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By adding graphene oxide (GO) to a Watt-type plating solution, a Ni-graphene (G) composite coating 

was prepared on a N80 steel substrate. Raman and FT-IR spectroscopy were performed to characterize 

the successful preparation and reduction of graphene oxide. The variation in the morphology of the 

composite coatings with changes in the average current density, rotation angle of cathode, and 

concentration of graphene oxide was examined using SEM and EDS analyses. An electrochemical 

corrosion test was used to study the effect of graphene oxide concentration on the corrosion resistance 

of composite coatings. A mechanism describing the action of the average current density and rotation 

angle of cathode during the codeposition process of Ni-G was proposed. It was found that the 

electrodeposition can be affected by the current density and rotation angle of cathode, confirming that 

the mechanism of Ni-G composite electrodeposition is controlled by both an electrochemical mechanism 

and a mechanical stirring mechanism. In addition, we proposed the mechanism of Ni-G composite 

electrodeposition. 
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1. INTRODUCTION 

N80 steel pipes are widely used in petroleum drilling operations. However, due to the harsh 

environment [1] of steel pipes, corrosion is inevitable [2]. Corrosion has seriously affected the normal 

operation of petroleum systems and their production efficiency [3,4]. As a simple and economical 

method, electrodeposition is of interest and is widely used to improve the wear and corrosion resistance 

of N80 steel pipes [5-9]. Pulse electrodeposition is one of the most effective methods to prepare 
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composite coatings because the structure, wear resistance, porosity, and resistance can be better 

controlled by adjusting the pulse parameters. [10,11]. As early as 1843, R. Böttger proposed obtaining a 

nickel-based composite coating [12,13] by adding different nanoreinforcing phases; this coating can be 

used for metal corrosion protection due to its excellent mechanical properties and corrosion resistance 

[14-16]. Graphene (G) is a typical semimetal with a stable two-dimensional sp2-hybridized crystal 

structure [15,17,18] and offers unique corrosion and wear resistance characteristics [19-21]. First, the 

theoretical Young’s modulus of defect-free graphene sheets reaches 1.1 TPa. Due to the extremely high 

mechanical strength of graphene, the local deformation and wear loss of the material is reduced. Second, 

graphene is not easily penetrated by liquids and gases, so it can enhance the corrosion resistance of the 

material and reduce oxidation. [22,23]. Additionally, some scholars have compared the strengthening 

efficiency of different reinforcements introduced to nickel matrixes. It was shown that the Ni-graphite 

nanoplates and Ni-graphene [24-26] composites have the highest efficiencies, i.e., 188.4 and 124.2, are 

greater than those of other traditional reinforcements, such as SiC [27] particles, carbon fibers, and CNTs 

[28]. Therefore, graphene is an excellent reinforcing material for electrodeposited nickel (Ni) matrix 

composites. However, the graphene surface is hydrophobic, and the carbon skeleton is low polarity, 

which makes it difficult to disperse evenly in water. In the process of electrodeposition, due to the 

interaction between van der Waals forces and π - π stacking, graphene, with its large specific surface 

area, agglomerates in the bath, which affects the quality of electrodeposition. [22]. In contrast, graphene 

oxide (GO) not only has all the excellent properties of graphene but also contains many surface 

functional groups, such as hydroxyl, epoxy, carbonyl, or carboxyl groups. Such functional groups 

facilitate graphene oxide with better hydrophilicity and homogenized dispersion in the solution [29,30]. 

Moreover, studies have shown that a moderate addition of GO can improve the corrosion resistance of 

composite coatings [31], and the number of oxygen groups makes GO more compatible with the metal 

matrix [7, 32, 33]. However, graphene oxide is an insulator with many defects. Before codeposition with 

nickel ions, the oxygen-containing functional groups on the surface of graphene oxide combine with 

many metal ions to reduce the zeta potential [34, 35] and produce a large number of defects, resulting in 

many pores and holes on the surface of the coating, thus affecting the performance and quality of the 

coating. Consequently, the reduction of graphene oxide is widely used in electrodeposition [36]. In this 

paper, the functional groups on the graphene surface were modified and oxidized to form GO by an 

improved Hummers method, and then, GO was reduced by pulse electrodeposition to obtain a better Ni-

G composite coating. At present, few studies have been published on the mechanism of codeposition of 

