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FeCrAl alloys are promising accident-tolerant fuel (ATF) cladding materials for applications in light water reactors (LWRs). Despite the excellent mechanical and antioxidation properties, this series of iron-based alloys has poor hydrogen embrittlement (HE) resistance due to the strong hydrogen uptaking ability. The hydrogen embrittlement effect can cause the degradation and premature failure of the material, and this effect can be enhanced by the high-temperature/high-pressure/high-irradiation environment in reactors. So, the potential danger should be taken seriously. In this paper, we have studied the hydrogen atom and molecule adsorptions on both Fe (100) and FeCrAl (100) surfaces to discover how the hydrogen atom and molecule (H/H2) interact with the Fe and FeCrAl (100) surface in the first place. The results show that there are strong element effects on the FeCrAl surface. The Al atom itself has no interaction with hydrogen. When the Al atom is beside the Fe atom, this Fe atom has a slightly lower interaction with hydrogen. However, the Al atom beside the Cr atom will enhance the hydrogen interaction with this Cr atom. On the other hand, when the Cr atom is beside the Fe atom, these two atoms (Fe–Cr bridge site) can reduce the interactions with H. In addition, when two Cr and two Fe atoms together make a four-fold site (FF site), the two Cr atoms can increase the interaction of the two Fe atoms with H. The element effects discovered can be a good guide for making hydrogen prevention coatings.
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INTRODUCTION
Hydrogen embrittlement (HE) can cause a reduction in the tensile strength, ductility, fracture strength, and toughness of materials (Shen, 2010; Seki et al., 2012; Dwivedi and Vishwakarma, 2021). For safety reasons, the degradation of material mechanical properties caused by HE cannot be ignored, especially under the extreme operating conditions in nuclear reactors (Harries and Broomfield, 1963; Koutsky, 1990). Generally, there are two kinds of HE (Qian and Atrens, 2013; Popov et al., 2018; Dwivedi and Vishwakarma, 2021): 1) internal HE, which is caused by hydrogen introduced through the fabrication process, such as acid cleaning, electroplating, protective coatings, and welding and 2) external HE, which is caused by hydrogen sourcing from the working environment. When interacting with metal and alloy surfaces, a hydrogen molecule can dissociate into two hydrogen atoms and then adsorb on the surfaces (Johnson and Carter, 2010; Zhang et al., 2013). Due to the high mobility and chemical reactivity, the hydrogen atoms would permeate the surface and tend to aggregate inside the materials at defects, dislocations, voids, grain/phase boundaries, microcracks, precipitates, interfaces, and so on (Dwivedi and Vishwakarma, 2021). The aggregated hydrogen atoms may form brittle hydrides with the alloy compositions and form hydrogen molecules again (Dwivedi and Vishwakarma, 2018). All these together will cause the local swelling and formation of microcracks. When under stress, the cracks will propagate and lead to the failure of materials (Chernov et al., 2017; Popov et al., 2018; Robertson et al., 2015; Li et al., 2020). In the present work, we focused on the external HE. So far, many HE mechanisms had been developed to explain HE, such as hydrogen-enhanced decohesion mechanism (HED) (Pfeil, 1926), hydrogen-induced phase transformation mechanism (HIPT) (Westlake, 1969), adsorption-induced dislocation emission mechanism (AIDE) (Lynch, 1979), hydrogen-enhanced localized plasticity mechanism (HELP) (Birnbaum and Sofronis, 1994), and hydrogen-enhanced strain-induced vacancies (HESIV) (Nagumo, 2001; 2004). The HED mechanism postulates that hydrogen can decrease the strength of metal bonds, so that the material will break under lower tensile strength. The HIPT mechanism focuses on the formation of hydrides. Westlake (1969) found that the brittle hydrides promote crack growth, and the cracks will stop at the interface between hydrides and the matrix. However, when more hydrogen accumulates at the crack tip, the process will start again. The AIDE mechanism had been proposed in the 1970s. It hypothesizes that hydrogen at the crack tip will accelerate the dislocation emission. In addition, when there are microvoids ahead of the crack, the crack will grow to merge with microvoids. The HELP mechanism states that hydrogen will aggregate to dislocations and facilitates the motion of dislocations, which will, in turn, cause dislocation pileups and localized plasticity of materials. The HESIV mechanism suggests that hydrogen promotes the aggregation of vacancies to make microvoids, decreasing the ductility of materials.
