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Cerium oxide (ceria, CeO2) is a biocompatible ceramic oxide 

with a wide range of applications as catalysts, fuel cell systems, 

and sensors. In the present study, CeO2 NPs were added to a 

zinc phosphate bath as an accelerator. The microstructural, 

morphological, and phase studies of coatings formed in the 

phosphating bath with and without CeO2 NPs, were performed 

by scanning electron microscopy (SEM), field emission-SEM 

(FE-SEM), and X-ray diffraction spectroscopy (EDS). Besides, 

the corrosion behavior of phosphate coatings containing 0, 

0.04, 0.07, and 0.1 g/L of CeO2 NPs was evaluated using the 

Tafel polarization method and electrochemical impedance 

spectroscopy (EIS). The results showed significant differences 

in the microstructure, roughness, and phase structure of 

phosphate coatings with and without CeO2 NPs. The optimum 

addition of CeO2 NPs to the phosphating bath was equal to 0.07 

g/L, in which, as compared to typical phosphate coating, the 

coating weight increased from 0.51 to 1.73 mg/cm2 while the 

corrosion current density decreased from 12.5 to 2.2 µA/cm2. 

Furthermore, the coating porosity decreased from 13.9 to 1.7 

percent due to creating a denser coating with much better 

coverage by CeO2 NPs. 
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1. Introduction 
Metallic materials, particularly steels, are widely 

used in industries given their favorable mechanical 

properties, such as high strength, acceptable 

toughness, and ability to be recycled, and low cost. 

Nevertheless, the low corrosion resistance of these 

steels has limited their application [1, 2]. A variety of 

protective methods have been used to improve the 

corrosion resistance of carbon steels, and the 

application of phosphate coatings could be one of 

them. The phosphating method, which has a high 

degree of credibility and a long history of different 

industrial applications [3], is used not only to 

increase the corrosion resistance of carbon steels [4] 

but also to enhance the adhesion of the top organic 

coating, which is of great interest in industrial 

applications [5]. Besides corrosion protection and 

increasing color adhesion, phosphate coatings are 

also used for other purposes, such as metal forming, 

deep-drawing, and cold forging processes in which 

high-level deformation is produced [6-9]. In these 

applications, a phosphate coating can inhibit contact 

between the tool and the metal surfaces and does not 

have the lubricating properties itself but acts only as 

a separating layer and lubricant carrier [10, 11]. Iron, 

zinc, and manganese can be mentioned as some 

phosphate-containing solutions [12-14]. Meanwhile, 

because of providing superior corrosion resistance 

capability than the others, zinc phosphating is 

recognized as one of the most common methods for 

surface preparation [15, 16]. 

The traditional phosphating process is a time-

consuming treatment and often acts under relatively 

high temperatures such as 90-98 ºC [17]. These 

disadvantages have caused the traditional phosphating 

process to account for enormous energy consumption. 

For solving the mentioned problems, the additive 

agents named accelerators are generally added to the 

phosphating baths for speeding up and lowering the 

operating temperature [18]. During the phosphating 

process, the metal surface is corroded in a phosphate 

solution, metal ions are released in the micro-anodic 

regions, and the hydrogen cations are reduced in 

micro-cathodic regions. Because of the accumulation 

of hydrogen atoms in cathodic regions, the reaction 

speed decreases. An excellent accelerator must react 

with hydrogen atoms to increase the reaction rate 

[19]. Traditional accelerators, such as nitrites, nitrates, 

and chlorates, have been used for this purpose. These 

accelerators can effectively improve the performance 

of the process but are harmful, and their use has 

recently been prohibited due to environmental 

pollution [20, 21].  

Nowadays, the use of N.P.s as environment-friendly 

accelerators instead of the toxic accelerator agents in 

the phosphating process has gained considerable 

attention from a few researchers [19, 22-24]. In this 

regard, Sheng et al. [19] and later Jiang et al. [22] 

reviewed the accelerating effects of silicon dioxide 

N.P.s added to phosphating baths and suggested that 

nano-SiO2 is helpful for phosphate nucleation and 

leads to smaller crystals. The authors concluded that 

the addition of SiO2 NPs could control crystal size 

and is propitious to form new crystal nucleation and 

eliminate the defects by altering the content of 

growth orientations in the crystal phosphate. On the 

other hand, Shibli and Chacko [25] used TiO2 NPs to 

create a TiO2-incorporated phosphate coating on the 

galvanized steel surface.  Their research results have 

revealed much better performance for the TiO2-

phosphate composite coating against corrosion 

attacks. Moreover, the authors proposed that the 

addition of titanium oxide N.P.s to the phosphating 

solution could activate a process to achieve the 

desired coating weight in a shorter period. Based on 

their opinions, nano-TiO2 was responsible for the 

initial decrease of the potential, which is probably 

related to the surface activation of substrate 

dissolution occurring simultaneously with hydrogen 

evaluation reaction. 

