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Synthesis of reduced graphene oxide (rGO) films onto carbon steel by cathodic 1 

electrophoretic deposition: anticorrosive coating 2 

J. A. Quezada-Renteríaa, L. F. Cházaro-Ruiza*, J. R. Rangel-Mendeza* 3 

a División de Ciencias Ambientales, Instituto Potosino de Investigación Científica y 4 

Tecnológica A.C., Camino a la Presa San José 2055, Col. Lomas 4ª Sección, C.P. 78216, 5 

San Luis Potosí, SLP, México. 6 

Abstract 7 

The use of graphene based materials as anticorrosive coatings for the protection of metals is 8 

still a controversial subject worthy of debate. The electrophoretic deposition (EPD) is one 9 

of the most used techniques to produce anticorrosive coatings onto metals, including 10 

graphene oxide (GO) and reduced graphene oxide (rGO) coatings. However, for the 11 

specific case of carbon steel’s protection, EPD of GO has not achieved positive results. 12 

This work proposes a variation in the EPD process of GO, which consisted in changing the 13 

GO’s charge to positive values by adsorbing Ca2+, allowing the electrophoretic deposition 14 

of GO onto the cathode (cEPD). The achieved film was characterized by scanning electron 15 

microscopy (SEM), Raman Spectroscopy, X-ray photoelectron spectroscopy (XPS) and 16 

evaluated electrochemically. The coating diminished by three times the corrosion of carbon 17 

steel: the corrosion current was reduced from 11.83 to 4.14 mA cm-2, the charge transfer 18 

resistance incremented from 84 to 406 Ω and a shift in the corrosion potential from -0.72 to 19 

-0.61 V was observed. An electrochemical reduction mechanism of GO involving 20 

hydrogenation/hydrogenolysis reactions is suggested as the main reason to achieved an 21 

effective coating by cEPD in comparison to the films produced by an anodic EPD. 22 
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 3 

1. Introduction 4 

Graphene is a 2D honeycomb lattice composed only of carbon atoms with sp2 hybridization 5 

[1], this structure confers it a wide range of properties, such as, high electrical conductivity, 6 

excellent mechanical properties, impermeability, hydrophobicity and an excellent 7 

transparency (absorbing only 2.3% of the incoming light) [2–5]. These properties have 8 

interested scientists to use it in numerous applications, including its use as an anticorrosive 9 

coating for the protection of metals. For example, it has been reported that the CVD-grown 10 

graphene decreases the corrosion rate of metals, especially for Cu and Ni [6–9]. However, 11 

with this methodology, graphene can only be synthetized on a limited number of substrates, 12 

and complications arise when trying to transfer the CVD-grown graphene to another 13 

substrate in order to protect it from corrosion, since the graphene sheet tends to break 14 

during the transfer procedure, creating sites that promote the corrosion [6,10]. This 15 

problem, together with the high costs of this technique, has motivated scientist to search for 16 

more practical ways to produce graphene based films or coatings. A chemical production of 17 

graphene via graphene oxide (GO) is considered to be the most viable option for the large-18 

scale synthesis of graphene based materials [11]. GO is an oxygen functionalized form of 19 

graphene, and the presence of this groups leads to the alteration or loss of some properties, 20 

such as its high electrical conductivity and hydrophobicity; however, the properties of 21 

pristine graphene can be restored, until a certain degree, by removing the oxygenated 22 

functionalities from GO using different methods [12]. Additionally, GO presents the 23 
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advantage of being easily dispersed in water [13], which facilitates the assembly of 1 

macrostructures, by numerous methods, among which is the electrophoretic deposition 2 

(EPD) of GO. In this method, an electric field is used to cause the migration of the GO 3 

sheets, due to the negative charge that they develop when suspended in water, to the 4 

electrode of opposite charge, which in this case is the anode, forming uniform and 5 

thickness-controlled films [14]. In addition, the formation of the deposit is accompanied by 6 

the removal of the oxygenated groups of GO via an electrochemical oxidation, where 7 

specifically the carboxylic acids are gone in the form of CO2 [15,16], therefore, obtaining a 8 

reduced graphene oxide film (rGO). The anodic electrophoretic deposition (aEPD) of GO 9 

has been widely used to produce films for a wide range of applications, including the 10 

protection of metals from corrosion [17], giving good results for the protection of metals 11 

such as copper [18,19]. However for the specific case of carbon steel, the aEPD of GO has 12 

not given positive results, the latter is owed to the formation of defects, such as vacancies, 13 

during the anodic oxidation process [20]. This work considers the cathodic electrophoretic 14 

deposition (cEPD) of GO as an alternative to the disadvantage of aEPD, since it is believed 15 

that the electrochemical reduction mechanism is rather different from the electrochemical 16 

oxidation in GO [21]. To achieve the cEPD, the negative charge of GO has to be inverted, 17 

which can be accomplished by the use of surfactant agents, like polyelectrolytes [22], and 18 

with heavy metal ions, such as Ni, Co and Zn, in the GO suspension [23–25]. However, 19 

these approaches have as a disadvantage the production of a composite film, which, 20 

although has given positive results as an anticorrosive coating for some metals, adds 21 

nothing to the existing doubt about the capacity of graphene and rGO films to perform as 22 

barriers for protection against corrosion [26]. Additionally, the reported works where heavy 23 

metal ions are added to the suspension [23–25], utilized an excessive concentration of salts, 24 
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which affects the mass transport by migration, making necessary the use of convection as 1 

an additional mass transport mechanism, which also affects the EPD process. Hence, the 2 

approach used in this work was to use a surfactant-free suspension of GO, in which the 3 

charge of GO sheets is controlled by the chemical nature, pH and ionic strength of the 4 

suspension, to avoid migration problems and to obtain a rGO film by cEPD, which was 5 

evaluated as an anticorrosive coating for protecting carbon steel.  6 

 7 

2. Materials and Methods 8 

2.1 Substances and Materials 9 

A commercial suspension of GO from the brand Graphene supermarket, which contained    10 

