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Abstract

:

High-quality graphene zinc-containing anticorrosive coatings are highly and urgently desirable for effective, economical anticorrosion of metals and alloys in industrial products. The realization of such coatings is, however, hindered by the dispersibility and compatibility of the graphene in them. This work reports a novel direct modification of graphene using sodium polystyrene sulfonate (PSS) without reduction of graphene oxide, leading to homogeneous dispersion of graphene in water. The agglomeration of graphene is prevented thanks to the formation of π−π interaction between PSS and graphene sheets. Such graphene dispersion can effectively improve the anticorrosion performance of the zinc-containing epoxy coatings. With the addition of graphene modified by PSS into the 20% zinc-containing epoxy coating (graphene is 0.05% by weight of the coating), its anticorrosion properties revealed by both electrochemical characterization and the neutral salt spray tolerance analysis are rather close to those of 60% zinc-containing epoxy coating. These results demonstrate that direct PSS modification is an effective method for graphene dispersion and thus open a pathway to achieve graphene zinc-containing anticorrosive coatings with high performance.






Keywords:


coatings; graphene; dispersion; noncovalent; sodium polystyrene sulfonate












1. Introduction


Nowadays anticorrosion of metals (Fe, Cu, Ni and carbon steel, etc.) and their alloys are of great significance because metal corrosion has caused tremendous economic losses and hazards to industry and society. Metal corrosion mainly includes chemical corrosion and electrochemical corrosion. Electrochemical corrosion is more common and harmful. Electrochemical corrosion is produced after electrolytes contact with a metal substrate, including anode reaction and cathode reaction. Anticorrosive coating is a very economical and effective method for metal protection from electrochemical corrosion. Among various anticorrosive coatings, zinc-rich epoxy coatings occupy a leading position in the anticorrosive (particularly the heavy-duty) market because of their excellent anticorrosive properties. Zinc (Zn) particles play a role of sacrificial anode in the coating. However, the Zn content generally needs to be quite high (>60%) due to the inferior electrical conductivity of polymers. The elevated Zn content not only leads to the reduction of toughness, adhesion and sprayability of the coating but also possibly induces health hazards during the spraying process [1]. Furthermore, the majority of Zn is not consumed even after the coating fails resulting in a waste of zinc materials [2].



Graphene has attracted much attention since its discovery due to its good chemical stability, thermal conductivity and excellent barrier properties. Extensive studies show that coating with graphene has an excellent anticorrosion effect [3]. Pure graphene provides excellent anticorrosion performance but suffers from defects, oxidation, industrialization and cost problems. An alternative effective approach consists of mixing graphene into a coating matrix to form a graphene composite coating. Some preliminary works have reported promising anticorrosive properties of graphene composite coatings [4,5,6,7]. Graphene is believed to be able to (1) impede the penetration of corrosive medias, isolate water and oxygen from the outside through a physical barrier; (2) hinder crack propagation in the coating and (3) enhance the role of a sacrifice anode like Zn, by forming a conductive network by connecting with discontinuous zinc powder and sacrifice zinc powder as anode, so as to protect the metal substrate as cathode. However, due to the large specific surface area of graphene and the strong π−π interaction between the lamellae, graphene can easily aggregate and the properties of agglomerated graphene rapidly decline [8,9,10]. The aggregation of graphene may not only lead to the failure of the above-mentioned effects, but also form holes in the coating, which provides a way for the corrosion medium to reach the substrate and accelerate the corrosion. Therefore, the modification of graphene and the preparation of good graphene dispersions have become the key to extend the application of graphene composite coatings [11]. Based on surface energy reasons, several solvents, e.g., N-methyl pyrrolidone (NMP), dimethyl sulfoxide (DMSO), dimethylformamide (DMF), γ-butyrolactone (GBL) and water (H2O) turn out to be good graphene stabilizers in the absence of surface modification [12,13]. Due to the desire to decrease or stop the utilization of volatile organic compounds (VOC), aqueous graphene dispersion attracts intense interest. Regarding the surface modification of graphene, it includes both covalent bond and noncovalent bond modifications. Covalent bond modification refers to the substitution reaction of the modified substance with oxygen-containing groups on the surface of graphene or graphene oxide, which leads to the introduction of new groups. Meanwhile, noncovalent bond modification is better due to its lower impact on the structure and properties of graphene, high efficiency and ease of preparation process [14]. Chang et al. [15] modified graphene oxide with sodium dodecylbenzene sulfonate (SDBS), and finally prepared SDBS modified graphene by the hydrazine reduction method. Stankovich et al. [16] reported the first example of noncovalent functionalization of graphene nanosheets using poly (sodium styrene sulfonate) (PSS). In the presence of PSS, GO can be stripped and reduced in situ to form noncovalent functionalized graphene nanosheets (rGO), which are highly dispersed in water (1 mg/mL). However, the deoxidization process might introduce more defects into the graphene layer. In addition to the use of modified graphene in anticorrosion coatings, Kratochvílová et al. [17] reported that carbon coating, i.e., polycrystalline diamond can also be used as a protective material against high temperature corrosion. They obtained a double layer consisting of 500 nm nanocrystalline diamond as the bottom layer and 2 μm chromium-aluminum-silicon nitride as the upper layer. This structure can protect the Zr alloy surface against high temperature corrosion in an active way.



