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Abstract: This paper reports significant enhancement of corrosion resistance and electrical 11 

properties of waterborne epoxy coatings through additions of ceria modified graphene. Results 12 

showed that ceria particles were uniformly distributed and covalently bonded onto the surface 13 

of graphene. A dense interface layer was formed between the ceria modified graphene and 14 

epoxy matrix by aliphatic ether bonds. The composite coating with a modified graphene content 15 

of 0.5 wt.% exhibited the best corrosion resistance with the highest impedance modulus (e.g., 16 

103 cm2 for the damaged coating) and the lowest corrosion rate (e.g., 0.002 mm/year). The 17 

excellent corrosion resistance of the composite coating is related to the barrier effect of 18 

graphene and the inhibition effect of ceria on metal corrosion. Moreover, the coating showed a 19 

low percolation threshold of 0.231 vol.% and its electrical conductivity reached 10-5 S/m when 20 

the content of modified graphene was 0.5 wt.%. 21 
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1. Introduction 4 

Corrosion is one of the main failure modes of metals, and the cost due to damage or economic 5 

loss caused by corrosion of metals can be up to trillions of dollars annually [1]. Among various 6 

anti-corrosion technologies, protective coatings are widely used because of their convenient 7 

applicability, wide adaptability, and low repair cost. Epoxy resin is a class of polymer 8 

commonly used in anti-corrosion coatings due to its high adhesion strength, chemical resistance, 9 

and good insulation [2]. However, since most waterborne coatings for environmental protection 10 

use water as the dispersion medium, the residual hydrophilic groups in the coating will form 11 

water permeation channels which affect the corrosion resistance of the coating [3]. Meanwhile, 12 

industry applications often require coatings to have multiple functions [4,5], such as antistatic 13 

property [6,7] for electromagnetic interference [8,9], and self-cleaning [10] for protection and 14 

decoration. In this regard, many carbon-based nanofillers, such as carbon nanotubes [11], 15 

carbon black [12], graphene oxide (GO) and graphene [13,14], have been explored to use in 16 

these composite coatings. 17 

Graphene is a two-dimensional nanomaterial with a single layer of ~0.35 nm [15]. It has 18 

extremely high tensile strength (~130 GPa), Young’s modulus (~1.0 TPa) [16], high electrical 19 

conductivity (~108 Sm-1) [17], thermal conductivity (5300 Wm-1K-1) [18] and large specific 20 

surface area (2630 m2g-1) [19]. If the appropriate amount of graphene is added into the coating, 21 

the layered graphene will be embedded inside the coating and filled with defects. This will delay 22 

the penetration of corrosive medium, form physical barriers to the corrosive medium, and 23 

improve the corrosion resistance of the coating. If graphene fillers can be homogeneously 24 

dispersed in the coating and then connected into continuous paths, the electrical conductivity 25 
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of coating can be greatly enhanced [20,21].  However, it is a huge challenge to find an 1 

appropriate process to disperse graphene uniformly into epoxy matrix. Chang et al. [22] 2 

previously prepared graphene/epoxy composite coatings with a unique bionic structure using a 3 

nano-casting technology. The coating surface has a good superhydrophobic property, with a 4 

good protection effect on the cold rolled steel. At present, a commonly used method is to 5 

functionalize the surface of graphene with small organic molecules, polymers, and inorganic 6 

non-metallic compounds. For example, Pourhashem et al. [23] prepared the composite coating 7 

by in-situ mixing silica modified graphene and epoxy and the coating showed an excellent 8 

corrosion resistance with the corrosion rate decreased from 0.1705 mm/year to 0.0012 mm/year. 9 

Ramezanzadeh et al. [24] filled 3-aminopropyltriethoxysilane grafted graphene oxides into 10 

silicon alkyl epoxy and prepared composite materials using a sol-gel method, thus enhancing 11 

the corrosion protection and stripping resistance of the epoxy coating. Jiang et al. [25] 12 

chemically grafted multi-walled carbon nanotubes onto p-phenylenediamine (PPD) modified 13 

GOs, and then used them as conductive fillers to prepare graphene/epoxy resin composite 14 

coating, achieving excellent electrical conductivity and corrosion resistance. Zhan et al. [26] 15 

modified GO/Fe3O4 hybrids with dopamine (DA) and 3-aminopropyltriethoxysilane (KH550) 16 

using a hydrothermal method and then filled with epoxy resin to prepare GO- Fe3O4-KH550/DA 17 

composite coatings. The composite coating exhibited excellent corrosion resistance and high 18 

hardness when the mass fraction of the filler was 0.5 wt.%.  19 

Although there are a lot of studies on the graphene based composite coatings, the structures 20 

and properties of intrinsic graphene are easily changed during its modification process. Rare 21 

earth elements such as Ce are normally chemically active and have strong affinities with C, H, 22 

O, N, and other non-metallic elements. They can be combined with the graphene and GO to 23 

reduce the surface energy and improve its dispersion and functional properties of the component 24 

[27]. However, there are few previous studies for the rare earth element modified graphene/resin 25 
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composite coatings.  1 

In this paper, we propose a new coating protection mechanism that uses metal cations to 2 

form a passivation layer under the coating. We then prepare the CeO2@rGO/EP composite 3 

coating and study its electrochemical performances. Ceria modified graphene oxides were 4 

firstly prepared using a two-step reduction method of hydrothermal and calcination. They were 5 

then introduced into epoxy coating and brushed onto Q235 steel plate with a bar coater. We 6 

further studied the binding of graphene oxide, ceria, and epoxy resin, and the interface 7 

structures of the composite coating.  Finally, the corrosion resistance and mechanisms of the 8 

composite coating were systematically investigated.  9 

 10 

2. Protection mechanism of composite coating 11 

The design mechanism for the ceria modified graphene and the enhanced protection 12 

principle of the composite coating are illustrated in Fig. 1. H2O, O2 molecules and Cl- ions in 13 

the corrosion medium diffuse and permeate into the epoxy/steel interface along the micropores 14 

and defects in the coating (as shown in Fig. 1a). The graphene nanosheets modified by ceria 15 

can be dispersed uniformly in the epoxy matrix, thus acting as a barrier for defects (as shown 16 

in Fig. 1b). Once the corrosion medium contacts with the matrix, the redox reactions at the 17 

coating/metal interface will occur, and the reaction processes are shown below [28]: 18 

