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Abstract

:

In this study, three carbon-based coating variants were deposited onto stainless steel substrates, and the process pressure during the carbon layer deposition was varied. We conducted Raman spectroscopy, transmission electron microscopy, interfacial contact resistance measurements, and potentiodynamic polarization tests to examine the effect of the process pressure on the properties of the coatings. The structural characterization revealed that all specimens exhibit a highly sp2-bonded structure. However, some structural differences could also be identified. In the TEM cross-section images of the carbon layer variants, these structural differences could be observed. The carbon layer deposited at 0.98 Pa has some distortions in the mainly perpendicular graphitic structure, which agrees with the Raman results. Almost completely vertically oriented graphitic layers exhibit the 0.1 Pa coating variant with a d-spacing similar to pure graphite. Regarding the contact resistance, the process pressure has only minor influence. All coatings variants have very low resistance values below 3 m Ω  cm2, even at a compaction force of 50 N cm−2, which can be attributed to the graphite-like structure. The polarization tests show that the corrosion resistance increases with increasing process pressure. The best coating variant has a corrosion current density of approximately 10    − 8    A cm−2 and almost 10    − 6    A cm−2 at room temperature and 80    °  C, respectively.
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1. Introduction


Polymer electrolyte membrane fuel cells are considered to be highly suitable for heavy-duty transportation and long travel distances (mobility) [1,2]. The bipolar plate (BPP) is an ongoing research topic because it is responsible for various crucial functions, such as the supply of reactants, electrical connection, and thermal management. The BPP material must satisfy certain requirements regarding its properties, for instance, high electrical conductivity and corrosion resistance. Consequently, the BPP has a great impact on the performance and stability of the fuel cell [3,4,5]. Because of its good mechanical properties but also native corrosion resistance in many different environments, austenitic stainless steel (grade 1.4404 or SS316L) is a suitable choice as a substrate material for bipolar plates [3,6,7]. During the electrochemical reaction, it is possible that corrosion of the metal surface occurs. This corrosive attack is due to an acidic environment in combination with elevated temperatures and relatively high electrical potential [8,9]. The degradation of the material can lead to the release of metal ions that are harmful for the MEA, especially the catalyst layer [9,10]. As a protective reaction, an oxide layer is formed, which in return increases the electrical resistance [8,9,11]. Thus, the SS316L needs a surface modification to improve the stability and the performance at the same time.



A wide range of thin film coatings for metallic bipolar plates has been developed and investigated over the last years [12]. One focus was and still is carbon-based coatings because of their versatile properties depending on the atomic bonding and resulting microstructure [13]. As reviewed by Yi et al. [14], carbon-based coatings show high electrical conductivity and good corrosion resistance. Peng et al. [15] studied an amorphous carbon (a-C) coating prepared by closed-field unbalanced magnetron sputtering. The coating achieved a low contact resistance of approximately 5 m Ω  cm2. However, the employed deposition process was not further described in order to contextualize the results with others. One year later, Larijani et al. [16] published a work about a magnetron sputtered carbon thin film, and they concluded that the pure carbon thin film is an appropriate solution in terms of electrical conductivity and electrochemical stability. A different approach was used by Husby et al. [17] by developing a carbon–polymer coating. The investigated coatings were rather thick, being several micrometers in size, and low contact resistance values could only be achieved with a curing process. Moreover, the coatings did not show sufficient corrosion resistances due to high porosity. The effect of interlayer materials on amorphous carbon coating was studied by Bi et al. [18]. They concluded that the coating variant with the Cr interlayer exhibits the best contact resistance by promoting graphitization. Two more recent works focused on carbon nanotubes as a coating solution for stainless steel bipolar plates [19,20]. Lu et al. [19] used a chemical vapor deposition process to grow carbon nanotubes on stainless steel using several steps and temperatures up to 700    °  C. The high temperatures are a disadvantage of this deposition technique. The prepared coatings exhibit relatively high contact resistance with 16 m Ω  cm2. Park et al. [20] investigated Ni-W/CNT composite plating via electrodeposition and varied the content of CNT in the coating. The contact resistance was high with approximately 83 m Ω  cm2 for the composite coating with the highest carbon content.



As presented by various reviews in the last years [12,21,22,23], a key target should be to prepare highly conductive plus corrosion-resistant coatings at low costs. In this context, process time and energy consumption are two main levers to reduce the costs of a PVD process. What most of the above-mentioned studies have in common is the use of a magnetron sputtering-based deposition technique and coatings of several hundreds of nanometers thickness due to a long deposition process. For instance, Bi et al. [18] used a deposition time of 1 h for the application of the carbon film and a total process time exceeding 2 h. Another example is the recently published work by Huang [24], where a TiN/a-C coating was prepared with a process time of about 1.5 h just for the deposition of the a-C layer. In contrast to that, cathodic arc evaporation is a high-rate PVD technique which also has the advantages of high ionization rates and good energy efficiency [25,26]. Because of this, it is considered an economical deposition technique [26,27].