However, there is no universal theory to explain the HE behavior for all the materials among all the mechanisms proposed. So, it is necessary to study hydrogen embrittlement on certain materials. FeCrAl alloys are among them because they are considered as the promising accident-tolerant fuel (ATF) cladding candidates for light water reactors (LWRs) due to their excellent properties (Wang et al., 2018). The cladding gets in contact with hydrogen when under service conditions. Thus, the HE problem should be taken into consideration. In light water reactors (LWRs), hydrogen can be generated in many ways (Müller et al., 2006; Roychowdhury et al., 2016; Chernov et al., 2017): 1) the corrosion reactions between metal alloys (cladding and other structural materials) and the coolant under the high-pressure and -irradiation environment; 2) water radiolysis; 3) hydrogen additions to inhibit water radiolysis and oxidation caused by oxidative radicals; and so on.
Since hydrogen adsorption is the initial step for the HE process, it is necessary to study how hydrogen interacts with FeCrAl. If we get enough information about how hydrogen interacts with the surface atom in the very first place, prevention methods may be found to decrease hydrogen adsorption and then weaken the hydrogen embrittlement effect. Although the potential application of FeCrAl alloy for ATF cladding material and HE’s crucial effect on it are well known, there are not enough experimental and theoretical studies about how hydrogen interacts with the FeCrAl alloy surface. One of the reasons is that it is pretty challenging to obtain experimental results on the microscopic level owing to the lack of effective detection instruments (Zhang et al., 2013). However, many microscopic simulations can offer a microscopic insight into how hydrogen interacts with the material, such as Density Functional Theory (DFT) and Molecular Dynamics (MD) simulations. They have been used to study hydrogen embrittlement on various materials and have been proven to be successful (Shen, 2010; Peng, 2011; Seki et al., 2012; Bitzek et al., 2015; Ma et al., 2015; Timmerscheidt et al., 2017). In our work, the DFT method had been employed to study hydrogen adsorption on FeCrAl alloy’s low-index surface [in this case, the (100) surface]. For cubic crystal structures such as FeCrAl, the low-index plane is more likely to expose in practical experimentation owing to its low surface energy. Therefore, exposure to low-index surfaces can stabilize the whole structure (Liu et al., 2017). Thus, the study of the low-index surface is of great significance.
There already are DFT studies about hydrogen adsorption on the low-index surfaces of pure iron. Sorescu (2005) studied H/H2 adsorption on Fe (100) surfaces using 2 × 2 six- or seven-layer slabs. The hydrogen molecule and atom were put parallel to the surface with different initial heights. He found that, within the distance range of around 0.75–1.5 Å, the hydrogen molecule would dissociate and then be adsorbed on the surface at the two adjacent bridge sites or two four-fold sites. He also discovered that hydrogen atoms preferred being adsorbed at the bridge site (adsorption energy is ∼ −2.64 eV) and four-fold sites (adsorption energy is ∼ −2.68 eV). However, no DFT calculations were performed directly to investigate hydrogen adsorption on FeCrAl alloy’s low-index surfaces. This paper conducted a series of DFT studies investigating single hydrogen atom and molecule adsorption on the FeCrAl (100) surface. We aim to study how different atoms interact with H/H2 and how the surrounding atoms affect this interaction. In order to make a comparison, the H/H2 adsorption on a pure Fe (100) surface was also studied. The results of single H adsorption on Fe (100) are similar to the DFT results of Sorescu (2005). However, when a hydrogen molecule is put perpendicular instead of parallel to the surface, the molecule will not dissociate and is adsorbed only physically, as discussed in H2 Adsorption on Fe (100) and FeCrAl (100). The calculations of hydrogen adsorption on FeCrAl (100) revealed the same trend as the H/H2 adsorption on the Fe (100) surface. However, there are still some differences between Fe and FeCrAl (100) surfaces due to the effect of Cr and Al elements on the H/H2 interaction.
