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Abstract

:

The search for lightweight and low-cost anticorrosion coatings is particularly important in coastal environments with high salt and humidity. Graphene-based anticorrosion coatings are currently unable to provide long-lasting corrosion protection for metals because of their “corrosion-promoting activity”, and graphene-like materials, such as molybdenum disulfide (MoS2), are beginning to be anticipated its ability to protect against metals. This paper reported a simple method for preparing polypyrrole (PPy)-modified MoS2 nanomaterials from natural bulk MoS2. Their corrosion resistance behavior as fillers for epoxy (EP) resins was investigated in 3.5 wt.% NaCl solution. After the preparation of the MoS2 nanosheet dispersion by liquid-phase sonication using ethanol aqueous solution, the polypyrrole-coated molybdenum disulfide nanomaterials (MoS2@PPy) were directly obtained by adding pyrrole monomer to it in the presence of the initiator ammonium persulfate. Tafel polarization curves showed that the corrosion current of the MoS2@PPy/EP coating was 0.006 µA/cm2 after 15 days of immersion in 3.5 wt.% NaCl solution, much lower than that of pure EP coating (19.134 µA/cm2), effectively improving the anticorrosive properties of the coating. Overall, this study offered a practical method for the application of natural bulk MoS2 for corrosion protection.
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1. Introduction


Corrosion was long an obstacle to the development of coastal areas and the construction of offshore facilities. Therefore, the development of marine resources requires simple and effective methods to delay the occurrence of corrosion in metallic facilities. Epoxy resins are environmentally friendly coatings due to their excellent chemical resistance, high adhesion and friction resistance, and low volatile organic compounds (VOC) content, and are widely used in transportation, electronic facilities, and infrastructure [1]. Despite the advantages of epoxy resins, defects such as microcracks and microporosity inevitably occur during the curing process of the coating, and also ages and degrades itself to produce defects under coastal conditions of high temperature and humidity [2]. This makes it impossible to isolate the corrosive media (Cl−, O2) in the long term, leading to corrosion at the metal interface, resulting in epoxy coating peeling and protection failure [3].



Studies showed that the use of nanofillers can effectively improve the corrosion resistance and mechanical properties of epoxy coatings [4], where two-dimensional nanomaterial fillers (graphene-oxide [5], molybdenum disulfide [6], boron nitride [7], lamellar hydroxide [8], mica [9]) are beginning to receive attention from researchers. Using graphene nanosheets as fillers, they can act as barriers and obstacles to block micro-pores and defects in the coating matrix, delaying the penetration of corrosive media into the metal interface, effectively improving the corrosion resistance of epoxy resins and beginning to be used in the market [10]. However, graphene due to its own zero band gap qualities, resulting in the coating cracking, graphene will behave as “corrosion-promoting activity”, accelerate the corrosion of the proceeding, and cannot have a long-lasting anti-corrosion effect [11,12].



Recently, there was great interest in transition metal sulfide TMDs (e.g., MoS2, WS2, etc.), which have many of the same properties as graphene materials, while having relatively low electrical conductivity, which is beneficial for anticorrosion applications [13,14]. At the same time, MoS2 is an abundant mineral in nature, its nanosheets can be obtained on a large scale by simple liquid phase sonication and ball milling, and the development of MoS2 for corrosion protection is also conducive to the comprehensive development and utilization of molybdenum resources. Among them, MoS2 has excellent mechanical properties, chemical resistance, and an ultra-thin layer structure [15], and unlike graphene, it is a high bandgap semiconductor material that has no effect on the electrical conductivity of epoxy resins and does not cause “corrosion-promoting activity”, which started to receive attention in the field of corrosion protection [16]. Xia et al. modified MoS2 with dopamine and added it to epoxy resin by introducing catechol-OH group and amino group, which greatly improved the adhesion of epoxy resin [17]; Chen et al. modified MoS2 with silica, which enhanced its compatibility with epoxy resin and greatly improved the corrosion resistance of epoxy resin [18]; Ding et al. noted that the power function of MoS2 less layer structure (4.5 eV) is lower than that of iron (4.73 eV) compared to that of monolayer MoS2 (5.26 eV), which causes the formation of the Schottky barrier (n-type barrier) in the anticorrosion process and is more favorable for anticorrosion applications [19]; Tang et al. noted that transition metal sulfides such as MoS2 can be strongly coordinated with polyaniline, nitrogen in PPy atoms for strong coordination [20]. Meanwhile, the conductive polymer PPy, as an anticorrosive coating, has a unique molecular structure that can induce metal passivation to play an anticorrosive role [21].



