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Abstract 

The corrosion protection efficiency of steel painted with waterborne acrylic coatings 

loaded with diverse concentration of cerium oxide nanoparticles are presented in this 

paper. The investigation was carried out by means of Electrochemical Impedance 

Spectroscopy (EIS) and the salt spray test. EIS has been conducted at two 

experimental conditions: the intact coating condition as well as in presence a purposely 

created macroscopic defect. EIS observations from the intact coatings evidenced the 

higher protection for the paint systems containing the ceria nanoparticles compared to 

that without the nanoceria, e.g. higher magnitudes for the charge transfer resistance 

after certain period of exposure to sodium chloride solution. In addition to that, from the 

evolution of the double layer capacitance on the defected coatings condition, reduced 

delamination rates were perceived for those containing 0.5 and 1.0 wt. % of nanoceria. 

Similarly, after exposure to the salt spray test a reduced delaminated area was 

suggested for 0.5, 1.0 and 2.0 wt. % compared to that without nanoceria. Generally, a 

beneficial contribution of nanoceria into an acrylic waterborne paint system on the 

corrosive protection of steel was found and the optimal concentration of nanoceria 

associated to higher corrosion protection was verified for the paint system containing 

1.0 wt. %.  

-- 
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1. Introduction 

Carbon steel is extensively used in many fields of applications. It is relatively 

inexpensive and a wide range of mechanical properties can be obtained by simply 

alloying elements or thermal treatments. On the other hand, corrosion protection is 

required since carbon steels have low corrosion resistance [1].  

Among all existing technologies to prolong the lifetime of steel, the use of organic 

coatings is a cost effective method. Corrosion protection provided by solventborne 

organic coatings is well-known and have been widely used in several fields of 

application, however environmental issues, mainly the emission of volatile organic 

compounds (VOC’s) to the atmosphere, are attributed to the use of solventborne 

organic coatings. Besides, the use of inhibiting compounds, such as hexavalent 

chromium (Cr6+), is recognized to provide sufficient corrosion protection for steel, 

nevertheless Cr6+ compounds are considered to have hazardous consequences for the 

environment and human health [2].  

In order to overcome the above scenario, European environmental protection directives 

have limited the use of solvent based organic coatings [3] and restricted the use of Cr6+ 

[4]. Consequently, corrosion science and industry have been boosted towards the 

development of more environmentally friendly and viable alternatives for replacing Cr6+ 

as well as reduce the use of solvent based organic coatings.   

On the lookout of alternatives to reduce the emissions of VOC’s, waterborne coatings 

emerged as environmentally friendly candidate to replace the traditional solvent-based 

coatings [5]. In the beginning, the main drawbacks attributed to waterborne coatings 

were intrinsically associated to the use of water as a dispersive medium for the coating 

formulation, for instance the flash rusting concern. As well, waterborne coatings were 

presumed to have lower chemical resistances and consequently shorter service life 

compared to solventborne [6]. However, latest progresses made on the chemistry of 

waterborne coatings, e.g. development of water compatible functionalized groups for 

enhanced chemical resistance [7], along with a better comprehension on the film 

formation mechanisms [8] have yielded them comparable to solventborne coatings. In 
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addition, waterborne coatings have gained attention due to their economic viability 

[9,10].   

Simultaneously to the development of waterborne coatings and seeking alternatives to 

replace the hazardous compounds, nanoscale cerium oxide appears as a possible 

candidate. CeO2 denotes the stable stoichiometric form of bulk cerium oxide and it 

shows all of the cerium in the Ce(IV) state. However, the CeO2 particles when reduced 

into nanoscale (nanoceria) show physical and chemical properties which differ from the 

bulk form [11]. Nanoceria is currently used in many industrial applications, such as 

catalysts, semiconductor polishing agents and full additives [12,13]. Likewise,  they 

have been studied for many other applications such as biomedical application [14] and 

UV absorbers [15,16]. 

