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Abstract

:

Graphene oxide–titanium (GO-Ti) composite materials were fabricated using GO as a precursor and then anchoring nano titanium (Nano-Ti) particles on GO sheets with the help of a silane coupling agent. Then, the coating samples were prepared by dispersing GO, Nano-Ti particles, and GO-Ti in an epoxy resin at a low weight fraction of 1 wt %. The GO-Ti composites were investigated by X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and transmission electron microscopy (TEM). The dispersibility and anti-corrosion mechanism of the coatings were studied by sedimentation experiments, electrochemical impedance spectroscopy (EIS), SEM, and salt spray tests. The mechanical properties of the coatings were analyzed by friction and wear tests. The results showed that the Nano-Ti particles were successfully loaded on the GO surface by chemical bonds, which made GO-Ti composites exhibit better dispersibility in the epoxy than GO. Compared with Nano-Ti particles and GO, the GO-Ti composite exhibited significant advantages in improving the corrosion resistance of epoxy coatings at the same contents, which was attributed to the excellent dispersibility, inherent corrosion resistance, and sheet structure. Among the different proportions of composite materials, the GO-Ti (2:1) material exhibited the best dispersibility and corrosion resistance. In addition, the composite material also greatly improved the wear resistance of the coating.
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1. Introduction


Metal corrosion has become a very serious problem, which also causes enormous losses to human society. According to statistics, the annual metal equipment and materials scrapped by corrosion in the world are equivalent to 10% of the annual metal production [1,2]. Among various metal anti-corrosion methods, organic coating is one of the most economical, effective, and common methods [3]. Epoxy resin (EP) is widely used in organic anti-corrosive coatings due to its good corrosion resistance, strong adhesion to metal substrate, and low cost [4,5]. However, epoxy resin has a high brittle character, which usually results in cracks on the coating surface [6,7]. In addition, during the curing process of the resin, the volatilization of the diluent leads to the appearance of micropores in the resin, which further leads to the deterioration of the shielding performance and the anti-corrosion performance of the resin.



As a sheet structural material, graphene has the advantages of high specific surface area, excellent barrier properties, high chemical stability, and good electrical conductivity, which can significantly improve the comprehensive performance of anti-corrosive coatings [8,9,10]. However, the researchers have found that the high conductivity of graphene exacerbates the electrochemical corrosion rate of metal surfaces, resulting in more severe corrosion [11,12,13]. Similar to graphene, graphene oxide (GO) has a sheet-like structure, which is one of the most important graphene derivatives. The surface of GO contains a large number of reactive functional groups (carboxyl groups, hydroxyl groups, and epoxy groups). These functional groups make GO particularly easy to be modified, and they can form a composite with other polymers firmly by the action of some functional groups [8]. However, due to the strong van der Waals force and π–π effect between the sheets, GO tends to exhibit a strong polymerization tendency, which is very detrimental to the dispersion of GO in the coating [14]. Therefore, how to achieve a good dispersion of GO in the polymer is the key to the practical application of GO in the anti-corrosion field.



Nanoparticles have been widely used as resin fillers to block micropores and improve the corrosion resistance and mechanical properties of the resins due to the special characteristics such as small size effect and surface effect [15,16]. The researchers have found that loading inorganic nanoparticles on the surface of GO is a way to effectively increase the dispersion of GO sheets and reduce aggregation [17,18,19,20]. Titanium (Ti) has some excellent characteristics, such as non-toxicity, low density, high strength, and extremely strong corrosion resistance, which has attracted great attention in the coating field [21]. Nano-Ti particles can improve the anti-corrosion performance of the coating as a filler, which has been widely verified by experiments [22,23]. It is of great interest to explore the uniform loading of Nano-Ti particles on the surface of GO to improve its dispersion properties, so as to develop a new nano GO-Ti composite that combines the superior properties of both nanosheet materials and nanoparticles.



Therefore, in this study, GO and Nano-Ti particles were respectively modified by a chemical modification method to obtain functionalized graphene oxide (f-GO) and functionalized Nano-Ti particles (f-Ti). Then, a nano GO-Ti composite material with excellent dispersibility was prepared, which was finally added to the epoxy resin to improve the corrosion resistance. The experimental results show that the GO-Ti composite material can effectively improve the corrosion resistance and wear resistance of the coating, which is due to the sheet structure, excellent mechanical properties, and lubrication and cross-linking buffering function. Therefore, the GO-Ti/EP coating is suitable for environments that require both corrosion protection and wear resistance, such as coal conveying equipment. Consequently, this study is of great significance for the practical application of GO in the field of anti-corrosion.