Therefore, in this paper, few-layer MoS2 nanosheets were prepared by liquid-phase ultrasonication, while Py monomer were polymerized and modified on the surface of MoS2 using chemical oxidation, and then the prepared composite MoS2@PPy was added to epoxy resin to improve its corrosion resistance, and the composite was characterized using SEM, UV–Vis spectroscopy, XRD, and FT-IR, and its corrosion resistance was evaluated using EIS, Tafel, and Neutral salt spray test was performed to evaluate the corrosion resistance.




2. Materials and Methods


2.1. Materials


Molybdenum disulfide (MoS2, ≥99.5%, AR), anhydrous ethanol (C2H5OH, ≥99.5%, AR), pyrrole monomer (Py, ≥99.5%, AR), and ammonium persulfate ((NH4)2S2O8, ≥99.5%, AR) were purchased from Maclean’s (Shanghai, China). Epoxy resin (E51) was purchased from Yoshida Chemical Co. (Shenzhen, China), polyamide (D230) was purchased from Runxiang Chemical Co. (Changzhou, China). The deionized water used during the experiments was homemade in an ultrapure water machine (Direct-Q3UV, MERCK, Darmstadt, Germany) and all reagents were used directly without further purification treatment.




2.2. Experimental Method


2.2.1. Synthesis of MoS2 Nanosheets


An amount of 2 g of bulk MoS2 was added to a beaker containing 200 mL of ethanol aqueous solution (45%) [22], and it was sonicated for a certain time at room temperature using an ultrasonic cleaner. After sonication, it was centrifuged using 4500 rpm rotation for 30 min to remove the unexfoliated block, and then 4/5 of the supernatant after centrifugation was collected, 5 mL of ammonia was added dropwise to the supernatant, stirred for 8 min, the precipitate was centrifuged using a centrifuge using 4000 rpm, and the obtained precipitate was placed in water and ultrasonically dispersed for 30 min to obtain a dark green solution, which was frozen overnight and then freeze-dried for 48 h to obtain a silver gray MoS2 powder.




2.2.2. Synthesis of PPy


We added 400 µL of Py monomer to a beaker containing 400 mL of aqueous ethanol solution and dispersed by ultrasound for 30 min, we then added 1.6 mL of ammonium persulfate (0.41 g/mL) dropwise to the mixture while stirring. The reaction was kept under ice bath conditions for 12 h to obtain a black suspension. The suspension was filtered under vacuum to obtain a black sample. The sample was washed three times with ethanol and water to remove unreacted material and lyophilised to obtain black PPy powder.




2.2.3. Synthesis of MoS2@PPy Nanomaterials


The MoS2 suspension (the solvent was 45% ethanol aqueous solution) was sonicated for 4 h by using an ultrasonic cleaner, and then 3/4 of the supernatant was taken by centrifugation at 4500 rpm for 25 min. The concentration of the MoS2 nanosheet dispersion was controlled at 1 mg/mL by UV–Vis spectroscopy, and Py (400 µL) and 1.6 mL of (NH4)2S2O8 aqueous solution (0.41 g/mL) were added sequentially to 400 mL of the MoS2 dispersion. The reaction was stirred under ice bath conditions for 12 h. The mixture was then filtered under vacuum, washed with ethanol and water sequentially to remove the unreacted Py, and lyophilized to obtain MoS2@PPy powder.




2.2.4. Preparation of MoS2/EP Coating and MoS2@PPy EP Coating


The prepared MoS2 nanosheets and MoS2@PPy were added to EP resin in proportion (Table 1). After mechanical stirring and mixing, the mixture was ultrasonicated for 30 min. Then, the curing agent was added, mixed, and stirred for 10 min. Then, the mixture was ultrasonicated for 6 min and left for 5 min to allow the air bubbles to escape from the mixture. In order to control the thickness of the paint film, the coating was applied to the sanded tinplate using a 120 µm coating bar, cured at room temperature for 2 h, placed in an oven at 80 °C for 2 h to cure again, and, finally, cured at 125 °C for 3 h. The test piece with a final film thickness of 75 µm ± 5 µm was obtained, and a total of three test pieces of each different content were used for subsequent repeat tests.