METHODS
All the first-principle calculations were performed to investigate the hydrogen adsorption on the FeCrAl alloy and pure iron (100) surface with different preadsorbed sites based on spin-polarized periodic density functional theory (DFT) (Hohenberg and Kohn, 1964; Kohn and Sham, 1965) using Vienna Ab-initio Simulation Package (VASP) (Kresse and Furthmüller, 1996). The calculations for both FeCrAl and Fe were performed with the projector augmented wave (PAW) pseudopotential and the spin-polarized generalized gradient approximation (GGA), which were implemented to describe the electron–ion interactions (Blöchl, 1994; Kresse and Joubert, 1999) and the exchange-correlation energies (Perdew et al.,1996), respectively. To make the results comparable, all the parameters remained the same for these two systems. The (3 × 3 × 3) kpoints in the Brillouin zone (BZ) were all generated by a Gamma-centered scheme, and the cutoff energy was set at 400 eV after a convergence test. The bulk and slabs were allowed to relax until the residue force and total energy difference fell below 0.015 eV/Å and 10−6 eV, respectively.
A (3 × 3 × 3) supercell of body-center cubic structure (BCC) Fe bulk and (3 × 3) slabs with seven layers were used. The FeCrAl bulk used was a (3 × 3 × 3) supercell with 54 atoms, in which a part of BCC Fe atoms was replaced by ∼20.4 wt% Cr atoms and ∼5.5 wt% Al atoms randomly using the Special Quasirandom Structures (SQSs) method (Zunger et al., 1990; Van de Walle et al., 2013). This Cr and Al composition is derived from commercial FeCrAl alloy APMT (21 wt% Cr, 5 wt% Al), which also has a BCC structure because this alloy has good mechanical properties (Terrani et al., 2014) and better high-temperature oxidation resistance than the lean commercial FeCrAl alloys (such as 13 wt% Cr, 4 wt% Al) (Pint et al., 2013; Terrani, 2018). The slabs were (3 × 3) slabs, and the number of layers was set at 7. During optimization, the bottom two layers were fixed and the top five layers were allowed to be relaxed for both systems. The adsorption energy was calculated by the following equation: [image: image]. In the equation, EH2-FeCrAl indicates the energy of the slab after H2 adsorption, EFeCrAl is the energy of the slab before H2 adsorption, and EH2 represents the energy of a single H2 molecule. The density of state (DOS), the partial density of state (PDOS), and the charge density difference were all conducted by VASP using the relaxed bulk and slabs.
RESULTS AND DISCUSSION
H2/Fe/FeCrAl Bulk and Slab Relaxation
The Fe and FeCrAl (3 × 3 × 3) supercell were fully relaxed. As shown in Figure 1A, the equilibrium lattice constant for Fe is 8.48 Å (i.e., 2.83 Å for a primitive cell), which is close to a series of DFT results (2.83–2.87 Å) and experimental data (2.87 Å) (Jiang and Carter, 2003; Sorescu, 2005; D. C.; Sorescu et al., 2002). Furthermore, comparing with bulk values, the interlayer distance between first and second layers (d1-2) is compressed with the ratio to bulk value of −2.0%, while the distance between second and third layers (d2-3) is expanded with the ratio to bulk value of 3.0%, which is again in accordance with the trend of other previous studies (Eder and Hafner, 2001; Sorescu, 2005). Moreover, a single hydrogen molecule is put in the center of a (10 Å × 10 Å × 10 Å) vacuum cubic. After optimization, the distance of the H–H bond is 0.75Å. The result is the same with DFT calculations (0.75Å) and similar to the experimental result (0.74Å) (Sorescu, 2005). So, the modeling results of Fe bulk and H2 indicate the accuracy and the feasibility of this method. Figure 1B is the bulk and (100) slab of FeCrAl. The equilibrium lattice constant is slightly increased to 8.52 Å (i.e., 2.84 Å for a primitive cell), and there is also a slight distortion of the structure. However, it is reasonable because of the difference in atomic radii (Fe 1.26 Å, Cr 1.27 Å, and Al 1.43 Å). Besides, the same inclination of compression of d1–2 (ratio to bulk value is −1.5%) and expansion of d2–3 (ratio to bulk value is 1.9%) is also found, suggesting the rationality of the calculations.
[image: Figure 1]FIGURE 1 | The optimized structures of Fe and FeCrAl: (A) bulk and (100) slab of Fe; (B) bulk and (100) slab of FeCrAl (hereinafter dark grey atoms are Fe, blue atoms are Cr, and yellow atoms are Al).