2. Experimental


2.1. Materials


Expanded graphite, 98% concentrated sulfuric acid (H2SO4), potassium permanganate (KMnO4), sodium nitrate (NaNO3), 30% hydrogen peroxide (H2O2), N, N-dimethylformamide (DMF), absolute ethanol (analytical grade), 37% hydrochloric acid (HCl), sodium chloride (NaCl), 3-aminopropyltriethoxysilane (APTES), and 3-glycidoxypropyltrimethoxysilane (GPTMS) were purchased from Sinopharm Chemical Reagent Co., Ltd., China (Shanghai, China). Nano-Ti particles (60 nm) were purchased from Aladdin Reagent (China) Co., Ltd., (Shanghai, China) Epoxy resin (CYD 014) and its hardener (P54) were supplied by Baling Chemical (China) Co., (Yueyang, China) Q235 steel sheets were purchased from Biuged in Guangzhou Province, (China) Co., (Guangzhou, China).




2.2. Preparation of GO


GO was synthesized using the Hummers method [24]. Firstly, 1 g of expanded graphite was added to 30 mL of 98% H2SO4 in an ice bath environment. Thereafter, 1 g of NaNO3, and 6 g of KMnO4 were added under magnetic stirring. After 1 h of reaction, the mixture was stirred at 38 °C for 2 h in an oil bath environment. After that, 46 mL of deionized water was slowly added to the mixture at 98 °C. After stirring for 1.5 h, 100 g of a 10% H2O2 solution was slowly added to the mixed solution, followed by washing several times with a 37% aqueous HCl solution and deionized water. Finally, the resulting solid was obtained by drying in a vacuum oven at 60 °C for 24 h and grinding.




2.3. Preparation of f-GO and f-Ti


First, 0.15 g of GO and 3 g of GPTMS were added to 135 g of absolute ethanol, followed by ultrasonic dispersion for 30 min. After that, the mixture was magnetically stirred at 80 °C for 4 h, and 12 g of deionized water was slowly added dropwise during the reaction. Then, the mixture was suction filtered and washed repeatedly five times with ethanol and deionized water. Finally, the reaction product was dried in a vacuum at 60 °C for 24 h, followed by grinding to obtain f-GO. The method for the synthesis of f-Ti was similar to the method for preparing f-GO except that the coupling agent used was APTES.




2.4. Preparation of GO-Ti


GO-Ti composites with different material weight proportions (GO:Ti = 1:1, 2:1, and 3:1) were prepared. Taking GO:Ti = 3:1 as an example, 0.15 g of f-GO was dispersed in 75 mL of DMF solution and ultrasonically dispersed for 30 min; then 0.05 g f-Ti was added, and it was ultrasonically dispersed for 30 min. After that, the mixture was reacted in an oil bath at 105 °C for 5 h, and then washed repeatedly five times with ethanol and deionized water. Finally, the GO-Ti composites were obtained after drying the reaction products under 60 °C for 24 h and grinding. The synthesis procedure for GO-Ti composites is illustrated in Figure 1.




2.5. Preparation of GO/EP, Ti/EP, and GO-Ti /EP Composite Coatings


GO, Nano-Ti particles, and GO-Ti composites with different proportions were respectively added to the epoxy resin in an amount of 1 wt %, mechanically stirred for 24 h, and then ultrasonically dispersed for 0.5 h to prepare the composite coatings. Afterwards, the above coatings were thoroughly mixed with a certain proportion of curing agent. In order to make the viscosity of coatings suitable for spraying, an appropriate amount of thinner was added to the coatings. A Q235 steel substrate was mechanically polished by sand papers of 400, 800, and 1200 grades. The coatings were uniformly sprayed on the surface of the steel plate, cured at room temperature for 24 h, and then baked at 80 °C for 1 h to obtain the composite coatings of GO/EP, Ti/EP, and GO-Ti/EP layer samples. A pure resin coating was also prepared by the above method as a comparative example. For the accuracy of the subsequent experiments, the film thickness was measured on the composite coating samples using a film thickness meter, and the coating samples with 110 μm thickness were selected for subsequent testing.