Cerium oxide (ceria, CeO2) is one of the most widely 

used biocompatible ceramic oxides [26], with a wide 

range of applications as catalysts and as fuel cell 

systems in medical engineering and medicine [27-

30]. It has been reported that the addition of CeO2 

NPs can improve the corrosion resistance and the 

microstructure of the coatings obtained from various 

coating methods, such as electroplated coatings [31], 

electroless deposited coatings [32, 33], and organic 

coatings [34]. However, there are a few reports about 

the use of CeO2 NPs as the phosphating process 

accelerators. Therefore, given that no systematic 

review has been conducted on the use of CeO2 NPs as 

additives in phosphating solutions, in the present 

study, the replacement of the traditional nitrite agent 

by non-toxic CeO2 NPs as the environment-friendly 

accelerators was investigated. The morphology, 

composition and crystal structure, and corrosion 

behavior of the obtained CeO2 NPs co-deposited zinc 

phosphate coatings were evaluated by scanning 

electron microscopy (SEM) and atomic force 

microscopy (AFM), X-ray diffraction spectroscopy 

(EDS), X-ray diffraction analysis (XRD), Tafel 

polarization and electrochemical impedance 

spectroscopy (EIS), respectively. 
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2. Materials and Methods 
In this study, a carbon steel sheet (St12) was used as 

the substrate. After the preparation of samples from 

the steel plate (2×20×30 mm3), they were abraded by 

sandpapers with grit sizes of 240, 400, and 600, 

respectively. The plates were then degreased with 

acetone and rinsed with distilled water.  

The phosphating solution contained phosphoric acid, 

nitric acid, zinc oxide, and CeO2 NPs; the quantities 

of these compounds are presented in Table 1. 
 

Table 1. The chemical composition of the phosphating bath 

Compound name 
Concentration 

in the bath 

Phosphoric acid (85%) (mL/L) 20  

Nitric acid (65%) (mL/L) 22 

Zinc oxide (g/L) 15 

Nano-CeO2 g/L 0-0.04-0.07-0.1 

 
Cerium Oxide nanopowder (Sigma Aldrich, 99.95%, 

< 60 nm) was added to the phosphating baths as the 

environment-friendly accelerator. Figure 1 shows the 

field emission-scanning electron microscopy (FE-

SEM) image of CeO2 nanopowder, with a particle 

size of 30-40 nm. 
 

 
Fig. 1. The FE-SEM image of CeO2 nanopowder 

 
An ultrasound mixer was employed to disperse the 

CeO2 nanopowder in the solution, using a heater, a 

temperature of 50 °C was reached. Afterward, the 

samples were immersed in the phosphating solution 

at 45±5 °C for two minutes.  

The zeta potential of nanopowder in the phosphating 

solution was measured using a Zetasizer 3000Hs 

system (Malvern, England).  

The coating weight per unit area (W) was calculated 

using the following equation [35]: 

W=(w1-w2)/S (1) 

 where, w1 and w2 are the weight of the sample after 

phosphating and after eliminating the coating, 

respectively. S is the sample’s surface area.  

The coating microstructure was studied by SEM 

(Vega-3 LMU, Tescan). Also, to accurately 

investigate the microstructure of CeO2 NPs, SEM 

(MIRA3, Tescan) was applied. The atomic force 

microscopy (AFM) images were also prepared using 

a USPM unit (Ambios, USA).  
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X-ray diffraction spectroscopy (EDS) was performed 

using a RONTXT device to determine the percentage 

of different elements in the coating. The X-ray 

diffraction (XRD) analysis was also utilized for 

characterizing the crystal structure of the coatings 

using a Phillips device (40 kV and 30 mA). Cu-Kα 

X-ray was used at a wavelength of 1.540598 Aº in all 

experiments. The crystal size of phosphate coatings 

was calculated using the Scherrer equation [36]: 

τ=
Kλ

βcosθ
 (2) 

In this equation, K represents a dimensionless shape 

factor (0.9), τ represents the crystal size, λ denotes the 

X-ray wavelength, β is the full-width at half-

maximum, and θ is the Bragg angle. 

