values of 10-15° 
and 35-40° may also be present, corresponding to the (001) and (200) planes, respectively. These peaks 
can be indicative of a higher degree of crystallinity or orientation in the polymer. The XRD pattern can 
also provide information on the inter-chain spacing or distance between adjacent polymer chains, 
which can influence the conductivity and other properties of the material (Daliana Muller et al. 2015). 
 

 
Figure (3) XRD of ppy 
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3.2TGA and DSC Thermograms 
The combination of TGA and DSC Figure (4) can provide complementary information about the 
thermal behavior of polypyrrole. The TGA can provide information about the thermal stability and 
decomposition behavior of the polymer, (Nazarenko et al. 2016), while the DSC can provide 
information about its thermal transitions and other properties. The results from both techniques can be 
useful in optimizing the processing conditions and understanding the thermal behavior of IPNs for 
different applications. In the TGA of IPNs, the initial weight loss observed at lower temperatures is 
due to the evaporation of any residual solvent or water present in the sample. The subsequent weight 
loss that occurs at higher temperatures is due to the decomposition of the IPNs, which can provide 
information about its thermal stability. DSC measures the heat flow associated with a sample as a 
function of temperature. The DSC of IPNs can provide information about its glass transition 
temperature (Tg), melting point (Tm), and other thermal properties. The Tg of polypyrrole is usually 
observed as a step change in heat flow at a lower temperature, while the Tm, not observe (Ennis et al. 
1993). 

 
Figure (4) TGA and DSC for IPNs 

3.3 Surface morphology 
Interpretation of microscopy images figs (5,6) of polypyrrole (PPy) nano metal oxide (NMO)IPNs 
would involve analyzing the structure and morphology of the material at the nanoscale. SEM would 
provide information on the surface morphology and topography of the PPy NMO, while TEM would 
allow for the analysis of the internal structure and crystallography of the material. The specific 
interpretation would depend on the characteristics of the images, such as particle size, shape, and 
distribution, as well as the type of metal oxide used and the synthesis method employed (Daliana Muller 
et al. 2015) 
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Figure 5. TEM micrograph of IPNs 

 
Figure 6 SEM for IPNs 

3-4Electrical impedance spectroscopy EIS measurements  
A Nyquist plot is a graphical representation of the impedance response of a material as a function of 
frequency figure (7) and Table (1 )  It is created by plotting the imaginary component of impedance 
(Z") versus the real component of impedance (Z') on a logarithmic scale. The plot is typically displayed 
in a semicircle or an arc in the high-frequency region, which is caused by the presence of a capacitive 
element. The straight line in the low-frequency region is caused by the resistive element. In the case of 
epoxy resin and resole, the Nyquist plot might show a semicircle in the high-frequency region due to 
the presence of a capacitive element, which would correspond to the dielectric properties of the 
material. The resistive element in the low-frequency region might correspond to the conductivity of 
the material. The position and size of the semicircle on the plot can provide information on the 
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capacitance, resistance, and dielectric constant of the material (Zhang et al. 2015; Eziuka et al. 2023; 
Chami et al. 2023). Bode plots figure (7) are instrumental in understanding the underlying mechanisms 
governing the electrochemical system, aiding in the development of more efficient and reliable 
electrochemical devices and materials. 
In the case of PPy @ nano SiO2, the Nyquist plot might show a depressed semicircle in the high-
frequency region due to the capacitive effect of the nanoparticles. The size and shape of the semicircle 
would provide information on the dielectric properties of the nanocomposite. The presence of of PPy 
@ nano SiO2 could also affect the interfacial resistance between the epoxy resin and the resole, which 
would be reflected in the position of the semicircle on the plot. The polarization resistance (Rp) is a 
measure of the resistance to charge transfer at the interface between the coating and the electrolyte 
solution. It is typically measured by electrochemical impedance spectroscopy (EIS) and can be used to 
evaluate the corrosion resistance of a coating. It was found to have 100% efficiency.as the following 
order:  

(Epoxy/resole)IPN/ppy@nanoSiO2>(Epoxy/resole)IPN/ppy@nanoZnO> 
(Epoxy/resole)IPN/ppy@nanoFe3O4 

The order of the Rp values might be due to the differences in the morphology, composition, and 
interfacial properties of the coatings. A higher Rp value indicates better corrosion resistance. 
(Epoxy/resole)IPN/ppy@nanoSiO2 coatings might have a higher Rp value than 
(Epoxy/resole)IPN/ppy@nanoZnOand(Epoxy/resole)IPN/ppy@nanoFe3O4 coatings because of the 
unique properties of SiO2, such as its high dielectric constant and low ionic conductivity. 