H Adsorption on Fe (100) and FeCrAl (100)
As shown in Figure 2A, the initial top, bridge (B), and four-fold (FF) sites of H adsorption on the Fe (100) surface were investigated. According to Sorescu (2005), within the distance range of around 0.75–1.5 Å, the hydrogen molecule would dissociate and then be adsorbed on the surface. So, we choose to put the H atom (the same for the H2 molecule in H2 Adsorption on Fe (100) and FeCrAl (100)) 1 Å above the surface sites at the beginning so that the H can interact with the surface atom effectively and efficiently. The corresponding configurations after optimization are provided in Supplementary Figure S1. As shown, top-site H was adsorbed at the neighboring bridge site (also shown in Figure 3A) with an adsorption energy of −3.72 eV (Table 1) because the top site is not stable (Sorescu, 2005). The B-site H and FF-site H were both adsorbed at the original B site with 1.12 Å above the surface and FF site with 0.37 Å above the surface, respectively. The relaxed configurations are very close to the previous DFT data calculated using PW91-USPP (1.063 Å for the B site and 0.382 Å for the FF site) and PAW potentials (1.061 Å for the B site and 0.376 Å for the FF site) (Sorescu, 2005). In addition, the adsorption energies of B sites listed in Table 1 are both −3.72 eV and of the FF site is −3.75 eV. The adsorption energy difference of B and FF sites is 0.03 eV, which is also very similar to the results (Sorescu, 2005). The agreements of our results with other DFT data justified our calculations. The charge density difference and DOS results in Figures 3B,C exhibit identical charge transfer and s/d orbital changes, and they fit perfectly with each other. In Figure 3B, the red color represents charge accumulation and the green color represents charge depletion. There is charge transfer from surface Fe atoms to the H atom, and the DOS results show that the s and d orbitals interact stronger with H than the p orbital, which indicates that the bond formed through the H 1s orbital and Fe 4s and 3d orbital.
[image: Figure 2]FIGURE 2 | The initial sites of the hydrogen atom and molecule (H/H2) on the Fe and FeCrAl (100) surface.
[image: Figure 3]FIGURE 3 | The optimized structure, charge density difference, and density of state (DOS) of the top site after the hydrogen atom is adsorbed on the Fe (100) surface: (A) top and side view of the H-slab structure (hereinafter dark grey atoms are Fe and red atoms are H), (B) charge density difference (the isosurface of charge difference is 0.007 electrons/Bohr3), red color represents charge accumulation, and green color represents charge depletion, and (C) density of state (DOS) before and after H atom adsorption, the black dotted lines represent s/p/d orbitals before H adsorption, and B/A represents before and after, respectively.
TABLE 1 | Adsorption energies of the H atom on the Fe (100) and FeCrAl (100) surface.
[image: Table 1]For the FF-site case, when initially put in the center of the FF site, H was adsorbed at the FF site and tilted slightly to Fe3 and Fe4, as indicated in Figures 4A,B. In Figure 4B, there is noticeably more charge transfer from Fe3/Fe4/Fe-sec (the second-layer Fe) than Fe1/Fe2, suggesting stronger interactions between H and Fe3/Fe4/Fe-sec, and the DOS in Supplementary Figure S2 has also demonstrated this. Figure 4C lists the s/p/d orbital changes of Fe3, Fe4, and the second-layer Fe (Fe-sec) before and after H adsorption. The s/p/d orbital changes show that H interacts with the second-layer Fe the most, for there is a strongest s orbital change of Fe-sec than the change of Fe3/Fe4, which is in conformity with the slightly higher adsorption energy of the FF site than the B site.
[image: Figure 4]FIGURE 4 | The optimized structure, charge density difference, and DOS of the four-fold site after the hydrogen atom is adsorbed on the Fe (100) surface: (A) top and side view of the H-slab structure, (B) charge density difference (the isosurface of charge difference is 0.007 electrons/Bohr3), red color represents charge accumulation, and green color represents charge depletion, and (C) DOS before and after H atom adsorption, the black dotted lines represent s/p/d orbitals before H atom adsorption, and B/A represents before and after, respectively.