Similarly, corrosion science has recently increased attention in the application of 

nanoceria for corrosion protection of steel. Recalling previous studies on the use of 

cerium oxide nanoparticles and the corrosion of mild steel, eventual inhibition effects 

have been perceived. EIS observations suggested an electrochemical response of a 

blocking electrode of steel immersed into the chloride solutions containing nanoceria 

[17]. Succeeding, the presence of 1.0 wt. % of nanoceria into a solventborne alkyd 

coating improved anticorrosive protection properties of the steel substrate. The 

effectiveness of the particles on the inside of the coatings has been perceived from the 

evolution of the impedance at low frequency range and in the charge transfer resistance 

[18]. Particularly in reference [18], the efficiency of nanoceria on the corrosion protection 

was verified in a single layer organic coating with thickness 10 µm containing the 

nanoparticles however, due to the relatively low thickness, the coatings underwent to a 

quick degradation rate. 

With the purpose to overcome this condition and go deeper into this subject, the effect 

of the nanoceria has been assessed into a more genuine waterborne organic coating 

paint system. This study includes an optimization of the concentration of nanoceria in 

the primer’s layer of a two layer paint system for the corrosion protection of mild steel. 

For that, nanoceria produced via homogeneous precipitation method were incorporated 

at diverse concentration levels into the primer of a two layer paint system and coated 
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onto low carbon steel. Prior to the incorporation into the coatings, the physical 

properties of the nanoceria were studied by means of powder X-ray diffraction, UV-Vis 

spectroscopy and completed with high resolution TEM. Once incorporated into the 

coatings, the protective properties of the paint systems have been studied by means of 

EIS and salt spray test. For that, two different test conditions were used to conduct the 

investigation: the intact and scratched conditions.  

2. Experimental 

2.1. Synthesis of nanoceria 

The nanoceria particles were synthesized via precipitation of CeCl36H2O with NH4OH in 

presence of citric acid. All the chemicals were purchased from Sigma Aldrich and used 

as received. An aqueous solution of 0.5 M CeCl3 and 0.5 M citric acid was prepared 

under mechanical stirring. Cerium chloride was selected as the Ce+3 ions precursor 

whereas citric acid acted as steric stabilizer of the nanoparticles in order to obtain a 

stable colloidal dispersion. Next, a 24.5% aqueous NH4OH was slowly added into the 

cerium ions containing solution until pH was stabilized between 9-10. Ammonia acted 

as precipitating ligand, it promoted reaction and precipitation of cerium hydroxide 

species due to its low solubility in the alkaline medium [19]. Later, nucleation and growth 

of CeO2 from the hydroxide species was favored in the alkaline environment in 

presence of oxygen [20]. The mixture was heated to 90 oC and held at this temperature 

for 24 h and then was cooled to room temperature (~ 23 °C). The resulting CeO2 

dispersion was precipitated by adding excess ethanol, which enabled separation by 

centrifugation. The yellow “cake” of particular CeO2 was rinsed three times with 

demineralized water and ethanol in order to remove chloride ions. Finally, it was re-

dispersed in pure water with a loading of 10 wt. % and pH of water solution containing 

nanoceria adjusted to approximately 8 with NH4OH. The water based dispersion was 

stable for several months.  
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2.2. Waterborne acrylic paint  

Following the process of synthesis, the nanoceria were incorporated into a waterborne 

coating at diverse levels of concentration: 0.5, 1.0, 2.0 and 3.0 wt. %. A clear 

waterborne acrylic binder was used. The polymer resin was supplied by Arkema 

Coating Resins (Verneuil en Halatte, France) and Table 1 reports the main properties of 

the binder. The values reported in Table 1 were provided by the manufacturer. The 

dispersion of the nanoparticles into the binder and their homogenization were done via 

mechanical stirring. Following, the painted steel samples were prepared and mild steel 

panels from Q-Panel (75 x 150 mm) with arithmetic roughness of 0.15 μm were used as 

substrate. Prior to the coatings applications, the surface of steel was degreased with 

ultra-sonication in presence of acetone. No further surface adhesion treatment was 

implemented before the application of the coatings.  

The waterborne acrylic binder containing the nanoceria was the first layer over the steel 

panels and from now on it would be mentioned as the primer layer. On top of the 

primary layer, the same waterborne acrylic binder containing 3.0 wt. % of bentonite 

(Laviothix P100 from Laviosa Chimica Mineraria S.p.A. – Italy) was applied. The 

thicknesses of each were found near 10 and 25 µm for the primer and the top layer, 

respectively. Figure 1 schematizes the two layer paint system. The addition of the top 

layer containing the bentonite intended to enhance the physical barrier property of the 

paint system. In this way, while testing, the ingress of water throughout the primer layer 

was sufficiently lowered and the concentration of nanoceria was ensured to be the 

parameter of investigation. 