Table (1) : Some corrosion parameters from EIS 

 
The addition of PPy to SiO2 might enhance the electrical conductivity of the coating, leading to a higher 
Rp value. (Epoxy+resole)IPN/ppy@nanoZnO coatings might have an intermediate Rp value because 
ZnO is a good corrosion inhibitor and PPy can enhance the electrical conductivity of the coating. The 
presence of ZnO nanoparticles could increase the interfacial resistance, resulting in a lower Rp value 
than (Epoxy+resole)IPN/ppy@nanoZnO coatings. (Epoxy+resole)IPN/ ppy@nanoFe3O4 coatings 
might have the lowest Rp value due to the lower corrosion inhibition properties of Fe3O4 and the 
possible formation of a passive layer at the coating/electrolyte interface, which could reduce the Rp 
value. Han et al. 2022 postulated that the PPy layer caused the decrease in intensity of three previous 
parts and the increase in the crystal size of nanocomposites. high amount of Fe3O4 nanoparticles in PPy 
may be required for applications like flame retardant coatings (Jouyandeh et al. 2019). Furthermore, 
the addition of Gold to PPY@Fe3O4 nanocomposites improves a highly versatile multifunctional 

Polymeric coating Rp(Ω.cm2) Fmax (Hz) Cdl( µf.cm-2) ꚍ*103 (s) %IE 

Blank 11.15 939.13 1.52069E-05 0.000169557 - 

Epoxy 14.5 232.3 4.72741E-05 0.000685474 23.10344828 

Resole 32.71 7854.6 6.19777E-07 2.02729E-05 65.91256496 

(Epoxy/Resole) IPNs 24655 15709 4.11137E-10 1.01366E-05 99.95477591 

 (Epoxy/Resole) IPNs/ppy 4.56E+04 469.57 7.43775E-09 3.39E-04 1.00E+02 

(Epoxy/Resole)IPNs/ppy@NanoSiO2 1.56E+07 114.3 8.92008E-11 1.39E-03 1.00E+02 

(Epoxy/Resole)IPNs/ppy@NanoZnO 2.87E+05 56.8 9.7664E-09 2.80E-03 1.00E+02 

(Epoxy/Resole)IPNs/ppy@NanoFe3O4 7.92E+04 28.3 7.10559E-08 5.63E-03 1.00E+00 
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leading to great potential in simultaneous multimodal imaging-guided cancer theranostic applications 
(Feng et al. 2015). 

 

 

Figure 7. Nyquist plote, 1 M HCl at 298K 

 

   

 

     

 

 

 

 
 
 

Figure 8. Bode plot, 1 M HCl at 298K 
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Figure 9. relationship of Rp vs Polymers coating 

Conclusion  

In conclusion, this study investigated the synthesis and characterization of self-healing coatings based 
on epoxy/resole interpenetrating polymer networks (IPNs) incorporated with 
ppy@nano(SiO2/ZnO/Fe3O4). The prepared IPNs were extensively characterized using various 
techniques such as FTIR, SEM, TEM, XRD, TGA, and DSC. The coatings were applied on carbon 
steel alloy and their inhibition efficiencies were evaluated using electrochemical impedance 
spectroscopy (EIS) in a corrosive environment. The results showed that the (epoxy/resole) 
IPN/ppy@nanoSiO2 coating exhibited the highest inhibition efficiency of 100%. This study 
demonstrates the potential of these self-healing coatings for corrosion protection in various industries. 
Further optimization of the composition and structure of these coatings can lead to even better 
performance in terms of self-healing ability and corrosion resistance. 
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