In this work, graphene was directly modified by PSS and good aqueous graphene dispersion was obtained. This method is facile and leads to high quality graphene layers. Raman spectroscopy, transmission electron microscope (TEM), and atomic force microscopy (AFM) characterizations revealed good graphene properties including the large area, low defect density and a thickness of only 2–3 monolayers. X-ray photoelectron spectroscopy (XPS) clearly demonstrated the π−π interaction between PSS and graphene. The graphene dispersion was mixed into a series of zinc-containing epoxy coatings with Zn contents of 20, 40 and 60%. The electrochemistry and salt spray duration experiments demonstrated that graphene modified by PSS (PSS-G) could effectively reduce the Zn content while maintaining a high anticorrosion performance. The results are of great interest for both aqueous graphene dispersions and graphene composite coatings.




2. Experimental


2.1. Materials


PSS was purchased form Alfa Aesar. Graphene was purchased from Nanjing XFNANO Materials Tech Co., Ltd. (Nanjing, China) and produced by interlayer catalytic exfoliation method. Epoxy zinc-containing coating (component A, B) was bought from Shaanxi coating company (Xi’an, China). All materials were used as received without further treatment.




2.2. Preparation of Graphene Dispersion Modified by PSS


A 20 mg portion of graphene was dispersed in 20 mL of deionized water by cell grinder, and then the mixture was ultrasonicated for 1 h to obtain graphene dispersion solution (1 mg/mL). Then PSS was added to the mixture, the mass ratio of PSS to graphene was 20:1. The mixture was placed in a magnetic stirrer and stirred for 10 min to make the sodium polystyrene sulfonate be completely dissolved. Then the PSS-G dispersion was obtained.




2.3. Preparation of Composite Coatings


We firstly mixed PSS-G dispersion with component A of epoxy zinc-containing coating. The component A included epoxy resin, zinc powder, filler, xylene and butanol. After stirring uniformly, we put PSS-G in the centrifuge for centrifugation at a speed of 3000 rpm for 15 min. After centrifugation, mixture of the upper and lower layers was obtained, and then the transparent clarified liquid was extracted from the upper layer by disposable syringe to remove the water in the mixture. Component B of epoxy zinc-containing coating was added to the remaining substance, component B included polyamide and xylene, and then PSS-G modified epoxy zinc-containing coating was obtained by homogeneous stirring. The ratio of component A of epoxy zinc-containing coating to component B of epoxy zinc-containing coating was 10:1. The Q235 steel electrode surfaces were polished with 400/600/800/1000 mesh sandpaper before being used, then were washed with acetone and alcohol for 10 min, respectively, and then dried with clean, dust-free paper. The prepared epoxy zinc-containing coating was coated on the steel plate with wire rods. After natural air drying for 48 h, the coating with a thickness of about 20 µm was obtained. The preparation process of composite coatings is shown in Figure 1.