 Fe→Fe2++2e
－ (1) 19 

 Fe2+→Fe3++e
－
 (2) 20 

 2H2O+O2+4e
－
→4OH

－
 (3) 21 

 2Fe2++O2+2H2O→2FeOOH+2H+ (4) 22 

Due to the excellent conductivity of graphene, in the above reaction processes, the 23 
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graphene can act as a cathode and the metal as an anode, thus forming a micro-environment to 1 

accelerate the electrochemical corrosion rate of the matrix. As the content of graphene filler is 2 

increased, more galvanic couples are formed at the coating/matrix interfaces which can speed 3 

up the metal corrosion.  4 

【Insert Figure 1】 5 

However, when the graphene is modified with ceria,  the cerium could be quickly 6 

released into the NaCl electrolyte due to the cation exchange mechanism [29]. The sodium ions 7 

in the electrolyte that permeate into the epoxy coting can be replaced by Ce3+ ions on the 8 

modified graphene nanosheets. Previous studies reported that the cations such as zinc and 9 

cerium can react and form the chemical conversion coating or adsorption protective film [29–10 

31] on the metal surface. Therefore, the Ce3+ ions could restrain the electrochemical corrosion 11 

of the substrate by forming the conversion coating under the epoxy, thus significantly improving 12 

the corrosion resistance.  13 

 14 

3. Experimental 15 

3.1. Materials 16 

Graphene oxide prepared using the Hummer method was supplied by the Shaanxi Coal 17 

Chemistry New Energy Materials Research Institute, China. Cerium chloride heptahydrate was 18 

supplied by the Shanghai Sinochem Reagent Co. LTD, China. Waterborne epoxy resin 19 

(bisphenol A, E-44), defoamer and coalescing agent, were obtained from Shenzhen Jitian 20 

Chemical Co. LTD, China. All the chemicals were directly used without further treatment. The 21 

substrate was the Q235 carbon steel, and the dimension of carbon steel sample was 80 nm40 22 

nm2 mm. The main chemical elements of the steel are listed in Table 1. 23 
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【Insert Table 1】 1 

3.2. Preparation of filler and coating 2 

Graphene oxide was added into deionized water followed by ultrasonic mixing for 2 hours 3 

to obtain a 2 mg/ml GO aqueous solution. 40 ml of GO aqueous solution was mixed with 40 ml 4 

of cerium chloride heptahydrate solution (a concentration of 2.4 mmol/L) to achieve a solution, 5 

which was continuously stirred for 3 hours. The solution was kept for 24 hours to ensure Ce3+ 6 

ions embedded with GO sheets uniformly. Then the mixture was transferred into a Teflon high-7 

pressure reactor and heated for 12 hours at 120 ℃. The reactor was cooled down to room 8 

temperature. The solution was dialyzed to neutral with deionized water, and freeze-dried to 9 

obtain the rGO precursor with Ce3+ ions on its surface (e.g., formation of Ce3+@rGO). Finally, 10 

the precursor powder was heat treated at 750 ℃ in a nitrogen atmosphere for one hour and 11 

cooled down within the furnace to obtain the rare earth modified graphene powder (e.g., 12 

CeO2@rGO). 13 

Different weight ratios of graphene powders (0 wt.%, 0.25 wt.%, 0.5 wt.%, 0.75 wt.%, 1.0 14 

wt.%) were added into deionized water under a continuous ultrasonic agitation for one hour, 15 

and then mixed with waterborne epoxy and wetting dispersant under a constantly ultrasonic 16 

stirring for another one hour at room temperature. The curing agent, defoamer and coalescing 17 

agent were then added, and the modified graphene/epoxy composite coating was obtained after 18 

10 min of stirring until a homogeneous solution was obtained. The solid content of the whole 19 

coating system was about 60%. The mixture was coated onto the Q235 steel using a bar coater 20 

to obtain a layer thickness of 100 μm, and then cured at 65 ℃ for one hour. This is followed by 21 

another coating process, then finally cured at 65 ℃ for 12 hours. For a comparison, 0.5 wt.% 22 

graphene/epoxy composite coating was also prepared using the same method. 23 
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 1 

3.3. Characterization 2 

Crystalline structure of rare earth modified graphene was analyzed using an X-ray 3 

diffractometer (XRD-7000) with Cu Kα targets (=0.154 nm) at a voltage of 40 kV and a 4 

current of 40 mA. Microstructures of the modified graphene were observed using a transmission 5 

electron microscope (TEM，FEI-Talos，F200X). Changes in the composition, chemical state 6 

and oxygen-containing functional groups of the modified graphene were measured by X-ray 7 

photoelectron spectroscopy (XPS, AXIS ULTRA) in the energy range of 0~1200 eV. The collect 8 

data were processed with Casa XPS software for peak splitting and data Gaussian fitting. 9 

Elemental bonding for the prepared coatings was studied using a TENSOR 27 Fourier 10 

Transform Infrared spectrometer (FT-IR). Cross-section morphology of the coating was 11 

observed using a scanning electron microscope (SEM, TESCAN VEG3XMU). Microscale 12 

topography of the composite coatings were obtained using TEM. 13 

Hardness of the coatings was obtained using a Shore A hardness tester. Electrochemical 14 

tests were carried out using a P4000 electrochemical work station with a three-electrode system. 15 