G with nickel. Guglielmi N. et al. proposed a two-step adsorption theory for the codeposition process in 

composite electrodeposition [37]. This theory holds that when particles co-deposit with metals, first, the 

particles are covered by adsorbed ions and solvent molecules, forming a weak adsorption layer under 

the action of van der Waals forces. Subsequently, the particles, which absorbed various metal ions, move 

to the cathode under the action of the electric field. When the particles electrophorese to the double layer, 

there is relatively strong adsorption between particles and the cathode due to the increased electrostatic 

attraction. This process is called strong adsorption. The model was well validated in Ni-SiC [38], Ni-

Al2O3 [39], Ni-WC [40], and other systems. The electrochemical mechanism [41] suggests that 

composite electrodeposition depends critically on the charge transfer between the electrode and the bath. 

There are some main points: the process of composite electrodeposition was determined by the migration 
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rate of particles and the formation of electrostatic adsorption on the electrode surface. Snaith, D W et al. 

[42] proposed another hypothesis that the electrophoretic velocity of the solid particles in the bath was 

negligible compared with that of mechanical stirring. The dispersed particles were brought to the surface 

of the cathode via mechanical stirring. As the metal coating continuously thickened, the particles 

dispersed in it. Only a few particles were fixed due to the reduction of the surrounding metal ions, while 

the majority of the particles were washed down due to the tangential force. 

The above mechanisms clearly explain the composite electrodeposition from different angles. 

The joint control of the electrochemical mechanism and the mechanical stirring mechanism is more 

suitable for the exploration of the composite electrodeposition mechanism; this idea is explored in this 

paper. 

 

 

 

2. EXPERIMENTAL 

2.1 Electrodeposition of Ni-G composite coating 

GO was obtained by a modified Hummer’s method. Ni-G composite coatings were deposited 

using pulse electrodeposition. The pulse on time (Ton) was 2 ms, and the pulse (Toff) was 3 ms. The watt 

plating solution consisted of 250 g/L NiSO4•6H2O, 40 g/L NiCl2•6H2O, 30 g/L H3BO3, 2 g/L saccharin 

sodium, 0.2 g/L C12H25SO4Na, and 0.2~1 g/L graphene oxide and was used to fabricate the samples at 

60℃. The pH of the bath was maintained at approximately 4~5. The duration of the electrodeposition 

was 2 h. To explore the influence of process parameters on electrodeposition, the range of current density 

was 0.5~2 A/dm2, and the range of rotation angle of cathode was 0~90°. 

 

2.2 Characterization and measurements 

Raman spectra of the GO and Ni-G composite coatings at 1.5 A/dm2 were obtained on a DXR 

Raman spectrometer with a wavelength of 532 nm and power of 5 mW as an excitation source, and the 

Fourier transform infrared (FT-IR) spectra were obtained on a Nicolet IS50 FT-IR spectrometer with a 

resolution of 4 cm-1. Moreover, the microstructure of the composite coating and the cross-section were 

observed by scanning electron microscopy (SEM, Nova Nano SEM450), and the content of elements 

contained in the coatings was measured by energy-dispersive X-ray spectroscopy (EDS). The corrosion 

resistance of the composite coating in 3.5% NaCl was studied using standard techniques such as 

electrochemical impedance spectroscopy and potentiodynamic polarization. The electrochemical 

impedance test was carried out in the frequency range of 10−2~105 Hz, and the AC amplitude was 10 

mV. The potentiodynamic polarization was measured by scanning from −500 mV to 500 mV at a rate 

of 1 mV/s. 
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3. RESULTS AND DISCUSSION 

3.1 Characterization of graphene oxide 

Fig. 1 shows the Raman spectrum of the composite coating. The G peak strength in the Raman 

spectrum of carbon nanomaterials represents the quantity and integrity of the aromatic ring structure in 

GO, while the D peak strength represents the disorder of the GO structure caused by the destruction of 

the aromatic ring structure in GO during the oxidation process. 

 

 
 

Figure 1. Raman spectra of the GO and Ni-G composite coatings electrodeposited at 1.5 A/dm2. 