2.3. Characterization


2.3.1. Characterizations of MoS2 and MoS2@PPy


The morphology of the prepared materials after sputtered Au deposition was observed by using a scanning electron microscope (S4800, Hitachi, Tokyo, Japan). The crystal structure was characterized by XRD (Smart Lab, Rigaku, Japan) in ambient temperature using copper Ka radiation at 40 kV and 30 mA, and using a UV–vis photometer (Lambda 750s, PE, Waltham, MA, USA) with a 1cm optical path and a scan range of 250 nm to 1000 nm, followed by an FTIR spectrometer (T27, BRUKER, Mannheim, Germany) to record the IR spectra of the samples in the range 4000 to 400 cm−1 with 16 scans at a resolution of 2 cm−1.




2.3.2. Electrochemical Testing


The corrosion resistance of the epoxy composite coating was evaluated by electrochemical workstation (VMP, Bio-Logic, Seyssinet-Pariset, France). A three-electrode electrolytic cell arrangement with platinum as the auxiliary electrode, saturated glycolic as the reference electrode, and carbon steel with an exposed area of 1 cm2 as the working electrode was used for the electrochemical test, and the electrolytic cell was placed in a Faraday cage for the test in order to eliminate environmental electromagnetic interference. The back of the test piece (thickness 0.28 mm, 14.6 mm for diameter carbon steel round piece) was sealed using sealing wax, so that the test coating was continuously immersed in 3.5 wt.% NaCl solution for 24 h, 360 h, the sealing wax on the back was then removed and the sample support body (Jing Chong Electronic Technology Development Co., Shanghai, China) was used as a fixture for electrochemical measurements on the test piece, and the EIS test frequency was then 10−2–105 Hz and AC amplitude was 20 mV. Potential range of polarization test was −0.4–0.2 V and scanning rate was 3 mV/s. The recorded impedance data, including Nyquist and Bode plots, were analyzed by ZSimpWin 3.30 software, and the polarization data were analyzed by EC-lab 11.10 software.




2.3.3. Salt Spray Test


Salt spray corrosion test was conducted according to the standard test of the People’s Republic of China (GB/T1771-2007 [23]). The composite coating test plate was placed in a salt spray chamber containing 5.0 wt.% NaCl corrosion medium at a temperature of (35 ± 2) °C for a month of corrosion testing, and the corrosion of the test plate was recorded periodically.






3. Results and Discussion


3.1. Microstructure Characterization of the MoS2 and the MoS2@PPy


SEM was used to characterize the microstructure of the PPy, the pristine MoS2, the MoS2 nanosheets, and after PPy modification. As can be seen in Figure 1a, Py was condensed into chains after chemical oxidation of ammonium persulfate in solution, forming a cotton cluster-like structure with the size of about 30 µm [24]. In Figure 1b, the original MoS2 was irregularly stacked, with a surface transverse dimension of 3–8 µm and a thickness of approximately 200–700 nm. After liquid-phase sonication in an ethanol/water solvent mixture, as shown in Figure 1c, the MoS2 became an irregular sheet with a size of 140–400 nm, and the thickness was between 5 and 16 nm, and the surface of the sample was flat and the edges were sharper. This phenomenon indicated that during the ultrasonic treatment, the block MoS2 was subjected to micro-jets and vibration waves generated by liquid vibration, overcame the van der Waals forces between the layers, and was broken into MoS2 nanosheets. Figure 1d showed that after the treatment of Py, the MoS2 nanosheets size did not change significantly, and the edges of the MoS2 nanosheets became rounded and the surface became rough. That is, MoS2 adsorbed a layer of substance on its surface. It showed that Py grows along the surface of MoS2 nanosheets [25]. As shown in Figure 2, during the exfoliation of MoS2, due to the generation of vacancy defects, MoS2 nanosheets were negatively charged and electrostatically adsorbed with Py+ cations oxidized by ammonium persulfate, Py+ then used MoS2 nanosheets as a template for directed chemical oxidative polymerization, and, finally, in situ oxidative polymerization to form MoS2@PPy composites.