6.2 g L-1 of GO in water, was used to prepare all the GO suspensions used in this work. 11 

Also, CaCl2 salt was used in the preparation of the different electrolytic solutions, the salt 12 

was analytical grade from Fermont and it was used as received. All the solutions were made 13 

using deionized water with a resistivity of 18 MΩ cm. Either HCl or NaOH 0.1 M standard 14 

solutions from Fermont where used to adjust the pH of the solutions and GO suspensions 15 

used in this work. AISI 1045 medium carbon steel was used in this study, which has a 16 

chemical composition of 0.43-0.50 % C, 0.60-0.90 % Mn, 0.04 % P (max), and 0.05 % S 17 

(max).  18 

 19 

 20 

 21 
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 1 

2.2 GO Characterization  2 

2.2.1 Zeta potential (ζζζζ) and particle size measurement 3 

Zeta potential and particle size measurements of GO sheets in aqueous suspensions were 4 

conducted by using a particle size analyzer Zetatrac Nanotrac, in a pH range from 2 to 11. 5 

The GO concentration in the suspension was 200 mg L-1.  6 

 7 

2.2.2 Boehm Titration 8 

Boehm titration protocol was used to determine the concentration of acid groups on the GO 9 

sheets. 0.003 g of GO were contacted with bases of different pKb (NaHCO3, Na2CO3, 10 

NaOH and NaOC2H5), all of them in a concentration of 0.1 M. After a short period of 11 

incubation at 25 °C and 120 rpm, the suspensions where titrated with HCl 0.1 M by an 12 

automatic titrator Metler Toledo. It is important to specify that the suspensions where 13 

sparked with N2 before the incubation time and the titration procedure, in order to remove 14 

the CO2 from solution. The concentration of the different acid groups was estimated 15 

considering their corresponding pKa’s values, as stablished by Boehm [27].  16 

 17 

2.2.3 FT-IR 18 

The infrared spectrum of GO was obtained using KBr pellets as a support and background. 19 

In order to prepare the pellets, the GO sample and the KBr salt were dried at 45 and 85 °C, 20 

respectively, in a vacuum oven during 72 h. The pellets contained GO in a proportion of   21 
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0.46 % (w/w). The FT-IR scan was made in transmittance mode, with 128 scans and a 1 

resolution of 4 cm-1 in a wavelength range from 550 to 4000 cm-1. 2 

 3 

2.2.4 Calcium adsorption isotherms 4 

Adsorption essays were made at 25 °C at two constant pH values, 4 and 6. To do this, 3 mg 5 

of GO were contacted with 15 mL of a CaCl2 solution, in a concentration range from 0.001 6 

to 0.175 M. The system was shaken at 120 rpm and the pH was constantly monitored and 7 

adjusted to either 4 or 6 until the equilibrium was reached. The Ca2+ residual concentration 8 

in solution was determined by ICP-MS.  9 

 10 

2.3 EPD of GO 11 

The experimental set up for the EPD of GO consisted in two parallel electrodes cell, where 12 

the carbon steel electrode was used as a cathode and a graphite plaque as anode, the 13 

electrodes were separated 10 mm. The suspension contained 200 ppm of GO, CaCl2 in a 14 

concentration of 0.1 M, and the pH was adjusted to 6. The voltage applied was chosen in 15 

function of the reduction potential of GO, and the perturbation lasted 90 min. After the 16 

synthesis of the films, the coated pieces of steel were rinsed with deionized water and dried 17 

with an ethanol/acetone mixture. 18 

 19 

 20 

 21 
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2.4 EPD rGO film characterization 1 

2.4.1 Raman 2 

Raman spectra were obtained using a Renishaw Invia Raman Microscope, equipped with a 3 

532 nm wavelength incident laser and a 100x objective. The spectrum of GO was obtained 4 

by drop coating a piece of carbon steel with GO, in order to compare the spectra to those 5 

obtained after the cEPD process.  6 

 7 

2.4.2 SEM 8 

The SEM micrographs were obtained with a FEI Qaunta FEI 250 using high vacuum. EDS 9 

was performed on the rGO-coated and uncoated steel samples using a voltage of 5 KeV. 10 

 11 

2.4.3 XPS 12 

XPS measurements were performed on a PHI 5000 VersaProbe II system from Physical 13 

Electronicas, employing a monochromatic Al-Kα X-ray source with 1486.6 eV energy and 14 

a charge neutralizer system. The beam size used was 100 µm with a power and voltage of  15 

25 W and 15 KV, respectively. The survey spectra were obtained using pass energy of   16 

117.40 eV and a 1 eV step size by doing 5 sweeps. Meanwhile, the high definition spectra 17 

were obtained using pass energy of 23.5 eV and a 0.2 eV step size and 50 sweeps.  18 

 19 

 20 
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2.5 Electrochemical analysis for the corrosion assessment  1 

The characterization of the anticorrosive properties of the synthetized films was made 2 

through linear polarization and electrochemical impedance spectroscopy (EIS). For both 3 

cases, a three-electrode cell was employed, where a piece of carbon steel (CS), either 4 

coated or uncoated with rGO, was used as working electrode (exposed area of 0.7854 cm2), 5 

a graphite plate was used as counter electrode and the Ag/AgCl/NaCl (3 M) system was 6 

used as reference electrode, the latter was inside a glass prolongation filled with electrolyte. 7 