To compare with Fe (100) and find out how different atoms (Fe, Cr, and Al) interact with H, nine preliminary top sites were studied on the FeCrAl (100) surface, as presented in Figure 2B. Before relaxation, the H atom was also put 1 Å above the nine atoms labeled in Figure 2B. The corresponding configurations after adsorption are provided in Supplementary Figure S3. In the previous discussion, the H on Fe (100) was only adsorbed at the B site, while the H on FeCrAl (100) prefers to be attracted both at the bridge (B) and four-fold site (FF) when interacting with different atoms. So, from the difference of H adsorption on Fe and FeCrAl (100) surfaces, surface element effects can be deduced.
When put on top of Fe4/Fe5/Fe6 (Figure 2B), H atoms were also captured at Fe–Fe B sites. Even though the charge transfer in Figure 5B is highly symmetric, the s/p/d orbital changes in Figure 5C are not strictly as symmetric as the B site on the Fe (100) surface because of the effect of randomly distributed different surface atoms. The s and d orbital shifts suggest that bonds have been created between H 1s and Fe 4s and 3d orbitals, consistent with the B site of Fe (100) results. However, the adsorption energy for the Fe–Fe B site consisting of Fe5/Fe6 and Fe3/Fe4 is different (shown in Table 1), which is caused by the element effect and will be discussed in the following Al-top part.
[image: Figure 5]FIGURE 5 | The optimized structure, charge density difference, and DOS of the Fe–Fe bridge site after the hydrogen atom is adsorbed on the FeCrAl (100) surface: (A) top and side view of the H-slab structure, (B) charge density difference (the isosurface of charge difference is 0.007 electrons/Bohr3), red color represents charge accumulation, and green color represents charge depletion, and (C) DOS before and after H atom adsorption, the black dotted lines represent s/p/d orbitals before H atom adsorption, and B/A represents before and after, respectively.
For Fe1, Cr1, and Cr2 models, the H atoms tended to occupy the adjacent Fe–Cr B sites. According to the adsorption energy in Table 1, the values vary from −3.63 eV to −3.74 eV, which is also caused by the different atom circumstances. Compared with the adsorption energy of the B site on Fe (100) (−3.72 eV), the one Cr atom in the Fe–Cr B site did not increase the interaction between H and the surface. Sometimes the existence of one Cr atom in the B site can even lower the interactions. This phenomenon will also be discussed later in the Al-case part. The charge density shapes of the Fe–Cr B site shown in Figure 6B lost the prior symmetry for the Fe–Fe B site as a result of the asymmetry of the site. The DOS results of Fe/Cr in Figure 6C show that the 4s and 3d orbitals shifted more comparing with 3p orbitals, which is the same with Fe in the Fe–Fe B site. The bond has also been formed through the H 1s orbital and Fe 4s and 3d orbital.
[image: Figure 6]FIGURE 6 | The optimized structure, charge density difference, and DOS of the Fe–Cr bridge site after the hydrogen atom is adsorbed on the FeCrAl (100) surface: (A) top and side view of the H-slab structure, (B) charge density difference (the isosurface of charge difference is 0.007 electrons/Bohr3), red color represents charge accumulation, and green color represents charge depletion, and (C) DOS before and after H atom adsorption, the black dotted lines represent s/p/d orbitals before H atom adsorption, and B/A represents before and after, respectively.
Typically, when put on the top of surface atoms, H will be adsorbed at the B site, as for the top site of Fe and Fe1 Cr1, Cr2, Fe4, Fe5, Fe6 models of FeCrAl. However, after interaction with Fe2 and Fe3, H atoms were attracted at the same neighboring Fe2–Cr1–Fe3–Cr2 FF site, as shown in Figure 7A. The adsorption energy of this FF site is the lowest (listed in Table 1), which means that it is the most stable among all the FeCrAl sites. Given that there are two Cr atoms around Fe2 and Fe3, the stronger interactions must be caused by the two Cr atoms. In addition, compared with the adjoining FF sites of the other seven atoms, this Fe–Cr–Fe–Cr FF site is apparently with high coordination. So, the H atom is more likely to be attracted at a high-coordinate site, consistent with the experimental and DFT conclusions (Baró and Erley, 1981; Jiang and Carter, 2003).
[image: Figure 7]FIGURE 7 | The optimized structure, charge density difference, and DOS of the Fe–Cr–Fe–Cr four-fold site after the hydrogen atom is adsorbed on the FeCrAl (100) surface: (A) top and side view of the H-slab structure, (B) charge density difference (the isosurface of charge difference is 0.007 electrons/Bohr3), red color represents charge accumulation, and green color represents charge depletion, and (C) DOS before and after H atom adsorption, the black dotted lines represent s/p/d orbitals before H atom adsorption, and B/A represents before and after, respectively.
