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Abstract

:

To improve the corrosion, interfacial contact resistance, and hydrophobicity of bipolar plates used in proton-exchange membrane fuel cells, a series of TiN/amorphous carbon double-layer coatings was prepared on 316L stainless steel using magnetron sputtering. The structure of the amorphous carbon was controlled with different carbon target currents. The changed rules in the coating structure and performance under different carbon target currents were studied. Due to appropriate sputtering energy, an appropriate carbon target current reduced the grain boundary of the coating, resulting in a smoother surface, and increased the content of sp2 hybrid carbon. Compared with uncoated 316L stainless steel, the samples coated with amorphous carbon showed greatly improved corrosion resistance and conductivity. At a carbon target current of 5 A, low contact resistance and high corrosion resistance were achieved simultaneously. The significant improvement in corrosion resistance is attributed to the improvement in the quality of the coating surface. Due to the appropriate carbon target current increasing the content of sp2 hybrid carbon in the coating, the contact resistance of the coating was reduced. When the carbon target current was 5 A, the interfacial contact resistance of the sample was 3.9 mΩ·cm2, which is significantly lower than that of bare 316L stainless steel. After constant potential polarization testing, the coating still exhibited good conductivity.
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1. Introduction


Environmental pollution is increasingly intensifying at present, and the development and utilization of new energy sources, such as hydrogen energy, are vital to addressing the future energy crisis. Proton-exchange membrane fuel cells (PEMFCs) are a new type of hydrogen energy utilization device that can meet various usage requirements for automobiles, electronic devices, etc. [1,2,3]. Bipolar plates are an essential component of proton-exchange membrane fuel cells, accounting for 70%–80% of the total weight of the fuel cell and 25%–40% of the cost [4,5,6]. Bipolar plates can transmit gas through flow channels and collect and conduct current and support the membrane electrode, undertaking the fuel cell’s heat dissipation and drainage functions [7].



Bipolar plates need low interfacial contact resistance and high corrosion resistance to meet the needs of the high-acid environment inside a fuel cell. They also require a certain degree of hydrophobicity to prevent flooding inside the cell stack. For this, the U.S. Department of Energy has put forward requirements for the corrosion resistance and conductivity of bipolar plates: the corrosion current density should be <1 μm/cm2, and the interfacial contact resistance should be <10 mΩ·cm2 [8] (DOE 2020 target). Graphite is an excellent bipolar plate material. This material has good conductivity and corrosion resistance, but graphite bipolar plates are expensive. Moreover, their processing performance and mechanical properties are poor. Developing new bipolar plate materials to replace graphite is the current development direction of fuel cell bipolar plates [5,9].