The coatings applications were done with a Bar Coater. Table 2 summarizes the main 

characteristics of the studied paint systems. Before testing, the coating thicknesses for 

the all the panels were controlled with Phynix equipment, model Surfix FN according to 

the standard ASTM D1186-93 [23].  
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2.3. Characterization 

Characterization of the as-prepared CeO2 nanoparticles was done via powder X-ray 

diffraction collected with 2°/min and 2θ=20-80 degrees, step in 2 theta 0.01 degree in 

Bragg-Brentano geometry (Rigaku SmartLab, Cu-Kα1 radiation). Transmission Electron 

Microscopy, (FEI Talos F220A) operated at 200 kV. Samples were dispersed and ultra-

sonicated in absolute ethanol and deposited on a holey carbon copper grid. UV-VIS 

Spectroscopy was recorded in the range of 200-700 nm with optical diffuse reflectance 

measurements performed at room temperature (~ 23 °C) with BaSO4 as the reference 

sample (Shimazu UV-3101 PC).  

The protective properties of the paint systems were studied by Electrochemical 

Impedance Spectroscopy (EIS). The single-sine EIS measurements were obtained at 

the open circuit potential (OCP) using a potentiostat and frequency response analyzer 

(FRA) equipment (Autolab Metrohm PGstat 302N). The measurements were carried out 

with the classical three electrodes arrangement; a reference electrode with internal 

solution Ag|AgCl| (+0.205 V vs SHE) and a platinum wire as counter electrode. The 

frequency was scanned from 105 to 10-2 Hz and the testing area, i.e. coating area in 

contact with the electrolyte was 10 cm2. All the measurements have been conducted at 

room temperature. Both, a waiting time of 5 minutes alongside a potential stabilization 

of dE/dt lower than 1 mV/s were respected before the acquisition of the spectra. EIS 

investigation has been conducted at two different experimental conditions; intact 

coatings as well as in presence of an intentional macroscopic defect 1.0 cm long, as 

shown in Table 3. The quantitative analysis, i.e., spectra’s fitting using an equivalent 

electrical circuit was made using the software ZSimpWin 3.22.  

The salt spray test was conducted in presence of an intentional defect. Exclusively for 

this test, the length of the intentional defect was equal to 2 cm. The coated panels were 

inserted into the chamber according to the standard ASTM B117 [24]. All the EIS and 

salt spray outcomes presented and discussed below are representative of duplicated 

measurements. No significant variations were observed and the repeatability has been 

considered reliable.  
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3. Results and Discussion 

3.1. Nanoceria  

The optical responses of the ceria nanoparticles analyzed by UV-Vis spectroscopy are 

shown in Figure 2. It can be seen a strong absorption peak bellow 300 nm in 

correspondence to the band gap energy (Eg) of ca. 3.70 eV, as displayed in the picture 

inserted in Figure 2. The Eg of the synthesized CeO2 samples has been estimated 

according the modified Kubelka–Munk method as demonstrated in Eq. 1, where h is the 

Planck’s constant, v is the light frequency, B is a constant, F(R) = (1-R2)/2R, R is the 

reflectance. [23]. 

[F(R) x hv]n = B(hv-Eg)                                              Eq.1 

The expected absorption peak of the bulk CeO2 is near to 410 nm in correspondence to 

the band gap energy near 3.02 eV [26]. Compared to bulk CeO2 the absorption peak 

was shifted towards shorter wavelength in correspondence to higher Eg for the as-

prepared nanoceria. These are due to quantum-size confinement effect, i.e. more 

energy will be needed to be absorbed by the band gap of the material. Thus, these 

observations are indicative on the nanoscale of the particles [15]. 