Comparing this Fe2–Cr1–Fe3–Cr2 FF site with the FF site on Fe (100), there are similarities between the configurations. One is that both the FF sites are more stable than B sites. The clues can be found in the adsorption energy and DOS comparison in Table 1 and Figures 4C, 7C, which show that H interacts more strongly with the second-layer atom (Fe-sec). The other show that H atoms both lean closer to two of the atoms in the FF site (in the Fe case of Fe3 and Fe4, shown in Figures 4A,B; in the FeCrAl case of Fe2 and Cr2, shown in Figures 7A,B), instead of sitting at the center of the two FF sites.
However, there are differences as well. Since there are high-coordinating Fe–Fe–Fe–Fe FF sites nearby, the H atom on the Fe (100) surface has not been adsorbed at the adjacent FF site (as shown in Figure 3A, H was only adsorbed at the B site in the top model case) like the H atom on FeCrAl (100) has done. So, it further demonstrates that the two Cr atoms in the FF site can significantly enhance the interaction between H and the site, which is reasonable because the adsorption energy of the Fe–Cr–Fe–Cr FF site is lower than the Fe FF site’s (as listed in Table 1).
In the case of Al-top, H occupied the nearby Al–Cr B site instead of the adjoining Al–Fe B sites. It can be inferred that the Al–Fe B site is less stable than the Al–Cr B site, which is also confirmed by the adsorption energy of the Fe–Al B site listed in Table 1. Besides, the corresponding adsorption energy (−3.50 eV) of the Al–Cr and (−3.41 eV) Al–Fe B site is higher than that of the Fe–Cr B site (−3.63∼ −3.74 eV) and Fe–Fe B site (−3.69 ∼ −3.72) listed in Table 1, demonstrating that the Al atom in the B site can decrease the interaction between H and the B site. The charge density difference in Figure 8B clearly shows no charge transfer from Al to H, which confirms that Al has a weak interaction with H, in concordance with DOS results of Al in Figure 8C. It is worth noting that the interaction between Cr and H in the Al–Cr B site is much different than in the Fe–Cr and Fe–Cr–Fe–Cr sites, for there are more charge transfer and obvious 4s and 3d changes, indicating stronger interaction than in previous cases. So, we can infer that the Al atom in the Al–Cr2 B site can increase the interaction between Cr2 and H. Thus, the lower adsorption energy for the Fe–Cr2 B site (−3.74 eV and 0.11 eV significantly lower than that of the other two Fe–Cr1 B sites) in the Cr2 case is reasonable. Compared with the Fe–Fe B site on Fe (100), the adsorption energies of the other 2 Fe–Cr1 sites are 0.09 eV higher, suggesting that one Cr atom in the B site can decrease the interaction between H and the B site, while in the Fe4 model, the adsorption energy is the same as that of the Fe–Fe B site on Fe (100), which means that the Cr atom in the same line of the Fe–Fe site beside it has no influence on its stability. However, when there is an Al atom in the same line of the Fe–Fe site adjoining to it (as shown in the Fe5/Fe6 model in Figure 2), the adsorption energy becomes slightly higher (0.03 eV higher) than that of the Fe–Fe B site of Fe, indicating that the Al atom nearby in the same line of the Fe–Fe site probably weakens the interaction between H and the Fe–Fe B site a little. There is also a clue in the charge density shape change shown in Figures 3B, 5B. The Fe5/Fe6 cases have slightly lesser charge density change than the B site on Fe (100). Furthermore, the decreased 0.11 eV energy of the Fe–Cr2 B site and the increased 0.03 eV energy of the Fe5–Fe6 B site reflect that there is more substantial reinforced influence on the Fe–Cr2 site than weakening influence on the Fe5–Fe6 site of Al. For the Fe–Cr2 site and Fe–Cr–Fe–Cr site, the corresponding 0.11 and 0.09 eV lower energies show that the Al atom has a little more impact on the Fe–Cr2 site than the two Cr atoms together have on the Fe–Cr–Fe–Cr site.