The crystal structures of MoS2 and MoS2@PPy were characterized using UV–Vis spectroscopy and XRD. As can be seen in Figure 3a, the pristine MoS2 was a diagonal line without any obvious absorption peaks. After sonication, the MoS2 nanosheets showed UV absorption peaks at 618 nm and 672 nm [26], which were generated by direct electron leaps at the high symmetry point k in the Brillouin zone, which confirmed the successful exfoliative preparation of MoS2 nanosheets. A decrease in the number of layers of MoS2 also brings about an increase which affected its energy band gap, and in order to understand its energy band gap size, the Tuac diagram was further plotted by UV absorbance using the equation (αhν)1/m = b(hν − Eg), α = 2.303 × A/d, where the α is the absorption coefficient, the b is a constant, the h is Planck’s constant 4.135 × 10–15 eV·s, the ν is the UV frequency, the Eg denotes the semiconductor band gap, the d is the liquid layer thickness (0.01 m), the A is the absorbance, and the m of the indirect-gap semiconductor (MoS2) is 2 [27]. From the Tauc plot, the energy band gap of ultrasonically prepared MoS2 was at 1.57 eV, which was smaller than the monolayer MoS2 energy band gap (1.89 eV) and larger than the bulk MoS2 energy band gap (1.29 eV). The results also confirmed that the prepared MoS2 nanosheets were mainly of few-layer structure, and the work function of this few-layer structure MoS2 was generally at 4.5 eV, which was lower than the work function of Fe (4.73 eV), which was conducive to the generation of Schottky barriers (n-type barriers), resulting in effective protection against iron substrates [19].



The XRD plots depicted that the crystal structure of the original MoS2 was intact, and each diffraction peak was narrow and high, and tended to be a straight line. By comparison with the PDF of the crystal structure of MoS2, 14.46°, 29.14°, 32.81°, 33.61°, 36.03°, 39.69°, 44.35°, 49.93°, 56.07°, 58.38°, 60.24°, 70.29°, 72.84°, 76.12°, 77.49°, 80.22° corresponded to the crystallographic diffraction peaks of (002), (004), (100), (101), (102), (103), (006), (105), (106), (110), (008), (108), (203), (116), (0010), (205). It indicated a crystal structure type of 2H, a steady-state structure that exists in nature. Additionally, after ultrasonic treatment, each crystal plane was significantly reduced, which indicated that ultrasonic treatment did not change its crystal structure. At the same time, the (002) crystal plane was significantly reduced, which indicated that the MoS2 nanosheets were successfully exfoliated and had a few-layer structure, and the (002) diffraction peaks of MoS2@PPy became low and wide, probably because MoS2 was exfoliated to different degrees under the action of liquid-phase ultrasound, so that the diffraction peaks were strong at different positions in the (002) crystal plane. The haphazard diffraction peaks appeared at 17° to 28° diffraction peaks, which may be formed by the interference of PPy polymer chains [28]. Additionally, the (002) diffraction angles of MoS2 and MoS2@PPy were at 14.46° and 14.26°, respectively; this showed that the interlayer spacing of MoS2@PPy was increased, suggesting that the successful modification of PPy hindered the re-stacking of MoS2, confirming that the MoS2@PPy was prepared successfully.




3.2. Chemical Structure and Composition of MoS2 and MoS2@PPy


The chemical composition of MoS2@PPy, PPy, and MoS2 with was characterized by FT-IR. From Figure 4, it can be seen that MoS2 with MoS2@PPy showed an absorption peak at 581 cm−1, which was related to the Mo–S vibration [29]. Additionally, in the MoS2 IR spectrum at 3449 cm−1, it may be generated the hydroxyl stretching vibration absorption [30], indicating that MoS2 changed from its original inert hydrophobic property to a certain hydrophilic property after ultrasound treatment. Regarding the PPy IR spectrum, the absorption peak at 1578 cm−1 was related to the C–C stretching vibration, while the absorption peaks at 1477 cm−1 and 1388 cm−1 were caused by the C–N symmetric stretching vibration and the C–N in-plane deformation vibration, and the peak observed at 1201 cm−1 was the breathing vibration peak of the pyrrole ring, the absorption peaks at 1047 cm−1 was the characteristic peak of C–H of pyrrole ring [31]. This demonstrated the successful chemical in situ polymerization of PPy on MoS2 nanosheets [32].