NaCl 3.5 % w/v was used as electrolyte medium; the solution was sparked with Ar for at 8 

least 15 min before each experiment. The linear polarization analysis was made with a 9 

potential scan from -300 to +300 mV vs open circuit potential (Eocv) at scan rate of 0.15 mV 
10 

s-1. EIS was performed at Eocv using a perturbation of 10 mV of amplitude, in a frequency 11 

range from 100 kHz to 5 mHz with 6 points per decade. Before each analysis, the system 12 

was allowed to reach the open circuit potential for at least 45 min.  13 

 14 

3. Results and Discussion  15 

3.1 Characterization of GO  16 

The FT-IR spectrum of GO (Figure 1S) shows the band associated with the stretching 17 

vibration of the O-H bond between 3000 and 3700 cm-1, mainly related to the phenolic 18 

groups and the residual water present in the sample. The bands corresponding to the 19 

stretching vibration of the double bond C=O and the O-H bending deformation of 20 

carboxylic acids appear at 1720 and 1390 cm-1, respectively [28], meanwhile, the bands at 21 

1100 and 1220 cm-1, correspond to the stretching vibration of the C-O bond in alcohols and 22 
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epoxides, respectively [29]. On the other hand, the band at 600 cm-1 has been lately related 1 

to the ketone groups [30]. The band at 1610 cm-1 is associated to the skeletal vibration 2 

modes of the unaffected graphitic domains of the basal plane of the sheets [31]. 3 

Additionally, the acid groups identified in the FT-IR spectra were quantified by Boehm 4 

titrations, the results are shown in Table 1. According to these results the carboxylic and 5 

phenolic groups are present at higher proportion. However, it needs to be stated that the 6 

epoxides tend to be more reactive and undergo ring opening at basic pH. After the opening 7 

of the epoxide ring, an additional phenolic group is formed, thus, the quantity of the later is 8 

not represented correctly in these results. Since Boehm titration procedure can’t correctly 9 

quantify the epoxide and phenolic groups, it can be concluded that the carboxylic groups 10 

are present in a higher proportion in GO, as it has been reported before [32]. 11 

 12 

Table 1. Concentration of acid groups in GO determined by Boehm titration. 13 

 14 

 15 

The presence of these acid groups at the edges and basal plane of GO grants the sheets a 16 

negative charge when suspended in water, as it can be seen by the ζ values shown in Figure 17 

2S in the supplementary material. The curve shows a negative potential through all the pH 18 

range, exhibiting a constant value at pH values higher than 6 and reaching a value close to 0 19 

at pH 2. As it was mentioned before, the negative potential value arises from the 20 

Carboxylic Lactonic Phenolic Carbonyl Total 
(meq

 
g

-1
) (meq

 
g

-1
) (meq

 
g

-1
) (meq

 
g

-1
) (meq

 
g

-1
)

1.56 ± 0.26 0.31 ± 0.08 1.75 ± 0.17 0.87 ± 0.53 4.5 ± 0.44
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deprotonation of the acid groups, such as carboxylic and phenolic groups. It has been 1 

reported that the pKa values of carboxylic acids on graphene varies from 4 to 6 depending 2 

on its position with respect to neighboring alcohol groups, meanwhile, the pKa value of 3 

phenolic groups is around 9 [32,33]. According to this, the behavior of ζ can be explained 4 

with the high concentration of carboxylic groups in the GO under study, with respect to the 5 

other groups. At low pH values the acid groups are protonated, hence, a value of ζ close to 6 

0 is observed. The dissociation of acid groups increases the negative value of ζ until a pH 7 

value of 6, corresponding to the pKa of carboxylic acids, where the more negative value of 8 

ζ is reached and, after this point, the potential value slightly decreases. Thus, the phenolic 9 

groups are not contributing in a considerable amount to the negative charge of the material, 10 

most certainly due to their low concentration in comparison to the carboxylic acids, as it 11 

was explained by the previous results. 12 

 13 

3.1.1 Ca2+ adsorption onto GO 14 

The approach used to invert the negative charge of GO was to adsorb Ca2+ ions onto the 15 

carbon material. Figure 1 shows the Ca2+ adsorption isotherms at pH 4 and 6, which were 16 

chosen as a function of the pKa of carboxylic acids. It can be seen that the adsorption 17 

capacity �, increases about 5 times when increasing the pH from 4 to 6. One possible 18 

explanation is that electrostatic interactions between the cations and the deprotonated 19 

carboxylic acids are the main adsorption mechanism. Considering that at pH 6 the totality 20 

of carboxylic acids are negatively charged, the amount of adsorbed divalent cations exceeds 21 

the number of carboxylic groups (see Table 1) assuming a 1:2 ratio (2 deprotonated 22 
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carboxylic groups per divalent cation). Taking into account that there are only 1.56 meq of 1 

deprotonated carboxylic groups per gram of material at pH 6, the adsorbed amount of Ca2+ 2 

per gram would suggest a 25:1 ratio, which is not possible and, therefore, another 3 

mechanism should be responsible for most of the adsorption. There are plenty of studies 4 

about the adsorption of divalent cations on activated carbon and most of them concluded 5 

that the material acidity is the main reason for the adsorption of metals [34–36]. However, 6 

the surface area of carbon also plays an important role in the removal of metal ions, as 7 

showed by M. Valix et al. [37], the latter may be through cation-π interactions between the 8 

ions and the sp2 domains of carbon atoms. Hence, some part of the adsorbed Ca2+ on GO 9 

could be via these interactions with the unoxidized graphitic domains. Additionally, it has 10 

been reported that the functional groups present in GO sheets can bond divalent metal ions 11 

and use them as cross-linkers to form agglomerates with increased mechanical and thermal 12 

properties [38,39]. The cross-linking process may lead to the formation of porous 13 

agglomerates, which results in an increase in the Ca2+ adsorption capacity. Also, during the 14 

agglomeration process, Ca2+ ions could get caught inside the agglomerate structure, thereby 15 

contributing to the high concentration of adsorbed calcium.  16 

The approach taken in this work to invert the charge of GO was to saturate its surface with 17 