2.4. Characterization


Raman spectra were measured with HORIBA XpoloRA Plus (HORIBA, Paris, France ) using the wavelength of 532 nm to characterize the quality (defects and thicknesses, etc.) of graphene and PSS-G. The modification principle of PSS-G was determined by X-ray photoelectron spectroscopy (XPS, AXIS ULTRA DLD, KRATOS, Manchester, UK) with a monochromated Al Kα irradiation. Both Raman and XPS samples were prepared by depositing the corresponding dispersions on SiO2/Si substrates and drying in air. Transmission electron microscopy (TEM, JEOL JEM-2100, Tokyo, Japan) was performed to observe the morphology of PSS-G. The TEM sample was prepared by depositing the PSS-G dispersions on copper grids and drying in air. Tapping mode atomic force microscopy (AFM, Dimension, Icon-Bruker, Billerica, MA, USA) was performed to observe the morphology of PSS-G and characterize the thickness of PSS-G. The AFM samples were prepared by depositing the corresponding dispersions on glass substrates and drying in air.



The electrochemical corrosion test was performed in 3.5% NaCl solution on a PARSTAT MS electrochemical workstation. The potentiodynamic polarization curves and electrochemical impedance spectroscopy (EIS) were acquired by a classical three-electrode system at room temperature with platinum (Pt) plate, saturated calomel electrode (SCE) and coating/Q235 steel as counter electrode, reference electrode and working electrode, respectively. Potentiodynamic measurement of polarization curves was carried out within the potential range from −0.75 to 0.5 V, at a scan rate of 20 mV/s. The frequency range of EIS measurement was 1 × 105 to 1 × 10−2 Hz and the sinusoidal voltage signal amplitude was 20 mV. The test samples were prepared by encapsulating the coated Q235 steel with a mixture of paraffin and rosin, only 1cm2 of the sample surface was left for electrochemical test.



Two horizontal lines were scratched on the coated Q235 steels and the samples were exposed in the salt spray cabin for 1000 h according to GB/T 1771-2007 [18]. The salt water was sprayed on the surface of the samples in order to observe the corrosion of the samples. The salt spray cabin was purchased from Lixin Instrument Equipment Co., Ltd. (Dongguan, China), LX-6013.





3. Results and Discussion


3.1. Characterization of PSS-G


The PSS-G and graphene (G) were both examined by Raman spectroscopy and the results were shown in Figure 2a, where black and red spectra show the Raman spectra of G and PSS-G, respectively. For the pure graphene (black curve), it can be seen that three characteristic peaks arose at 1356, 1582 and 2724 cm−1, which corresponded to D, G and 2D bands, respectively. The G peak was due to the in-plane bonding and contraction of carbon atoms in the sp2 orbital hybridization, indicating the symmetry and ordering of the reaction materials [19]. The D peak was the fracture mode corresponding to Brillouin Zone boundary K, which usually represents the defect of graphene [19]. Generally, the shape and position of the 2D peak can be used to judge whether graphene is single, double or multi-layered [20].



It was evident that PSS-G (red curve) indicated a quite similar feature with that of pure G. The D, G and 2D peaks also arose at 1358, 1583 and 2719 cm−1, respectively. In order to compare in more detail the two samples, Figure 2b shows the enlarged figure at the 2600–2800 cm−1 region of Figure 2a showing more detail of the 2D peaks. It can be clearly seen that the 2D peak PSS-G (red) had a red shift to 2719.2 cm−1, compared to that of pure graphene (black) at 2724.3 cm−1. Such a red shift of the 2D peak indicated that the stacking of G was weakened [20].