2.6. Measurements


Infrared spectra tests of f-GO, f-Ti, and GO-Ti in the region of 4000–500 cm−1 were recorded by an Fourier transform infrared spectroscopy (FTIR) spectrometer (IR Nicolet 6700, Shimadzu, Kyoto, Japan). The GO-Ti composites were tested by X-ray photoelectron spectroscopy (ESCALAB250XI, Thermo Fisher Scientific, Waltham, USA) with an Al Ka X-ray source. Moreover, SEM (6700F, JEOL, Tokyo, Japan), TEM (TECNAI F20, FEI, Hillsboro, USA), and XRD (RigakuUltima IV, Tokyo, Japan) were employed to characterize the physical structure and morphology of the GO-Ti composites and composite coatings.



Electrochemical impedance spectroscopy (EIS) was measured at the German electrochemical workstation Zahner to study the electrochemical performance and corrosion resistance of different coatings (EP, GO/EP, Ti/EP, GO-Ti(1:1)/EP, GO-Ti(2:1)/EP, and GO-Ti(3:1)/EP). The mixture was performed using a three-electrode system in a 3.5 wt % NaCl solution. The steel plates coated with different coatings were used as the working electrode with a test area of 1.5 cm2. A saturated calomel electrode (SCE) was used as a reference electrode, and platinum electrode was used as an auxiliary electrode. The frequency range of electrochemical impedance experiment was 105–10−2 Hz, and the amplitude of the sinusoidal disturbance signal was 20 mV. Before the test, the samples were immersed in a 3.5 wt % NaCl solution for 2 h to obtain a stable open circuit voltage. The experimental data were analyzed by ZSimpWin (Version 3.60).



The salt spray test (BGD 881, BIUGED, China) was carried out in 5 wt % NaCl solution to further explore the corrosion resistance of different coatings. In addition, a sedimentation experiment was conducted to investigate the dispersibility of the composites.



The friction and wear tests (HSR-2M, Lanzhou Zhongke Kaihua, Lanzhou, China) were used to investigate the effect of composites on the mechanical properties of coatings. The friction coefficient was measured under a sliding velocity of 1 Hz, a load of 2 N with a test duration of 1200 s, and a wear track length of 5 mm. The friction pair was 316 L steel balls.





3. Results and Discussions


3.1. Structure and Morphology of GO-Ti Composites


FTIR analysis is performed to investigate the bonding between Nano-Ti particles and GO. Figure 2 shows the infrared spectra of f-GO, f-Ti, and GO-Ti. There is a broad and intense peak centered at 3412 cm−1, which is due to the stretching vibration of O-H. The peaks at 2945 and 2843 cm−1 are the characteristic absorption peaks of the –CH bond, and the peaks at 1097 and 874 cm−1 are the characteristic absorption peaks of Si–O–C and Si–O–Ti, respectively [20,25], which indicates that GPTMS and APTES have successfully functionalized GO and Nano-Ti particles, respectively. The O-H bending peak at 1630 cm−1 is attributed to the deformation vibration of the water, indicating that GO, f-Ti, and GO-Ti contain a small amount of adsorbed water [26,27]. The characteristic absorption peaks at 1722, 1230, 1048, and 913 cm−1 belong to C=O, C–O, C–O–C, and –CH(O)CH–, respectively [20,28,29], indicating the presence of a large number of oxygen-containing groups on the surface of f-GO. In the infrared spectra of GO-Ti, new peaks appear at 1540, 799, and 1439 cm−1, corresponding to the secondary amide N–H– bending, N-H rocking, and C–N stretching [30], respectively, and the –CH(O)CH– absorption peak at 913 cm−1 disappears, which proves that the epoxy group of f-GO reacts with the amino group of f-Ti [31]. This conclusion is further proved in the subsequent XPS test.



The chemical bonds and elemental composition of GO-Ti composites are further studied by XPS. Figure 3a shows the XPS measurement of GO-Ti. The Si and N elements are derived from GPTMS and APTES, which preliminarily indicates that GO and Nano-Ti particles have been covalently functionalized by silane coupling agents. Figure 3b shows that the high-resolution XPS spectra of the N 1s region of GO-Ti. The N 1s spectrum is separated into N-H (402.2 eV) and C-N (399.5 eV) [17], which can prove that the epoxy group of f-GO reacts with the amino group of f-Ti. Figure 3c shows the high-resolution XPS spectra of the Ti 2p region of GO-Ti. The Ti2p spectrum is related to Ti–O–Ti/Ti–O–Si (460.8 eV and 466.5 eV) and Ti (458.7 eV and 464 eV). From Figure 3d, it can be seen that the C 1s signals are fitted into six peaks of C–C (284.4 eV), C–N (285.2 eV), C–O–Si (286.2 eV), C–O (286.9 eV), C=O (287.9 eV), and O=C–O (288.9 eV). Based on the results of FTIR and XPS, it can be inferred that there is a covalent bond between f-Ti and f-GO.