Ca2+ ions, which is represented by the maximum adsorption capacity of the material; 18 

however, if such high Ca2+ concentration is used, migration problems could occur, due to 19 

the minimizing effect that a high ionic strength has on this form of mass transport. 20 

Therefore, during the cEPD of GO, an initial Ca2+ concentration (��) of 0.1 M was used, 21 

obtaining a Ca2+ equilibrium concentration (��) of 0.08 M, which was enough to change the 22 

GO charge.  23 
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 1 

Figure 1. Ca2+ adsorption isotherms onto GO at pH 4 and 6, at 25 °C. Dashed line 2 

represents an equilibrium concentration of 0.08 M. 3 

 4 

The ζ of GO shifted to positive values after the addition of Ca2+ ions (see Figure 2), and an 5 

increasing tendency of this value is observed as the suspension pH rises, reaching its 6 

maximum value at about 5.2 mV at pH 6. This is in agreement with Boehm titrations, since 7 

carboxylic groups are in a higher proportion in the GO and, they are mainly responsible for 8 

the Ca2+ adsorption. Similar results were reported by Chowdhury et al. [40], since they 9 

observed that the electrophoretic mobility of GO shifted to more positive values when a 10 

low concentration of divalent cations, such as Ca2+ or Mg2+, were added to the suspension. 11 

The authors also observed that this effect was more noticeable when the pH of the 12 

suspension increased. However, in their work, the GO didn’t reach positive values of 13 

electrophoretic mobility, probably due to the low concentration of cations used. In this 14 

work, the change of ζ`s GO sheets is attributed to the adsorption of Ca2+ and to the ionic 15 

strength of the suspension, which also has an effect on the double layer thickness. 16 
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According to these results, an initial Ca2+ concentration of 0.1 M inverts the negative ζ 1 

value of GO and enable its deposition onto the cathode during the EPD, avoiding an excess 2 

of ionic strength, which could end up in the mitigation of the mass transport by migration.  3 

 4 

Figure 2. Zeta potential (ζ) of GO sheets suspended in an electrolytic solution with an 5 

initial Ca2+ concentration of 0.1 M. 6 

 7 

3.2 Simultaneous electrochemical deposition and reduction of GO by cEPD 8 

Once the inversion of the GO charge was achieved, the electrochemical reduction of GO 9 

was investigated using cyclic voltammetry, in order to stablish the minimum potential value 10 

to be applied during the EPD process to accomplish a simultaneous deposition and 11 

electrochemical reduction of the material. The voltammetric response of the carbon steel 12 

electrode in an electrolytic solution with an initial Ca2+ concentration of 0.1 M containing 13 

GO (Figure 3S) showed a cathodic peak at -1.01 V vs Ag/AgCl/NaCl (3 M), which can be 14 

attributed to the electrochemical reduction of GO, in contrast, the voltammetric response of 15 
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the same electrode in solution without GO showed no peaks. Similar responses have been 1 

reported in other works [21,31,41], even so, the electrochemical reduction mechanism of 2 

GO is not completely understood. M. Zhou et al. [21] proposed a reduction mechanism 3 

assisted by protons and proposed equation (1).  4 

�� + �	
 + �� → ���� + 	�� (1) 

They observed that the voltammetric peak associated to the reduction of GO increased in 5 

intensity and appeared at more positive potentials when working at lower pH values; 6 

however, they were able to reduce the material even at pH 12, therefore indicating that the 7 

proposed mechanism may not be the only one. The authors also reported that, by 8 

electrochemical reduction of GO, they achieved a O/C ratio of 4.2 %, which they reported 9 

to be lower than the O/C achieved by chemical reduction with hydrazine, which was 6.25 10 

% [21].  11 

By assuring a more negative electrode potential on the cathode than the peak potential 12 

associated to the reduction of GO, during the EPD process, the simultaneous deposition and 13 

electrochemical reduction of GO will be achieved. During the cEPD of GO a cell voltage of 14 

2.3 V was applied, which is equivalent to a cathode potential of -1.15 V vs Ag/AgCl/NaCl 15 

(3 M). According to the voltammetry response, this potential is beyond the peak potential 16 

of GO electrochemical reduction and also it is not located in the zone of water electrolysis 17 

reaction, which is well known to happen at higher potential: 18 

2	�� → 2	�(�) + ��(�)       -1.44 V vs Ag/AgCl/NaCl (3 M) (2) 

Additionally, no other possible parasitic reactions may occur at this potential value, such as 19 

calcium deposition: 20 
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��(��)
�
 + 2� → ��(�)       -3.08 V vs Ag/AgCl/NaCl (3 M) (3) 