Electrochemical impedance spectroscopy (EIS) and 

Tafel polarization test were performed to evaluate the 

corrosion behavior of coatings using a potentiostat 

(Parstat 2273A). A three-electrode system was used 

as the test cell, consisting of an Ag/AgCl as the 

reference electrode, stainless steel as the auxiliary 

electrode, and the coated samples with an exposed 

surface of 1 cm2 as the working electrode. The range 

of selectable potential in the Tafel test was -250 to 

500 mV versus the open circuit potential (OCP), and 

the scan rate was 0.001 v/s. The experiments were 

carried out at ambient temperature. PowerCorr 

software (Ver. 2.47) was applied to evaluate the 

electrochemical parameters, according to the Tafel 

extrapolation method. EIS tests were performed at an 

amplitude of 10 mV versus OCP (ECorr) in the 

frequency range of 10 mHz to 100 kHz. The 

polarization resistance (Rp) and double-layer 

capacitance (Cdl) were modeled and calculated by the 

IviumSoft software (Ver. 2.161) program. This 

software calculates the best fitting set of parameters 

with the Levenberg-Marquardt technique between 

the selected model and the experimental results. 

The porosity percentage of phosphate coatings were 

calculated according to Eq. 3 [37]. 

φ =(
RP

°

RP

)×10
-(

∆ECorr
βa

)
×100 (3) 

In these equations, φ represents the porosity 

percentage, RP 
° denotes the polarization resistance of 

carbon steel substrate in ohm (Ω), R.P. represents the 

polarization resistance of the sample after 

phosphating in ohm (Ω), ΔECorr is the difference in 

the corrosion potential of base metal before and after 

applying the coating in volt (V), and βa represents the 

anodic Tafel slope of the carbon steel polarization 

diagram in V/decade.  

 

3. Results and Discussion 

3.1. Zeta potential measurements 
As mentioned previously, CeO2 NPs were used as 

phosphating bath accelerators. Given its accelerating 

mechanism, which will be explained in the future, 

CeO2 NPs were co-deposited with the phosphate 

crystals. Therefore, the obtained coatings are the 

composite coatings in which CeO2 NPs are 

distributed on the matrix of the phosphate coating. 

Dispersion of CeO2 NPs in the phosphating solution 

for receiving the uniform CeO2-distributed coatings 

is a major challenge, as accumulation and deposition 

of N.P.s in the phosphating solution make preparing 

the desired coatings complicated. The dispersion 

properties of CeO2 NPs were determined by 

measuring their zeta potential. The mean zeta 

potential of CeO2 NPs in the phosphating solution 

was 24.3 mV in this study. According to Table 2, the 

N.P.s had primary stability [38]. Consequently, 

ultrasonic waves were used to disperse CeO2 NPs in 

the phosphating solution, which was uniformly 

precipitated on the coating after homogenization. 

 

Table 2. The relationship between particle stability and zeta potential 37 

Zeta potential (mV) 
Particles stability 

behavior 

0    -   ±5 Rapid massification 

±5     -    ±30 Primary stability 

±30   -    ±40 Moderate stability 

±40   -    ±60 Good stability 

> ±61 Excellent stability 

3.2.  Weight of phosphate coatings 
Figure 2 shows the weight of phosphate coatings as a 

function of CeO2 NPs content in the phosphating 

baths. As seen in Figure 2, a higher coating weight 

was obtained in the case of CeO2 NPs incorporated 

coatings compared to the typical phosphate coating. 

On the other hand, the weight of phosphate coatings 

firstly increased with CeO2 NPs content in the bath 

from 0 to 0.07 g/L and then decreased. For the 

amount of N.P.s greater than 0.07 g/L, the 

agglomeration of nanopowder occurred on the 

surface, as shown in Figure 3(b), which decreased the 

coating growth and its weight.
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Fig. 2. The weight of phosphate coatings as a function of CeO2 NPs content in the phosphating baths 

 

    
Fig. 3. The distribution of NPs on the coating surface for the amount of NPs (a) 0.04 (b) 0.1 g/L 

 

3.3. Morphological studies 
Figure 4 presents the SEM image of phosphate 

samples in baths containing different quantities of 

CeO2 NPs. According to the images, all coatings were 

well crystallized. The structure of the typical 

phosphate coating consisted of coarse and non-

uniform crystals and was mainly composed of 

elongated and needle-like crystals and did not 

produce good coverage due to the low density of 

crystal clusters. As shown by arrows, because of the 

low density of the coating crystals and its vertical 

growth, the covering effect of the coating is not 

suitable as it was not able to cover a significant 

portion of the surface area. 