A platinum electrode and saturated calomel electrode were served as the counter and reference 16 

electrodes, respectively, while the sample was used as the working electrode with 1 cm2 active 17 

working area. The electrochemical tests were performed after the open circuit potential (OCP) 18 

was stabilized in 3.5% NaCl solution. The polarization curves were recorded at a scanning 19 

speed of 0.5 mV/s within the range from -250 mV to +250 mV. Electrochemical impedance 20 

spectroscopy (EIS) tests were performed on the coating surface of 5 mm in length with an 21 

artificially made scratch. In order to study the electrochemical performances of pre-damaged 22 

coatings, the frequency ranges of the EIS tests were conducted from 10-2 Hz to 105 Hz with a 23 



8 
 

sine wave amplitude of 10 mV and a sample working area of 1 cm2. During the EIS test, the 1 

samples were immersed in a 3.5% NaCl solution for different corrosion durations, and the 2 

impedance and corrosion resistance of the coating were evaluated. Three-dimensional corrosion 3 

morphology of samples after soaked in 3.5% NaCl solution for 2 weeks was obtained using a 4 

laser scanning confocal microscope. Electrical resistance of the coating was tested using an 5 

RST-49 four-point probe tester and Agilent 4339B high-precision insulation resistance tester. 6 

Each sample was tested three times, and the average value was taken. 7 

 8 

4. Results and discussion 9 

4.1. Structure and morphology analysis of modified graphene 10 

To evaluate the crystalline structure of the samples, the as-synthesized GO, Ce3+@rGO 11 

and the CeO2@rGO (12 mM) were studied using XRD and the results are depicted in Fig. 2. 12 

As it can be seen in Fig. 2, the peak around 2θ=10.7 (d-spacing 8.3 Å) is attributed to the (001) 13 

reflection of GO. Whereas Ce3+@rGO has a peak at 2θ=23(d-spacing 4.0 Å) belonged to the 14 

(002) reflection of rGO, indicating that the reduction of GO occurred during the hydrothermal 15 

process. The XRD spectrum of CeO2@rGO show peaks at 2θ=28.6º，33.1º，47.5º，56.3º 16 

corresponding to the (111), (200), (220), (311) crystal planes of CeO2, respectively, whereas the 17 

diffraction peak of rGO disappear. This indicates that after heat treatment, CeO2 is generated 18 

between layers of rGO and its presence disrupts the regular structure of rGO.  19 

【Insert Figure 2】 20 

Fig. 3a and Fig. 3b show the TEM and selected area electron diffraction (SEAD) images 21 

of CeO2@rGO, which was prepared using the Ce3+@rGO (12 mM) after heat treatment in N2 22 

atmosphere. It can be observed from Fig. 3a that the graphene sheets are relatively smooth and 23 
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uniformly attached with nanoparticles on the sheets, and the size of these particles is 5.52.6 1 

nm after statistics. The SEAD image in Fig. 3b shows the diffraction patterns of graphene and 2 

a series of polycrystal diffraction patterns, which are assigned to those of the cubic cerium oxide 3 

(JCPDF No.34-0394).  4 

Fig. 3c and Fig. 3d show the XPS results of the precursor (Ce3+@rGO (12 mM)) and 5 

CeO2@rGO. In the survey spectra shown in Fig. 3c, there are three peaks of C1s, O1s, Ce (Ce3d, 6 

Ce4d) for both samples, indicating that the major elements are C, O and Ce. Fig. 3d shows the 7 

high-resolution C1s spectra of Ce3+@rGO and CeO2@rGO, both of which are belonged to the 8 

C1s peak of rGO [32]. Compared with that of the Ce3+@rGO, the peak intensity of C-C of 9 

CeO2@rGO is much higher, whereas those of C-O and C=O are much lower. These indicate 10 

that the C-O/C=O bonds on the surface of rGO were broken during the heat treatment and the 11 

rGO was further reduced. Moreover, the C-C binding energy of Ce3+@rGO does not show much 12 

difference with that of the standard rGO (284.60 eV), indicating that Ce3+ and rGO are bonded 13 

by the electrostatic force [33]. However, the C-C binding energy of CeO2@rGO is increased, 14 

indicating that there is a charge transfer from CeO2 to rGO. This increases the Fermi energy 15 

level of rGO to the conduction band, and the CeO2 and rGO are covalently bonded [33,34]. 16 

【Insert Figure 3】 17 

 18 

4.2. Microstructure studies of composite coating  19 

Fig. 4 shows the FT-IR spectra of the prepared epoxy coating, rGO/epoxy coating, and 20 

CeO2@rGO/epoxy coating. The absorption peaks of -OH, C-H, C=O, C=C, C-O, and C-H are 21 

observed in all three samples [35]. The main difference is that the rGO/epoxy coating and 22 

CeO2@rGO/epoxy coating have a new absorption peak from aliphatic ether (C-O-C) at 1110 23 
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cm-1, which is attributed to the reaction of the hydroxyl groups on the surface of GO, rGO and 1 

CeO2@rGO with the epoxy groups of epoxy resin. In other words, CeO2@rGO is crosslinked 2 

through the covalent bond with the epoxy resin[36]. However, because the CeO2@rGO has 3 

been processed hydrothermally twice, and then calcinated with less oxygen-containing 4 

functional groups on its surface compared with that of rGO, the degree of cross-linking and the 5 

amplitude of the aliphatic ether peak of CeO2@rGO/epoxy coatings are much lower than those 6 

of the rGO/epoxy coatings. 7 

【Insert Figure 4】 8 

Fig. 5 shows cross-section SEM images (backscattering electron images) of the epoxy 9 

coating and CeO2@rGO/epoxy composite coating, in which the upper part is the coating, and 10 

the lower part is the Q235 steel matrix. The layer thickness from the bar coater is ~100 μm after 11 

coated twice. Considering the curing rate of coating of 60%, the estimated coating thickness 12 

should be about 120 μm. Fig. 5b is a high magnification image of the box area as shown in Fig. 13 