Bias voltage, process temperature, and pressure are important parameters because they can affect the microstructure of the growing film and, by this, the resulting properties [28,29]. In a previous study, we investigated the influence of the bias voltage on the structural and bipolar plate-related properties of carbon-based coatings deposited via cathodic arc evaporation [30]. Besides the bias voltage, the pressure or gas flow can have a great impact on the energy of the impinging ions and therefore on the layer growth [28,29,31]. This is especially important for carbon-based coatings since it is one of the determining factors for the atomic bonding and consequently for the electrical and electrochemical properties [13].



In this study, we investigate the effect of the process pressure on the structure, electrochemical, and electrical properties of carbon-based coating, deposited by cathodic arc evaporation, on SS316L substrates, hence further exploring the possibility to prepare conductive and corrosion-resistant carbon-based coatings by cathodic arc evaporation, which, so far, has mainly been used for tribological coatings [13,26,32].




2. Materials and Methods


The carbon-based coatings were deposited onto austenitic stainless steel (grade SS316L, 0.1 mm thickness) using cathodic arc evaporation. After specimen preparation, including cleaning with isopropanol, the vacuum chamber was evacuated to a base pressure of   10  − 4    Pa. A metal ion sputtering process at room temperature and a negative bias voltage of 750 V was first conducted to remove residual contamination. Then, the chamber was heated to 300    °  C, and a process pressure of 0.1 Pa using Ar as the working gas was set to apply a chromium interlayer onto the substrate. Lastly, three carbon top layer variants were deposited depending on the process pressure, namely, 0.98 Pa, 0.1 Pa and 0.013 Pa. For all carbon top layer variants, the process temperature of 300    °  C and a bias voltage of several hundreds of volts were kept constant.



To investigate the structure of the carbon top layers, Raman spectroscopy and transmission electron microscopy (TEM) were used. Therefore, a Renishaw inVia with an excitation laser of 514 nm wavelength and 8 mW for 5 × 60 s and transmission electron microscope Joel JEM-F200, JEOL (Germany) GmbH, Freising, Germany with 200 kV electron beam were employed. A Lorentzian and a Breit–Wigner–Fano function were used for the fitting of the Raman spectra in the range of 900 to 1850 cm−1. In the TEM, cross-section samples were investigated, which were prepared by a focused ion beam (FIB) system FEI Helios 660 Dual-Beam, Thermo Fisher Scientific, Inc., Waltham, MA, USA using a platinum/carbon coating and iridium coating as protective layers.



For the measurement of the interfacial contact resistance, the coated sample was placed between two gas diffusion layer (GDL) sheets (Freudenberg H14, Freudenberg SE, Weinheim, Germany), and the compaction force was set at 50 and 150 N cm−2. The electrical resistance was determined with an ohmmeter, which was attached to two gold-coated copper blocks, where the sample and GDLs were sandwiched. The contact resistance of the coated sample can be calculated considering the individual contact resistance of one GDL sheet.



Electrochemical characterization was conducted by potentiodynamic polarization tests in a 0.5 M H2SO4 solution at room temperature and 80    °  C. A Metrohm Autolab PGSTAT302N, Metrohm Autolab BV, Utrecht, The Netherlands potentio-/galvanostat and a three-electrode setup comprising a graphite rod (counter electrode), a Ag/AgCl (reference electrode), and the sample (working electrode) was used as the measurement setup. At first, the open circuit potential was recorded for a duration of 1 h. The polarization tests ranged between a potential of −0.5 and 1.5 V vs. standard hydrogen electrode (SHE) with a scan rate of 0.001 V s−1. Via Tafel plot analysis, using the Metrohm software Nova 2.1.5, the corrosion current density   j corr   and polarization resistance   R p   were determined.




3. Results


3.1. Structural Characterization


Figure 1 presents the Raman spectra of the carbon-based coating with the three different carbon top-layer variants, i.e., 0.98 Pa, 0.1 Pa and 0.013 Pa. All samples show the typical D at 1350 cm−1 and G peak at 1580–1600 cm−1 for carbon materials, which originates from the breathing modes of six-fold sp2 rings plus defects in the crystal structure and from the bond stretching of sp2 atoms, respectively [33,34].