(a) (b) 
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Fig. 4. The SEM images of phosphate samples in baths containing: (a) 0; (b) 0.04; (c) 0.07; and (d) 0.1 g/L of 

CeO2 NPs 

 
As presented in Figure 4, the surface density of 

crystal clusters in samples with the additive was 

higher than that of phosphate samples in the additive-

free bath. The addition of 0.07 g/L of CeO2 

nanopowder to the phosphating bath decreased the 

coating porosity. It can be related to the more crystal 

nucleation of the coating due to the presence of CeO2 

NPs.  

When the steel substrate is exposed in the 

phosphating bath, including phosphoric acid, the 

present equilibrium at the metal/solution interface is 

disrupted, resulting in more proton consumption and 

increased pH at the interface. The increase in the pH 

causes the iron phosphate precipitances to be 

produced according to the following equation [39]:    

2H3PO4 + Fe  

Fe(H2PO4)2 + H2  

(4) 

On the other hand, while preparing the zinc 

phosphating solution, the primary zinc phosphate, 

which is soluble in the solution, forms due to the 

reaction that occurred between zinc oxide and 

phosphoric acid, as shown below:  

ZnO + 2H3PO4  

Zn(H2PO4)2 + H2O 

(5) 

Then, the formation of zinc-iron phosphate 

(phosphophyllite) is occurred by performing the 

reaction between iron phosphate and primary zinc 

phosphate, according to Eq. (6) [40]. 

2Zn(H2PO4)2 + Fe(H2PO4)2 + 4H2O  

Zn2Fe(PO4)2.4H2O + 4H3PO4 

(6) 

Because of the rapid growth of crystal during the 

process, pH will increase quickly in such a way that 

the primary phosphate can convert to the insoluble 

tertiary zinc phosphate (hopeite), according to Eq. 

(7): 

3ZnHPO4 + 4H2O  

Zn3(PO4)2.4H2O + H3PO4 

(7) 

It has been shown that CeO2 NPs were used as an eco-

friendly heterogeneous catalyst alone or in 

association with the other catalysts as Ni to the 

hydrogen production process [41, 42]. These N.P.s, 

due to their surface charges, can be easily deposited 

on the metallic substrate surface. The N.P.s which 

were physically adsorbed on the surface can provide 

sites, known as the cathodic region, for hydrogen 

evolution [19, 22, 43]. The more adsorbed the 

particles are, the more the hydrogen evaluation will 

be. Expanding the cathodic region via the increase in 

the number of adsorbed particles on the surface 

causes an increase in the number of phosphate crystal 

nuclei and, as a result,  decreases the crystal size of 

the phosphate coating [44]. Besides, deposited 

crystals provided nucleation sites for subsequent 
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coating. Because the evolution rate of hydrogen is 

much higher when the carbon steel substrate is 

treated in a phosphate solution with CeO2 NPs 

compared to the phosphate solution without N.P.s, at 

the same thickness, the covering effect of the CeO2 

NPs co-incorporation phosphate coating, particularly 

the sample with 0.07 g/L CeO2 NPs, was much better 

than the traditional phosphate coating.  According to 

Figure 4(c), the coating containing 0.07 g/L of CeO2 

NPs was the most uniform and dense coating among 

all synthesized coatings.  

By adding CeO2 NPs to the phosphating bath more 

than the optimal level (0.07 g/L), the coating surface 

density and uniformity were reduced. Moreover, the 

phosphate coating containing 0.1 g/L of the additive 

was not dense and did not show proper coverage of 

the steel surface (Figure 4(d)). As mentioned before, 

this finding can be attributed to the higher amount of 

accumulated CeO2 NPs in the phosphating solution 

and its agglomeration on the substrate surface, which 

occupied the surface anodic sites and consequently 

prevented anodic reactions [43].  

