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Abstract: This study reports a new strategy for providing ZRC with enhanced cathodic and 

barrier protection mechanisms simultaneously. For this purpose, the graphene oxide (GO) 

nanosheets were modified by highly crystalline and conductive polyaniline (PANI) 

nanofibers in the form of Emeraldine salt (ES) through an in situ polymerization of aniline in 

the presence of GO as an oxidant. The aniline polymerization in the presence of GO and the 

PANI nanofibers deposition on the GO surface were exhibited by Fourier transform infrared 

(FT-IR) spectroscopy and high resolution-transmittance electron microscopy (HR-TEM). In 

addition to these the X-ray diffraction (XRD) patterns confirmed the deposition of highly 

crystalline PANI nanofibers on the GO and between the GO layers. Inclusion of 0.1 wt.% GO 

and GO-PANI nanosheets into the ZRC sample remarkably enhanced its corrosion protection 

performance. Salt spray, open circuit potential (OCP) and electrochemical impedance 

spectroscopy (EIS) measurements revealed that both the cathodic protection properties and 

barrier performance of the ZRC were improved after addition of 0.1 wt.% GO and GO-PANI 

nanossheets to the ZRC sample. The most pronounced improvement in the ZRC properties 

was obtained using GO-PANI. The results obtained from field-emission scanning electron 

microscopy (FE-SEM), energy dispersive spectroscopy and XRD analysis confirmed lower 
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degree of zinc particles oxidation and steel substrate corrosion in the case of ZRC including 

GO-PANI nanosheets compared to other samples. 

Keywords: Highly cystalline and conductive polyaniline/graphene oxide; Epoxy zinc-rich; 

Corrosion protection; FT-IR; HR-TEM; EIS 

 

1. Introduction  

Several coating systems have been used to control or mitigate the corrosion processes that 

take place on the steel surface in exposure with severe environments including organic, 

inorganic, and hybrid protective coatings [1-3]. Among these methods application of organic 

coatings is the most popular and effective strategy to protect the steel structures against 

corrosion [4, 5]. Depending on the chemical formulation and the type and amount of the 

ingredients of the organic coatings they can protect the steel from corrosion through three 

main mechanisms; (a) barrier, (b) sacrificial and (c) inhibiting features [6-11].Organic 

coatings can provide a physical barrier against diffusion of corrosive agents such as H2O, O2 

and ions i.e. Cl- to the steel surface. However, they cannot show protective performance in the 

case of a slight mechanical damage creation on the coating. Zinc-rich coatings, i.e epoxy 

zinc-rich, are another type of organic coatings that can protect the metals against corrosion 

for long exposure times in severe environments, even when there is mechanical damage. 

Addition of high amount of zinc particles to the epoxy resin provides a coating system with 

cathodic protection properties [12-13]. In this case the continuous electrical contact between 

the zinc metal particles and steel substrate provides a galvanic cell, where the steel substrate 

acts as cathode and zinc particles behave as sacrificial anodes. For a common zinc-rich 

coating with proper sacrificial properties the ratio of pigment volume concentration 

(PVC)/critical pigment volume concentration (CPVC) is >1 [12-17]. The dominant protection 

mechanism of zinc rich coating at earlier stages of its service life is cathodic protection but as 
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the time passes the electrical contact between the zinc particles and steel substrate rapidly 

decreases as a result of fast oxidation of zinc particles. The zinc oxide corrosion products 

creation in the coating matrix results in the decrease of coating porosity and decrease in the 

coating sacrificial properties through reducing the amount of electrolyte that reaches the steel 

surface. In this case, at longer exposure times, the coating protection mechanism is a 

combination of barrier and sacrificial properties [16-20]. So the presence of high amount of 

zinc particles in the zinc-rich coating cannot guarantee its cathodic protection for a long time 

in severe environments. Inclusion of high amount of zinc particles increases the coating 

porosity and therefore corrosive agents easily diffuse into the coating, leading to the rapid 

loss of the electrical connection among zinc particles and with the carbon steel surface.  

Attempts have been performed to enhance the cathodic protection duration of zinc-rich 

coating through inclusion of different types of fillers and additives. The effect of addition of 

zinc nanoparticles to the zinc-rich coating on its cathodic protection performance has been 

studied by Schaefer et al. [21]. In a work done by Arianpouya et al. [22] the effect of addition 

of a mixture of nanozinc and nanoclay on the zinc-rich coating protection performance was 

reported. They revealed that inclusion of a small quantity of nanozinc and nanoclay particles 

could remarkably enhance the coating performance through improving both sacrificial and 

barrier properties of the zinc-rich coating, simultaneously. Jagtap et al. [23] reported 

significant improvement of the barrier properties and service life of zinc-rich coating after 

addition of small amounts of zinc oxide particles. In another study Zhang et al. [24] reported 

the beneficial role of addition of the modified silicon-based vehicle and lamellar Zn (Al) 

pigments on the zinc rich coating protective properties. The effect of nano-size alumina 

modified by polypyrrole on the zinc-rich coating corrosion resistance enhancement has been 

reported by Gergely et al. [25]. In our previous studies the effects of addition of lamellar 

aluminum and iron oxide pigments [13] and surface modified aluminium nanoparticles [26] 
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on the corrosion protection performance of the epoxy zinc-rich coating have been evaluated. 