 

 
 

Figure 2. FTIR spectrum of the Ni-G composite coating electrodeposited at 1.5 A/dm2 and GO. 
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The intensity ratio of the D and G peaks (ID/IG) is usually used to evaluate the graphitization 

degree of nanocarbon materials. The smaller the ratio (ID/IG) is, the higher the reduction degree of 

graphite. Singh et al. [43] found that the G peak of GO was wide and strong at 1598 cm-1 in the Raman 

spectrum of GO. And the oxygen-containing functional groups such as carboxyl group, hydroxyl group 

and epoxy group were found in the FT-IR spectrum of GO. All that indicate a few layer-GO is actually 

synthesized. In our work, the Raman spectrum of GO is shown in Fig. 1. The G band of GO shows a 

wide, strong band at 1590 cm−1 because the sp2 graphite skeleton is deformed due to the attachment of 

oxygen-containing functional groups. The FT-IR spectrum of GO is shown in Fig. 2. In the spectrum, 

the hydroxyl (-OH) and alkoxy (RO-) vibration absorption peaks are at 3448 cm-1 and 1067 cm-1, the 

carbonyl (-C=O) and epoxy (C-O-C) stretching vibration absorption peaks are at 1724 cm-1 and 1239 

cm-1, respectively. This spectrum shows that graphene oxide was successfully prepared [44]. As shown 

in Fig. 1, the D and G peaks appear at 1343 cm-1 and 1590 cm-1 in the Raman spectrum of GO, and it 

can be calculated that the ID/IG ratio is 1.06. The D and G peaks appear at 1351 cm-1 and 1608 cm-1 in 

the Raman spectrum of the Ni-G composite coating, and the ID/IG ratio dropped from 1.06 to 0.86. This 

decrease in the ratio represents the decrease in disordered domains that occurs during GO reduction. 

Compared with the peak intensity in the infrared spectrum of graphene oxide, as shown in Fig. 2, the 

intensity of each characteristic peak of the composite coating decreased, especially the vibration 

absorption peak of hydroxyl (-OH) groups at 3448 cm-1. This indicates that the number of oxygen-

containing functional groups on the surface of graphene oxide decreases and is gradually reduced in the 

process of composite electrodeposition. 

 

3.2 Morphology of the composite coating 

3.2.1 Effect of current density on the morphology of the composite coating 

Fig. 3 shows the surface and cross-sectional morphology of the composite coating at different 

current densities. The specific change in coating thickness is shown in Fig. 4. Guo et al. [45] described 

that that the surface of the composite coatings became coarser as the current density increased. It is 

generally believed that the morphology of the composite coatings is significantly affected by the change 

in current density. 

When the current density was 0.5 A/dm2 (as shown in Fig. 3a), a series of sparse cellular 

protuberances appeared on the coating surface. The corresponding cross-section of the surface has more 

protrusions and low flatness, and the thickness is relatively low, only 18.9 μm. With increasing current 

density, the morphology of the coating surface changed obviously. The cellular bulges became more 

homogenized, the size of cellular protuberances on the entire coating became small and dense, and the 

surface two-dimensionality and the thickness of the corresponding cross-section improved. The Ni-G 

composite coating prepared at a current density of 1.5 A/dm2 possessed the smallest and densest cellular 

protuberances, as shown in Fig. 3c. This means that an increased current density led to a more uniform 

and compact coating morphology. An appropriate increase in the current density increases the number 

of electrons supplied to the cathode and the degree of cathode polarization. Therefore, the cathode 

overpotential was increased simultaneously, which increased the nucleation rate of the cathode surface 
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and the density of the coating. The results showed that when the current density exceeded 1.5 A/dm2 

(Fig. 3d), the surface of the coating was not uniform and the cellular structure was fuzzy and irregular.  

 

 

 
 
 
Figure 3. Surface and cross-sectional morphology of the Ni-G composite coatings electrodeposited at 

different current density 0.5 A/dm2 (a, e), 1 A/dm2 (b, f), 1.5 A/dm2 (c, g), 2 A/dm2 (d, h). 
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Figure 4. Thickness of the Ni-G composite coatings electrodeposited at different current density (0.5 

A/dm2, 1 A/dm2, 1.5 A/dm2, 2 A/dm2). 