Metal bipolar plates are inexpensive and own excellent physical properties. Hence, they have been widely developed by researchers, such as aluminum, stainless steel, titanium, nickel, magnesium, etc. [10,11,12,13]. Stainless steel is an ideal bipolar plate material because it is widely used, inexpensive, easy to process, and has excellent electrical conductivity [14]. However, stainless steel is prone to corrosion in the acidic environment of PEMFCs, and due to passivation, an oxide layer forms on the surface of stainless steel. This oxide layer has semiconductor properties and poor conductivity, significantly increasing stainless steel’s interfacial contact resistance (ICR) [15]. The key to solving these problems is to prepare a suitable conductive and corrosion-resistant coating on the surface of the stainless steel to improve its corrosion resistance and reduce its interfacial contact resistance [16]. Researchers often use electroplating, chemical vapor deposition, and physical vapor deposition to prepare nitrides, carbides, or amorphous carbon on metal surfaces to solve corrosion resistance and conductivity problems [17,18,19,20,21]. Amorphous carbon is an ideal surface coating material for stainless steel bipolar plates due to its excellent chemical stability and electrical conductivity [22,23,24,25]. Yi et al. [26] deposited an amorphous carbon coating on the surface of stainless steel bipolar plates using magnetron sputtering. They studied the effect of different argon gas flow rates on the amorphous carbon structure. The coating meets the DOE standards for corrosion resistance and electrical conductivity. Bi et al. [27] also designed an amorphous carbon layer on a 316L substrate in the same way, improving its corrosion resistance and electrical conductivity. Jia et al. [28] studied Cr–Cu-co-doped amorphous carbon films. They pointed out that the amounts of Cu and Cr doped in amorphous carbon are critical to the structure of the amorphous carbon film. The research found that the ratio of sp2/sp3 hybridized carbon and the denseness of the film affect the performance of the amorphous carbon film on stainless steel. Elemental doping can further change the density of the amorphous carbon coating and the sp2/sp3 hybridized carbon ratio, thereby improving the application of the coating on fuel cells and the performance of the fuel cell bipolar plate coating. However, due to unavoidable coating corrosion degradation and increased ICR, amorphous-carbon-film-coated bipolar plates are often destroyed in PEMFC applications. Many researchers have delayed the damage of the coating by preparing double- or multi-layer coatings [22,29,30,31]. Meng et al. [32] used magnetron sputtering and vacuum heat treatment technology to prepare a C/TiC nanocomposite coating on Ti bipolar plates. The corrosion current density of the coating was as low as 0.74 µA/cm2, and the interfacial contact resistance was as low as 2.34 mΩ·cm2. Wang et al. [15] prepared a multi-layer C/Ti coating on the surface of 316L stainless steel. The design of the multi-layer coating caused changes in the diffusion interface and forward migration passivation potential while broadening the bandgap within the coating, significantly improving the coating’s corrosion resistance. Mi et al. [33] used magnetron sputtering to prepare a Ti-doped amorphous carbon/CrN/Ti multilayer coating on the surface of 316L stainless steel. The preparation of the multi-layer coating increased the length of the corrosive solution passage, slowing down the speed of the corrosive solution entering the substrate, thereby significantly increasing the corrosion resistance of the coating.



When a single-layer amorphous carbon coating cannot meet the needs of fuel cells, it is necessary to prepare a double-layer coating. The preparation of a double-layer amorphous carbon coating plays a vital role in enhancing the performance of the coating. The sp2/sp3 ratio of the amorphous carbon coating is a significant factor affecting conductivity and corrosion resistance. Although there is considerable research on the preparation and performance of a double-layer coating of amorphous carbon, studies on the performance changes in amorphous carbon coatings under different carbon target currents are uncommon. Moreover, the influence of a TiN/amorphous carbon double-layer coating on the hydrophobic performance of amorphous carbon coatings for fuel cell bipolar plates has rarely received attention.



Based on this, this study prepared a novel double-layer amorphous carbon coating, and by controlling the carbon target current, a series of C/TiN double-layer coatings were prepared. The main focus was on studying the structural transformation laws in the coating under different carbon target currents and analyzing the effects of the coating structure’s transformation on its corrosion resistance, interfacial contact resistance, and hydrophobicity. In the application environment of proton-exchange membrane fuel cell bipolar plate coatings, the patterns of change in the coating’s corrosion resistance, contact resistance, and hydrophobicity during the structural transformation process were analyzed. This work may provide new insights into designing high-performance amorphous carbon films for stainless steel bipolar plates in PEMFC.




2. Experimental Section


2.1. Sample Preparation


The base material for the coating preparation was 316L stainless steel in a square shape with dimensions of 50 mm × 50 mm and a thickness of 0.1 mm. The stainless steel used in the experiment was produced by Baosteel in China, and the composition of the stainless steel is shown in Table 1. Before plating, the sample was ultrasonically cleaned in deionized water, anhydrous ethanol, and acetone for 15 min each. The coating was prepared using the magnetron sputtering method. The magnetron sputtering equipment installed four magnetron targets: two Ti targets (99.9%) and two C targets (99.9%). Argon and nitrogen of 99.99% purity served as the sputtering gas and the source of N atoms for the transition layer, respectively.