In other studies carbon nanotube [27], polyaniline clay (PAniC) nanocomposites [28], 

nanoclay [29], propargyl alcohol impregnated mesoporous titanium dioxide [30] and zinc 

powders [31] modified with organosilanes were added to the zinc-rich coating to enhance its 

protection performance. In all of these studies the improvement of corrosion protection 

performance of zinc-rich coating has been reported.  

An attractive option for improving the zinc rich coating corrosion performance is inclusion of 

an advanced nanomaterial based on graphene oxide. GO is a single-atom-thick sheet of 

hexagonally arrayed sp2-bonded carbon atoms with many functional groups i.e. hydroxyl, 

carbonyl, carboxyl and epoxy groups [32-36]. These are reactive sites for covalent and/or 

non-covalent functionalization with organic and/or inorganic compounds, leading to the 

improvement of the interfacial interactions between the graphene oxide nanosheets and 

polymers [35-41]. It has been demonstrated in recent studies that inclusion of functionalized 

GO nanosheets into the polymeric coatings remarkably enhances their corrosion protection 

performance. GO sheets are impermeable against water, oxygen and ions diffusion and 

provide a good barrier as a result of theirs high surface area [42-62]. So this nanomaterial 

would be a good candidate for enhancing the protection performance of a zinc-rich coating. 

In addition, covalent functionalization of GO can be done by conducting polymers (CPs) 

which have received a considerable attention in recent years because of their unique 

electrochemical properties. It has been shown that CPs can effectively protect the metals from 

corrosion through passivation mechanism [63-64]. Armelin et al. [65] and Akbarinezhad et 

al. [28] have shown the beneficial role of PANIs on the corrosion protection performance 

improvement of the zinc-rich coating. However to the best of our knowledge there is no 

report on using GO and GO-PANI nanosheets on the corrosion protection performance of 

zinc rich coating.    
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In this study the influence of GO and GO-PANI nanosheets on the corrosion protection 

performance of a zinc rich coating has been studied. First the GO was synthesized using 

expendable graphite powder and then it was converted to graphene oxide by a Modified 

Hummers' method. In the next step, the highly crystalline and conductive PANI nanofibers 

were deposited on the GO surface through an in situ polymerization of aniline in the presence 

of GO as an oxidant. After characterization of GO and GO-PANI by FT-IR, XRD and HR-

TEM analyses, 0.1 wt.% GO and GO-PANI nanosheets were separately incorporated into the 

ZRC. Finally, the corrosion protection performance of the ZRC, GO/ZRC and GO-

PANI/ZRC samples were examined by OCP, EIS and salt spray tests.   

. 

2. Experimental 

2.1. Raw materials 

The zinc dust with average particle size, oil absorption and density of 5 µm, 6.7 g 100 g-

1pigment, 6.95 g cm-3, respectively was prepared from Iran Zinc Powder Co. Graphene oxide 

nanosheets were obtained through a modified Hummer’s method from an expandable 

graphite powder, Kropfmuehl Graphite Co. Germany. The expansion rate and grain size of 

the graphite used were 350-700 cm3/g and 80%>300 µm, respectively. Sulfuric acid (Merck 

98%, pure), zinc nitrate (Merck), sodium nitrite (Merck), potassium permanganate (Merck), 

hydrogen peroxide (Merck) and dimethylformamide (DMF, Merck Co.) were used without 

further purification. The steel panels with dimension of 10 cm ×8 cm ×0.2 cm and chemical 

composition (wt.%) of: 0.05% S, 0.5% Mn, 0.12% C, 0.3% Si, 0.045% P and balanced Fe) 

were prepared from Foolad Mobarakeh Co (Iran). Epon 828 as a solvent free epoxy resin and 

Epikure F205 as a polyamine hardener were purchased from Shell, USA and Kian Co., Iran, 

respectively.  
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2.2. GO and GO-PANI synthesis procedures 

GO nanosheets were synthesized through modified Hummer’s method [66] from expandable 

graphite (EG). In the first step 1 g of EG was added to 120 mL concentrated sulfuric acid and 

stirred for 2 h. In the next step, 6 g of KMnO4 and 1 g of NaNO3 were gradually added to the 

solution and mixed for 72 h. Finally, the mixture was diluted by 600 mL deionized water and 

then 3-5 ml of H2O2 (35%) was added to the mixture for ending the oxidation reaction. The 

graphite oxide obtained was washed and centrifuged for 2 min at 4000 rpm with a mixture of 

1M HCl solution and DI water, and this procedure repeated three times separately. 