5a. The coating thickness is about 117 μm. There are some pores in the coating caused by 14 

evaporation of solvent during curing, and also some white metal particles which were left after 15 

mechanical cutting. Fig. 5c shows a cross-section SEM image of the CeO2@rGO/epoxy 16 

composite coating, and Fig. 5d shows the high magnification image of the box area in Fig. 5c. 17 

The composite coating thickness is about 111 μm. From both Figs. 5a and 5c, the interface 18 

between the coating and the matrix is quite rough, because the steel substrate has been sand-19 

blasted in order to increase its surface roughness and the bonding strength of coating to the 20 

substrate. 21 

【Insert Figure 5】 22 

Fig. 6 shows TEM images of CeO2@rGO/epoxy composite coating with a mass fraction 23 
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of CeO2@rGO of 0.5wt%. The distribution of graphene in epoxy can be clearly revealed due to 1 

the different contrast between graphene and substrate. In Fig. 6a, there are black lines 2 

(CeO2@rGO lamella) which are distributed on a grey background of substrate (epoxy). These 3 

black lines are distributed uniformly without obvious agglomeration, and they are connected to 4 

each other forming a network structure.  5 

In Fig. 6b, there are many fine black particles near these black lines. Fig. 6c is an SEAD 6 

image of the box area in Fig. 6b. The diffraction patterns can be assigned to the interplanar 7 

crystal spacing of cubic cerium oxides based on the reference of JCPDF No. 34-0394, e.g., 8 

(111), (200), (220) and (311) crystal faces of cerium oxide. Fig. 6d shows the STEM image and 9 

elemental distributions of the composite coating, and the results confirmed that these particles 10 

are ceria. Graphene is evenly dispersed inside the epoxy matrix, and the cerium oxide 11 

nanoparticles are distributed uniformly along with the graphene [37]. 12 

There are microporous defects in the coating caused by solvent evaporation during coating 13 

curing stage (shown by yellow arrows in Fig. 6b), with the size of pores at 50- 200 nm. These 14 

defects will affect the corrosion resistance of coating, because the corrosive medium can easily 15 

permeate into the matrix along the defects in the coating. As explained in our proposed design 16 

mechanism, the CeO2@rGO nanosheets distributed around these voids can play a physical 17 

barrier to prevent the diffusion and penetration of corrosive media and thus effectively delay 18 

the corrosion process. 19 

Fig. 6e shows a high-resolution TEM (HR-TEM) image of the interface between 20 

CeO2@rGO and epoxy, and Fig. 6f is an enlarged region in Fig. 6e. Some lattice fringes can be 21 

clearly seen in Fig. 6f with distances of 0.31 nm and 0.27 nm, which are corresponding to 22 

interplanar spacings of the cerium oxide (111) and (200) planes, respectively. The interplanar 23 
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spacing of 0.35 nm is corresponding to the (002) graphene. These results can confirm that the 1 

yellow parallel line region in Fig. 6e is CeO2@rGO, and beyond these regions, the epoxy 2 

substrate is dominant. In these figures, the interface layer between epoxy and CeO2@rGO is 3 

dense without any voids. There are two possible reasons for the formation of such dense 4 

interfacial layers in the composite coatings. (1) Graphene oxide modified by cerium has a good 5 

wettability and is well compatible with epoxy resins; (2) As graphene and epoxy matrix are 6 

chemically cross-linked by aliphatic ether, a dense interfacial layer was formed through the 7 

strong chemical bonding. 8 

【Insert Figure 6】 9 

4.3. Properties of composite coating 10 

Fig. 7 shows the results of shore hardness of the composite coating with different 11 

CeO2@rGO contents. It can be found that the addition of CeO2@rGO can improve the hardness 12 

of composite coating, and the increase in hardness is proportional to the addition of CeO2@rGO. 13 

Results of FT-IR spectra indicated that graphene oxides were covalently cross-linked with 14 

epoxy. These CeO2@rGO have excellent mechanical properties, which play a critical role of 15 

second phase strengthening in the coating. Thus, the hardness of coating has been significantly 16 

improved. 17 

【Insert Figure 7】 18 

The organic coating as a good isolating layer protects the metal matrix from corrosive 19 

medium. However, during the application, the corrosive solution can permeate into coating 20 

gradually along its microporous defects. Therefore, the corrosion medium will permeate into 21 

coating gradually and the coating will have different electrochemical characteristics as a 22 

function of duration when the coating is immersed inside the corrosive solution. The process 23 
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can be divided into the initial stage of immersion, the middle stage of immersion, and the final 1 

stage of immersion [38]. Fig. 8 illustrates the equivalent circuit models of the organic coating 2 

at different soaking periods in the corrosive conditions. In this figure, Rs, Rt and Rct are solution 3 

resistance, coating resistance and charge transfer resistance, respectively, Cc is coating 4 

capacitance, Cd is double-layer capacitance and ZW is Warburg impedance. ZW means that the 5 

electrochemical corrosion of the metal/coating interface is controlled by diffusion, which is the 6 

diffusion response of ions or products involved in the corrosion process [23,39]. 7 

In the initial stage of immersion, the corrosion solution has not been in contact with the 8 

substrate. Therefore, the impedance of coating is mainly controlled by the charge transfer 9 

process, and the impedance spectrum has only one time constant. The corresponding physical 10 

model can be described by the equivalent circuit shown in Fig. 8a.  11 

With prolonging the immersion time, the corrosion medium reaches the interface between 12 

the coating and substrate. The electrochemical reaction occurs at their interfaces, but the coating 13 

has not yet shown macroscopic bubbles or holes, which is at the middle stage of immersion. 14 

This period is controlled by the charge transfer and diffusion process through the interfaces. 15 

The impedance of coating has two different time constants, corresponding to the coating 16 

capacitance, and the double-layer capacitor of metal and electrolyte, respectively [38,39]. The 17 

corresponding equivalent circuit is shown in Fig. 8b.  18 

When the bubbles and corrosive products are generated on the surface of the coating, the 19 

coating has no protective effect to the corrosive medium, which is at the final stage of 20 

immersion. For this case, the impedance of the system is mainly determined by the diffusion 21 

process of the substrate reaction, and there is no such a time constant of coating capacitance. 22 