Figure 4a–e shows the SEM images of GO, Nano-Ti particles, and GO-Ti composites with different weight proportions of 1:1, 2:1, and 3:1. Figure 4f shows TEM images of GO-Ti (2:1). The wrinkles and folds of GO can be clearly seen from Figure 4a, which are the characteristics of GO [28]. In addition, a large number of GO sheets are gathered together due to the effect of van der Waals forces, which makes it difficult to disperse GO in the polymer. In Figure 4b, Nano-Ti particles present a state of severe aggregation. As shown in Figure 4c–e, different amounts of Nano-Ti particles are loaded on the surface of GO after the composite reaction, and the aggregation of GO and Nano-Ti particles is obviously reduced in the composite nanosheets. At the same time, the sheet structure of GO is not destroyed, which is critical to the anti-penetration ability. It is worth noting that the dispersity of Nano-Ti particles on the surface of GO is related to the composite proportions of Nano-Ti particles and GO. As shown in Figure 4c, the aggregation of Nano-Ti particles in the GO-Ti (1:1) is the most serious, which may be due to the high proportion of Nano-Ti particles to GO. In the GO-Ti (2:1) shown in Figure 4d,f, it can be seen that the Nano-Ti particles are uniformly distributed on the GO surface. In the GO-Ti (3:1) shown in Figure 4e, the Nano-Ti particles on the surface of GO are too rare, which may be due to the insufficient reaction amount of the Nano-Ti particles. Therefore, it can be inferred that when the proportion of GO-Ti is 2:1, the sheets of composite will be dispersed to the greatest extent, which will further lead to better dispersion of the composite in epoxy resin. This inference is further confirmed by XRD and settlement experiments.



XRD is employed to obtain the detailed structural information of GO and GO-Ti composites. As shown in Figure 5, the characteristic diffraction peak of GO is at 10.98°, which corresponds to the (002) plane [32]. The diffraction peaks of 35.13°, 40.25°, and 42.82° are the characteristic peaks of Ti, corresponding to the (100), (002), and (101) planes, respectively [33]. It can be clearly seen that the characteristic peaks of Ti are still observed in the pattern of GO-Ti composite material, which indicates that the Nano-Ti particles have been successfully anchored on the GO surface. The position of the diffraction peak of Ti has not changed, but the intensity of the diffraction peak is significantly reduced, indicating that the crystallinity of the Ti powder in the composite is reduced. In addition, the characteristic peak of GO in the composite material is significantly weakened and shifted to the left by varying degrees.



According to Bragg’s law:


nλ = 2dsinθ



(1)




where n is the diffraction hierarchy, λ is the represent X-ray wavelength, d is the d-spacing, and θ is the diffraction angle. According to the calculation, the d-spacing of the GO nanosheet is 0.81 nm. In contrast, the d-spacing of the GO-Ti(1:1), GO-Ti(2:1), and GO-Ti(3:1) composites increase to 0.93, 1.02, and 0.92 nm, respectively, which indicates that the load f-Ti on GO sheets changes the structure of GO, making the GO change from multilamellar accumulation to a loose structure. By combining the results of FTIR, XPS, SEM, and XRD analysis, it can be confirmed that Nano-Ti particles are successfully loaded on the GO surfaces, and GO-Ti composites are successfully prepared.




3.2. The Properties of GO-Ti/EP Composite Coatings


The dispersion of GO, Nano-Ti particles, and GO-Ti composites in epoxy resin is investigated by sedimentation experiments. Figure 6 shows the sedimentation experiment images of GO/EP, Ti/EP, GO-Ti (1:1)/EP, GO-Ti (2:1)/EP, and GO-Ti (3:1)/EP. On the 14th day of the sedimentation experiment, it is found that GO/EP completely settles. This is mainly due to the high van der Waals force between GO sheets which causes GO to aggregate and settle, and ultimately results in poor dispersion of GO in epoxy resin. On the other hand, several composite coatings (GO-Ti(1:1)/EP, GO-Ti(2:1)/EP, and GO-Ti(3:1)/EP) still exhibit excellent dispersion, which indicates that the loading of Nano-Ti particles on the GO sheets reduces the van der Waals force. After 70 days of experimentation, it is observed under the illumination that the composite coatings still have no sedimentation phenomenon except for GO-Ti(3:1)/EP. This is because the content of Nano-Ti particles is too low to effectively disperse the GO sheets. These results are also consistent with the observations of XRD and SEM.