GO-PANI was synthesized by a novel approach proposed by Mohamadzadeh Moghadam et 

al. [63]. In this method 1 mL of aniline monomer was added to 10 cc of 1 M HCl solution and 

stirred for 10 min to reach a homogenous solution. Then, 0.2 g of GO was dispersed in DI 

water and added to the previous solution under nitrogen purging. The mixture was stirred at 

room temperature for one week. Finally, the products obtained were centrifuged and washed 

to remove the impurities and unreacted materials. The synthesis procedures are schematically 

presented in Figure 1.  

Figure 1 

2.3. ZRC, GO/ZRC and GO-PANI/ZRC composites preparation and application 

For a common type of zinc rich coating the ratio of pigment volume concentration 

(PVC)/critical pigment volume concentration (CPVC) should be >1 to provide proper 

cathodic protection. So, before inclusion of zinc dust into the epoxy coating the CPVC was 

calculated according to Eq.1.  

CPVC = 1 +
1

1 +
�×	


�.

 

where O and D are the oil absorption and density of the zinc dust, respectively. In this study 

the PVC and PVC/CPVC of the ZRC sample were 59.36 and 1.05, respectively. To prepare 

(1)  
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GO/ZRC and GO-PANI/ZRC samples 10 cc DMF solutions containing 0.1 g GO and GO-

PANI were separately added to the epoxy resin and the mixture was sonicated for two min. 

Then, the zinc dust (PVC=59.36) was added to the epoxy resin and mixed with a mixer at 

1000 rpm. Finally, the polyamine curing agent was mixed with ZRC, GO/ZRC and GO-

PANI/ZRC composites with ratio of 1:2 w/w. The ZRC, GO/ZRC and GO-PANI/ZRC 

samples were applied on the steel sheets that were abraded by sand papers of 600, 800 and 

1200 grades followed by acetone rinsing. The coated samples were kept at room temperature 

for 15 days for completion of curing. The coating thickness after curing was about 70±5 µm.  

 

2.4. Characterization 

2.4.1. GO and GO-PANI characterization 

Fourier Transform Infrared (FT-IR) spectroscopy (Perkin Elmer, USA) was employed to 

investigate the chemical structure of GO and GO-PANI nanosheets. The test was performed 

on KBr pellet within wavenumber range of 400-4000 cm-1. The phase composition of GO and 

GO-PANI nanosheets was examined by XRD analysis (Philips X-ray spectrometer, PW 1800 

type, Netherlands) with Cu-ka filament and X-ray wavelength of 1.5406 Å. The PANI 

nanofibers deposition on the GO sheets was evaluated by a HR-TEM (Tecnai G2 F20S-

TWIN 200KV) technique. The electrical conductivity of PANI and GO-PANI was recorded 

by a lab-made two-point probe apparatus. Disk-shaped samples were prepared by pressing an 

appropriate amount of materials at 4000 psi. The radius of disk and thickness of the disk were 

1 cm and 0.5 mm, respectively. The electrical resistivity was measured for three times for 

each sample. Finally, electrical conductivity was calculated according to the formula [80]: 

� =
1

�
=

�

��
																																																																																																																																	(2) 

in which σ, ρ, l, A, and R are electrical conductivity (S.m-1), electrical resistivity (ohm.m), 

disk thickness (m), and disk surface area (m2) respectively. Differential scanning calorimetry 
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(DSC, TA instrument) was performed from room temperature (25 oC) to 290 °C with a ramp 

of 10 °C/min under nitrogen atmosphere. 

 

2.4.2. Corrosion studies 

The cathodic protection properties of the ZRC, GO/ZRC and GO-PANI/ZRC samples were 

tested through OCP measurements (vs SCE) at different period of times. The corrosion 

protection performance of the samples was studied by salt spray test. This test was performed 

in a salt spray cabin S85 V400 (made by Pars Horm Co.) according to ASTM B117. In this 

test, a 5 wt.% NaCl solution (45 °C) was continually sprayed on the samples with X-cut 

scribes. Electrochemical impedance spectroscopy (Iviuom Compactstat) was employed to 

investigate the corrosion protection performance of the steel sheets coated with ZRC, 

GO/ZRC and GO-PANI/ZRC. This test was carried out on 1 cm2 of each sample in 3.5 wt.% 

NaCl solution through a conventional electrochemical cell including Platinum as counter, 

Ag/AgCl as reference and coated steel panel as working electrodes, respectively. The test was 

done at OCP in the frequency range and amplitude sinusoidal voltage of 10 kHz to 10 mHz 

(peak to zero) and 10 mV, respectively. 