3.3. Surface Morphology of Different Composite Coatings


From Figure 5a, the surface of epoxy resin without added filler (MoS2) had a large number of micro-pores, which may be caused by solvent evaporation during the epoxy curing process. From Figure 5b, the surface of MoS2 coating with 0.4% added did not show obvious micro-pores, cracks, and other defects, which indicated that the addition of a certain amount of MoS2 flakes could well reduce the appearance of pores. However, in Figure 5b, it can be seen that the nano flakes showed some separation phenomenon with epoxy resin, indicating that the force between its interface and epoxy resin was poor [33]. From Figure 5c, it can be seen that after PPy modification, the surface of MoS2@PPy coating with 0.4% addition was smooth and the bump phenomenon on the surface was reduced, and the cross-section surface (Figure 5c) became rough from the brittle smooth cross-section surface of pure epoxy, indicating that MoS2@PPy effectively reduces the internal stress generated by the epoxy resin in the process of curing shrinkage volume, thus making the epoxy resin more dense and improving the corrosion resistance of the composite coating. From Figure 5d, with the increase in the addition of MoS2@PPy, flakes began to appear on the surface of the coating and were larger, but the phenomenon of protrusions was not obvious, and it can be seen in Figure 5d that the agglomeration phenomenon appeared at the crack gully [34]. This indicates that a certain amount of addition of MoS2@PPy is beneficial to reduce the generation of defects in the coating itself.




3.4. Polarization Curves for Different Coatings


Figure 6 shows the Tafel curves of epoxy resin, 0.4% added MoS2, and MoS2@PPy coating after 15 days of immersion at 3.5 wt.%, from which it can be seen that with the addition of nano MoS2, the corrosion potential of epoxy resin coating shifted to the right from −539.949 mV to −259.062 mV, and the corrosion current decreased from 19.134 µA to 0.049 µA, This indicated that the addition of nano MoS2 to the epoxy resin could effectively enhanced its corrosion resistance, while MoS2@PPy could further improve its corrosion resistance. As can be seen from Table 2, with the increase in the addition of MoS2 nanoflakes, the corrosion potential of MoS2 nanoflakes was the highest at 0.4% and the corrosion current was the lowest, and its corrosion ability decreased significantly with the further increase in the addition. As the addition of MoS2@PPy increased, the corrosion resistance was strongest around 0.8%, and the corrosion current decreased to 0.006 µA, which was four orders of magnitude lower than that of the pure epoxy coating, and the corrosion potential shifted right to −219.787 mV. By using the Stern–Geary equation and Faraday’s law, the polarization curve data were processed to obtain the polarization resistance (Rp) and annual corrosion rate, and the Rp of the coating increased significantly at 0–0.8% MoS2@PPy addition and the annual corrosion rate decreased, which further indicated that adding 0.8% MoS2@PPy to the epoxy resin coating was the best addition. The comparison of corrosion current and corrosion potential of the KH560 modified MoS2 nanosheet epoxy coating prepared by the previous authors showed that PPy can effectively improve the corrosion resistance of MoS2 in epoxy resin. This may be due to the poor compatibility of MoS2 nanoflakes with epoxy resin as observed by SEM of the previous coating, and the increase in the addition led to its agglomeration, thus reducing its anti-corrosion properties, The PPy-modified MoS2 nanosheets were more compatible with epoxy resin, reducing its agglomeration phenomenon in epoxy resin, thus substantially improving the anti-corrosion ability of its composite coating.