According to the ζ values, the electrophoretic mobility of GO when suspended in the 1 

electrolytic solution of CaCl2 is about 10 times lower than in water. For this reason, the 2 

voltage was applied for 90 min. 3 

 4 

3.3 rGO film characterization 5 

The resulting film was characterized by Raman spectroscopy, and the obtained spectra are 6 

shown in Figure 3. The presence of the rGO film on carbon steel is verified by the presence 7 

of the G and D bands in the Raman spectrum of the coated sample, which are not present in 8 

the spectrum of a clean carbon steel substrate. These bands are characteristic of 9 

carbonaceous materials, the G band, appearing at 1595 cm-1, corresponds to the E2g modes 10 

associated to the defect-free graphitic domains. On the other hand, the D band, appearing at 11 

1350 cm-1, is associated to the presence of unorganized carbon and a decrease in graphite 12 

crystal size [42], which has been related to the presence of vacancies and oxygenated 13 

groups introduced during the synthesis method [43]. The �� ��
�  ratio denotes the 14 

defectiveness of the sample. An increase in this ratio has been used to identify the reduction 15 

of GO to a structure with less functional groups corresponding to rGO [30,31,44,45] . The 16 

��
��
�  of the GO sample and the carbon steel coated with GO by cEPD were 1.09 and 1.71, 17 

respectively, indicating that the reduction of GO occurred: this promoted the presence of a 18 

higher number of defects in the rGO film, showing that the sp2 hybridization is not totally 19 

restored after the reduction process. However, according to S. Stankovich et al. [45], the sp2 20 
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hybridization is in fact restored to some degree and the increase in the  �� ��
�  ratio after the 1 

reduction process should be interpreted as an increase in the number of sp2 domains of 2 

smaller size. Another indicator of the reduction of GO simultaneously to its deposition was 3 

an increase in the contact angle in comparison to a GO-coated carbon steel (coated by drop 4 

coating), the contact angle measurements were 58.89 ± 0.2 and 61.43 ± 1.3 for the GO-5 

coated and rGO-coated, respectively. 6 

 7 

 8 

Figure 3. Raman spectra of Carbon steel, Carbon steel + GO (produced by drop coating) 9 

and Carbon steel + rGO produced by cEPD. 10 

 11 
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Additionally, the Raman spectrum of the carbon steel coated with rGO showed additional 1 

bands at 255, 355 and 685 cm-1. These bands had been identified in the Raman spectra of 2 

the different crystalline forms of calcium based minerals (CaCO3) such as calcite, aragonite 3 

and vaterite [46]. Additionally, some authors [47,48] have found the same peaks mentioned 4 

before in the Raman spectra of Ca(OH)2, which are attributed to the two translational and 5 

one rotation modes of the OH− against the cations [48]. According to this, the presence of 6 

these bands in the Raman spectra of carbon steel coated with the rGO film may be 7 

attributed to the Ca-O complex present in the GO agglomerates, due to the fact that the 8 

interaction cation-carboxylic acid may present the same vibrational modes than the Ca-O 9 

bond present in all the calcium minerals mentioned before.  10 

The presence of the rGO film on the carbon steel substrate was also verified by XPS 11 

measurements. Figure 4 shows the XPS survey spectra of carbon steel, GO and the rGO 12 

film synthetized by the cEPD process. The survey spectrum of carbon steel shows a clear 13 

response of the peaks associated to Fe bonds: the peaks Fe2p3/2 and Fe2p1/2 located at ∼710 14 

and ∼724 eV, respectively, the Fe2s at ∼842 eV, the peaks Fe3p and Fe3s at ∼54 and ∼91 15 

eV respectively, and the peaks Fe LMM, Fe LMM1, Fe LMM2 at ∼782, ∼842, ∼891 eV, 16 

accordingly. Additionally, the O1s peak, related to the presence of Fe2O3 and FeO, appears 17 

at ∼531 eV. On the other hand, the survey spectrum of the GO sample, synthetized over a 18 

carbon steel substrate by dip coating, showed only two intense peaks related to the C1s and 19 

O1s at ∼285 and ∼531 eV, respectively; these peaks are related to the carbon atoms in GO 20 

and its oxygenated functionalities. Moreover, the peaks related to the Fe of carbon steel are 21 

not distinguishable. On the other hand, the survey spectra of the rGO film synthetized by 22 

cEPD on the carbon steel surface showed the same peaks associated to the C1s, O1s. Also, 23 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

18 
 

the spectra showed a peak at 346-350 eV related to the Ca2p3/2 and Ca2p1/2, which is 1 

related to Ca2+ bonded to oxygen, owed to the interaction of the cations with the carboxylic 2 

acids of GO. Additionally, the spectra of the rGO coated steel showed the features related 3 

to the Fe bonds in the range from 700 to 900 eV. The latter indicates that the thickness of 4 

the rGO coating is less than 10 nm. It is important to mention that the rGO coating is barely 5 

perceptible to the naked eye and it does not affect the original finish of the carbon steel 6 

substrate.   7 

 8 

Figure 4. XPS survey spectra of carbon steel, carbon steel + GO (synthetized by drop 9 

casting) and carbon steel + rGO synthetized by cEPD. 10 

 11 

The electrochemical reduction of GO during the cEPD was also confirmed by XPS. Figure 12 

5 shows the high resolution XPS spectra of the C1s region of both GO and the rGO film 13 
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obtained after the cEPD process. Both spectra showed two peaks that can be deconvoluted 1 

in order to identify the chemical structures present in the material. The peaks at 244.8 and 2 

285.6 eV represent the C=C and C-C bonded carbon related to the sp2 and sp3 domains in 3 

the material, respectively [49]. Meanwhile, the peaks at ∼286.6, ∼288.02 and ∼289.5 eV 4 

represent different bonds between carbon and oxygen atoms, C-O, C=O and O-C=O, 5 

accordingly. The presence of these bonds is associated to the different oxygenated 6 

functional groups on GO. For example, the C-O bond is related to the presence of phenolic, 7 

epoxides, and carboxylic groups. The C=O bond is related to the presence of carbonyl and 8 

carboxylic groups, meanwhile, the O-C=O bond is attributed only to the latter [12,50]. 9 