2.4.3. Surface analysis 

The surface morphology of the ZRC, GO/ZRC and GO-PANI/ZRC samples was evaluated 

by FE-SEM model MIRA TESCAN before and after 1000 h exposure to salt spray test. Also, 

the phase composition of these samples was studied by XRD analysis (Philips X-ray 

spectrometer, PW 1800 type, Netherlands) after 1000 h salt spray exposure. The EDS spectra 

were obtained from the surface of various samples before and after 30 days immersion in 3.5 

wt.% NaCl solution. Pull-off test was performed on the ZRC, GO/ZRC and GO-PANI/ZRC 

samples after 200 h salt spray test to investigate the coatings adhesion properties. The test 

was done by a Posi test pull-off adhesion tester (DEFELSKO).  
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3. Results and discussion  

3.1. GO and GO-PANI characterization 

The chemical structures of GO and GO-PANI nanosheets were characterized by FT-IR 

analysis. According to Figure 2a there are characteristic peaks of GO at 1725 and 1415 cm-1 

which correspond to the stretching of C=O and C-O bonds of COOH groups [67], 

respectively. The stretching of C-O bond related to the epoxide groups, the stretching of 

aromatic C=C, the intensive and broad peak O-H of carboxylic groups and the absorption of 

C-H stretching can be seen at 1260, 1625, 3435 and 2950 cm-1, respectively. These all 

conform that the GO was successfully synthesized and the epoxy, hydroxyl and carboxylic 

groups are present on the GO nanosheets that are in accordance with the results reported in 

the literature. According to the FT-IR spectrum of GO-PANI the characteristic peaks of both 

PANI and GO can be observed. The main characteristic peaks related to PANI structure can 

be seen at 1559, 1480 and 1300 cm-1 which correspond to the C=C stretching of benzenoid 

ring, C=N stretching of quinoid ring and C-N stretching, respectively [68-73]. The bands 

appeared in the wavenumber range of 650 to 850 cm-1 are attributed to the bending 

deformation C-H out of plane and the band at 484, 521, and 600 cm-1 are corresponded to the 

aromatic ring deformation. These observations confirm successful polymerization of aniline 

on the GO sheets. The mechanism of aniline polymerization on the GO sheets is 

schematically presented in Figure 1. It has been reported that the epoxide groups present on 

the GO surface are responsible for the oxidation of aniline. The aniline polymerization into 

PANI can take place at different steps as presented in Figure 1.  

XRD patterns of the GO and GO-PANI are shown in Figure 2b. According to this figure an 

intensive characteristic diffraction peak (001) corresponding to an interlayer distance of 

d=10.22 Â can be seen at 2Ө=10.1°. This amount of interlayer distance resulted by the 

presence of oxygen containing groups i.e. hydroxyl, carboxylic and epoxy on the GO sheets. 
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The presence of broad peaks in PANI implies the existence of both amorphous and crystalline 

region [79]. On the other hand, XRD pattern of GO-PANI showed very sharp peak in 

comparison with PANI. This can be interpreted to highly ordered PANI’s chains synthesized 

on the GO sheets [67]. 

Figure 2 

DSC curves of both PANI and GO-PANI are depicted in Figure 3. Two distinct peaks can be 

distinguished for both samples. The first one (centered at 80-90 oC) is correlated to the water 

evaporation. The second one (centered at 210-240 oC) are correspondent to dopant loss and/or 

GO reduction (in the case of GO-PANI) [77, 78]. It should be noted that due to rigid 

chemical structure of PANI, it was not possible to detect its melting point before degradation.   

Figure 3 

The electrical conductivity of PANI was 70±10 S.m-1 which is in accordance with previous 

reports [67, 76]. On the other hand, the electrical conductivity of GO-PANI was 530±40 S.m-

1. The possible mechanism for different electrical conductivity could be explained as the 

creation of common conductive pathway between GO (or rGO) and PANI which interplay as 

a bridge between two components [67]. Electrical conductivity of PANI is strongly 

dependent on its crystallinity [79]. In fact, ordered structure in PANI which results from 

doping process in Emeraldine oxidation state is responsible for charge transfer inside PANI’s 

chains. Showing at least 7 fold higher electrical conductivity in GO-PANI sample suggests 

PANI’s chains are highly ordered on the GO sheets [67]. These results are in high 

consistency with XRD measurements which exhibit highly crystalline structure (very sharp 

peaks) for PANI in GO-PANI sample. 
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3.2. GO and GO-PANI/ZRC properties characterization 

3.2.1. OCP measurements  

The cathodic protection behaviors of the ZRC, GO/ZRC and GO-PANI/ZRC samples can be 

compared through OCP measurements. The OCP values of these samples are shown in Fig.3 

as a function of immersion time. From Figure 4 it can be seen that the OCP values of the 

ZRC, GO/ZRC and GO-PANI/ZRC samples are below the OCP of iron (<-0.58 V (vs SCE)), 

indicating the effective cathodic protection capability of all coatings at the initial stage of 

immersion. Comparing the OCP values of different samples it can be seen that inclusion of 

GO and GO-PANI nanosheets into the ZRC resulted in the shift of OCP to less negative 

values, indicating the decrease of cathodic protection intensity at the first days of immersion. 