To further investigate the features of PSS-G, TEM and AFM characterization have been carried out. Figure 3a shows the TEM results. After depositing the PSS-G dispersions on copper grids and drying in air, it can be seen that the whole sheet of PSS-G was transparent suggesting very few layers feature of PSS-G. A few wrinkle areas (dark regions) can also be observed. Figure 3b shows a 2 × 2 µm2 AFM image of PSS-G on glass substrates, where two graphene sheets (brighter regions) can be found. Line profiles performed at the graphene vicinity, as shown in Figure 3c,d offer the direct evidence of the thickness of PSS-G sheets. It can be seen from the cross-section analysis that the thicknesses of both PSS-G sheets were about 2 nm, corresponding to about 2–3 monolayers [14,21,22]. This was consistent with the TEM result.



The results showed that PSS could be used as a dispersant to prepare high quality graphene nanoflakes with very few atomic layers.



It is significant to understand further the modification mechanism of PSS on graphene, therefore XPS experiments were performed on G and PSS-G. The C 1s XPS results are shown in Figure 4a,b for G and PSS-G, respectively. In Figure 4, black dots indicate the experimental data after subtracting a Shirley profile and the red line shows the fitting profile. Peaks with different colors reveal the fitting components. In Figure 4a for C 1s of pure graphene, the dominant peak centered at 284.8 eV (green) can be attributed to the C–C. The weak peak centered at 285.6 eV (blue), 287.2 eV (violet), 289.4 eV (cyan) correspond to the C–OH, C=O, –COO, respectively [16,23,24], which are produced in the catalytic exfoliation process of graphene. Figure 4b shows the XPS C 1s spectrum of the PSS-G. Similar to pure G, the C–C bond centered at 284.8eV dominates the spectrum. The shoulder peaks centered at 285.6 eV (blue), 287.0 eV (violet), 289.9 eV (cyan) corresponding to the C–OH, C=O, –COO are also shown. Interestingly and importantly, an additional component at 291.4 eV evidently appeared in PSS-G. This peak is related to the bond of the π−π interaction [11], which suggests that PSS modified graphene in a nonvalent manner.



As shown in Figure 5a, the PSS-G dispersion was in black solution state without agglomerated particles and the stability time of the modified graphene dispersion was 48 h, while direct dispersion of G (Figure 5b) in aqueous solution led to agglomeration and precipitation.



The stable aqueous dispersion of graphene was obtained by covalent modification of graphene. The reaction scheme between PSS and graphene is shown in Figure 6. Graphene nanosheets can be stably dispersed in water solvents with PSS as dispersant. π−π interactions are formed between the PSS and the graphene nanosheets, which prevents graphene from agglomeration.




3.2. Anticorrosion Properties of PSS-G Coatings


In graphene composite epoxy zinc-containing coatings, the quality and the thickness of the graphene are important for the enhancement of anticorrosion performance. Therefore the obtained PSS-G dispersion was mixed with epoxy zinc-containing coatings to examine the impact on anticorrosion properties.



A series of zinc-containing coatings with a zinc content of 20%, 40% and 60% have been employed. In order to compare the impact of PSS-G with pure G, three types of samples, namely epoxy zinc-containing coatings, epoxy/G composite coatings, and epoxy/PSS-G composite coatings were investigated by electrochemical corrosion test. More details can be found in the Experimental section.



Figure 7a shows the potentiodynamic polarization curves of epoxy zinc-containing coatings with different zinc contents of 20% (black), 40%(red) and 60% (blue). The corrosion current density (the ratio of the self-corrosion current to the test area of the sample), Icorr, represents the intensity of the cathodic oxygen reduction and anodic dissolution of metal ions, which can represent the corrosion rate [4,25,26]. The corrosion current density of zinc-containing epoxy coatings with 20% zinc content was 3.98 × 10−7 A (log Icorr = −6.4), that of zinc-containing epoxy coatings with 40% zinc content was 1.58 × 10−8 A (log Icorr = −7.8), and that of zinc-containing epoxy coatings with 60% zinc content was 1.26 × 10−8 A (log Icorr = −7.9). It is evident that as the Zn content increases, the absolute value of corrosion current density continuously decreases, suggesting better anticorrosion performance.