Direct comparison of the spectra showed a difference in the area of the peak related to the 10 

different forms of oxygen-bonded carbon, which clearly states a decrease in their 11 

concentration after the cEPD process due to the simultaneous electrochemical reduction of 12 

the material. The latter is reflected on the increase in C/O ratio of the sample, being 0.76 13 

and 1.4 for the GO and rGO respectively (see Table 2). The spectra in Figure 5 are direct 14 

proof of the different mechanism for the removal of the oxygenated groups in GO by an 15 

electrochemical reduction, which becomes clear when comparing these spectra to those 16 

obtained after an electrochemical oxidation process (aEPD) of GO reported by several 17 

authors. For example, according to S. An et al. [15], after the anodic EPD of GO, the 18 

carboxylic groups were mainly removed, and after the process, a small amount of phenolic 19 

groups and pretty much all the carbonyl groups were still remaining. Similar results were 20 

reported by M. Diba et al. [16], since they observed a decrease of the peak area related to 21 

carboxylic groups as function of the imposed voltage during an anodic EPD process. 22 

However, according to our results, after the electrochemical reduction of GO (cEPD), the 23 
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C-O peak showed the greatest decrease, meanwhile the peaks related to the C=O and O-1 

C=O groups seem to be shortly affected. The latter indicates that the phenolic and epoxide 2 

were the groups mainly affected by the electrochemical reduction process, and it was more 3 

difficult to remove the carbonyl and carboxylic groups (Table 2). There are two possible 4 

explanations to these effects, the first one is that due to the complexation of the carboxylic 5 

groups with the Ca2+, they became harder to be reduced electrochemically [51]. The second 6 

one is based on the reduction mechanism proposed by M. Zhou et al. [21]. According to Eq. 7 

1, proposed by those authors, the electrochemical reduction process of GO may consist in 8 

hydrogenolysis reactions and, due to the structure of the carboxylic groups, it will take 9 

more steps for them to be completely removed in the form of H2O with a hydrogenolysis 10 

reaction. C. Kvarnström et al. [41,52] also studied the electrochemical reduction of GO in 11 

aqueous media, they reported the importance of H+ and intercalated water in the mechanism 12 

of reduction, which affect mainly the epoxide groups, being the carboxylic and phenolic 13 

groups harder to remove. Additionally, Figure 5 showed that the peak associated to the sp3 14 

bonded carbon (C-C) increased after the electrochemical reduction process, which was 15 

consistent with the Raman spectrum, meaning that after the reduction process the sp2 16 

hybridization was only in part restored (Table 2). The latter might be due to the 17 

electrochemical reduction mechanism of GO, consisting mainly in hydrogenolysis 18 

reactions; nevertheless, it is well known that these reactions tend to compete with 19 

hydrogenation reactions, as it is shown in Figure 6. The hydrogenation reaction of GO 20 

would end in the loss of certain degree of sp2 hybridization and the removal of a certain 21 

concentration of oxygenated groups. This effect is reflected at the percentage of sp3 bonded 22 

carbon from the total C-C bonds (
(��)

(���)
(��)
�100), without considering the carbon 23 
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bonded to oxygen atoms, in order to represent the hydrogenation of the graphitic domains 1 

(Table 2). The percentage of sp3 bonded carbon increased from 40.67 to 51.84 % after the 2 

cEPD process, due to the electrochemical reduction of GO, which appears to consist in 3 

hydrogenolysis and hydrogenation reactions. This reduction mechanism is in concordance 4 

with what was observed in the Raman spectrum (Figure 3), where, there was a 5 

simultaneous removal of oxygenated groups and a certain degree of hydrogenation of the 6 

conjugated graphitic network of GO, ending up in rGO with a higher number of defects.  7 

 8 

Figure 5. High resolution XPS spectra of C1s of GO (a) and rGO film (b). 9 

 10 

Table 2. Parameters obtained from the High resolution XPS spectra of C1s of the GO and 11 

rGO films. 12 

 13 

 GO 25.73 17.66  45.43  7.32  3.79  0.76  40.67

 rGO 30.27  32.61  11.22  4.06  21.83  1.40 51.84

Sample C/O
% C=C 

(284.8 eV)
% C-C 

(285.6 eV)
% C-O 

(~286.6 eV)
% C=O 

(~288.02 eV)
% O-C=O 
(~289.9 eV)

(� " �)

� # � + (� " �)
�100

(sp3)
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 1 

 2 

Figure 6. Possible removal mechanism of the oxygenated groups of GO via 3 

electrochemical reduction 4 

 5 

The SEM micrographs of the carbon steel surface before (left side) and after (right side) the 6 

cEPD process are shown in Figure 7. The surface of carbon steel showed the usual 7 

topography related to a polishing with no mirror finish, where fissures and line marks were 8 

to be expected. On the other hand, the surface of the carbon steel after the cEPD had a 9 

rather different topography, presenting a rug-alike surface, which was also different from 10 

the usual smooth surface obtained after anodic EPD of GO [15,20,25,53,54]. The latter may 11 

be due to the agglomerates formed during Ca2+ adsorption. The irregular shape of these 12 

agglomerates could cause an uneven stacking during the formation of the deposit and, 13 

therefore, giving place to the formation of this particular topography. Nevertheless, the 14 

scanning electron micrograph shown in Figure 7b demonstrated that the rGO film adapted 15 

to the topography of the carbon steel substrate. EDS was performed on both, rGO-coated 16 

and uncoated steel samples, and the atomic % of C found was 27.36 and 19.96, 17 
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respectively. Also, there were notable differences on the atomic % of O, reaching 19.41 and 1 