This is attributed to the effective barrier role of the nanosheets, decreasing the coating 

porosity and electrolyte diffusion rate. As the time progresses the OCP of the ZRC increases 

but the OCP of the GO/ZRC and GO-PANI/ZRC samples decreases. The increase of OCP of 

ZRC is attributed to the fast oxidation process of zinc particles, leading to zinc oxide 

corrosion products creation in the coating porosity, decreasing the zinc particles electrical 

contact and increasing the coating barrier performance. However, addition of GO and GO-

PANI to the ZRC reduces the electrolyte diffusion rate and therefore zinc particles activation 

takes place at longer immersion times. The decrease in OCP is most pronounced for the GO-

PANI/ZRC samples. This means that not only the barrier performance of the ZRC but also 

the electrical contact between the zinc particles and steel substrate can be remarkably 

improved after addition of GO-PANI, resulting in the increase of cathodic protection 

intensity of ZRC at long period of immersion. The conductive PANI nanofibers deposition on 

the GO surface provides proper barrier action and improves the electrical contact between the 

zinc particles. So the effective cathodic protection can be obtained for longer duration as a 

result of barrier role of GO sheets and conductive nature of PANI. The GO-PANI reduces the 
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electrolyte diffusion rate and in this way lower oxidation of zinc particles takes place during 

the exposure time. Moreover, the barrier properties improvements do not result in the coating 

sacrificial properties. These all show better cathodic protection properties of the GO-

PANI/ZRC samples than GO-ZRC and ZRC samples. After about 55 days immersion the 

OCP of the ZRC became more positive than the OCP of iron, indicating no cathodic 

protection capability of this coating at long immersion time. However, the GO-ZRC and GO-

PANI/ZRC samples show cathodic protection performance even at long immersion times. 

Compared to the GO/ZRC sample the GO-PANI/ZRC sample shows lower OCP (more 

negative) at long immersion time, indicating effective cathodic protection performance of this 

sample. Compared to the previous reports it can be seen that addition of barrier GO-PANI 

nanosheets to the ZRC could provide effective cathodic protection performance at long 

immersion times. After 50 days immersion the OCP of GO-PANI/ZRC sample shifted to less 

negative values. This can be attributed to both the zinc particle electrical contact loss as a 

result of zinc oxide creation and due to the redox properties of PANI-ES, catalyzing the 

formation of stable oxide layer (mainly based on Fe3O4) [74] on the steel surface. 

Figure 4 

3.2.2. Salt spray test results  

The cathodic protection duration of the ZRC samples, before and after inclusion of 0.1 wt.% 

GO and GO-PANI nanosheets, was studied and compared by salt spray test. The test was 

performed on the samples with X-scribes at different exposure times of 500, 1000 and 2000 h 

(Figure 5). According to Figure 5 white rust, composed of zinc oxide/hydroxide, covered the 

whole surface and filled the scribed areas of the ZRC samples after 500 h exposure time. 

There is no red corrosion rust in the scribed areas of the ZRC samples with GO and GO-

PANI. However, the red rust slightly speared in the scribed areas on the ZRC sample without 

nanosheets. By increasing the exposure time up to 1000 and 2000 h red corrosion products 
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appeared in large amount at scribed regions, exhibiting poor cathodic protection performance 

of this coating at long exposure times.  For the GO containing sample the first sing of red 

corrosion rust creation was observed at 1000 h and it became more visible after 2000 h 

exposure. However, compared to the ZRC coating it is clear that inclusion of GO nanosheets 

could remarkably enhance the sacrificial properties of the coating. It can be seen from the 

results that the red corrosion products were not observed on the ZRC sample filled with GO-

PANI nanosheets at all exposure times, revealing the effective role of GO-PANI nanosheets 

on the ZRC cathodic protection properties enhancement. These observations reveal that 

inclusion of GO-PANI nanosheets into the ZRC could increase the sacrificial duration of the 

coating.  

The adhesion strength of different samples was measured by pull-off test after 2000 h salt 

spray exposure. As can be seen from Figure 5 the lowest adhesion strength was obtained for 

the ZRC sample. It is clear from the results that inclusion of GO and GO-PANI nanosheets 

resulted in the increase of adhesion strength. The highest adhesion strength values were 

obtained for the GO-PANI/ZRC sample. The coating detachment mechanism for all three 

samples was in the form of cohesive failure, depicting the poor coherency of the system as a 

result of the high zinc particles loading and zinc oxide corrosion products creation. It seems 

that salt spray test had more negative effect on the ZRC sample cohesion than GO and GO-

PANI containing samples. This is due to the higher amount of zinc oxide creation in the 

coating and at the coating/steel interface, deteriorating the coating integrity and coherency.   