  

3.4. XRD results 
The X-ray diffractograms of phosphate coatings 

containing CeO2 NPs, as well as free-CeO2 coatings, 

are presented in Figure 5. The results showed that 

phosphate coatings in baths with and without CeO2 

NPs mainly consisted of iron (0696-006-00), hopeite 

(0080-039-00), and phosphophyllite (01-083-1246) 

phases. The iron phase was visible through the 

carbon steel substrate. The hopeite and 

phosphophyllite phases were formed on the surface 

of carbon steel in the zinc phosphate bath [45].  

As shown in the figure, the addition of CeO2 NPs 

decreased the intensity of the background iron peak. 

This indicates an increase in the growth and coverage 

of phosphate crystal clusters in the presence of CeO2 

NPs. The X-ray diffractograms of the coating after 

the addition of CeO2 NPs to the phosphating bath 

were significantly different from the patterns of 

coating from the additive-free bath. Based on the 

findings, with the addition of CeO2 nanopowder to 

the phosphate coating, the peaks of hopeite and 

phosphophyllite increased; noting Figure 2, this 

suggests that a thicker phosphate coating was 

produced by the addition of CeO2 NPs to the 

phosphating bath. As seen in Figure 5, due to the 

presence of CeO2 NPs in the phosphating bath, the 

intensities of phosphophyllite peaks increased more 

than the hopeite phase. It was shown by Eidivandi et 

al. [5] that the increase in the phosphophyllite peaks 

is a result of more surface activation. As seen before, 

due to the expansion of the sites in the presence of 

CeO2 NPs, iron tends to corrode more than in the 

absence of N.P.s. Therefore, it is logical to accept that 

the phosphophyllite crystals form the sub-layer on 

the substrate surface, and then, both the 

phosphophyllite phase itself and the hopeite phase 

can grow as a top-layer. The surface agglomerating 

of N.P.s in the coatings with more than 0.07 g/L CeO2 

NPs prevented the coating crystal growth and 

weakened both phosphophyllite and hopeite peaks in 

comparison with the coating, which had the optimum 

N.P.s content.
 

 
Fig. 5. The X-ray diffractograms of (a) carbon steel substrate and phosphate samples in baths containing: (b) 

0; (c) 0.04; (d) 0.07; and (e) 0.1 g/L of CeO2 NPs 
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As described before, two main phases of the 

phosphate coatings, hopeite, and phosphophyllite, 

were characterized by analyzing the X-ray 

diffractograms. The peaks observed on 19.408º and 

19.991º are the phase main peaks and correspond to 

the hopeite (Zinc Phosphate Hydrate, 

Zn3(PO4)2.4H2O) plane of (101) and phosphophyllite 

(Iron Zinc Phosphate Hydrate, Zn2Fe(PO4)2.4H2O) 

plane of (111), respectively. The crystal size of both 

hopeite and phosphophyllite phases of the phosphate 

coatings in baths with and without CeO2 NPs was 

calculated by the Scherrer equation and the main 

peak data of each phase; the results are presented in 

Table 3. As can be seen, by adding CeO2 NPs, the 

size of both phases crystal decreased. Therefore, it 

can be said that the presence of CeO2 NPs by 

reduction of the nucleation activation energy 

effectively increased not only the number of cathodic 

regions but also the number of primary crystals and 

consequently increased phosphate coating 

deposition. The results of XRD analysis are 

consistent with the microstructure observations of 

phosphate coatings without the additive or with the 

optimal amount of the additive. 

 
Table 3. The size of phosphate coating crystals with and without CeO2 NPs 

CeO2 NPs content 

(g/L) 

Crystal size (nm) 

Hopeite Phosphophyllite 

0 53 71 

0.04 40 53 

0.07 34 32 

0.1 33 25 

 

 

3.5. Element analysis and distribution map  
In the previous section, there was no peak indicating 

the presence of CeO2 in the phosphate coatings. This 

is probably because of its low concentration, which 

is below the detection limit of the XRD analysis. For 

the proper investigation, the EDS elemental analysis 

of phosphate coatings was performed, and the results 

are presented in Table 4. The cerium (Ce) element 

was identified in the phosphate coating from the 

CeO2 NPs-containing bath. Phosphate coatings with 

and without CeO2 NPs are mainly composed of 

oxygen, phosphorus, iron, and zinc. It can be 

observed that the phosphate coating in the CeO2 NPs-

containing bath had a lower iron content than the 

phosphate coating from the bath without CeO2 NPs; 

this may show that the surface coverage increased in 

the presence of the additive. Also, the amount of 

phosphorus and zinc elements in the additive-

containing phosphate coating was higher, indicating 

the formation of a uniform and thick coating. It can 

be seen that by the increase in the concentration of 

CeO2 NPs in the bath, the agglomeration tendency 

increases that cause to decrease in the co-deposition 

of NPs and phosphate crystals. This can be the reason 

for the decrease in cerium percentage for the sample 

of 0.07 compared to the sample of 0.1. 