The XRD patterns of the as-prepared nanoceria are shown in Figure 3. The obtained 

powder diffractogram revealed diffraction peaks corresponding to the (111), (200), (220) 

and (311) reflections. The peaks can be indexed as cubic fluorite phase of according to 

the Joint Committee on Powder Diffraction Standards (JCPDS) card number: 00-034-

0394. The CeO2 crystallite size was estimated by application of Scherrer equation (Eq. 

2) was found near 2-3 nm:  

DXRD = 0.94λ/B cos θ                                           Eq.2 

Where λ is the wavelength of x-rays, B is the full width at half maximum (FWHM) of the 

CeO2 (111) peak and θ the peak position (θ ∼ 14.28). Likewise, by means of high 

resolution TEM the nanoscale of CeO2 particles was demonstrated. Fig. 4 shows the 

particle size for a single crystal near 2-3 nm. 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 

3.2. Waterborne paint systems based on ceria nanoparticles 

Figures 5 displays the EIS spectra of the intact paint systems at the beginning of the 

analysis and their evolution after 24 and 192 h of exposure to 0.1 M NaCl solution. At 

the beginning, the EIS spectra for all the paint systems were relatively similar. There 

was less than one order of magnitude difference on the values of the total impedance at 

10-2 Hz (|Z|0.01Hz). Values were found between 108 and 109 Ohm.cm2. 

In the course of time differences started to be noticed between the samples. After 24 h 

the values of |Z|0.01Hz of W.ACR-0.5 and W.ACR-1 were moved towards higher values. 

The magnitudes for these two paint systems were found near 109 Ohm.cm2 whereas 

those for W.ACR-0, W.ACR-2 and W.ACR-3  were reduced. Besides, the phase angle 

spectra for all the paint systems revealed the presence of a second time constant in the 

frequency range of 100 – 10-2 Hz, as an indicative that corrosion reactions or any 

electrochemical process at the steel/coating interface have begun.  

After 192 h, the EIS evolution indicated degradation process of W.ACR-0. There was a 

drop on the |Z|0.01Hz to 107 Ohm.cm2 and the second time constant in the middle to low 

frequency range of the phase angle spectrum suggested corrosion reactions on the 

surface of steel. The W.ACR-0.5 evolved with significant stability during this period of 

time. The W.ACR-1 showed a slight reduction on the magnitudes of |Z|0.01Hz, from 109 to 

108 Ohm.cm2. Interesting was the the evolution of W.ACR-2 and W.ACR-3 from 24 to 

192 h, there was a shift towards the lower frequencies on their phase angle spectra 

accompanied by a minor increase in the magnitudes of |Z|0.01Hz. 

Figure 6 shows the evolution of |Z|0.01Hz after approximately 1600 h. The values of 

|Z|0.01Hz for W.ACR-0 were found stable near 108 Ohm.cm2 during the first 48 h and 

started to reduce after that. At the end of the analysis they were found near 105 

Ohm.cm2 indicating the loss of protective property of this coating. In the cases of 

W.ACR-0.5 and W.ACR-1 the |Z|0.01Hz evolved as follows: from the beginning until the 

48th hour the values were increased from 108 to 109 Ohm.cm2 and remained stable up to 

the 250th hour. After, they were constantly reduced and verified near 106 Ohm.cm2 at the 
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end of the test. For W.ACR-2 and W.ACR-3, the initial values of |Z|0.01 Hz were detected 

near 108 Ohm.cm2. Succeeding, after the 50th hour there was a shift in the trend of 

|Z|0.01Hz, the values started to move towards higher magnitudes and finally reduced 

again after 300 h.  

The values and the evolution |Z|0.01Hz represent the physical contribution of both, the 

impedance attributed to coating layer itself together with the impedance associated to 

faradaic processes occurring at the interface coating layer/ steel [27]. Therefore, the 

evolution of |Z|0.01Hz towards higher magnitudes for W.ACR-0.5 and W.ACR-1 in the first 

24 h and similarly for W.ACR-2 and W.ACR-3 after certain period of exposure can be 

attributed either to barrier effect or to any electrochemical activity of nanoceria at the 

steel surface, according to [17]. In order to go deeper into this and to quantify the 

contribution of nanoceria, EIS data was modelled with the equivalent electrical circuits 

shown in Fig 7.  