3.5. Electrochemical Impedance Test


By using EIS to test the MoS2@PPy organic coating after different immersion times in 3.5 wt.% NaCl solution and using equivalent circuit fitting, the results are shown in Figure 7, with the coating in NaCl solution continuously soaked, the radius of the capacitive arc of the coating in the Nyquist diagram (Figure 7a,c) was continuously reduced with the soaking time, and the size of the radius of the capacitive were reflects the strength of the coating corrosion resistance, as can be seen in Figure 7d. With the continuation of the soaking time to 360 h, the radius of the pure epoxy resin coating in the low frequency region was reduced from 8.35 × 106 Ω·cm2 down to 3.07 × 103 Ω·cm2, the anticorrosive ability was substantially reduced, while after adding into MoS2@PPy, the composite coating was reduced from about 1 × 107 Ω·cm2 to about 1 × 106 Ω·cm2, which was probably because MoS2@PPy played a physical barrier role in the epoxy resin coating, which greatly improved the charge transfer resistance of the epoxy coating. This was conducive to the protection of the coating against the metal base. The epoxy coating with 0.8% MoS2@PPy added had the largest capacitance arc, which indicates that it had the strongest protection against the metal base, while the epoxy coating with 1% MoS2@PPy added was relatively substantially reduced, which may be due to the serious agglomeration of MoS2@PPy in the coating, thus reducing the resistance of the coating. To further understand the coating corrosion condition, Figure 7a shows a semicircular arc, while in Figure 7b, it can be seen in the phase angle versus frequency curve that a peak appeared, which indicates that each coating had only one time constant, indicating that the coating was in the early stage of immersion. As seen in Figure 7c, MoS2@PPy coating after 360 h of immersion, the slope of about 0.3 appeared in the low-frequency region, indicating that the corrosive medium began to infiltrate and enter the middle stage of corrosion of the composite coating, the metal substrate began to be corroded [36,37], but MoS2@PPy remained above 1 × 106 Ω·cm2 without significant changes, confirming that the composite coating still blocked the corrosive medium to metal substrate. As seen in Figure 7d, the phase angle versus frequency curve can be clearly seen in two time constants, and each coating after a long period of immersion, the epoxy corrosion process entered the late stage, while the coating resistance of pure epoxy coating was reduced to about 3078.9 Ω·cm2 and lost its anticorrosive ability. This indicates that the addition of MoS2@PPy can effectively enhance the corrosion protection of epoxy resin on carbon steel. Figure 8 shows the corresponding equivalent circuit: Rs was the solution resistance, CPEc was the coating capacitance, Rc was the coating resistance, Rct was the coating-metal interface electron transfer resistance, CPEdl was the coated-metal interface electric double-layer capacitance, and W was the Warburg impedance [38]. After fitting the data, it can be seen from Table 3 and Table 4 that the coating resistance Rc decreases with the increase of immersion time, while the coating impedance CPEc begins to gradually increase, indicating that the corrosive medium begins to penetrate into the coating. Rct of the coating-metal interface of MoS2@PPy was significantly higher than that of the epoxy coating, indicating that the protection of MoS2@PPy in the late stages of corrosion mainly plays a role in passivating the metal interface and inhibiting the transfer of electrons from the metal matrix by the corrosive medium, thus delaying the occurrence of metal corrosion.




3.6. Salt Spray Test


In order to understand the corrosion resistance of MoS2@PPy epoxy composite coating, a 30 d scratch salt spray test was conducted (Figure 9). It can be seen that after 10 d of salt spray corrosion, the pure epoxy coating showed rust stains and started to extend on the coating surface, the corrosion condition of MoS2@PPy epoxy coating was slightly reduced at 0–0.8% addition, a small amount of rust stains appeared in the seam of 0.8% sample, and 1% addition started to appeared more serious corrosion. When the salt spray corrosion test started to 30 d later, the corrosion of pure epoxy resin became more and more serious, and the corrosion products increased a lot and formed a loose rust layer, while the MoS2@PPy epoxy coating appeared rust in the samples with 0–0.8% addition, but the rust layer was mainly concentrated at the scratches and hindered the continuous corrosion of the salt spray on the scratches, but the addition of 1% appeared a lot of corrosion products and the rust layer was loose. However, the rust layer was loose and fell off with the salt spray, of which the best corrosion performance was 0.8% and the rust was not obvious, indicating that the addition of a certain amount of MoS2@PPy was beneficial to the corrosion resistance of the epoxy coating, and the best amount of MoS2@PPy was 0.8%.




3.7. Anti-Corrosion Mechanism


According to the previous data, the addition of MoS2@PPy, MoS2 can effectively improve the corrosion resistance of the epoxy coating, and the presumed anti-corrosion mechanism is shown in Figure 10, which shows that the coating film formation process will produce various defects (micro-cracks, micro-pores), and in the early stage of immersion, MoS2@PPy, MoS2 mainly plays a physical barrier role, which inhibits the appearance and expansion of cracks, thus preventing the intrusion of corrosive media (Cl−, O2). When reaching the middle of soaking, the corrosive medium starts to contact the surface of the metal substrate, MoS2 no longer has an anticorrosive effect, but MoS2@PPy remains starts to play the role of metal passivation, inhibiting the emergence and spread of the corrosion process, thus extending the protection time of the epoxy coating on the metal substrate.