Figure 5 

3.2.3. SEM, EDS and XRD analyses 

The surface morphology of ZRC, GO/ZRC and GO-PANI/ZRC samples before and after 500 

and 1000 h salt spray test was studies by SEM analysis (Figure 6). The SEM micrographs of 

ZRC, GO/ZRC and GO-PANI/ZRC samples before salt spray test obviously show that the 
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spherical zinc particles are in contact with each other and the coatings are porous. After 

addition of GO, the GO sheets are located between the zinc particles and reduced the coating 

porosity. It can be seen that the ZRC, GO/ZRC and GO-PANI/ZRC samples surface 

morphology significantly changed after exposure to salt spray test condition. The spherical 

zinc particles oxidation resulted in zinc oxide corrosion products formation on the coating 

surface, resulting in the decrease of the coating porosity. The ZRC samples exposed to salt 

spray test for 1000 h show a dense and compacted morphology, indicating significant 

oxidation rate of zinc particles that adversely influenced its cathodic protection performance. 

For the GO containing sample the coating porosity was not increased as high as ZRC sample 

and the amount of corrosion products created were not the same as that of ZRC. After 

addition of GO-PANI nanosheets, the zinc particles oxidation noticeably decreased. The 

coating porosity did not significant change and the zinc particles had spherical morphology 

even after 1000 h salt spray test. Also, the form of oxidation of zinc particles is totally 

different from that of ZRC and GO-ZRC samples. XRD analysis was conducted to detect the 

phase composition of the ZRC, GO/ZRC and GO-PANI/ZRC samples after 1000 h salt spray 

test. The diffraction patterns of these samples are shown in Figure 7. Results show that 

Zn(OH)2, ZnO, FeOOH and Fe2O3 are the main phases present in the XRD patterns of all 

samples. Compared to the ZRC sample the intensities of the diffraction peaks related to ZnO 

and Zn(OH)2phases significantly decreased after addition of GO and GO-PANI nanosheets. 

In addition, the intensity of the peaks related to the FeOOH and Fe2O3 phases decreased after 

addition of GO-PANI, indicating good cathodic protection of this system, preventing the steel 

substrate from corrosion. The XRD results depict that inclusion of GO-PANI could 

noticeably reduce the oxidation rate of zinc particles and prevent the steel substrate from 

corrosion. Lower amount of zinc and iron oxides was detected by XRD analysis for the GO-

PANI containing ZRC sample compared to the neat ZRC sample. These results are in 
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complete agreement with the previous experiments. To evaluate the surface composition of 

the ZRC, GO/ZRC and GO-PANI/ZRC samples the EDS spectra were obtained from the 

surface of these samples before and after 30 days immersion in 3.5 wt.% NaCl solution. From 

the results (Figure 8 and Table 1) O, Zn, C, N and Fe are the main elements detected on the 

surface of samples. The lowest oxidation of zinc particles in the GO-PANI/ZRC sample than 

others can be understood from the lower O and higher Zn contents on this sample compared 

to others. It can be seen from the results that the O content of the ZRC samples significantly 

increased after immersion in chloride solution, indicating zinc oxide/hydroxide creation [75]. 

In addition, no Fe was detected on the surface of this sample, indicating that addition of GO-

PANI nanosheets could successfully enhance the cathodic protection properties of ZRC and 

protect the steel substrate from corrosion. 

Figure 6 

Figure 7 

Figure 8 

Table 1 

As depicted in Figure 9 the HR-TEM image clearly demonstrate the PANI nanofibers 

deposition on the GO sheets. The FE-SEM micrographs also confirm the GO nanosheets 

dispersion in the ZRC matrix. It can be seen from the FE-SEM micrographs that the GO 

sheets properly dispersed in the coating matrix and reduced the coating porosity.  As it is 

schematically shown in this figure the PANI-GO sheets can remarkably reduce the coating 

porosity due to the high specific surface area of the GO sheets, leading to the coating barrier 

properties enhancement. In addition, the PANI nanofibers can increase the zinc particles 

electrical contact, leading to the coating cathodic protection properties improvement. As 

shown in Figure 10 the spongy morphology of zinc particles confirms the role of PANI 

nanofibers on enhancing the coating cathodic protection behavior. The PANI nanofibers 



  

16 

 

connect the zinc particles to each other even when the zinc oxides fill the coating porosity at 

long exposure times. The regions of the zinc surface connected to PANI can be oxidized 

faster than other parts due to better electron transfer, leading to a spongy surface morphology.  

Figure 9 

Figure 10 

3.2.3. EIS analysis 

The corrosion protection performance of the steel panels coated with ZRC GO/ZRC and GO-

PANI/ZRC was examined by EIS analysis after 10, 30 and 50 days immersion in 3.5 wt.% 

NaCl solution (Figure 11 and 12). Impedance at low frequency (|Z|10 mHz) and phase angle at 

high frequency (Ө10 kHz) values were obtained from Bode diagrams (Figure 13). It can be 

seen from Figures 11, 12 and 13 that the |Z|10 mHz for the ZRC sample is near 10 kohm cm2 

after 10 days immersion but the|Z|10mHz increased dramatically after 30 and 50 days 

immersion. The ZRC has porous structure that is conductive pathways for corrosive agents. 