Compared to those of the other carbon top layers, the 0.98 Pa variant has less pronounced peaks. The two other samples have similar spectra; however, the fitting and evaluated Raman characteristics, especially the intensity ratio    I D  /  I G    are quite different (see Figure 2. Here, the 0.1 Pa carbon top layer exhibits the lowest intensity ratio but also the highest G peak position. Considering the findings from Ferrari and Robertson [33,35], especially their developed three-stage model, we conclude that, in general, the different variants can be classified as highly sp2-bonded carbon. However, it is likely that the microstructure differs or changes depending on the process pressure. For instance, the 0.98 Pa carbon layer is between stage 1 and stage 2 of the three-stage model, which indicates a high    I D  /  I G    ratio of 1.05 and a lower G peak position of 1588 cm−1 of the 0.98 Pa carbon layer [33,35]. Thus, this coating variant exhibits a graphitic structure with some nanocrystalline or disordered parts.



In Figure 3 and Figure 4, the cross-section samples, prepared via FIB, are shown. What is immediately recognizable is the overall low film thicknesses of the deposited carbon-based coatings (see Figure 3). For all samples, the Cr interlayer is between 15 and 20 nm. With decreasing process pressure, the carbon top layer thickness decreases from approximately 24.6 to 7.8 nm, which is likely due to fewer collisions between the different species because of the lower vacuum with fewer gas species inside the chamber. Consequently, the ions have a higher energy, which can lead to a (self-)sputtering effect of the growing layer, especially considering the high applied bias voltage [36,37].



Regarding the microstructure, in all cases, the graphitic layers are visible, which are mainly perpendicular to the surface or grow vertically out of the interlayer surface (see Figure 4. However, the carbon layer deposited at 0.98 Pa exhibits some distortions, such as changing growth directions and sort of clusters or accumulations. This agrees with the Raman results, which already indicate a distorted graphite-like microstructure. This might be attributed to a different growth induced by a lower energy and/or adatom mobility due to the higher pressure and consequently more collisions [28,29]. A similar effect was identified in our previous study regarding the bias voltage dependency of the properties of carbon-based coatings [30]. Here, at a bias voltage of 600 V and 200 V, comparable microstructural alterations could be observed. In Figure 5, zoomed-in images of the indicated regions in Figure 4 are presented. The mentioned distortions in the microstructure of the 0.98 Pa carbon layer, such as the round shaped graphitic layers on left side, can clearly be seen. For the 0.1 Pa carbon layer, the (mainly) perpendicular or vertically grown graphitic layers are visible. The zoomed-in TEM image of the 0.013 Pa variant shows also graphitic layers. However, a preferred direction cannot be easily distinguished.



Additionally, diffraction patterns via fast Fourier transformation were taken and are included as insets in Figure 4. All samples show distinct spots in the corresponding patterns. The 0.98, 0.1, and 0.013 Pa carbon layers have d-spacing values of approximately 0.332, 0.335, and 0.371 nm, respectively. Pure graphite has a d-spacing of 0.335 nm; thus, the carbon top layer variants deposited at 0.98 and 0.1 Pa can be classified as graphite-like carbon, which agrees with the evaluated Raman results (see Figure 2). In the case of the 0.013 Pa carbon layer, the d-spacing is comparatively greater compared to graphite, which indicates a different microstructure.




3.2. Interfacial Contact Resistance


Figure 6 shows the ICR depending on the compaction force. The bare SS316L exhibits the highest contact resistance with approximately 150 m Ω  cm2 at 150 N cm−2. All samples are highly conductive and have very low resistance values between 3 and 1.5 m Ω  cm2, hence reducing the resistance of the substrate by two orders of magnitude. These low ICR values are well below the target set by the U.S. Department of Energy (DOE) [5] and, for instance, are at least equal carbon-based coatings in the literature [20,24,31,38]. Between the different samples are minor differences only distinguishable at a low compaction force. Moreover, no distinct effect of the coating thickness can be observed since all samples achieve equivalent contact resistances. The visible microstructural differences in the TEM investigations seem to have no apparent effect on the contact resistance. This might be attributed to an equally high amount of sp2-bonded carbon atoms. Considering the observed graphite-like microstructure in the TEM and the evaluated Raman results, we assume that the respective structures of carbon layer variants consist of a very high proportion of sp2 bonds, which is the reason for the excellent conductivity.