 

The reason is that the reduction rate of nickel ions and graphene oxide increases with increasing 

current density, which makes the functional groups on the surface of graphene oxide gradually detach, 

the hydrophobicity of graphene oxide decreases, and the agglomeration increases [46]. Therefore, the 

current density has been found to be effective in the deposition of Ni-G composite coatings, which 

verifies the adaptability of the electrochemical mechanism. 

 

3.2.2 Effect of rotation angle of cathode on the morphology of the composite coating 

Huang et al. [47] studied the influence of cathode Surface velocity on Friction. Experiments show 

that a moderate flow rate of the plating solution on the cathode surface is beneficial to the formation of 

defect-free nickel films. This is related to the rotation angle of cathode. Chernyshev et al. [48] simulated 

the electrocrystallization of copper, zinc, and other particles to prepare ultra-thin films on a rotating 

cathode. The model used can predict the effect of the electrolysis conditions on the sediment structure 

at low electrolysis times and pulse modes. Therefore, it is of great significance to study the effect of 

rotation angle of cathode on the electrodeposition. 

The surface morphology of composite coatings with different rotation angle of cathode is shown 

in Fig. 5. The number of particles on the coating increases gradually with increasing cathode angle from 

0° to 90° in the electroplating bath. As shown in Fig. 6, the percentage of C atoms is low (34.93%) when 
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the cathode angle is 0°, whereas the cathode angle of 90° achieves the maximum C percentage of 82.06. 

That is, the atomic percentage of C was largely enhanced after increasing the cathode angle, and the 

growth rate increased gradually. The trend of the change in weight percentage of C is similar to that of 

the change in atomic percentage, which further confirms that the increasing the cathode angle accelerates 

the composite electrodeposition. When the bath flows in the direction of electromagnetic stirring, certain 

forces work upon the cathode surface; these forces include adhesive forces favorable to electrodeposition 

and scouring forces unfavorable to electrodeposition. When the cathodic current flows in the same 

direction as the plating solution (i.e., the cathode angle of 0°), the scouring force is far greater than the 

adhesion; therefore, the number of particles deposited on the surface of the coating is very small, as 

shown in Fig. 7(a). In Fig. 7(b)~(d), it is seen that the adhesion of the plating solution on the cathode 

surface was evidently elevated after the cathode angle increased. However, the scouring force decreased 

gradually. Hence, the number of particles deposited on the coating surface was largely enhanced. When 

the cathode angle was 90°, the adhesive force on the cathode surface reached the maximum, the number 

of particles deposited on the coating surface was the largest, and the density of the coating reached the 

maximum.  

 

 
 

Figure 5. Surface morphology of the Ni-G composite coatings prepared at different angles of cathode 

prepared at 1.5 A/dm2. (a) 0°, (b) 30°, (c) 60°, (d) 90°, (e) 270°. 
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Figure 6. (a) Atomic percentage of the elements in the Ni-G composite coating at different rotation angle 

of cathode and (b) weight percentage of the elements in the Ni-G composite coating at different 

rotation angle of cathode prepared at 1.5 A/dm2. 

 

 
Figure 7. Schematic diagram of the Ni-G composite coating deposition mechanism with different 

rotation angles of cathode. 

 

Moreover, when the surface of the coating returned to the flow direction of the bath, a few 

particles were still observed on the surface. This is because the plating solution flows around the back 

of the coating when it flows through the sample, forming a vortex (Fig. 7e).In summary, appropriately 
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increasing the rotation angle of cathode has a positive effect on the deposition of the Ni-G composite 

coating. This indicates that Ni-G composite electrodeposition conforms to the mechanical stirring 

mechanism. 

 

3.2.3 Effect of graphene oxide content on the morphology of the composite coating 

Karim et al. showed that, with the increase of graphene oxide concentration, the surface 

roughness of the coating increases. When the concentration of graphene oxide is 0.2 %, the surface 

roughness of the coating reaches the maximum [49] It is generally believed that the morphology of the 

composite coatings is significantly affected by the concentrations of graphene oxide.  

 

 

 
 

Figure 8. Surface morphology of the Ni-G composite coatings with different concentrations of graphene 

oxide prepared at 1.5 A/dm2. (a) 0.2 g/L, (b) 0.4 g/L, (c) 0.6 g/L, (d)0.8 g/L, (e) 1 g/L.  