The deposition process of the double-layer coating mainly included the following four steps. Firstly, ion cleaning was performed. A high bias voltage of −500 V was applied to the stainless steel substrate to etch the surface, thereby removing contaminants from the 316L stainless steel surface. Secondly, the thin Ti substrate layer was prepared. A current of 5 A was applied to the Ti target, and deposition was carried out for 300 s, forming a Ti substrate layer. Thirdly, the TiN transition layer was prepared. With the Ti target current kept constant, N2 gas was introduced into the chamber to prepare the TiN transition layer. Fourthly, amorphous carbon coatings were deposited under different carbon target currents. The Ti target current was linearly reduced to 0 within 300 s, N2 was shut off, and simultaneously, the C target current was linearly increased to the specified target current within 300 s and then held constant for 5400 s. The carbon target currents were set at 2.5 A, 5 A, 7.5 A, and 8.5 A. Finally, a TiN/amorphous carbon double-layer protective coating was prepared on the stainless steel surface.




2.2. Samples Characterization


The surfaces and cross-sectional morphologies of the coatings were examined using scanning electron microscopy (SEM, Sigma 300, Zeiss, Oberkochen, Germany). X-ray photoelectron spectroscopy (XPS, Escalab 250Xi, Thermo Fisher Scientific, Waltham, MA, USA) was used to analyze the amorphous carbon top layer’s chemical bond states. The excitation source was Al (Mono) Kα radiation with an energy of 1486.6 eV and a power of 72 W. The electron emission angle was 60°. A mix of mechanical and turbomolecular pumps was used to lower the system pressure to 2 × 10−7 Pa for the measurements. The transition layer structure of the coating was obtained using a D/MAX2200V-type X-ray diffractometer (XRD, Rigaku Corporation, Tokyo, Japan) to acquire the crystal features of the transition layer. The spectra were obtained using Bragg–Brentano XRD. The XRD analysis was performed using Cu Kα radiation in a 2θ range of 30° to 80° at a scanning rate of 4°/min, the tube voltage was set to 40 kV, the current was set to 40 mA, the slit system was DS = SS = 0.6°, and the RS was set at 0.1 mm. The amorphous carbon structure of the coating was analyzed using Raman spectroscopy (inVia Qontor, Renishaw, Gloucester, UK), with a laser wavelength of 532 nm used for Raman spectroscopy. A transmission electron microscope (TEM, JEM-2010 F, JEOL, Tokyo, Japan) was used to analyze the microstructure of the carbon film. TEM samples were obtained via FIB cutting. Contact angle tests were carried out using a contact angle tester, with deionized water as the spreading liquid.




2.3. Electrochemical Corrosion and Interfacial Contact Resistance


The electrochemical corrosion resistance of the samples was tested using an electrochemical workstation (Gamery Reference 600, Gamery, Elk Grove, CA, USA) with a three-electrode system. A corrosive solution of 0.5 mol/L H2SO4 and 2 ppm HF was used, with the temperature of the solution set at 70 °C to simulate the operating environment of PEMFCs. The corrosion resistance of the coating was tested using a standard three-electrode system, with a Ag/AgCl electrode as the reference electrode, a platinum wire as the counter electrode, and the sample to be tested as the working electrode. The sample area to be tested was 1 cm × 1 cm. Before the test, the sample was kept at an open circuit potential for 30 min to ensure system stability. During the test, the dynamic potential polarization scan curve was −0.3 V to 1.2 V (vs. SCE and vs. SHE), with a scanning rate of 0.1 mV/s. In addition, constant potential polarization tests were conducted at potentials of +0.6 V (vs. SCE) and +1.1 V (vs. SHE) for 7200 s.



The ICR between the bipolar plate and carbon paper (Toray TGP-H-060) was tested according to the voltammetry method developed by Wang et al. [34,35].





3. Results


3.1. Morphology and Structure


Figure 1 presents the SEM images of the surfaces and cross-sections of the amorphous carbon coatings deposited under different carbon target sputtering currents. In Figure 1a–c, it can be observed that the deposited amorphous carbon coatings are dense with no apparent defects on the surfaces. At the same time, it is also found that the sputtering current significantly influences the surface density of the coating. When the sputtering current is 5 A, the amorphous carbon coating exhibits the most refined, homogeneous surface structure and compact boundary, indicating the best coating compactness at this sputtering current.