The corresponding equivalent circuit is shown in Fig. 8c. 23 
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【Insert Figure 8】 1 

As explained in the Experimental Section, in order to evaluate the corrosion resistance and 2 

failure mechanism of the coating, a 5 mm scratch was artificially created on the coating surface, 3 

in order to accelerate the chemical solution’s penetration. The EIS analysis of the damaged 4 

coating was studied after the different immersion times. Fig. 9 exhibits the EIS Bode diagram 5 

of composite coating with different CeO2@rGO contents after the coating was immersed in 3.5% 6 

NaCl solution for different periods of 24 hrs, 72 hrs and 168 hrs. Figs. 9a, 9c and 9e are the 7 

double logarithmic impedance-frequency (|Z|-f) graphs and Figs. 9b, 9d and 9f are the phase-8 

frequency (θ-f) graphs, respectively. The impedance modulus (Z) in the low frequency region 9 

(below 0.1 Hz) in the |Z|-f diagram is independent of frequency and is often used to measure 10 

the protective performance of the coating [41]. The impedance modulus at the lowest frequency 11 

(|Z|0.01) is usually selected. The higher the value of |Z|0.01, the better the coating protection 12 

performance is. As shown in Figs. 9a and 9b, the impedance of coating shows apparent 13 

differences after immersed in the NaCl solution for 24 hrs. In Fig. 9a, the |Z|0.01 of 14 

CeO2@rGO/EP-0.50 was maximum and the |Z|0.01 of pure epoxy was minimum.  15 

Generally, a peak or valley of the curve corresponds to a time constant in the phase angle 16 

Bode diagram of the coating. From Fig. 9b, the EIS results of both the epoxy coating and the 17 

CeO2@rGO/EP-0.50 coating only show one time constant, while the other coatings show two-18 

time constants. The time constants of high frequency and low frequency regions correspond to 19 

the coating capacitance and the double-layer capacitance of the metal/electrolyte interface, 20 

respectively. Based on the results shown in Figs. 9a and b, after 24-hour immersion, the epoxy 21 

coating was already in its late stage of immersion, meaning that the coating has already failed. 22 

Whereas the CeO2@rGO/EP-0.50 coating was at its initial stage of immersion, and all the other 23 
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coatings were in their middle stage of immersion.  1 

Prolonging the immersion time of coating samples to 72 hrs (Fig. 9c), the values of 2 

impedance moduli of all the coatings are decreased. Comparing Figs. 9c and 9d, it can be 3 

observed that the epoxy coating and CeO2@rGO/EP-0.25 coating show only one time constant, 4 

while the remaining coatings show two-time constants. Based on this, we can conclude that the 5 

CeO2@rGO/EP-0.25 coating is now at the final stage of immersion, whereas the 6 

CeO2@rGO/EP-0.50 coating is still in the middle stage of immersion with the relatively high 7 

value of impedance modulus.  8 

The results obtained from the coating after immersion for 168 hrs are shown in Fig. 9f. 9 

Only the CeO2@rGO/EP-0.50 and CeO2@rGO/EP-0.75 coatings show characteristics with 10 

two-time constants, whereas the CeO2@rGO/EP-1.00 coating only shows one-time constant, 11 

indicating that this coating reaches its late stage of immersion. In general, the corrosion medium 12 

would diffuse quickly into the epoxy coating through the scratches in the immersion process, 13 

and the coating failed after immersion for 24 hrs. While for the composite coatings, the presence 14 

of CeO2@rGO would greatly delay this process.  15 

【Insert Figure 9】 16 

In order to have a better understanding of the corrosion behavior of electrolyte to coated 17 

metal, the equivalent circuits corresponding to the results in different immersion stages shown 18 

in Fig. 9 were fitted using the Zview software according to the characteristics of impedance 19 

spectra for each coating. In the equivalent circuit, the measured value of the coating capacitance 20 

is deviated from the ideal value due to the inhomogeneity or high roughness of the coating 21 

surface. A constant phase element (CPE) is used to replace the coating capacitance which has 22 

the deviation from the ideal capacitance [42]. The fitted electrochemical parameters are 23 
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summarized in Table 2. Rc is the resistance of coating, which usually reflects the effectiveness 1 

of the coating at the initial stage of immersion. Rct is the charge transfer resistance, which 2 

reflects the reaction rate of coated metal in the middle-late stage of immersion. A higher Rct 3 

value indicates a lower coating corrosion rate. Thus, the value of Rt=Rc+Rct can be used to 4 

reflect the protective effect of the coating during the whole immersion process [43]. The coating 5 

capacitance Cc is related to the water-proof properties of the coating. Since the electrolyte 6 

solution has a large value of permittivity, it will significantly enhance the coating’s capacitance 7 

when the electrolyte solution permeates into the coating. According to Burg’s Equation [44], 8 

the value of Cc can be obtained from the corresponding CPE parameters, and the conversion 9 

equation is shown in Eq. (5): 10 

 𝐶𝑐 = (𝑌0𝑅𝑐
1−𝑛)

1

𝑛 (5) 11 

where Cc is the coating capacitance, Rc is the coating resistance, Y0 is the coating admittance, n 12 

is an empirical constant with range of 0n1. 13 

Fig. 10 depicts the changes of coating’s Cc and Rt values with immersion time based on the 14 

equivalent circuit parameters listed in Table 2. In Fig. 10a, the Cc value of the epoxy coating is 15 

the largest and does not change much with time, indicating that the electrolyte has been 16 

completely permeated into the epoxy after 24 hrs. The composite coating with CeO2@rGO 17 

content of 0.25~0.75wt.% exhibits a small Cc value after 24 hrs, attributed to that the 18 