The zinc/phosphorus ratio in phosphate coatings 

from baths with and without CeO2 NPs is another 

significant index, which showed that the amount of 

hopeite phase in the presence of additive was greater 

than that of the phosphophyllite phase. Besides, the 

amount of hopeite phase was higher in the additive-

containing coating, compared to the additive-free 

phosphate coating, given the higher zinc content of 

the additive-containing coating [24, 43]. 

 
Table 4. The EDS elemental analysis of phosphate samples in baths 

containing different concentrations of CeO2 NPs 
Additive 

amount (%) 
O P Fe Zn Ce Zn/P 

0 26.5 11.4 42.9 19.1 0 1.67 

0.04 28.4 13.3 35.4 22.9 0.1 1.72 

0.07 25.0 12.8 34.8 26.7 0.8 2.08 

0.1 24.6 12.3 38.7 23.9 0.5 1.94 

 
On the other hand, Figure 6 depicts the distribution 

map of CeO2 in the phosphate coating. It can be 

claimed that the ceria had a uniform distribution in 

the coating. When phosphating reactions occur on the 

surface, the ceria NPs are trapped between phosphate 

crystals and form a nano-composite layer on the top 

of the surface.  This fact shows that CeO2 NPs not 

only acts as an effective phosphating bath accelerator 

but also by co-depositing with phosphate crystals, 

making it a nano-composite phosphate coating. The 

latter can affect the many properties of the coating, 

such as its corrosion behavior.    
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Fig. 6. The distribution map of cerium in the phosphate coating 

 

3.6. Corrosion behavior of coatings 
The polarization curves of different coatings are 

presented in Figure 7. To accurately analyze the 

results presented in Figure 7, various electrochemical 

parameters, including the anodic slope (βa), cathodic 

slope (βc), corrosion potential (ECorr), corrosion 

current density (iCorr), and polarization resistance 

(Rp), were calculated using the Tafel extrapolation 

method; the results are indicated in Table 5. 

 

 
Fig. 7. The polarization curves of steel samples coated in baths containing different amounts of CeO2 NPs 

 
The results indicate that adding CeO2 NPs to the 

phosphating bath decreased the coating corrosion 

current density (iCorr) as well as shifted the corrosion 

potential (ECorr) towards less negative values, which 

is due to increasing the surface resistance of coating 

against corrosion. 

It was explained in section 3.3 that the traditional 

phosphate coating could not cover the substrate 

surface areas perfectly (Figure 4(a)) and in the other 

samples except the phosphate coating with 0.07 g/L 

CeO2 NPs, some regions which are generally iron-

enriched areas, remained uncoated (Figure 4(b) and 

(d)). On the other hand, it was shown that the addition 

of CeO2 NPs up to 0.07 g/L in the phosphating bath 

could decrease the iron-enriched surface areas by 

preparing more coverage of the coatings, which is 

emphasized by decreasing the intensity of Fe peak in 

XRD diffractograms (Fig. 5). So, the increase in both 

corrosion potential and corrosion current density of 

the coatings relative to the uncoated carbon steel 

substrate is logical, and it can be attributed to more 

coverage of the surface by CeO2 NPs co-incorporated 
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phosphate coatings as the less iron-enriched the areas 

are, the less the negative corrosion potentials and the 

more the corrosion current density of CeO2 NPs co-

incorporated phosphate coatings will be. On the other 

hand, the magnitude of change in the corrosion 

potential and corrosion current density is often a 

function of the weight and porosity of phosphate 

coatings [5, 19, 24].  
 