Scanning electron microscope is used to further investigate the dispersibility and state of GO, Ti, and GO-Ti in epoxy resin. Figure 7a–f display the fracture morphology of EP, GO/EP, Ti/EP, GO-Ti(1:1)/EP, GO-Ti(2:1)/EP, and GO-Ti(3:1)/EP, respectively. According to Figure 7a, the fracture surface of EP shows very smooth characteristics. After dispersing different nanofillers in the epoxy resin, the morphology of the epoxy resin has changed greatly. It can be clearly seen in Figure 7b that the GO sheet layers severely aggregate in the resin, indicating that a strong van der Waals force prevents the GO from being sufficiently dispersed in the resin. Similarly, for the Nano-Ti in Figure 7c, aggregation is also the biggest resistance to its dispersion. In Figure 7c,d, it is worth noting that after dispersing GO-Ti(1:1) and GO-Ti(2:1) in the epoxy resin, the GO-Ti composites still maintain the thin sheet structure, showing their excellent dispersibility. In contrast, GO-Ti(3:1) still clusters in the epoxy resin and shows poor dispersion, which is consistent with the results obtained in the settlement experiment. From the results, the composite process improves the dispersibility of GO-Ti in epoxy resin at the appropriate composite ratio. The dispersibility is closely related to the anticorrosive performance, which can be verified in subsequent experiments.



FTIR analysis is performed to further investigate the state of the GO-Ti composite in the coating. Figure 8 shows the infrared spectra of the GO-Ti composite, EP, and GO-Ti/EP coating. As shown in Figure 8, epoxy resins contain a large number of functional groups, such as aromatic rings vibration (1607, 1508, and 1455 cm−1) and epoxy group stretch (910, 797, and 770 cm−1) [34]. It is worth noting that after the addition of composite materials, the new peaks appear at 1097 and 553 cm−1, which correspond to Si–O–C and Ti–O–Ti bonds, respectively. These peaks come from the GO-Ti composite. Combining with the results of fracture surface SEM, it can be concluded that the structure of the composite is not damaged.



Electrochemical impedance spectroscopy is used to analyze the corrosion resistance of coatings. Figure 9a shows Nyquist plots of different coatings at different times, while Figure 9b,c display Bode plots. Generally, the corrosion of the coating process of the coating is divided into several periods. In the early corrosion solution, the solution penetrates into the interior of the coating through the surface micropores. With the increase of immersion time, the corrosion enters the mid-period, as indicated by the characteristics of two-time constant in the impedance spectrum [35,36]; meanwhile, the solution penetrates and diffuses into the interface between the coating and the substrate, but the coating still has a protective effect. The corrosion process will enter the next period in a very short time and exhibit low impedance due to the poor anti-corrosion performance. Therefore, the corrosion resistance of the coating can be discriminated by the corrosion period transition time. In order to investigate the corrosion period of anti-corrosion coating, the impedance spectrum data is fitted by ZSimpWin software. Figure 9d shows the equivalent circuit diagram. In the figure, Rs is the solution resistance, Qc is the coating capacitance, Rc is the coating resistance, Qdl is the double-layer capacitance, and Rct is the electron transfer resistance. The electrochemical parameters are given in Table 1.