The zinc particles are electrically in contact with each other and steel substrate, providing an 

electron pathway from the surface of ZRC to the steel substrate. Very low |Z|10 mHz value of 

the ZRC during the early stages of immersion depicts that the ZRC could provide effective 

cathodic protection through sacrificial role of the zinc particles. However, the |Z|10 mHz 

remarkably increased after 30 days immersion, exhibiting significant reduction of the 

cathodic protection behavior of the ZRC. As the immersion time progresses the zinc particles 

convert to zinc oxide/hydroxide, leading to the particles electrical contacts reduction. As a 

result, the coating cathodic protection capability decreases and its barrier role increases. The 

increase of barrier action is mainly due to the decrease of the coating porosity which resulted 

by the zinc oxide creation between the zinc particles. From Figure 13a it can be seen that 

addition of GO to the ZRC sample resulted in the greater |Z|10 mHz value than ZRC sample 

after 10 days immersion. It is known that a monolayer graphene sheet is impermeable to all 



  

17 

 

gases and water molecules. So due to the high surface area of the GO nanosheets they 

provide excellent barrier properties against oxygen and water diffusion. Incorporation of GO 

nanosheets into the ZRC enhanced its barrier properties through filling the porosities. This 

can be seen from the higher|Z|10 mHz values of the GO-ZRC sample than ZRC after 10days 

immersion. Unlike ZRC the |Z|10 mHzof the GO-ZRC sample did not significantly change 

after 30 and 50 days immersion. This means that addition of GO nanosheets to ZRC 

enhanced the cathodic protection duration and reduced the zinc particles oxidation rate 

through decreasing the porosity index and electrolyte diffusion rate. However, the GO sheets 

could partially reduce the electrical connection of zinc-zinc particles and zinc particles-steel 

substrate. So this is resulted in slight decrease of sacrificial behavior of the coating. To 

overcome this problem, GO-PANI was added to ZRC. The PANI nanofibers deposited on the 

GO sheets are mostly in the form of Emeraldine salt (PANI-ES) which shows conductive 

properties [63]. The PANI-ES can be easily converted to the Emeraldine base (PANI-EB) 

through capturing the electrons released as a result of the zinc particles oxidation 

(Zn→Zn2++2e). In the presence of Cl-ions present in the corrosive electrolyte the PANI-EB 

can be again converted to the PANI-ES, completing the autocatalytic cycle. These can result 

in the stabilization of Fe in the passive region and zinc in its active form [63]. As depicted in 

Figure 13, the |Z|10 mHz of the ZRC drastically decreased after addition of GO-PANI 

compared to the ZRC and GO-ZRC samples. However, the increase of|Z|10 mHz can be seen 

after 30 and 50 days immersion. The significant decrease in |Z|10 mHz of the GO-PANI/ZRC 

sample is related to the conducting role of PANI fibers deposited on the GO sheets. The GO-

PANI sheets provide barrier against water and oxygen but enhances the electrical connection 

of the zinc particles. So the PANI fibers deposited on the GO sheets connect the zinc particles 

and in this way provide new electrical conduction pathways in the ZRC. As a result, the 

sacrificial behavior of the ZRC can be noticeably improved. As the time progresses the zinc 
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particles oxidation results in the increase of the coating barrier properties enhancement. After 

30 days immersion, the barrier role of the GO-PANI particles is dominant but the sacrificial 

behavior of the ZRC is still high due to the PANI role of enhancing the zinc particles 

electrical connection even when there are zinc oxide products in the coating structure. These 

observations are in accordance with the salt spray and SEM results. The barrier role of GO 

and conductive behavior of PANI result in the creation of ZRC system with higher cathodic 

protection duration. 

Figure 11 

Figure 12 

Figure 13 

4. Conclusions 

A highly cystalline and conductive GO-PANI composite was synthesized and characterized. 

The effect of GO and GO-PANI on the corrosion protection performance and mechanism of 

ZRC was compared. The main results obtained are listed below: 

• FT-IR, XRD and HR-TEM analyses confirmed that the highly crystalline and 

conductive polyaniline (PANI) nanofibers synthesized on the GO surface through an 

in situ polymerization of aniline in the presence of GO as an oxidant. The PANI 

deposited on the GO surface in this method is mostly attached in the chemical form 

rather than physical form, leading to lower negative effects on the ZRC coating 

mechanical and adhesion properties. 

• OCP, SEM and salt spray test results depicted the enhanced barrier properties and 

cathodic protection duration of the ZRC after addition of GO and GO-PANI 

nanosheets. It was shown that inclusion of GO into the ZRC could improve the ZRC 

performance only through enhancing its barrier properties without disturbing the zinc 

particles electrical contact. On the other hand, the GO-PANI provided additional 
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effect and remarkably improved the electrical contact of zinc particles and steel 

substrate, leading to longer protection service life. 