Table 5. The electrochemical parameters from the polarization curves for surface-modified steel samples 

with phosphate coatings containing various quantities of CeO2 NPs 

Additive amount 

(g/L) 

ECorr  

(V) 

iCorr  

(µA/cm2) 

βa  

(V/dec) 

βc  

(V/dec) 

Rp  

(Kohm) 

Porosity 

percentage 

Carbon Steel -0.56 16.6 0.054 0.11 986 - 

0 -0.5 12.5 0.059 0.11 1429 13.9 

0.04 -0.41 10.7 0.091 0.089 1722 3.9 

0.07 -0.37 2.2 0.07 0.128 8860 1.7 

0.1 -0.49 12.2 0.058 0.074 1320 6.8 

 
In Table 5, the calculated porosity percentage of the 

different coatings, based on Eq. 3, is also shown. 

Phosphate coatings are usually porous, which 

improves color adhesion on the surface. On the other 

hand, porosity is associated with electrolyte 

penetration, which results in corrosion. When the 

corrosive medium penetrates the surface defects, it 

passes through the crystal layer and reaches the 

substrate, resulting in an increase in corrosion current 

density due to reactions with iron [19]. As indicated 

in Table 5, the traditional phosphate coating has high 

porosity. As seen in the SEM images (Figure 4), the 

structure of phosphate coating in the bath without 

CeO2 NPs consisted of scattered and elongated crystal 

clusters with inadequate coverage; this structure was 

not compacted and contained many pores. By 

calculating the porosity percentage, the relative 

plurality of coating-free areas was revealed. 

However, the porosity of coating was significantly 

reduced by increasing CeO2 NPs content as it has a 

minimum at 0.07 g/L. Reduction in porosity after 

adding 0.07 g/L of CeO2 NPs to the phosphating bath 

can be related to NPs acceleration role to increase in 

the nucleation rate of phosphate crystals and 

consequently the increase in coverage. CeO2 NPs as 

an accelerator could increase the number of crystal 

nuclei and speed up the phosphating process rate. As 

a result, the coating incorporated with CeO2 NPs, 

particularly the coating with 0.07 g/L CeO2 NPs, 

possesses a dense and uniform coating with the 

lowest porosity which is required to have excellent 

corrosion protection. The denser coating has fewer 

micro-cracks and then holds stronger resistance to the 

permeability of electrolytes. Besides, the coating 

with 0.07 g/L CeO2 NPs also has the maximum 

weight, which is indicative of the thickest phosphate 

coating layer. Thus, it is the denser and thicker 

coating layer of the coating with 0.07 g/L CeO2 NPs 

that accounts for its stronger corrosion resistance 

compared to other specimens. However, after adding 

larger amounts of the additive (0.1 g/L) to the 

phosphating bath, the corrosion potential decreased 

while the corrosion current density increased. The 

loss of corrosion resistance at higher concentrations 

of the additive can be attributed to the high amount 

of CeO2 NPs in the phosphating solution, which may 

lead to the accumulation of NPs, halt the accelerating 

role of CeO2 NPs, and make the formation of intact 

phosphate coatings difficult [43]. Consequently, the 

corrosive medium passes through open porosities, as 

well as the intersecting crystal boundaries of the 

phosphate layer. Owing to the corrosive medium 

reaction with the substrate, the corrosion current 

density increased, and the potential for corrosion 

reduced; this can justify the reduction in the anti-

corrosion activity and protection efficiency of 

coating with 0.1 g/L of CeO2 NPs versus 0.07 g/L of 

CeO2 NPs. These results are in complete agreement 

with the SEM results (Figure 4), as well as the 

potentiodynamic polarization test results (Figure 7).  

For further investigation, electrochemical impedance 

spectroscopy (EIS) was also performed for carbon 

steel and phosphate samples in baths containing 

different concentrations of CeO2 NPs in 3.5% NaCl 

solution. Figure 8 shows obtained Nyquist plots, and 

the inset figures illustrate their corresponding Bode 

plots and the Randles circuit used for the extraction 

of impedance data. According to Figure 8, all Nyquist 

curves contain only one depressed semi-circle, and 

for all samples, Bode diagrams indicated one time 

constant; as a result, the EIS results were simulated 

with the equivalent circuit of Randles. In the 

equivalent circuit, Rs is the electrolyte resistance, Rt 

is polarization resistance at the electrolyte/electrode 

interface, which is the same as charge transfer 

resistance, and CPE is the phase constant capacitance 

element. It is generally believed that the CPE 

originates from the current density distribution on the 

inhomogeneous electrode surface, like porous 

electrodes [46]. Because the phosphate coating 

surfaces are not completely uniform and ideal, the 

capacitor cannot be used in equivalent circuits, and 
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therefore, CPE was utilized instead of a capacitor. 