As illustrated in Figure 9a, the order of impedance arc radius for different coatings is GO-Ti(2:1)/EP>GO-Ti(1:1)/EP>GO-Ti(3:1)/EP>GO/EP>Ti/EP>EP. The size of the radius determines the size of impedance, so the GO-Ti(2:1) /EP coating has the highest impedance. As shown in Figure 9b,c, EP and Ti/EP coatings are in the mid-period of corrosion after 72 h of immersion. Due to the good corrosion resistance of Ti, the low-frequency impedance modulus value (|Z|0.01Hz) of Ti/EP is higher than that of EP. After 96 h, the GO/EP coating is in the mid-period of corrosion, and the |Z|0.01Hz increases slightly compared to the former, which is due to the sheet structure of GO effectively blocking the coating of micropores. After 120 h, GO-Ti(1:1)/EP and GO-Ti(3:1)/EP coatings are in the middle of corrosion, and the |Z|0.01Hz has a great improvement compared with the EP and Ti/EP coatings. After 192 h, the GO-Ti(2:1)/EP coating is still in the middle of corrosion, and it presents the largest |Z|0.01Hz, which is 26.5 times that of the EP coating and 5.4 times that of the GO/EP coating. This is because the composite material has a sheet-like structure, which has the inherent corrosion resistance of GO and Ti, as well as excellent dispersibility, thereby improving the efficiency of the corrosion resistant medium, and finally improving the corrosion resistance of the epoxy resin coating. According to Table 1, the Rc values of coatings with GO-Ti are higher than those without GO-Ti, and GO-Ti(2:1)/EP has the highest Rc values. The larger value of Rct at GO-Ti/EP is a result of the great chemical stability of GO-Ti.



The salt spray test is carried out to further explore the properties of the composite coating. As shown in Figure 10a, scratches are made on the surface of the coating before the experiment to facilitate the observation of corrosion. Figure 10b shows the photographs of different coating samples (EP, GO/EP, Ti/EP, GO-Ti (1:1)/EP, GO-Ti (2:1)/EP, and GO-Ti (3:1)/EP) after 168 h of a salt spray test. It can be seen that after 168 h of the salt spray experiment, pure EP, GO/EP, and Ti/EP coatings show a lot of blisters on both sides of the scratch, the depth of rust is severe in the range of 2 mm, and pitting corrosion occurs in the unscratched area. On both sides of the scratch of GO-Ti (1:1)/EP, GO-Ti (2:1)/EP, and GO-Ti (3:1)/EP composite coatings, corrosion only occurs within 1 mm. No blister and corrosion spot are observed at the unscratched area of the GO-Ti (2:1)/EP coating sample. The results show that the addition of a GO-Ti composite can enhance the shielding performance of the coating. Furthermore, the coating of the GO-Ti (2:1) composite has the best anti-corrosion performance, which is consistent with the EIS results.



In addition, we make an inquiry into the mechanical properties of composite coatings. The change of the friction coefficient of the coatings is shown in Figure 11. Epoxy resin has the disadvantages of being hard and brittle, having low breaking energy, and demonstrating poor wear resistance. During the friction process, the EP undergoes an oxidation reaction, the surface macromolecular chains are twisted under the action of shear stress, and the chemical bonds and hydrogen bonds within the molecular chain and between the chains are broken [37]. Therefore, the friction coefficient of EP is very high. After adding GO, Nano-Ti, and GO-Ti composites to the EP, the friction coefficient decreased significantly. This can be attributed to two reasons. On one hand, the nanofillers use their own hardness to restrict the movement of the surrounding epoxy macromolecules, constrain the movement of the polymer chain, and play a supporting role under the load. On the other hand, the nanofillers can play a lubricating role in the resin, so that the friction between the coating and the friction pair mainly occurs between the solid lubricant film layers. It is worth noting that the addition of the GO-Ti (2:1) composite makes the friction coefficient of the coating the lowest, which shows that the degree of dispersion of GO also has an important impact on the improvement of wear resistance.



Based on the above results, the anti-corrosive mechanism of composite materials can be inferred, as shown in Figure 12. Due to the volatilization of the diluted solvent, EP is easy to produce micropores during the curing process, which makes it easier for the corrosive medium to contact the substrate surface. Although GO and Nano-Ti alone can block micropores to a certain extent, they cannot effectively disperse in the resin and cannot effectively shield the corrosive medium. By combining GO with Nano-Ti, the composite exhibits excellent dispersion performance. Due to the sheet structure, good dispersion, and interfacial compatibility of composites, a "maze effect" can be formed to prevent the penetration of corrosive media, prolong the penetration path of corrosive media in the coating, and ultimately delay the occurrence of corrosion.





4. Conclusions


Compared with the previous related research, the present study selected Nano-Ti particles with excellent anti-corrosion and mechanical properties to decorate GO, so that not only the dispersibility of GO is improved, but also GO can synergistically improve the coating performance with nanoparticles. In addition, the optimal composite ratio between Nano-Ti particles and GO was explored. FTIR, XRD, XPS, SEM, and TEM were used to study GO-Ti composites. Through a settlement experiment, EIS, SEM, and salt spray test, the dispersion of the composites in the coatings and the anti-corrosion mechanism of the coatings are studied. The mechanical properties of the coatings are analyzed by friction and wear tests. The obtained results are summarized as follows:




	
Nano-Ti particles are successfully uniformly loaded on the GO sheets, and the best composite ratio of GO and Nano-Ti is 2:1. The GO-Ti sheet spacing is increased to 1.02 nm at most, and the composites have good compatibility with epoxy resin.