When the sputtering current is at 2.5 A and 7.5 A, the coating surface appears noticeably rougher, with deeper grain boundary structures, which could be due to fewer carbon atoms being sputtered at lower currents, leading to insufficient atomic diffusion, resulting in the formation of a small number of particles with higher heights on the surface. A slower deposition rate allows an excessive number of argon ions to be deposited on the substrate surface, causing larger cluster structures on the surface. Figure 1d shows the surface morphology when the carbon target current is 8.5 A. At this point, the coating surface becomes even rougher, with intense grain boundaries appearing on the surface and large grains. When the sputtering current is high, more carbon atoms are produced, the probability of collisions between atoms increases, the diffusion tension of atoms on the substrate surface decreases, and cluster structures are more likely to appear on the surface, which results in a looser surface of the film and reduced compactness. Figure 1e shows the cross-sectional morphology of the coating when the sputtering current is 5 A. It can be seen that the thickness of the film layer is 623 nm. The coating forms an integral whole, with no obvious grain boundaries appearing during the columnar crystal growth process, indicating a good coating quality.



Figure 2 shows the Raman spectrogram of the amorphous carbon coatings under different sputtering currents. The Raman curve of amorphous carbon is fitted with two peaks: a graphite G peak and a disordered D peak. The Gaussian curve fitting method was used to separate the G and D peaks to evaluate the ID/IG values and G peak positions [36]. The D peak corresponds to the respiratory vibration of the sp2 hybrid ring structure, which is related to the disordered presence of sp2 hybrid bonds in graphite. The G peak generates in-plane vibrations in the sp2 hybrid ring structure, corresponding to the stretching vibrations of two adjacent carbon atoms [37]. By integrating the areas of the G and D peaks, the ratio of IG to ID can be obtained, and the size of the ID/IG ratio can determine the state of sp2 hybrid carbon atoms in the coating. Figure 2a presents the Raman spectra for the four selected sputtering currents. In contrast, Figure 2b displays the statistical results of the peak positions of the G peak and the ID/IG ratios for the amorphous carbon coatings under different sputtering currents. The ID/IG ratio represents the ratio of the areas under the D peak and the G peak, which characterizes the microstructural changes in the amorphous carbon coatings [36]. According to the fitting results, the D peak appears at approximately 1350 cm−1, and the G peak is observed at approximately 1560 cm−1 for all samples, indicating a clear presence of an amorphous carbon structure [38]. Additionally, the ID/IG ratio and the position of the G peak show a trend of initially increasing and then decreasing, suggesting an sp2/sp3 content trend of increasing and then decreasing in the amorphous carbon coatings [39].



The amorphous carbon coating exhibits the highest sp2/sp3 content when the carbon target sputtering current is 5 A. When the carbon target sputtering current is 2.5 A, the initial energy of the C atoms leaving the target material is relatively low, resulting in a lower deposition temperature on the substrate surface and limited atomic diffusion during the deposition process. Therefore, C atoms tend to form C-sp3 bonds. As the sputtering current increases, the number of sputtered atoms and the sputtering energy increase, leading to a higher surface temperature of the coating. In this case, C atoms are more likely to form C-sp2 bonds, increasing the sp2/sp3 content in the amorphous carbon coating (at 5 A). However, when the sputtering current is too high, the atomic energy becomes excessive, continuously bombarding the already deposited coating and causing dissolution, which promotes the formation of C-sp3 bonds. As a result, the sp2/sp3 content decreases in the amorphous carbon coating (at 7.5 A and 8.5 A). The sp2/sp3 content ratio affects the interfacial contact resistance of the coating, suggesting that the coating may have the optimal ICR when the sputtering target current is 5 A [39].



To further analyze the surface structures of the amorphous carbon coatings and obtain the sp2/sp3 hybridization ratio in the coatings, X-ray photoelectron spectroscopy (XPS) was employed to measure the carbon atom hybridization types in the amorphous carbon coatings. The XPS results of the amorphous carbon coatings under different sputtering currents are shown in Figure 3.



The C 1s orbital of the amorphous carbon coatings under different sputtering currents was fitted using a 20% Lorentzian–80% Gaussian function, as shown in Figure 3a. Figure 3 shows three peaks at 284.1 eV, 285.2 eV, and 288.5 eV, representing C-sp2, C-sp3, and C-oxide bonding states. C-oxide formation mainly originates from residual oxygen in the chamber during deposition and the oxidation of the coating in the air.