CeO2@rGO nanosheets are uniformly distributed in the composite coating which could 19 

effectively prevent the electrolyte infiltration. With the further extension of immersion time, the 20 

electrolyte solution in the coating becomes gradually saturated, and coating shows a similar Cc 21 

value. However, the Cc value of the composite coating is similar to that of the epoxy coating 22 

when the content of CeO2@rGO reaches 1.0 wt.%. This is because the agglomeration of large 23 
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content of graphene will weaken the effective shielding effect, and result in more defects in the 1 

coating. Among all the coatings, the sample of CeO2@rGO/EP-0.50 has the minimum coating 2 

capacitance during the whole soaking time, indicating the optimum value is 0.5wt.% rare-earth 3 

modified graphene to the waterborne epoxy coating. Fig. 10b shows the changes of Rt value as 4 

a function of coating soaking time. From this figure, the changing trends of the Rt value of each 5 

coating is similar to that of Cc value. The Rt values are decreased with the immersion time, and 6 

the CeO2@rGO/EP-0.50 coating has the largest Rt value. 7 

【Insert Figure 10】 8 

【Insert Table 2】 9 

Tafel polarization curve is a standard method for studying the corrosion behavior of metals, 10 

and the corrosion resistance of coating can be characterized by self-corrosion potential (Ecorr), 11 

self-corrosion current density (Icorr), corrosion rate (vcorr) and protective efficiency (Pi). Self-12 

corrosion potential is associated to the difficulty of corrosion, and self-corrosion current density 13 

is related to the rate of corrosion. The higher value of Ecorr and the lower value of Icorr for the 14 

coating indicate a better corrosion resistance of the coating [45]. The corrosion rate (vcorr) and 15 

protection efficiency (Pi) of the coating can be obtained from Eqs. (6) and (7), respectively [28]. 16 

 𝑣𝑐𝑜𝑟𝑟 =
87600𝐸𝑤𝐼𝑐𝑜𝑟𝑟

𝑛𝜌𝐹
 (6) 17 

 𝑃𝑖 = (1 −
𝐼𝑐𝑜𝑟𝑟

𝐼𝑐𝑜𝑟𝑟
𝑆 ) × 100% (7) 18 

In Eq. (6), Icorr can be obtained by linear fitting of polarization curve, Ew is the molecular 19 

weight (55.85 g/mol) of substrate steel,  is the density (7.85 g/cm2) of substrate steel, n is the 20 

valence of iron ions, and F is the Faraday constant (26.8 A·h/mol). In Eq. (7), Is
corr is the self-21 

corrosion current density of substrate steel. 22 
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Fig. 11 shows the polarization analysis results of both steel and the coated steel. Using the 1 

Cview software, the obtained parameters were obtained and the results are listed in Table 3. The 2 

Tafel polarization curves of epoxy coating and composite coatings with different CeO2@rGO 3 

contents are shown in Fig. 11a. The obtained Ecorr and Icorr values of the epoxy coating are -4 

0.642 V and 2.239 μA/cm2, respectively. However, after adding the different contents of 5 

CeO2@rGO into the epoxy coating, the Ecorr value of composite coating is increased and the 6 

Icorr value is decreased expect for the CeO2@rGO/EP-1.00 coating. The high Icorr value of 7 

CeO2@rGO/EP-1.00 coating is due to the good electric conductivity of graphene and the high 8 

graphene content could form a seepage network in coating, which will increase the conductivity 9 

and Icorr of the coating.  10 

In general, the CeO2@rGO as a filler can enhance the corrosion resistance of epoxy coating. 11 

With the increase of CeO2@rGO fillers, the corrosion resistance of composite coating is 12 

increased firstly but then decreased. When the content of CeO2@rGO was 0.50 wt.%, the Ecorr 13 

value of composite coating was increased by 0.121 V and Icorr value was decreased by 14.35 14 

times compared with the epoxy coating, and the corrosion rate was reduced from 0.025 mm/year 15 

to 0.002 mm/year. This is consistent with the EIS test results that the CeO2@rGO/EP-0.50 16 

coating shows the best corrosion resistance. 17 

The polarization curves of Q235 steel, rGO/EP-0.50 coating and CeO2@rGO/EP-0.50 18 

coating are shown in Fig. 11b. Comparing the corrosion resistance of rGO/EP-0.5 coating and 19 

CeO2@rGO/EP-0.50 coating, the Ecorr value of CeO2@rGO/EP-0.50 coating was increased by 20 

0.100 V and the Icorr value was decreased by 8.65 times compared with those of the rGO/EP-21 

0.50 coating. Therefore, the CeO2@rGO/EP-0.50 sample has a better protection efficiency.  22 

【Insert Figure 11】 23 
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【Insert Table 3】 1 

In order to better understand the changes of corrosion characteristics of the coating, the 2 

three-dimension contour morphology of the coating after immersion in 3.5% NaCl solution for 3 

14 days was observed using a laser scanning confocal microscope, and the images aere shown 4 

in Fig. 12. In this image, different colors represent different heights, with red being the highest, 5 

yellow the second, then green, and blue the lowest. It can be observed that the surface 6 

morphology of each coating has different characteristics after it was immersed in NaCl solution 7 

for 14 days. Fig. 12a is the surface morphology of the epoxy coating, and there are many 8 

bubbles on the surface, which is due to the corrosion of the metal substrate under the coating 9 

and the accumulation of corrosion products. The CeO2@rGO/EP-0.25 coating and 10 

CeO2@rGO/EP-0.75 coating show blistering morphologies as shown in Figs. 12b and 12e. 11 

While the surface of CeO2@rGO/EP-0.50 coating is smoother than that of the EP. The 12 

CeO2@rGO/EP-0.25 and CeO2@rGO/EP-0.75 coatings show no obvious blistering, but only 13 

some bubbles with a much smaller size. This explains that the CeO2@rGO/EP-0.50 coating 14 

shows less corrosive pitting on the substrate and a better protection performance. From Fig. 12f, 15 

even though the CeO2@rGO/EP-1.00 coating does not show any blistering, there are many 16 

holes observed, which indicates that the coating has been perforated after soaked for 14 days. 17 