In the equivalent circuit shown in Figure 7 (a), Re stands for the electrolyte resistance, 

RPo for the pore resistance attributed to the coating and QCc for the constant phase 

element (CPE) of the coating, associated with the coating capacitance. In Figure 7 (b), 

the two additional electrical parameters QCdl and Rct represent, respectively, the CPE 

associated to the double-layer capacitance and the charge transfer resistance. The use 

of CPEs instead of a pure capacitance, i.e. coating capacitance and double layer 

capacitance, was justified for a better fitting between experimental data and the 

electrical circuits [28].   

Figure 8(a) shows the evolution of the pore resistance during the first 400 h of 

exposure. There was a reduction of approximately one order of magnitude, from 108 to 

107 Ohm.cm2, in the first 24 h for all of the coatings. The drop of the RPo values was due 

to the ingress of water and ions from the electrolyte into the coatings layer. Longer 

periods of exposure revealed differences between the samples. In the cases of W.ACR-

0, W.ACR-0.5 and W.ACR-1 there was a continuous reduction of the pore resistance 

yet explained by the ingress of water and ions. Differently, the evolution of Rpo for 

W.ACR-2 and W.ACR-3 after 24 h, despite the water uptake, changed direction and 
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started to move towards higher values. The maximum magnitude, near 108 Ohm.cm2, 

was reached after 300 h and then the values started to decrease.   

Next, the evolution of the charge transfer resistance of the paint systems as function of 

time is seen in Figure 8(b). The initial data for Rct and its evolution became plausible 

after the 9th hour. Before that, no electrochemical reactions at the interface steel/ coating 

layer were detected. In the case of W.ACR-0 the values of Rct were initially found 

around 109 Ohm.cm2, remained stable at these magnitudes up to 200 h then the values 

decreased. The values of Rct for W.ACR-0.5 moved towards higher values from the 

beginning of the test until the 24th hour and then were reduced. Similar, those for 

W.ACR-1 evolved in the direction of higher values throughout the first 96 h before being 

reduced.  

Considering the changes on the Rpo and Rct values for W.ACR-0.5 and W.ACR-1, the 

evolution of |Z|0.01Hz depicted for these paint systems in Fig 6 can now be interpreted as 

a consequence of partial reduction of faradaic processes occurring at the interface 

coating layer/ steel. Higher charge transfer resistances values denote a deceleration of 

the processes of transferring charges when the electrons reached the metal and, 

simultaneously, the metal ions diffused into the wet coating or electrolyte [27]. It is likely 

that the presence of 0.5 and 1.0 wt. % of ceria nanoparticles in the primer layer of 

acrylic paint reduced the rates of the transferring charges and consequently the overall 

corrosion reactions were lowered.  

In the case of W.ACR-2 Rct values continuously increased until the 200th hour, there 

was an increase of one order of magnitude, from 108 to 109 Ohm.cm2 and after that 

started to decrease. W.ACR-3 showed stable values near 108 Ohm.cm2 until the 300th 

hour then started to reduce the magnitudes. From the observation of the Rct values 

along with the evolution of Rpo, it is likely that the contribution of of 2.0 and 3.0 wt. % of 

nanoceria reflected upon the coating layer rather than at the interface coating layer/ 

steel. In other words, for these weight concentrations it seems that nanoceria enhanced 

mainly the physical barrier effect of the paint.   
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Following, EIS has been conducted on the coatings in presence of a purposely created 

defect. The macroscopic defect intended to establish an active corrosion area around 

the defect. In this way, the diffusion of the electrolyte through the coating layer was less 

significant compared to the coating delamination on the scratchy zone during the tested 

period of 24 h. As a consequence, the EIS spectra of the scratched coatings were 

modelled with the 2 time constant equivalent electrical circuit depicted in Figure 7(b). 

The influence of cerium oxide nanoparticles has been assessed from the evolution the 

CPE associated to the double-layer capacitance. Figure 9 shows the evolution in the 

course of 24 h for the double-layer capacitance after certain time (QCdl t=t*) over the 

double layer capacitance at the beginning of the exposure (QCdl t=0) of the scratched 

coatings. 

For W.ACR-0, an increase of the ratio QCdl t=t* / QCdl t=0 from the beginning of the test 

until the 24th hour is seen. The evolution of W.ACR-2 is comparable to the W.ACR-0 

and the final values of QCdl t=t* / QCdl t=0 were verified to W.ACR-3. On the other hand, in 

the cases of W.ACR-0.5 and W.ACR-1, the final values of the normalized double layer 

capacitance were approximately 4 times lower than those of the W.ACR-0.  