The integration of the three peaks obtained from fitting the C 1s spectrum provides the percentage of sp2 hybridization, as shown in Figure 3b. As the sputtering current increases, the percentage of C-sp2 hybridization shows a trend of initially increasing and then decreasing, while the percentage of C-sp3 hybridization exhibits an opposite trend of initially decreasing and then increasing. The amorphous carbon coating under a sputtering current of 5 A demonstrates the highest percentage of sp2 hybridization and the lowest percentage of sp3 hybridization, consistent with the Raman spectroscopy analysis results. Therefore, considering the overall analysis, the process with a sputtering current of 5 A is advantageous for obtaining a higher percentage of sp2 hybridization and a denser coating.



Figure 4a shows the XRD pattern of the sample with a sputtering current of 5 A for the carbon target. Due to the amorphous structure of the outermost carbon coating, no diffraction peaks corresponding to the carbon structure can be observed in the XRD spectrum. However, the TiN transition layer exhibits diffraction peaks corresponding to the TiN (112), (004), and (200) crystal planes. Additionally, peaks corresponding to the Ti (100) crystal plane of the substrate can be observed in the XRD pattern of the coating. The presence of the TiN and Ti peaks in the XRD pattern confirms the successful preparation of the TiN transition layer and the underlying Ti layer in the coating. Figure 4b shows the TEM image of the top layer of the sample. In the TEM images, the amorphous carbon structure of the top carbon coating can be seen.




3.2. The Electrochemical Corrosion Behavior


Figure 5 shows the potentiodynamic polarization curves (−0.3 to 1.2 V vs. SCE and vs. SHE) obtained from the electrochemical corrosion tests of the amorphous carbon coatings under different sputtering currents. For the 316L stainless steel substrate, a stable passivation zone can be observed as the electrode potential increases. However, the samples with amorphous carbon coatings do not exhibit an obvious passivation zone. Figure 5 and Table 1 show that the self-corrosion potentials of all the coatings are higher than that of the 316L substrate. The corrosion current densities with the coated samples were reduced by two orders of magnitude compared with bare 316L stainless steel. Generally, a lower corrosion current density and a higher corrosion potential indicate a better corrosion resistance of a sample [40]. The potentiodynamic polarization curves demonstrate the significant improvement in corrosion resistance achieved with the coated samples compared with the bare 316L substrate. This improvement can be attributed to the formation of anti-corrosion coatings on the 316L substrate via magnetron sputtering, effectively protecting the substrate.



Figure 5 and Table 1 show that the self-corrosion potentials of the amorphous carbon coatings initially increased and then decreased with the increase in the sputtering current. The corrosion current densities of the amorphous carbon coatings under four different sputtering currents were 0.43 μA·cm−2, 0.12 μA·cm−2, 0.35 μA·cm−2, and 0.67 μA·cm−2. The coating with a sputtering current of 5 A exhibited the highest corrosion potential and the lowest corrosion current density of 0.12 μA·cm−2. This result is mainly attributed to the appropriate sputtering current that could stimulate the deposition of an optimal amount of atoms on the substrate. The coating was loose and lacked density when the sputtering current was low (2.5 A). With an increased sputtering current (5 A), the atomic deposition of the coating was at an optimal level, resulting in a dense surface. However, when the sputtering current was too high (7.5 A and 8.5 A), excessive sputtered atoms bombarded the already deposited coating, leading to defects and reduced corrosion resistance. A porous coating surface allows the corrosive solution to penetrate along the grain boundaries, resulting in intergranular corrosion and poor coating corrosion resistance. Conversely, a dense surface significantly hinders the penetration of the corrosive solution, thereby improving the corrosion resistance of the coating. Furthermore, it is worth noting that when the potential was above +1.0 V(vs. SCE), the corrosion current density rapidly increased, indicating that the coating had undergone a more severe anodic oxidation behavior. This behavior can be attributed to the increased corrosion tendency at higher potentials, resulting in the intergranular corrosion of the coating at grain boundaries, as well as severe intergranular corrosion at the interface between CrN and amorphous carbon.