EIS was carried out to further study the dielectric properties of the coatings. Figure 7b shows the Bode plots of samples exposed to 3.5 wt.% NaCl solution. Impedance modulus |Z| at low frequencies (f = 0.01Hz) can semiquantitatively characterize coating resistance [11]. The impedance modulus of zinc-containing epoxy coatings with 20% zinc content (black) was 1.17 × 106 at 0.01 Hz (log |Z| = 6.07), that of zinc-containing epoxy coatings with 40% zinc content (red) was 2.75 × 106 (log |Z| = 6.44), and that of zinc-containing epoxy coatings with 60% zinc content (blue) was 6.31 × 106 (log |Z| = 6.80). Apparently, the impedance modulus increases as the zinc content increases.



The epoxy zinc-containing coatings with 60% zinc content had a lower corrosion current density Icorr and higher impedance modulus |Z| (f = 0.01 Hz) in comparison with the other zinc contents, indicating that the barrier properties of 60% epoxy zinc-containing coatings were better than its two counterparts.



To understand the impact of graphene dispersions on the anticorrosion performances of epoxy zinc-containing coatings, potentiodynamic polarization curves of pure epoxy zinc-containing coatings (black), epoxy/G (green) and epoxy/PSS-G coatings (violet) with 20% zinc content are shown and compared in Figure 7c. The corrosion current density Icorr of epoxy zinc-containing coatings with 20% zinc content was 3.98 × 10−7 A (log Icorr = − 6.4), that of epoxy/G coatings was 2.01 × 10−8 A (log Icorr = −7.7), and that of epoxy/PSS-G coatings was 1.00 × 10−8 A (log Icorr = −8.0). Figure 7d shows the Bode plots of the three samples. The impedance modulus |Z| of pure epoxy zinc-containing coatings (black) was 1.17 × 106 (log |Z| = 6.07) at the frequency of 0.01 Hz, that of epoxy/G coat ings (green) was 2.51×106 (log |Z| = 6.40) at the frequency of 0.01 Hz, and that of epoxy/PSS-G coatings (violet) was 7.94 × 106 (log |Z| = 6.90) at the frequency of 0.01 Hz.



It was evident that the epoxy/PSS-G coating showed the largest impedance modulus at the lowest frequency and the lowest absolute value of self-corrosion current, suggesting that the coating had the best protection performance for metal substrate.



To further highlight the enhancement role of PSS-G dispersion on epoxy zinc-containing coatings, the properties of epoxy/PSS-G coatings with 20% zinc content (violet) and epoxy coatings with 60% zinc content (blue) are shown in Figure 8. Figure 8a reveals the potentiodynamic polarization curves of both samples. The corrosion current density of epoxy/PSS-G coatings with 20% zinc content was 1.21 × 10−8 A (log Icorr = −8.0), while that of epoxy coatings with 60% zinc content was 1.42 × 10−8 A (log Icorr = −7.9), which were very close to each other. The Bode plots in Figure 8b further illustrated that the anticorrosion properties of epoxy/PSS-G coatings with 20% zinc content and epoxy coatings with 60% zinc content were basically the same, with a very similar impedance modulus of log |Z| = 6.9.



In order to further confirm the impact of PSS-G, neutral salt spray tolerance tests for 1000 h were carried out on epoxy zinc-containing coatings with 20% zinc content, epoxy/G coatings, epoxy/PSS-G coatings and epoxy zinc-containing coatings with 60% zinc content, and the results are shown in Figure 9a–d, respectively. The salt spray tolerance of coatings could be judged by whether there were blisters or corrosion spots around the scratches on the coatings, which would reflect the corrosion resistance of the coatings [27]. There were obvious blisters, rust and corrosion spread in zinc-containing coatings with 20% zinc content (Figure 9a) and epoxy/G coatings (Figure 9b). Compared with them, the corrosion on epoxy/PSS-G coatings (Figure 9c) and epoxy zinc-containing coatings with 60% zinc content (Figure 9d) was significantly weaker. It further proved that the addition of PSS-G and the increase of zinc content could reduce corrosion from the aspect of salt spray tolerance.