4. Conclusions


In this paper, MoS2@PPy anticorrosive epoxy coatings were prepared in a simple way, and no organic solvents were used in the preparation process, which is friendly to the environment. The dispersion of PPy in the epoxy resin was improved and the densities of the composites were increased by ultrasonic treatment of the body material MoS2 with PPy. It was shown by experiments that the corrosion potential of the composite coating with 0.8% filler MoS2@PPy was increased from −539.949 mV to −219.787 mV relative to the epoxy coating, the annual corrosion rate of the composite coating with 0.8% filler MoS2@PPy was decreased from 0.144 mm/year to 9.92 × 10−6 mm/year relative to the epoxy coating, and the corrosion current density was reduced by about four orders of magnitude, effectively improving the corrosion resistance of the epoxy resin. After 30 days of constant temperature and humidity salt spray scratch test, it was shown that the MoS2@PPy composite coating can protect carbon steel for a long time. For the corrosion protection mechanism, due to objective conditions, we did not perform a crystal structure analysis of the protected metal matrix and corrosion products in order to better study and elaborate the experimental findings. It is hoped that this work will provide ideas for the application of MoS2 in corrosion protection.
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Figure 1. SEM images of (a) polypyrrole (PPy), (b) pristine molybdenum disulfide (MoS2), (c) MoS2 nanosheets and (d) Polypyrrole-coated molybdenum disulfide (MoS2@PPy). 






Figure 1. SEM images of (a) polypyrrole (PPy), (b) pristine molybdenum disulfide (MoS2), (c) MoS2 nanosheets and (d) Polypyrrole-coated molybdenum disulfide (MoS2@PPy).



[image: Coatings 13 01046 g001]







[image: Coatings 13 01046 g002 550] 





Figure 2. Flowchart of synthesis and preparation of polypyrrole-coated molybdenum disulfide (MoS2@PPy). 
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Figure 3. (a) UV–vis spectrum of pristine molybdenum disulfide (MoS2), MoS2 nanosheets; (b) XRD pattern of pristine MoS2 and Polypyrrole-coated molybdenum disulfide (MoS2@PPy). 
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Figure 4. FT-IR spectra of polypyrrole-coated molybdenum disulfide (MoS2@PPy), polypyrrole (PPy), and molybdenum disulfide nanosheets (MoS2). 
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Figure 5. SEM of different coating surfaces, (a) pure epoxy coating, (b) contains 0.4% molybdenum disulfide epoxy coating, (c) contains 0.4% polypyrrole-coated molybdenum disulfide epoxy coating, (d) contains 0.8% polypyrrole-coated molybdenum disulfide epoxy coating; (a′–d′) represent SEM images from liquid nitrogen cross-section. 
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Figure 6. Tafel curves of coatings soaked in 3.5 wt.% NaCl for 15 d; contains 0.4% molybdenum disulfide epoxy coating (0.4% MoS2), contains 0.4% polypyrrole-coated molybdenum disulfide epoxy coating (0.4% MoS2@PPy). 
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Figure 7. Nyquist plot on the left and bode plot on the right (a,b) for immersion time of 24 h; (c,d) for immersion time of 360 h. 
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Figure 8. (a) The equivalent circuit diagram in the initial of immersion (Rs, the solution resistance; CPEc, the coating capacitance; Rc, the coating resistance), (b) the equivalent circuit diagram with the appearance of Warburg impedance. (Rs, the solution resistance; CPEc, the coating capacitance; Rc, the coating resistance; W, the Warburg impedance; Rct, the coating-metal interface electron transfer resistance; CPEdl, the coated-metal interface electric double-layer capacitance). 
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Figure 9. Neutral salt spray resistance test diagram. (a–f) MoS2@PPy additive amount of 0%, 0.2%, 0.4%, 0.6%, 0.8%, 1% epoxy coating in 5 wt.% NaCl neutral salt spray test after sample, (a′–f′) the corresponding sample after the corrosion of neutral salt spray to 20 d. (a″–f″) the corresponding sample after the corrosion of neutral salt spray to 30 d. 
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Figure 10. The anti-corrosion mechanism diagram. 
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Table 1. Content of components of the composite EP coatings (E51, epoxy resin; D230, polyamide; Fillers, molybdenum disulfide or polypyrrole-coated molybdenum disulfide).
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Samples

	
Content Ratio




	
Components

	
0

	
0.2%

	
0.4%

	
0.6%

	
0.8%

	
1%






	
Composite EP coating

	
E51 (g)