28.53 % for the coated and uncoated sample respectively. The latter may owe to corrosion 2 

presented at the uncoated sample, as this kind of steel is easily corroded under atmospheric 3 

conditions.  4 

  

  

Figure 7. Micrographs of the uncoated carbon steel at low (a) and high (c) magnification, 5 

and rGO-coated carbon steel at low (b) and high (d) magnification. 6 

 7 

3.4 Evaluation of the corrosion protection of carbon steel granted by the rGO film 8 

The corrosion protection of the rGO film was evaluated by electrochemical techniques. 9 

Figure 8 shows the Tafel plot of the linear polarization curves of uncoated carbon steel and 10 
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rGO coated carbon steel, obtained in the corrosive medium of NaCl 3.5 %. It can be seen 1 

that the polarization curve of rGO coated carbon steel was shifted to more positive 2 

potentials; where the uncoated sample showed a corrosion potential (�$%&) of -0.72 ± 0.28 3 

V, meanwhile, the coated sample showed a potential of -0.61 ± 0.13 V. This behavior is 4 

characteristic of the protection of a metal with a noble material [55], and indicates that 5 

higher potentials are needed to promote the dissolution of the metal [56]. Additionally, 6 

according to Figure 8, the polarization curve of rGO-coated carbon steel reached lower 7 

values of current. The corrosion current density, '$%&, was obtained by extrapolation of the 8 

kinetic behavior at high overpotentials [55], obtaining an '$%& of  11.83 ± 0.86 and 4.14 ± 9 

0.64 mA cm-2 for the uncoated and rGO-coated carbon steel respectively. According to 10 

these results, the rGO coating synthetized by cEPD reduced by three times the corrosion 11 

rate of the carbon steel sample.  12 

 13 

Figure 8. Tafel plot of the polarization curves of carbon steel (CS) and rGO-coated carbon 14 

steel (rGO-CS) obtained in an electrolytic solution at 3.5 % of NaCl.  15 

 16 
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Similar results have been seen before when metals, such as copper or nickel, are coated by 1 

either CVD grown graphene [6–9] or EPD rGO [18,19,22–25,53,56]. However, according 2 

to J. H. Park and J. M. Park, a rGO-coating produced by anodic EPD did not decrease the 3 

corrosion rate of a carbon steel sample [20]. These authors reported a shifting of  �$%& to 4 

more negative potentials and no significant change in the '$%& of the sample after coating it 5 

with a rGO film produced by anodic electrophoretic deposition. They attributed this result 6 

to a low density deposit and to the presence of defects in the rGO film [20]. As it was 7 

mentioned before, the anodic oxidation process of GO after reaching the anode in aEPD, 8 

causes the removal of oxygenated groups, carboxylic acids specifically, by a Kolbe-like 9 

reaction [15,16], according to equations (4), (5) and (6). 10 

���� → ����∙ + � (4) 

����∙ → �. +∙ ��� (5) 

2�. → � " � (6) 

It is well accepted that this reaction mechanism promotes the formation of defects, such as 11 

vacancies, in the graphene sheets and, as it has been reported, these defects are the main 12 

reason for graphene failure as an anticorrosive coating, due to the formation of a galvanic 13 

pair and the occurrence of galvanic corrosion [26]. Also, these type of defects may be the 14 

reason of the unsuccessful application of a rGO film in the protection of carbon steel, since, 15 

unlike cooper, the oxide film formed on the unprotected carbon steel sites by the rGO film 16 

(site where the rGO defects are located) neither stops the corrosion process or passivates 17 

the sample [55]. For the case of the rGO-coating obtained by cEPD, the suggested 18 

electrochemical reduction mechanism consisting of hydrogenolysis/hydrogenation reactions 19 

may explain the successful results, since this mechanism suggest the formation of a rGO 20 
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film with defects that would actually be beneficial for its use as an anticorrosive coating, 1 

since the resulting film would have low conductivity, hydrophobic nature and no vacancies, 2 

which are key factor to avoid the occurrence of galvanic corrosion.  3 

Even though definitive proof of the suggested mechanism is still needed, some indirect 4 

proofs had been reported before by other authors. S. A. Hasan et al. [57], achieved a cEPD 5 

of GO by lowering the pH of the suspension, they also observed a higher hydrophobicity in 6 

the film obtained by cEPD compared to one produced by aEPD, which could be attributed 7 

to the hydrogenation of the material. Also, according to J. H. Park and J. M. Park [20], after 8 

the aEPD process there was a ∆ �� ��
� , before and after the reduction process, of 0.37, 9 

meanwhile, the ∆ �� ��
�  in the present work was 0.62. This indicates that there are higher 10 

number of defects in the rGO film synthetized by cEPD reported in this work in 11 

comparison to the one reported by those authors. Also, the graphite crystal size, +�, was 12 

calculated using the equation proposed by L. G. Cançado et al. [58] and the Raman data 13 

shown in Figure 3, giving a +� value of 17.63 and 11.24 nm for the GO and rGO-coating 14 

respectively. The experimental data reported by J. H. Park et al., was also used in the same 15 

equation, giving +� values of 22.88 and 19.03 nm for their GO and rGO-coating, 16 

respectively. According to these results, the rGO film, synthetized by cEPD, reported in 17 

this work had more defects in comparison to the film produced by aEPD reported by J. H. 18 