• EIS results showed proper cathodic protection properties of the ZRC samples loaded 

with GO-PANI at early stage and after long exposure times. Compared to the 

conventional nanoparticles the GO-PANI behaved as a good corrosion protection 

modifier of GO. PANI also could reduce the zinc particles oxidation without 

disturbing theirs electrical contact. 
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Figure captions: 

Figure 1- Schematic representation of GO and GO-PANI synthesis procedure  

Figure 2- (a) FT-IR spectra and (b) XRD patterns of the GO and GO-PANI samples  

Figure 3- DSC thermograms of the PANI and GO-PANI samples 

Figure 4- OCP vs SCE for the ZRC, GO/ZRC and GO-PANI/ZRC samples after diffeftrrt 

immersion times. 

Figure 5- Visual observations of the ZRC, GO/ZRC and GO-PANI/ZRC samples after 500, 

1000 and 2000 h exposure to salt spray test condition, pull-off test results after 2000 h salt 

spray test 

Figure 6- FE-SEM micrographs of the ZRC, GO/ZRC and GO-PANI/ZRC samples after 0, 

500 and 1000 h exposure to salt spray test condition 

Figure 7- XRD patterns of the ZRC, GO/ZRC and GO-PANI/ZRC samples after 1000 h 

exposure to salt spray test 

Figure 8- EDS spectra of the ZRC, GO/ZRC and GO-PANI/ZRC samples after 30 days 

immersion in 3.5 wt.% NaCl solution 

Figure 9- (a) High magnification FE-SEM micrographs of the GO-PANI/ZRC sample; (b) 

HR-TEM micrograph of GO-PANI, (c) schematic representation of the effect of GO-PANI 

on the ZRC performance 

Figure 10- High magnification FE-SEM micrographs of the GO-PANI/ZRC sample after 

1000 h salt spray test; schematic representation of the effect of GO-PANI on the zinc 

particles oxidation mechanism 

Figure 11- Nyquist and Bode diagrams of the ZRC sample after 10, 10 and 50 days 

immersion in 3.5 wt.% NaCl solution 

Figure 12- Nyquist and Bode diagrams of the (a1 and a2) GO-ZRC, and (b1 and b2) GO-

PANI/ZRC samples after 10, 30 and 50 days immersion in 3.5 wt.% NaCl solution 
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Figure 13. (a) The values of impedance at 10 mHz and (b) phase angle at 10 kHz obtained 

from Bode diagrams after 10, 30 and 50 days immersion in 3.5 wt.% NaCl solution 
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Figure 3- DSC thermograms of the PANI and GO-PANI samples 
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Figure 4- OCP vs SCE for the ZRC, GO/ZRC and GO-PANI/ZRC samples after diffeftrrt 
immersion times. 
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Figure 5- Visual observations of the ZRC, GO/ZRC and GO-PANI/ZRC samples after 500, 
1000 and 2000 h exposure to salt spray test condition, pull-off test results after 2000 h salt 

spray test 
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Figure 6- FE-SEM micrographs of the ZRC, GO/ZRC and GO-PANI/ZRC samples after 0, 500 and 1000 h exposure to salt 
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Figure 7- XRD patterns of the ZRC, GO/ZRC and GO-PANI/ZRC samples after 1000 h 
exposure to salt spray test 
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Figure 9- (a) High magnification FE-SEM micrographs of the GO-PANI/ZRC sample; (b) HR-TEM micrograph of GO
effect of GO-PANI on the ZRC performance 
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Figure 8- EDS spectra of the ZRC, GO/ZRC and GO-PANI/ZRC samples after 30 days immersion in 3.5 wt.% NaCl solution

GO-PANI/ZRC 
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Figure 11- Nyquist and Bode diagrams of the ZRC sample after 10, 10 and 50 days 
immersion in 3.5 wt.% NaCl solution 
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Figure 10- High magnification FE-SEM micrographs of the GO-PANI/ZRC sample after 1000 h salt spray test; schematic representation of the effect of 

GO-PANI on the zinc  
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Figure 13. (a) The values of impedance at 10 mHz and (b) phase angle at 10 kHz obtained from Bode diagrams after 10, 30 and 50 days

 immersion in 3.5 wt.% NaCl solution 
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Table 1: EDS results before and after 30 days immersion of ZRC, GO/ZRC and GO-
PANI/ZRC samples in 3.5 wt.% NaCl solution 

 

  

  

Sample ZRC   GO/ZRC  GO-PANI/ZRC 
  Before After    Before After   Before After 

Zn 45.2 38.2  47.5 32.8  48.2 43.3 
O 16.3 25.9  15.7 20.3  16.4 18.1 
C 32.2 30.9  31.4 33.2  28.3 31.7 
N 6.3 2.4  5.4 13.0  7.1 6.9 
Fe 0 2.6  0 0.7  0 0 
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• Modification of GO by polyaniline nanofibers enhanced its electrical conductivity  
• Barrier properties of zinc rich paint remarkably increased after addition of GO-PANI  
• GO-PANI enhanced the electrical contact between zinc particles and steel substrate 
• The zinc rich sacrificial behavior noticeably enhanced after addition of GO-PANI  

 

 

 