The electrochemical parameter QCdl is an indicative about the wet area underneath the 

paint [29]. In addition to that, the delamination rate of the coatings can be assessed by 

examining the evolution of the normalized double layer capacitance [30]. The proposed 

assessment as a rough estimation of the delaminated area from the scratchy zone 

towards the edges of the panels in the case of macroscopically defected coatings has 

been demonstrated elsewhere [31].  Therefore, if one considers the ratio QCdl t=t* / QCdl 

t=0 as a parameter to assess the delamination rate that occurred from the scratchy zone 

towards the edges of the panel, the drop of about 4 times evidenced a remarkable 

decline of the delamination rate is promoted by the addition of 0.5 and 1.0 wt. % of ceria 

nanoparticles. Possible explanations for W.ACR-2, W.ACR-3 and their higher rates of 

delamination are, the presence of aggregates in the primer’s layer allowing the faster 

moving of the electrolyte underneath paint. Or else, the inhibition effect given by the 

nanoceria was limited to the optimal concentration of 0.5 and 1.0 wt. %. 
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Lastly, Figure 10 shows the macroscopic aspect of the scratched paint systems after 24 

h of exposure to salt spray test. Remembering, the coatings application was done 

without any adhesion treatment on the steel surfaces. Looking at Figure 10, the 

samples showed blistering around the defect and the amount of blisters decreased in 

the order of W.ACR.3 > W.ACR.0 > W.ACR.2 > W.ACR.0.5 > W.ACR.1.  

On the whole, by means of UV-Vis spectroscopy, XRD diffraction and TEM, in Figs 2-4, 

the nanoscale of the synthesized cerium oxide particles have been confirmed and the 

presence of these cerium oxide nanoparticles in the primer layer of a waterborne acrylic 

paint system lowered the overall corrosion rates of steel and prolonged the corrosion 

protection efficiency of the paint systems. Significant findings have been observed for 

the coatings containing 0.5 and 1.0 wt. % of CeO2 nanoparticles. Particularly, EIS 

observations have shown an increasing trend on the values |Z|0.01Hz during the initial 

period of immersion and the fitting of the spectra revealed an evolution towards higher 

values for the charge transfer resistance during concomitant period of time. These 

outcomes are suggestive that nanoceria seems to act electrochemically at the interface 

coating layer/ steel. It is likely that the typical corrosion reactions, or those that occurred 

for W.ACR-0 while testing, were suppressed in the cases of acrylic waterborne with 0.5 

and 1.0 wt. %. Furthermore, EIS and salt spray test operated on the defected coating 

condition revealed reduced delaminated areas for the coatings loaded with 0.5 and 1.0 

wt. % of nanoceria.  

According to reference [17], the steel surface in contact with water based dispersion 

containing CeO2 nanoparticles underwent to significantly low corrosion rates while 

testing. The outcomes have suggested the passivation of steel surface and for these 

reasons the present study investigated the effectiveness of CeO2 nanoparticles when 

embedded inside an organic coating. The obtained results did not unequivocally 

discriminate the contribution of the CeO2 nanoparticles as additives/pigments which has 

led to a coating with higher barrier property from their contribution as corrosion inhibitor. 

However, it was observed that the presence of 0.5 and 1.0 wt. % of CeO2 inside the 

coatings, even if did not remarkably affect the barrier property (see Figure 8a), 

promoted an increase of the charge transfer resistance attributed to effects at the 
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interface steel/coating layer. Considering the first 24 h of immersion all the coatings 

show approximately equivalent values of Rpo (as depicted in Figure 8a), meaning a 

comparable barrier property,while the samples containing 0.5 and 1.0 wt. % of CeO2 

shows increased values of Rct (as depicted in Figure 8b).  

These observations are in accordance with the findings reported in [17] where a 

stabilization of steel surface triggered by the presence of CeO2 has been observed. In 

addition, the delamination rate of the coatings containing 0.5 and 1.0 wt. % of CeO2, 

demonstrated by EIS and salt spray test, cannot be related to an improvement of the 

barrier property caused by the presence of the nanoceria at these weight 

concentrations.  