3.3. Electrochemical Characterization


The coating with the 0.98 Pa carbon top layer shows the best corrosion behavior, which can be seen in Figure 7. Based on the Tafel plot analysis, the corrosion characteristics in Figure 8 were determined. The 0.98 Pa sample has a very low corrosion current density and consequently a significantly higher polarization resistance   R p  , which is an important parameter to describe the corrosion resistance of a material [39]. In general, our results show that the corrosion resistance increases with higher process pressure during the carbon deposition. A positive effect of the increasing film thickness on the corrosion resistance is likely. In this context, the coating with the 0.013 Pa carbon top layer is clearly less stable in the electrolyte compared to the two other coating variants. One reason could be the low carbon layer thickness (see Figure 3). However, the 0.1 Pa sample with only a slightly thicker carbon top layer exhibits a considerably better corrosion resistance (see Figure 7a). The highest polarization resistance, hence, the best corrosion protection of the stainless steel substrate, exhibits the 0.98 Pa sample (see Figure 8). This result is significantly better than required by the DOE [5]. Considering the still very low thickness of approximately 25 nm of the 0.98 Pa sample, the strong improvement due to the higher process pressure is also likely attributed to the observed microstructural change of this carbon layer variant. In return, this can influence the stability or sturdiness of the material, and a process pressure of 0.98 Pa for the deposition of the carbon top layer seems to be beneficial. A comparable effect could also be observed by [31] for carbon thin films prepared by magnetron sputtering.



As to be expected, at an electrolyte temperature of 80    °  C the polarization curves are elevated towards higher current densities and, thus, increased corrosion due to the more aggressive environment (see Figure 7b). Here, the difference between the 0.1 Pa and 0.013 Pa variant are smaller. Also, both samples are in a comparable range to the bare SS316L, although the coating with 0.1 Pa carbon top layer still has better corrosion characteristics (see Figure 8b). The 0.98 Pa sample exhibits clearly the best corrosion resistance in the complete potential range and regarding the determined characteristics. A low corrosion current density of 1.80 × 10    − 6    A cm−2 is achieved, which is slightly higher than the corresponding DOE target [5] but still very good considering the very low coating thickness.





4. Conclusions


Three carbon-based coating variants were prepared via cathodic arc evaporation. Hereby, the process pressure during the deposition of the carbon top layer was varied between 1 Pa and 0.01 Pa to study the effects on the structure, contact resistance and corrosion resistance:




	
The evaluated Raman spectra indicate the structural differences between the carbon layer variants. Based on the characteristics    I D  /  I G    and G peak position, the carbon layer variants can be classified as highly sp2-bonded carbon.



	
The investigated cross-sectional microstructures show mainly perpendicular graphitic layers, and the thickness of the carbon top layer increases with higher process pressure. For the carbon top layer deposited at 0.98 Pa, structural distortions, such as round-shaped features, can be observed, which agrees with the Raman results.



	
Both the contact resistance and electrochemical properties of the SS316L substrate are greatly improved.



	
The process pressure has a minor effect on the interfacial contact resistance, and there is also no apparent influence due to the thickness differences between the coating variants.



	
The corrosion resistance is considerably affected by the process pressure, and the 0.98 Pa sample exhibits the best corrosion resistance among the specimens, which is likely attributed to the different microstructure.








To summarize, the carbon-based coatings have superior low contact resistance and good corrosion resistance. Based on our results, the prepared coatings, especially the coating variant with a carbon top layer deposited at 0.98 Pa, are an excellent choice for the surface modification of stainless steel bipolar plates.
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Figure 1. Raman spectra of the coated samples with a carbon top layer deposited at 0.98 Pa, 0.1 Pa and 0.013 Pa. 
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Figure 2. Raman G peak position in grey and peak intensity ratio    I D  /  I G    in red depending on the process pressure during the carbon top layer deposition. 
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Figure 3. Overview TEM images, including those of coated samples with a carbon top layer deposited at (a) 0.98 Pa, (b) 0.1 Pa and (c) 0.013 Pa. 
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Figure 4. High-magnification TEM images of coated samples with a carbon top layer deposited at (a) 0.98 Pa, (b) 0.1 Pa and (c) 0.013 Pa. The insets present the diffraction patterns based on a fast Fourier transformation, and the numbers indicate the evaluated spots for the determination of the d-spacing values. 
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Figure 5. Zoomed-in TEM images of coated samples with a carbon top layer deposited at (a) 0.98 Pa, (b) 0.1 Pa and (c) 0.013 Pa. Therefore, the indicated regions in Figure 4 were used. 
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Figure 6. Interfacial contact resistance at a compaction force of 50 N cm−2 and 150 N cm−2 of the bare SS316L substrate and the coated samples with a carbon top layer deposited at 0.98 Pa, 0.1 Pa and 0.013 Pa. 
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Figure 7. Polarization curves of the coated samples with a carbon top layer deposited at 0.98 Pa, 0.1 Pa and 0.013 Pa in 0.5 M H2SO4 at (a) room temperature and (b) 80    °  C. The electrolyte was bubbled with argon. 
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Figure 8. Corrosion characteristics of the coated samples with a carbon top layer deposited at 0.98 Pa, 0.1 Pa and 0.013 Pa. The experimental conditions were 0.5 M H2SO4 at (a) room temperature and (b) 80    °  C bubbled with argon. 
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