In conclusion, after soaking the coated samples in NaCl solution for 14 days, the degree of 18 

coating failure is quite different and the CeO2@rGO/EP-0.50 coating shows the best 19 

performance.  20 

【Insert Figure 12】 21 

According to Eq. (8), the mass fraction of rare-earth modified graphene was converted into 22 

volume fraction, and the relationship between conductivity and packing volume fraction of 23 
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CeO2@rGO filled epoxy resin composite coating was obtained. The results are shown in Fig. 1 

13. From this figure, the electrical conductivity of the composite coating shows a typical 2 

percolation phenomenon [46,47]. The conductivity of the composite coating increases slightly 3 

with the volume fraction of filler when the content of CeO2@rGO is lower than 0.10 vol.%. 4 

The CeO2@rGO/EP coating exhibits a transition from insulator to semiconductor when the 5 

content of CeO2@rGO is increased from 0.1 vol.% to 0.3 vol.%. The conductivity of the 6 

composite coating reaches a value of 10-2 S/m when the content of CeO2@rGO exceeds 0.4 7 

vol.%, and the conductivity of coting is significantly improved by nine orders of magnitude 8 

compared with that of the epoxy coating. When the CeO2@rGO content is 0.5 wt.% (about 9 

0.25vol. %), the conductivity of the composite coating is in the order of 10-5 S/m, which is good 10 

enough to be used as an antistatic material [7,48].  11 

 𝑉𝑓 =
𝜔𝑓

𝜔𝑓+(𝜌𝑓 𝜌𝑚⁄ )(1−𝜔𝑓)
 (8) 12 

where ωf is the mass fraction of CeO2@rGO, ρf is the density of CeO2@rGO, which is estimated 13 

to be about 2.6 g/cm2, ρm is the density of epoxy, e.g., 1.2 g/cm2. 14 

【Insert Figure13】 15 

According to the theory of percolation threshold [47], with the increase of the content of 16 

conductive filler, the conductivity of polymer will be dramatically increased at a critical point. 17 

At this critical content, the filler can form a conductive network in the substrate to improve the 18 

conductivity property of the composite. The percolation threshold of composite coating can be 19 

estimated by the Eq. (9) [49].  20 

 𝜎𝑐 = 𝜎𝑔𝑟 [
(𝑉𝑓−𝑉𝑐)

(1−𝑉𝑐)
]

𝑡

    𝑉𝑓 > 𝑉𝑐 (9) 21 

where Vf is the volume fraction of CeO2@rGO, Vc is the volume fraction of penetration 22 

threshold, σc and σgr are the conductivity values of composite coating and CeO2@rGO, 23 
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respectively, t is the ‘universal critical exponent’. As shown in Fig. 14, the double logarithmic 1 

diagram of σc and Vf-Vc shows the optimal fitting results of Vc= 0.231 vol.％ and t = 1.45. The 2 

penetration threshold obtained in this study is far lower than the reported threshold of 3 

graphene/epoxy composite [36,47], which proves that modification of CeO2 nanoparticles on 4 

the graphene surface can improve its dispersion in the composite coating. 5 

After addition of CeO2@rGO, the Ecorr value of composite coating is increased and the 6 

Icorr value is reduced except for the CeO2@rGO/EP-1.00 coating. The CeO2@rGO-0.50 7 

composite coating shows the best protective effect. When the content of CeO2@rGO reaches 8 

1.00 wt.%, the graphene forms a percolation network in the coating, which results in an 9 

enhanced conductivity and an increased Icorr value. From the EIS results, the presence of 10 

CeO2@rGO results in a longer protection time for the composite coating. After soaked for 168 11 

hours, only the CeO2@rGO-0.50 and CeO2@rGO-0.75 coatings still have protective effect, 12 

whereas the CeO2@rGO-1.00 coating totally fails. These results are consistent with the 13 

proposed coating protection mechanism. Graphene can improve the protective property of the 14 

coating, but a large content of graphene can accelerate corrosion. As we know cerium can inhibit 15 

galvanic corrosion caused by graphene, but its effect is limited. Thus, the corrosion resistance 16 

of CeO2@rGO-1.00 coating is poor. 17 

 18 

5. Conclusion 19 

In this work, we proposed a new protective mechanism of coating and prepared 20 

CeO2@rGO as a filler to improve the corrosion resistance and electrical properties of epoxy 21 

coatings. The results showed that CeO2 particles were uniformly distributed on the surface of 22 

graphene and covalently bonded. The CeO2@rGO nanoparticles were homogeneously 23 
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dispersed in the epoxy matrix, forming a dense interface layer crosslinked by aliphatic ether 1 

bonds. Moreover, when the content of modified graphene was 0.45 vol.%, the conductivity of 2 

the composite coating was increased by nine orders of magnitude to a maximum value of 2.28 3 

× 10-2 S/m with a low permeability threshold of 0.231 vol.%. In addition, the content of 4 

CeO2@rGO also affected the corrosion resistance of the coating and the experimental results 5 

were consistent with proposed coating protection mechanism. High content of graphene 6 

accelerated corrosion and ceriuminhibited galvanic corrosion caused by graphene, but its effect 7 

was limited. The composite coating had the best corrosion resistance/antistatic comprehensive 8 

performance when the content of CeO2@rGO was 0.50 wt.%. The Ecorr of composite coating 9 

was increased by 0.121 V and Icorr was decreased by 14.35 times compared with those of the 10 

epoxy coating. The corrosion rates were reduced from 0.025 mm/year to 0.002 mm/year and 11 

the electrical conductivity reached the antistatic level of 10-5 S/m. 12 
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Tables 

Table1 Chemical elements of substrate Q235 steel. 

Component C Mn Si P Si Fe 

Content (wt.%) 0.220 0.480 0.05 0.022 0.012 residue 
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Table 2 The electrochemical parameters extracted from the EIS data of coating. 