Figure 6 shows the potentiostatic polarization curves (+0.6 V vs. SCE; +1.1 V vs. SHE) of the amorphous carbon coatings under different sputtering currents, and Table 2 presents the corrosion current density values of the coatings after 7200 s of stabilization. All the potentiodynamic polarization curves initially exhibit relatively high corrosion current densities, rapidly decreasing over time due to forming, and finally, the values maintain stability [41]. After 2 h of potentiostatic corrosion (Table 3), it can be observed that the coating with a sputtering current of 5 A still exhibits the lowest corrosion current densities of 0.121 μA·cm−2 (+0.6 V vs. SCE) and 0.453 μA·cm−2 (+1.1 V vs. SHE). These values are below the standard of 1 μA·cm−2 set by the DOE, consistent with the results of the potentiodynamic polarization curves.




3.3. Interfacial Contact Resistance (ICR)


Figure 7 shows the interfacial contact resistance of the amorphous carbon coatings before and after corrosion under a compression force of 1.4 MPa. In the figure, it can be observed that the uncoated 316L stainless steel exhibits a high contact resistance. However, when the conductive amorphous carbon coating replaces the poor-conductivity passive film on the stainless steel surface, the contact resistance (ICR value) significantly decreases. Before and after corrosion, the contact resistance values of the four amorphous carbon coatings are below 10 mΩ·cm2, primarily due to the excellent conductivity of the sp2 hybridized carbon in the fabricated coatings. Additionally, it can be observed in the figure that the interfacial contact resistance initially decreases and then increases with the increasing sputtering current. The coating with a sputtering current of 5 A exhibits the lowest contact resistance. The electrical conductivity of an amorphous carbon coating is mainly related to the density of the coating and the sp2 hybrid ratio. The denser the coating and the higher the sp2 content, the better the conductivity of the coating. The density and high energy of the coating effectively reduce the scattering rate of the coating when transporting electrons.



The change in the contact resistance after electrochemical corrosion is also an essential factor in evaluating the performance of a fuel cell stack after operation. In Figure 7, it can be observed that the contact resistance of the amorphous carbon coating increases to varying degrees after electrochemical corrosion. Specifically, the contact resistance increases by 1.9 mΩ·cm2 for the 2.5 A coating, 1.3 mΩ·cm2 for the 5 A coating, 2.3 mΩ·cm2 for the 7.5 A coating, and 7.8 mΩ·cm2 for the 8.5 A coating. The interface contact resistance of the bipolar plate is largely related to the surface roughness of the coating. Among the microsurface morphologies, the coating with a 5 A sputtering current exhibits the smoothest surface. When measuring contact resistance, the contact area between the sample and the carbon paper is more extensive, resulting in a more negligible interface contact resistance. The increase in contact resistance is attributed to the electrochemical corrosion that damages the structure of the amorphous carbon coating and leads to the formation of an oxide layer on the surface, thereby reducing the conductivity of the coating. When the sputtering current is 8.5 A, the coating is rough with wide grain boundaries and large grain size. As a result, surface corrosion becomes more severe after corrosion, which results in a significant increase in contact resistance. However, with a 5 A sputtering current, after 2 h of constant potential polarization corrosion, the increase in interface contact resistance for the amorphous carbon coating is the smallest, meeting the DOE standard of contact resistance of less than 10 mΩ·cm2.




3.4. Contact Angle


Figure 8 depicts the surface contact angles of the amorphous carbon coatings at different sputtering currents before and after corrosion. It can be observed that the contact angles exhibit a trend of initially increasing and then decreasing with the sputtering current. For the amorphous carbon coating obtained at a sputtering current of 2.5 A, the contact angle before corrosion is 87.8°, which falls to 81° after corrosion, resulting in a decrease of 6.8°. At a sputtering current of 5 A, the contact angles before and after corrosion are the highest, with the smallest difference of 5.3° between them. The polar component of surface energy significantly influences the water contact angle. The polar component in the coating interacts strongly with water molecules, which enhances the coating’s hydrophilicity. Therefore, a lower polar component on the coating surface indicates stronger hydrophobicity. In the case of the amorphous carbon coating obtained at a sputtering current of 5 A, the surface is more compact, with more sp2 hybridized clusters. The sp2 bonds possess weak polarity, reducing the surface energy and resulting in stronger hydrophobicity.