	
10

	
10

	
10

	
10

	
10

	
10




	
D230 (g)

	
3.2

	
3.2

	
3.2

	
3.2

	
3.2

	
3.2




	
Fillers (g)

	
0

	
0.03

	
0.05

	
0.08

	
0.11

	
0.13
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Table 2. The corrosion potential (Ecorr), corrosion current (Icorr), corrosion rate and polarization resistance (Rp) of composite coating immersed in 15 days.
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Samples

	
Content Ratio




	

	
0

	
0.2%

	
0.4%

	
0.6%

	
0.8%

	
1%






	
MoS2@PPy

	
Ecorr (mV)

	
−539.949

	
−238.370

	
−243.606

	
−223.766

	
−219.787

	
−249.52




	
Icorr (µA/cm2)

	
19.134

	
0.014

	
0.013

	
0.007

	
0.006

	
0.013




	
Rp (Ω)

	
594

	
3.51 × 106

	
3.73 × 106

	
7.14 × 106

	
7.95 × 106

	
3.67 × 106




	
Corrosion rate (mm/year)

	
0.144

	
2.34 × 10−5

	
1.51 × 10−4

	
1.05 × 10−5

	
9.92 × 10−6

	
2.33 × 10−5




	
MoS2

	
Ecorr (mV)

	
−539.949

	
−422.035

	
−259.062

	
−575.780

	
−524.501

	
−251.553




	
Icorr (µA/cm2)

	
19.134

	
0.070

	
0.049

	
12.900

	
9.839

	
0.054




	
KH560–MoS2 [35]

	
Ecorr (mV)

	
−490.1

	
−437.1

	
−456.8

	
−417.6

	
−445.2

	
−466.7




	
Icorr (µA/cm2)

	
0.2239

	
0.1549

	
0.1622

	
0.1534

	
0.1413

	
0.1445
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Table 3. The electrochemical parameters of MoS2@PPy epoxy coatings for 1 d immersion time.
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Samples

	
Content Ratio




	

	
0

	
0.2%

	
0.4%

	
0.6%

	
0.8%

	
1%






	
1 d

MoS2@PPy

	
Rs (Ω·cm2)

	
4.76 × 103

	
5.09 × 103

	
5.42 × 103

	
5.67 × 103

	
4.10 × 103

	
5.50 × 103




	
Rc (Ω·cm2)

	
8.80 × 106

	
2.97 × 107

	
3.17 × 107

	
5.95 × 107

	
6.89 × 107

	
3.36 × 107




	
CPEc

(Ω−1·cm−2·sn)

	
1.08 × 10−10

	
9.57 × 10−11

	
9.42 × 10−11

	
9.41 × 10−11

	
1.10 × 10−11

	
9.64 × 10−11
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Table 4. The electrochemical parameters of MoS2@PPy epoxy coatings for 15 d immersion time.
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Samples

	
Content Ratio




	

	
0

	
0.2%

	
0.4%

	
0.6%

	
0.8%

	
1%






	
15 d

MoS2@PPy

	
Rs (Ω·cm2)

	
0.53 × 103

	
3.36 × 103

	
4.81 × 103

	
2.43 × 103

	
4.78 × 103

	
4.69 × 103




	
Rc (Ω·cm2)

	
146.6

	
7.66 × 105

	
3.32 × 106

	
1.45 × 106

	
1.58 × 106

	
9.75 × 105




	
CPEc

(Ω−1·cm−2·sn)

	
1.01 × 10−4

	
1.00 × 10−10

	
1.10 × 10−10

	
9.91 × 10−11

	
7.79 × 10−11

	
8.64 × 10−11




	
W (Ω·cm2)

	
2.15 × 10−3

	
5.43 × 10−6

	
5.86 × 10−6

	
4.29 × 10−6

	
1.94 × 10−6

	
5.81 × 10−6




	
CPEdl

(Ω−1·cm−2·sn)

	
5.72 × 10−4

	
1.19 × 10−10

	
2.26 × 10−8

	
1.08 × 10−10

	
9.09 × 10−11

	
1.23 × 10−10




	
Rct (Ω·cm2)

	
1.04 × 103

	
2.32 × 106

	
1.51 × 105

	
5.16 × 106

	
5.89 × 106

	
2.36 × 106
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