 

By adding different concentrations of graphene oxide to the basic plating solution, the surface 

morphology of the composite coating was obtained by electrodeposition (Fig. 8). It can be seen from the 

figure that when the concentration of graphene oxide was 0.2 g/L ~ 0.4 g/L, the surface morphology of 
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the composite coating was rough and had a needle-hole structure. As the concentration of graphene oxide 

increased, the surface of the composite coating became dense and uniform, as shown in Fig. 8(d), but 

when the concentration of graphene oxide exceeded 0.6 g/L, it became irregular. This behavior is due to 

the addition of nanoparticles; as nanoparticles are added, the microstructure of the composite coating 

becomes fine and uniform, and the number of cell protrusions and cracks gradually decreases [50]. 

However, when too many nanoparticles are added, agglomeration occurs, which reduces the uniformity 

of the coating structure and causes it to coarsen [51,52]. In the electrodeposition process, as the content 

of GO increases, the content of reduced graphene gradually increases. The pinhole defects are 

continuously filled by reduced graphene and nickel metal, which are densely and uniformly deposited 

on the cathode plate. However, when the concentration exceeds a certain range, the graphene oxide 

cannot disperse completely in the solution, causing extensive agglomeration, and instead, the coating 

surface becomes rough. 

 

3.3. Ni-G co-deposition mechanism 

The deposition process of the Ni-G composite coating can be explained by the model shown in 

Fig. 9. The analysis is as follows: first, water molecules can combine with the free nickel ions in the 

plating bath through the solvation process due to their dipole characteristics to form a positively charged 

hydrated nickel ion surrounded by six water molecules; the reaction equation is as follows: 

Ni2++H2O→[Ni(H2O)6]
2+. Under the action of the positive and negative charges and the external electric 

field, suspended negatively-charged GO sheets adsorb hydrated ionic nickel complexes, which migrate 

to the diffusion layer near the cathode due to mechanical stirring and electrostatic attraction. 

Subsequently, the composite particles enter the Helmholtz double layer from the diffusion layer near the 

cathode surface. This process is affected by the high electric field intensity. Hence, the hydration layer 

is removed from the hydrated nickel ion in this process. Then, one end of the GO sheet, which has a 

large number of nickel particles on the surface, moves toward the cathode and makes contact with it. 

Due to the superconductivity of GO, it can immediately carry out electronic exchange with the cathode 

surface to achieve a reduction reaction. Some studies have shown that the reduction peak of GO on the 

electrodeposition curve does not move with the change in pH, which means that H+ is not involved in 

the reduction of GO, so the reduction equation can be written as: GO + ne-→G [53]. With the flow 

direction generated by the stirring force, the other end of the GO is connected to another position of the 

substrate for reduction. At the same time, the nickel ions removed from the hydration layer also make 

contact with the cathode for electron exchange to promote a reduction reaction, and the reaction formula 

is as follows: [Ni(H2O)6]
2++2e-→Ni+6H2O. Thus, co-deposition of G and Ni atoms on the cathode 

surface is achieved. 
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Figure 9. Model of the Ni-G composite deposition. 

 

3.4. The corrosion resistance of the composite coating 

The polarization curve of the composite coating under different graphene oxide concentrations 

is shown in Fig. 10. The vertical axis is the potential, and the horizontal axis is the logarithm of the 

absolute current. Fitting the polarization curve to obtain the corresponding Tafel slope, the self-corrosion 

potential (Ecorr) and self-corrosion current density (icorr) are shown in Table 1. Among them, Ecorr reflects 

the difficulty of corrosion in terms of thermodynamics, and icorr characterizes the speed of corrosion in 

terms of dynamics. Generally, the lower the self-corrosion potential is, the more likely the material is to 

be corroded; the lower the self-corrosion current density is, the better the corrosion resistance of the 

material. 