Constant phase element can be modeled by Eq. (12): 

ZCPE=
1

Q*(jω)
n (12) 

where ZCPE is impedance, j is the square root of -1, ω 

is the frequency and n is the ideality of the capacitor 

which is 0-1. For many metal or solid electrodes, the 

measured impedance in the double-layer region (no 

faradaic current) follows a power law, such as that for 

the CPE, with a value of n between 0.9 and 1.0. When 

this element is in parallel with a charge-transfer 

resistance (Rt), the Nyquist plot is an arc of a circle 

with the center below the x-axis, as shown in Figure 

8 [5, 37]. The obtained value from the fitting of 

equivalent circuit and spectra including Rp, Rs, and 

CPE were calculated for carbon steel and the coated 

samples in baths containing different amounts of the 

additive; the results are presented in Table 6.  

 
Fig. 8. The Nyquist plots of the EIS test for phosphate samples in baths  

containing different amounts of CeO2 NPs 
 
The EIS diagrams of phosphate samples are similar 

in baths with and without CeO2 NPs. The increase in 

the diameter of semicircles indicates an increase in 

the polarization resistance of coatings. The results 

showed that phosphate samples had a higher 

polarization resistance than carbon steel substrate; 

therefore, phosphate coatings might prevent surface 

reactions against 3.5% NaCl solution as far as 

possible. 

 
Table 6. The EIS data for surface-modified steel samples with 

phosphate coatings containing various quantities of CeO2 NPs 

Additive amount 

(g/L) 

Rs 

(Ω.cm2) 

Rp 

(Ω.cm2) 

CPE  

(Ω-1.cm-2.Sn) 

Carbon Steel 26 128.8 80×10-6 

0 23 578.7 2.48×10-6 

0.04 25 3300 9.5×10-6 

0.07 25 15970 0.99×10-6 

0.1 22 1760 10.54×10-6 
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As illustrated in the Nyquist plots and Table 6, 

polarization resistance increased by adding 0.04 g/L 

of CeO2 NPs to the phosphating bath. The 

polarization resistance improved again by increasing 

the amount of additive to 0.07 g/L. However, when 

the concentration of CeO2 NPs exceeded 0.07 g/L (0.1 

g/L), the polarization resistance decreased, which is 

indicative of a reduction in corrosion protection. 

Since most electrochemical corrosion attacks occur 

on the surface of phosphate coatings, reactants and 

corrosion products should be transmitted during the 

corrosion process. Based on the findings, reaction 

resistance increases by increasing the thickness of the 

protective layer [25, 43]. 

The results of multiple tests showed that the addition 

of CeO2 NPs to the phosphating bath produced denser 

and thicker coatings with better coverage and lower 

porosity compared to typical phosphate coatings. 

Therefore, coatings containing the additive exhibited 

higher corrosion resistance than phosphate coatings 

without the additive. Among additive-containing 

coatings, the phosphate sample had the highest 

polarization resistance in the presence of 0.07 g/L of 

CeO2 NPs, which represents the optimal amount of 

the additive. However, the addition of CeO2 NPs to 

the phosphating bath more than the optimal amount 

resulted in a decline in polarization resistance due to 

inadequate coverage and lower density; these results 

are in agreement with the morphological study of 

coatings (Figure 4). 

 

4. Conclusion 
In the present study, the addition of CeO2 

nanopowder to zinc phosphate coating was found to 

be useful in accelerating the phosphating process. 

The EDS and SEM analyses showed that CeO2 NPs 

could act as a nucleating agent and reduce the size of 

crystals while increasing the coating coverage (dense 

coating). The coatings were mainly composed of 

hopeite and phosphophyllite phases. The optimal 

amount of the additive in the phosphatizing bath was 

determined to be 0.07 g/L. Based on the findings, the 

phosphatized coatings in the bath containing the 

optimal amount of the additive showed the lowest 

porosity; this might result from an increase in the 

cathodic region for deposition of the coating. The 

results of polarization and EIS tests showed that the 

optimal amount of the additive could significantly 

improve the corrosion resistance of phosphate 

coatings. However, when the amount of CeO2 NPs 

increased to more than the optimal level, corrosion 

resistance reduced due to the accumulation of NPs 

and defective phosphate coatings. 
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