	
The |Z|0.01Hz of GO-Ti/EP is higher than that of GO/EP, showing an excellent anti-corrosion effect. This is because the composites exhibit the sheet structure that blocks the micropores and hinders the invasion of corrosive medium.



	
The addition of GO-Ti effectively improves the wear resistance of the coatings, mainly because the composites can play a lubricating and cross-linking buffering role in the coating.
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Figure 1. Synthesis procedure for graphene oxide–titanium (GO-Ti) composites. 
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Figure 2. Fourier transform infrared spectroscopy (FTIR) spectra of (a) functionalized graphene oxide (f-GO), (b) functionalized Nano-Ti particles (f-Ti), and (c) GO-Ti composites. 
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Figure 3. XPS spectra of GO-Ti: (a) Survey spectrum, (b) High-resolution spectra of N 1s, (c) High-resolution spectra of Ti 2p, (d) High-resolution spectra of C 1s. 
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Figure 4. SEM images of (a) GO, (b) Nano-Ti particles, (c) GO-Ti(1:1), (d) GO-Ti(2:1), and (e) GO-Ti(3:1) composites. TEM image of (f) GO-Ti(2:1) composite. 
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Figure 5. XRD pattern of (a) GO, (b) Ti, (c) GO-Ti (1:1), (d) GO-Ti (2:1), and (e) GO-Ti (3:1) composites. 
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Figure 6. Settlement experiment of different composite coatings at different times: (a) 0 days, (b) 14 days, and (c) 70 days. 
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Figure 7. Fracture surface of (a) epoxy resin (EP), (b) GO/EP, (c) Ti/EP, (d) GO-Ti (1:1)/EP, (e) GO-Ti (2:1)/EP, and (f) GO-Ti (3:1)/EP. 
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Figure 8. FTIR spectra of (a) GO-Ti composite, (b) EP, and (c) GO-Ti/EP coating. 
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Figure 9. (a) Nyquist plots of coatings, (b,c) Bodes plots of coatings after soaking for 72 h (EP, Ti/EP), 96 h (GO/EP), 120 h (GO-Ti(1:1)/EP, GO-Ti (3:1)/EP) and 192 h (GO-Ti(2:1)/EP) and (d) The equivalent circuit model used for fitting the EIS measurements. 
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Figure 10. Photographs of different coating salt spray tests: (a) Before the salt spray test, (b) 168 h after the salt spray test. 
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Figure 11. (a) Friction coefficient versus time and (b) average friction coefficient of EP, GO/EP, Ti/EP, and GO-Ti(2:1)/EP. 
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Figure 12. The anti-corrosion mechanisms of GO-Ti /EP composite coatings. 
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Table 1. The electrochemical parameters extracted from electrochemical impedance spectroscopy (EIS) data of the EP, GO/EP, Ti/EP, and GO from Table 1. GO-Ti(3:1)/EP and GO-Ti(2:1)/EP samples immersed in 3.5 wt % NaCl solution for different times.
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	Sample
	Time/h
	Qc/(Ω−1 cm−2 sn)
	Rc/(Ω cm2)
	Qdl/(Ω−1 cm−2 sn)
	Rct/(Ω cm2)





	EP
	72
	1.72 × 10−8
	7.34 × 103
	1.086 × 10−5
	2.486 × 10−5



	GO/EP
	96
	1.859 × 10−7
	1.066 × 104
	8.181 × 10−7
	6.01 × 105



	Ti/EP
	72
	1.284 × 10−10
	9.56 × 103
	1.24 × 10−6
	5.208 × 105



	GO-Ti(1:1)/EP
	120
	1.159 × 10−7
	1.437 × 105
	3.452 × 10−7
	1.327 × 106



	GO-Ti(2:1)/EP
	192
	9.014 × 10−11
	3.591 × 105
	3.104 × 10−7
	4.404 × 106



	GO-Ti(3:1)/EP
	120
	1.058 × 10−6
	2.455 × 104
	2.538 × 10−8
	5.556 × 105
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