Fig. 10 and Table 1 show that the self-corrosion current density of the pure nickel coating is 

significantly higher than that of the nickel coating with graphene oxide. With increasing graphene oxide 

concentration, the Ecorr of the coating increases, the icorr decreases, and the corrosion tendency and 

corrosion rate of the coating decrease obviously. When the concentration of graphene oxide in the bath 

is 0.6 g/L, the icorr reaches the lowest value, which is 5.14×10-7 A/cm2, and the corrosion resistance of 

the coating reaches the maximum. As the concentration of graphene oxide continues to rise, Ecorr and 

icorr increase, which indicates that the corrosion tendency increases and the corrosion resistance of the 

coating worsens. This is because an excessive concentration of graphene oxide increases the number of 

defects in the coating and increases the contact area between the corrosion medium and the coating 

surface, resulting in a decrease in the corrosion resistance of the coating. Min et al. [54] studied the 

corrosion resistance of Ni-Co composite coating in 1 mol/L hydrochloric acid solution. The results show 

that the polarization curve of the composite coating reaches the maximum when the concentration of 

rare earth is 0.25g/L. Zhang et al. [55] showed the corrosion resistance of Cu/Ni–P composite coating 

obtained at pH 2.0, Dk = 8.0 A/dm2 in 3.5% NaCl solution. Compared with the substrate, the corrosion 

resistance of the electrodeposited composite coating is obviously improved, this is consistent with our 

research on the corrosion resistance of composite coatings. 
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Figure 10. Polarization curves of the Ni-G composite coatings with different concentrations of graphene 

oxide prepared at 1.5 A/dm2 in 3.5% NaCl solution. 

 

Table 1. Fitting result of the polarization curve of composite coatings with different concentrations of 

graphene oxide 

 

GO concentration (g/L) ba (mV) bc (mV) icorr (A/cm2) Ecorr (V) 

0 27 -40 2.06×10-6 -0.261 

0.2 12 -107 1.08×10-6 -0.138 

0.4 15 -104 9.43×10-7 -0.139 

0.6 43 -43 5.14×10-7 -0.166 

0.8 57 -62 9.49×10-7 -0.174 

1.0 41 -105 3.27×10-7 -0.243 

 

As shown in Fig. 11, after adding different concentrations of GO, the capacitive arc radius of the 

composite coating changes. When the graphene oxide concentration in the plating solution is 0, the 

capacitive arc radius of the coating is the smallest, and the corrosion resistance is the lowest. When the 

concentration of graphene oxide in the plating solution increases, the capacitive arc radius gradually 

increases, and the corrosion resistance improves. When the graphene oxide concentration is 0.6 g/L, the 

capacitive arc radius is the largest, and the coating has the best corrosion resistance. However, when the 

concentration of graphene oxide exceeds 0.6 g/L, the capacitive arc radius is significantly smaller, and 

the corrosion resistance of the coating weakens. In addition, according to the fitting data of the 

impedance spectrum in Table 2, when the concentration of graphene oxide is lower than 0.6 g/L, the 

capacitance of the passive film decreases with increasing graphene oxide concentration, and the charge 

transfer resistance (Rct) increases, which indicates that the thickness and density of the passive film 

increases, the number of surface voids decreases, and the corrosion resistance of the composite coating 

is gradually improved. When the concentration of graphene oxide exceeds 0.6 g/L, the charge transfer 

resistance and corrosion resistance of the composite coating decrease accordingly. 
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Figure 11. Nyquist plot of the Ni-G composite coatings with different concentrations of graphene oxide 

prepared at 1.5 A/dm2 in 3.5% NaCl solution. 

 

 

Table 2. Impedance spectrum fitting result of composite coatings obtained with different concentrations 

of graphene oxide 

 

GO concentration 

(g/L) Rs (Ω•cm2) Rct (Ω•cm2) 

CPE 

(Ω-1•cm-2•s-n) 

0 3.743 2320 
0.00016257 

0.2 3.059 2877 
0.00042866 

0.4 4.321 3781 
0.0011106 

0.6 3.960  7010 
0.00015312 

0.8 3.194 5677 
0.00020747 

1.0 3.538 2969 
0.0005019 

 

 

4. CONCLUSION 

Ni-G composite coatings were successfully prepared by pulse electrodeposition-reduced GO. 

The combination of FT-IR and Raman spectroscopy revealed the successful preparation and reduction 

of graphene oxide. The SEM and EDS results show that increasing the current density and rotation angle 

of cathode has positive effects on the electrodeposition of Ni-G, indicating that the mechanism of Ni-G 

composite electrodeposition is controlled by both an electrochemical mechanism and a mechanical 
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stirring mechanism. The electrochemical impedance spectrum and polarization curves of the composites 

show that the Ni-G composite exhibits better corrosion resistance than does the plain nickel coating. 
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