Comparing epoxy/PSS-G coatings with epoxy zinc-containing coatings with 60% zinc content, there was no difference between the two samples in terms of blisters. The scratches on the top of the PSS-G/coating sample were corroded, but the spread to both sides was not obvious. The scratch on the bottom showed a slight corrosion spread of less than 1 cm. The scratch on the top of the 60% zinc content sample showed slight corrosion and spread less than 1 cm, while the scratch on the bottom showed corrosion spread, but there was no obvious spread on both sides. In conclusion, the corrosion resistance of the 60% zinc content coating sample and the PSS-G/coating sample was basically the same after 1000 h.





4. Conclusions


In conclusion, stable graphene solution was obtained by direct noncovalent modification using PSS. The 2D Raman peak of PSS modified graphene shifted from 2724.3 to 2719.2 cm−1, indicating that the number of graphene layers decreased after the modification. The whole sheet of PSS-G was transparent under TEM, which confirmed the Raman results. AFM results directly confirmed that the thickness of graphene was 2 nm, about 2–3 layers. The results of XPS showed that there were five peaks in PSS-G, which centered at 284.8, 285.6, 287.0, 289.9, and 291.4 eV corresponding to the C–C, C–OH, C=O, –COO and π–π bonds, respectively. The combination of Raman, TEM, AFM and XPS results showed that the PSS-G had a thickness of only 2–3 monolayers and strong π–π interaction between PSS and graphene sheets. According to the electrochemical results, the epoxy zinc coating with modified graphene had better corrosion resistance than the pure epoxy zinc coating, and the addition of graphene with 0.05% by weight can reduce the zinc content from 60% to 20% without degradation of anticorrosion performance, which was further confirmed by the neutral salt spray experiment after 1000 h. The addition of PSS directly modified graphene in an epoxy zinc coating can not only improve the anticorrosion performance, but also may have potential applications in other fields such as batteries.
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Figure 1. Schematic illustration of the preparation process of the composite coatings. 
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Figure 2. (a) Raman spectra of G, PSS-G hybrid; (b) the enlarged 2D-band regions; (the black line is for G, the red line is for PSS-G). 
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Figure 3. Morphology of PSS-G. (a) TEM images of PSS-G; (b) AFM images of PSS-G; height profiles of the PSS-G in (c) the blue circled region and (d) the red circled region shown in (b). 
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Figure 4. XPS spectra in the C 1s region of (a) G and (b) PSS-G. 
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Figure 5. Optical images of 1mg/mL (a) PSS-G and (b) G dispersed in water after 48 h. 
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Figure 6. Schematic diagram of the reaction process. 
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Figure 7. (a,c) Tafel polarization curves and (b,d) Bode plots of coatings with different zinc contents, pure coating, G/coating and PSS-G/coating with 20% zinc content. (The black line, red line, blue line are for the zinc-containing coatings with zinc content of 20%, 40% and 60%, respectively. The green line is for epoxy/G coating, the violet line is for epoxy/PSS-G coating). 
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Figure 8. (a) Tafel polarization curves and (b) Bode plots of the pure coating with 60% zinc contents and PSS-G/coating with 20% zinc contents. (The blue line is for zinc-containing coating with zinc content of 60%, the violet line is for epoxy/PSS-G coatings). 
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Figure 9. Visual performance of the epoxy zinc-containing coatings with (a) 20% zinc content, (b) epoxy/G coatings, (c) epoxy/PSS-G coatings and (d) epoxy zinc-containing coatings with 60% zinc content exposed to neutral salt spray for 1000 h. 
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