Sample Time(hour) Equivalent circuit 
Rc 

(Ω·cm2) 

CPEc 
Rct 

(Ω·cm2) 
Y0(nΩ-

1·cm-2·s-n) 
n 

Neat Epoxy 

24 

Rs(Cc(Rc(Cd(RctWs))) 

71.53 672 0.752 1562 

72 27.23 955 0.731 1211 

168 16.24 1373 0.714 949.9 

CeO2@rGO/EP-0.25 

24 Rs(Cc(Rc(CdRct))) 951.8 111 0.694 3733 

72 
Rs(Cc(Rc(Cd(RctWs))) 

300.8 853 0.619 1746 

168 79.07 1765 0.620 1672 

CeO2@rGO/EP-0.50 

24 Rs(RcCc) 352100 9.26 0.894 / 

72 
Rs(Cc(Rc(CdRct))) 

800.2 118 0.814 74897 

168 586.3 800 0.728 41006 

CeO2@rGO/EP-0.75 

24 

Rs(Cc(Rc(CdRct))) 

185 466 0.774 9646 

72 138.1 839 0.728 6195 

168 154.2 795 0.687 3094 

CeO2@rGO/EP-1.00 

24 
Rs(Cc(Rc(CdRct))) 

890.2 482 0.733 1559 

72 645.4 628 0.599 1435.9 

168 Rs(Cc(Rc(Cd(RctWs))) 236 1193 0.664 864.7 
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Table 3 Polarization curve test results for Q235 steel and CeO2@rGO/epoxy composite coatings. 

Sample Ecorr(V) Icorr(μA/cm2) vcorr(mm/year) Pi (%) 

Q235 steel －0.829 46.774 0.54387 / 

Neat Epoxy －0.642 2.239 0.02603 95.21315 

CeO2@rGO/EP-0.25 －0.572 0.380 0.00442 99.18758 

CeO2@rGO/EP-0.50 －0.521 0.156 0.00181 99.66648 

CeO2@rGO/EP-0.75 －0.630 0.851 0.00991 98.18061 

CeO2@rGO/EP-1.00 －0.601 3.090 0.03593 93.39377 

rGO/EP-0.50 －0.621 1.349 0.01569 97.11592 
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Figure captions 1 

Fig.1. Illustrations of protective mechanism of (a) pure epoxy coating and (b) 2 

CeO2@rGO/epoxy nanocomposite coating. 3 

Fig.2. XRD patterns of (a)GO, Ce3+@rGO and (b)CeO2@rGO prepared with different 4 

concentration of cerium chloride. 5 

Fig.3. Microstructures of CeO2@rGO(12mM). (a) TEM image, (b) SEAD pattern, (c) XPS 6 

survey spectra and (d) high-resolution C1s spectrum of Ce3+@rGO (12mM) and CeO2@rGO 7 

(12mM). 8 

Fig. 4. FT-IR spectra of the neat epoxy coating, graphene/epoxy nanocomposite coating and 9 

rare earth modified graphene /epoxy nanocomposite coating. 10 

Fig. 5. SEM images of Cross-section of epoxy coating and nanocomposite coatings: (a) epoxy 11 

coating, (b) high magnification images of the box position in (a), (c) CeO2@rGO 12 

nanocomposites coatings, (d) high magnification images of the box position in (c). 13 

Fig. 6. TEM images of rare earth modified graphene/epoxy nanocomposite coating. (a) to (b): 14 

the low magnification images, (c) the SEAD pattern of the box position in (b), (d) STEM-EDS 15 

image of nanocomposite coating, (e) and (f):HR-TEM of interfacial region between graphene 16 

and epoxy. 17 

Fig. 7. Shore hardness values of nanocomposite coatings with different CeO2@rGO contents. 18 

Fig. 8. The equivalent circuit diagrams of composite coatings in different immersion periods, 19 

(a) initial immersion, (b) middle stage of immersion, (c) final stage of immersion [39,40]. 20 

Fig. 9. Bode diagram of EP and CeO2@rGO/epoxy nanocomposite coatings during 168 hrs 21 

immersion in 3.5% NaCl solution. (a), (c) and (e) is the impedance versus frequency of each 22 

coating for 24 hrs, 72 hrs, 168 hrs； (b), (d) and (f) is the phase change of the coatings with 23 
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frequency for 24 hrs, 72 hrs, 168 hrs. 1 

Fig. 10. Time-dependent variation of the electrical parameters (a) Cc and (b) Rt derived from 2 

fitting data for Neat epoxy and CeO2@rGO/EP composite during immersion. 3 

Fig. 11. (a) Tafel polarization curves of Neat Epoxy and different CeO2@rGO/EP contents, (b) 4 

Tafel polarization curves for Q235 steel, rGO/EP-0.50, CeO2@rGO/epoxy composite coatings. 5 

Fig.12. 3D Reconstruction images of epoxy coating and modified graphene/epoxy 6 

nanocomposite coating grafter immersion in 3.5% NaCl solution for 14 days. (a) Neat Epoxy 7 

(b) CeO2@rGO/EP-0.25, (c) CeO2@rGO/EP-0.50, (d) high magnification of CeO2@rGO/EP-8 

0.50, (e) CeO2@rGO/EP-0.75, (f) CeO2@rGO/EP-1.00. 9 

Fig.13. The electrical conductivity versus conductive filler content for CeO2@rGO/epoxy 10 

nanocomposite coatings. The inset shows a double-logarithmic plot of electrical conductivity. 11 
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Figures: 1 

 The figures attached at the end of the manuscript may not be clear, we have provided 2 

separate uploaded figures file. 3 
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Fig. 2. 3 

 4 



5 
 

 1 

 2 
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Fig. 4. 7 

 8 



6 
 

 1 

 2 

Fig. 5. 3 

 4 



7 
 

 1 

 2 
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Fig. 10. 4 
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Fig. 11. 2 

 3 

 4 

  5 
 6 

Fig. 12. 7 
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