4. Conclusions


This study investigated the influence of different carbon sputtering currents on the structure and properties of amorphous carbon coatings, and the following conclusions are drawn. With the increasing carbon sputtering current, the deposition energy of carbon atoms varied, resulting in the gradual densification followed by the gradual loosening of the coating surfaces.



As the carbon sputtering current increased, the sp2 hybridization ratio of carbon atoms in the amorphous carbon coatings initially increased and then decreased. The TiN/C composite coating obtained at a carbon sputtering current of 5 A exhibited a finer and more uniform grain structure and denser bonding, demonstrating the best corrosion resistance. The surface density of a coating greatly affects its corrosion resistance. The rough surfaces of samples with carbon target currents of 7.5 A and 8.5 A exhibited poor corrosion resistance. Furthermore, compared with the other samples, the sample at a 5 A sputtering current showed the highest sp2/sp3 ratio, resulting in the lowest interfacial contact resistance of 3.9 mΩ·cm2. After a 2 h constant potential polarization corrosion resistance test, the conductivity and hydrophobicity of the amorphous carbon coatings were measured.



The coating obtained at a carbon sputtering current of 5 A exhibited the least performance degradation, with the contact resistance only increasing from 3.9 mΩ·cm2 to 5.2 mΩ·cm2 and the contact angle decreasing from 104.2° to 99.9°, indicating that the TiN/C composite coating maintained good conductivity and hydrophobicity even after corrosion.
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Figure 1. Microsurface and cross-sectional morphologies of amorphous carbon coatings under different sputtering currents: (a) 2.5 A, (b) 5 A, (c) 7.5 A, and (d) 8.5 A. (e) Cross-sectional view of the sample at 5 A. 
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Figure 2. Raman spectroscopy of amorphous carbon coatings under different sputtering currents: (a) Raman peak spectra and (b) ID/IG and FWHM(G) (full width at half maximum of the G peak). 
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Figure 3. XPS results of carbon atom hybridization in amorphous carbon coatings under different sputtering currents: (a) XPS peak fitting results and (b) sp2 and sp3 hybridization percentages. 
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Figure 4. XRD and TEM pattern of the sample with a sputtering current of 5 A for the carbon target: (a) XRD pattern (b) TEM image. 
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Figure 5. Potentiodynamic polarization curves of amorphous carbon coatings under different sputtering currents. 
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Figure 6. (a) Potentiostatic polarization curves at +0.6 V vs. SCE; (b) potentiostatic polarization curves at +1.1 V vs. SHE. 
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Figure 7. Interfacial contact resistances of four coatings before and after +1.1 V potentiostatic polarization under a compaction force of 1.40 MPa. 
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Figure 8. Photos of the four coatings before and after +1.1 V potentiostatic polarization: (a,b) 2.5 A, (c,d) 5 A, (e,f) 7.5 A, and (g,h) 8.5 A. 
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Table 1. Stainless steel composition table.
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	Stainless Steel
	Cr
	Ni
	Mo
	Al
	C
	Mn
	Si





	Chemical composition
	12.24%–13.25%
	7.5%–8.5%
	2.0%–2.5%
	0.90%–1.35%
	≤0.030
	≤2.00
	≤1.00










 





Table 2. Corrosion current densities and self-corrosion potentials of the substrate and coatings in a simulated PEMFC environment.
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	Sample
	316L
	2.5 A
	5 A
	7.5 A
	8.5 A





	Icorr/(μA·cm−2)
	29
	0.43
	0.12
	0.35
	0.67



	Ecorr/mV(SSC)
	−118.2
	113.3
	413.8
	210.9
	140.8










 





Table 3. Potentiostatic corrosion current densities of substrate and coatings in simulated PEMFC environment.
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	Sample
	2.5 A
	5 A
	7.5 A
	8.5 A





	+0.6 V vs. SCE (μA·cm−2)
	0.480
	0.121
	0.325
	0.582



	+1.1 V vs. SHE (μA·cm−2)
	5.476
	0.453
	5.139
	140.8
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