On the other hand, the outcomes observed for the coatings containing 2.0 and 3.0 wt. % 

of CeO2 were different. CeO2 nanoparticles, at these weight concentrations, do not have 

proved effective to reduce delamination rate. The reason for such a different behavior in 

unclear to the authors. Nonetheless, it is possibly to mention about a partial 

agglomeration of the particles which hinder the inhibition effect. Moreover, it was 

observed that despite the ingress of water and ions, the evolutions of the impedance at 

low frequency range and pore resistance towards higher values occurred after 50 h of 

immersion. In this way, the addition of 2.0 and 3.0 wt. % nanoceria particles seems to 

mainly enhanced the physical barrier effect of the coatings. 

4. Conclusion  

This paper reported the assessment by means of Electrochemical Impedance 

Spectroscopy and Salt Spray test on the corrosion protection efficiency of a waterborne 

acrylic paint containing nanoceria for protection of steel.   

The cerium oxide nanoparticles were synthesized via the precipitation of cerium chloride 

in presence of citric acid. The nano scale of the particles, near to 2.0 nm, has been 

confirmed by means of powder X-ray diffraction and Transmission Electron Microscopy.  
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Generally, enhanced corrosion protection efficiency has been obtained due to the 

incorporation of nanoceria into the primer layer of waterborne acrylic paint. Whether the 

contribution to higher corrosion protection efficiency was inhibitive or physical depended 

on the weight concentration of the as synthesized nanoceria into the coating layer. From 

the results obtained in this work the contribution of nanoceria to higher corrosion 

protection efficiency has the optimal weight concentration of 1.0 %, the action of the 

nanoparticles were perceived at the interface coating layer/steel. When concentrations 

higher than that were added there was a shift from an inhibitive to a coating with higher 

physical barrier effect coating.  
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Figure 1 - Scheme of the two layer paint system 

  

Figure(s)



 

Figure 2 - UV-vis spectrum of the as-prepared CeO2 nanoparticles and the estimated band gap energy. 
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Figure 3 – XRD pattern of as-prepared CeO2 nanoparticles 
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Figure 4 – High resolution TEM of CeO2 nanoparticles identifying a single crystal of nanoceria. 

  



  

  

  

Figure 5 - EIS Bode graph of intact coatings at the beginning, after 24 and 192 h of exposure to sodium chloride 
solution 
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Figure 6 - Evolution of the total impedance at 0.01 Hz of the paint systems after 1600 h of exposure to the 
sodium chloride solution 
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Figure 7 - Electrical circuits: (a) One-time constant Re(QCc.RPo) and (b) two-time constants Re(QCc(RPo 
(Qdl.Rct))). Re – electrolyte resistance; QCc – Coating capacitance; Rpo – Pore resistance; Qdl – Double layer 

capacitance and Rct – Charge transfer resistance. 



 

  

Figure 8 - Evolution of the pore resistance of paint systems after 400 h of exposure to sodium chloride solution.  
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Figure 9 - Evolution of the normalized double layer capacitance for the paint systems in presence of the 

macroscopic defect. 
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Figure 10 - Scratched panels after 24 h of exposure inside salt spray chamber 
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Table 1 - Main features of the acrylic binder. Technical data from Arkema Coating Resins 

 

Polymer backbone Styrene 2 Ethyl Hexyl Acrylate 

Solid Content [21] 49,8 %  

Glass Transition temperature 4 oC  

Binder viscosity [22] 1450 mPa.s  

 

  

Table(s)



Table 2 - Main features of the coating systems 

 
 

  

Label 
Primer layer 

CeO2 (wt. %) 

Top Layer 

Bentonite  

Total Thickness  

(µm) 

W_ACR-0 0.0 

3.0 wt. % 

34.1 ± 2.6  

W_ACR-0.5 0.5  33.6 ± 2.4  

W_ACR-1.0 1.0  33.5 ± 2.3  

W_ACR-2.0 2.0  32.9 ± 2.8  

W_ACR-3.0 3.0 33.9 ± 2.4  



Table 3 – Two conditions of the EIS investigation of the waterborne coated panels 

EIS conditions 
Signal 

amplitude 
Electrolyte solution 

Intact coatings 20 mV 0.1 M NaCl 

1 cm long defect 5 mV 0.3 wt. % Na2SO4 

 