Park et al. However, the defects introduced to the rGO-film during a cEPD, might be 19 

different to those originated during an anodic EPD of GO, since the rGO-film assembled by 20 

cEPD decreased the '$%& value of the coated steel by three times in comparison to an 21 

uncoated sample.  22 
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Figure 9 shows the Nyquist plot (9a) and Phase diagrams (9b) obtained by EIS. The 1 

Nyquist plot of the rGO-coated carbon steel showed two semicircles, the first one is shown 2 

in the inset of Figure 9a and is related to the interface produced between the rGO film and 3 

the electrolytic solution. Due to the small thickness of the rGO film, the semicircle in the 4 

Nyquist Plot and the phase constant in Figure 9b are barely perceptible. On the other hand, 5 

the second semicircle attributed to the interface steel/electrolyte quickly evolved into a 6 

larger one in the Nyquist plot, which allowed seeing a third time constant in the phase 7 

diagram. This interface is caused by the formation of corrosion products on the surface of 8 

the steel and inside the rGO film, meaning that the film had a tortuous path between the 9 

rGO agglomerates, since as mentioned before cannot be considered as completely 10 

hydrophobic, allowing the diffusion of electrolyte to the steel surface. The resistance of this 11 

path in the rGO film is also shown in Figure 9a as the beginning of the characteristic 12 

response associated to finite diffusion; however, the range of frequencies was not low 13 

enough to observe a complete effect of this diffusion (due to this, it was not considered for 14 

the fitting of the experimental data). Even though it is not the objective of this work, it is 15 

relevant to point out that the thickness of the rGO coating is an important parameter that 16 

can be considered to evaluate the anticorrosive protection of a substrate, since a thicker film 17 

would present an increased difficulty for the electrolyte to reach the steel surface, thus, 18 

there is a linear relationship between coating thickness and protection granted [10]. On the 19 

other hand, the Nyquist plot of the uncoated carbon steel showed only one noticeable 20 

semicircle and an inductive behavior at low frequencies. The presence of this inductor has 21 

been related to a rearrangement of the double layer caused by the formation of corrosion 22 

products on the steel surface and their subsequent combination with the solution at the 23 

interface [59]. According to this, the phase diagram of the uncoated carbon steel is most 24 
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certainly formed by two time constants, one associated to the steel/electrolyte interface and 1 

the other one, which is almost unnoticeable in Figure 9b, to the interface formed by the 2 

adsorbed corrosion products before they mix with the solution [59]. Due to the latter, the 3 

equivalent circuit used for the fitting of the experimental data of the uncoated carbon steel 4 

consisted in two sets of a constant phase element (�,�) connected in parallel with a 5 

resistance (�), the first one, showed at low frequencies is related to the steel/electrolyte 6 

interface (�,�-. and ��/), while the second one, at low frequencies, corresponds to the 7 

interface produced by the adsorbed corrosion products (�,��-� and ��-�). On the other 8 

hand, the equivalent circuit of the rGO-coated sample had an additional set of CPE and a 9 

Resistor in parallel, showed at high frequencies, attributed to the presence of the rGO film 10 

(�,�&�0 and �&�0). The results of the fitting showed that the resistance of the rGO film is 11 

quite low, 0.7 Ω, probably due to the small thickness of the sample, which should be 12 

inferior to 10 nm. Moreover, the comparison of the charge transfer resistance of the 13 

uncoated and rGO-coated steel (��/) showed an increase from 84 to 406 Ω after coating 14 

the sample with rGO. The charge transfer resistance of a metal in this electrolytic media 15 

(NaCl 3.5 % w/v) is related to the occurrence of corrosion, where at lower ��/ depicts a 16 

faster corrosion rate of the sample. These results are in agreement with the results obtained 17 

with the linear polarization test and showed that the rGO film synthetized by cEPD is able 18 

to reduce the corrosion rate of carbon steel.  19 

Additionally, a stability test was performed, in which a rGO-coated sample was sonicated 20 

during 5 minutes in ethanol and the EIS spectra were obtained before and after the 21 

sonication process. The results showed no change in the EIS spectra of the sample, thus, 22 

indicating a good adhesion of the film to the steel surface (Figure 4S).  23 
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 1 

 2 

 3 

Figure 9. EIS data for carbon steel and rGO-coated carbon steel obtained in an electrolytic 4 

solution of NaCl 3.5 % w/v, Nyquist plot and (a), and phase diagrams (b). 5 

 6 

4. Conclusions 7 

cEPD was achieved by adding a concentration of Ca2+ ions to the suspension of GO. The 8 

Ca2+ ions interacted with the carboxylic acids and π e− of the sp2 domains of GO acting as 9 

cross-linkers to form positively charged agglomerates of GO. It was proposed that the 10 

electrochemical reduction mechanism of GO, which appears to consist in 11 

hydrogenation/hydrogenolysis reactions, could be an alternative via for the assemble of a 12 

rGO film that could reduce up to three times the corrosion rate of carbon steel. The later 13 
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was proved by the decrease of the �$%&, by a shifting of �$%& to more positive values, and 1 

also by an increase of the ��/ of carbon steel.  2 
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electrophoretic deposition: anticorrosive coating  
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Highlights  

• Ca2+ allows the electrophoretic deposition of GO onto the cathode.  

• A cross-linker effect occurred between Ca2+ and GO’s carboxylic groups. 

• Electrochemical reduction of GO and its deposition was achieved simultaneously. 

• The GO reduction by hydrogenolysis/hydrogenation reactions is suggested.  

• The rGO film reduces up to three times the corrosion of carbon steel. 

 

 