[image: Figure 8]FIGURE 8 | The optimized structure, charge density difference, and DOS of the Al–Cr bridge site after the hydrogen atom is adsorbed on the FeCrAl (100) surface: (A) top and side view of the H-slab structure, (B) charge density difference (the isosurface of charge difference is 0.007 electrons/Bohr3), red color represents charge accumulation, and green color represents charge depletion, and (C) DOS before and after H atom adsorption, the black dotted lines represent s/p/d orbitals before H atom adsorption, and B/A represents before and after, respectively.
H2 Adsorption on Fe (100) and FeCrAl (100)
Hydrogen molecule adsorption calculations were also conducted for both Fe and FeCrAl. Before optimization, a hydrogen molecule was set perpendicular to the surface 1 Å right above the atom. All the calculation parameters were kept constant to make the results comparable. The same three sites for Fe and nine sites for FeCrAl were studied, as shown in Figure 2.
Although when contacting with the Fe (100) surface horizontally, there is dissociation adsorption and this phenomenon was proved by Sorescu (2005), the results of Fe show that the hydrogen molecule has no dissociation adsorption when contacting with the surface perpendicularly in all the three models. The adsorption energy in Table 2, the optimized structures, and the corresponding DOS in SI Figure 5 support this. The structures show that H2 is ∼2.9 Å away from the surface and the H–H distances, around 0.754 Å, only have tiny expansion (H2 is 0.75 Å). Additionally, there is not electron delocalization in DOS, indicating physical interaction of H2 with the surface. The lesser contact with the surface might be the reason that leads to the corresponding weak interaction.
TABLE 2 | Adsorption energies of the H2 molecule on the Fe (100) and FeCrAl (100) surface.
[image: Table 2]Similar results have also been found on the FeCrAl (100) surface. The nine optimized structures are offered in SI in Figure 6. Moreover, the energy reduction for the nine-model system after adsorption listed in Table 2 suggests that the interaction between H2 and the surface is tiny. However, according to the adsorption energy, there is a stronger interaction in model Cr2 than the rest. It is rational, for the paralleled hydrogen molecule has a larger interaction area and closer contact with the surface, as shown in Figure 9. Furthermore, the s and d orbital shifts of Cr2 can be seen in Figure 9 through the DOS, which also verified this. As discussed before in the model Al section, the Al atom beside Cr2 has an impact on the interaction between Cr2 and H. The strong influence has also impacted the interaction between Cr2 and H2.
[image: Figure 9]FIGURE 9 | The optimized structures and DOS of H2–FeCrAl (100) slabs (three representative adsorption sites: Fe2-top, Cr2-top, and Al-top).
On the other hand, the 2 Cr atoms around Fe2/Fe3 have no influence on the H2 adsorption behavior with Fe, indicating Al has more impact on the adsorption behavior of adjacent Cr atoms than two Cr atoms together on Fe. This is consistent with the previous conclusions.
CONCLUSION
From all the discussions above, several conclusions can be derived:
1) There are strong effects of Al and Cr on the FeCrAl (100) surface. The Al atom has the weakest interaction with hydrogen itself, and it can also slightly weaken the adsorption stability of the Fe–Fe bridge site when it is beside the Fe atom on the same line with this Fe–Fe bridge site (labeled as Al-Ⅰ). However, when the Al atom is in the Al–Cr bridge site, it can significantly increase the interaction of Cr with a hydrogen atom and molecular (H/H2) (labeled as Al-Ⅱ). Similarly, when the Al atom is alongside the Cr atom on the same line with the Fe–Cr bridge site, the interaction of this Fe–Cr bridge site with H can be enhanced (labeled as Al-Ⅲ). Nonetheless, when there is no Al atom nearby, the Cr atom within the Fe–Cr bridge site can reduce the interaction of this Fe–Cr bridge site with H (labeled as Cr-Ⅳ). Moreover, the Cr atom adjacent to and on the extension line of the Fe–Fe bridge site has no influence on the stability of this Fe–Fe bridge site (labeled as Cr-Ⅴ). However, when two Cr atoms together consist of a coordinate four-fold site, this four-fold site is the most stable (labeled as 2Cr-Ⅵ). Among all the models studied, the influence intensity can be ordered as follows (as labeled above): Al-Ⅱ ∼ Al-Ⅲ (+0.11 eV) > Cr-IV (−0.09 eV) = 2Cr-VI (+0.09 eV) > Al-I (−0.03 eV) > Cr-V (0 eV). The labels “Al-” and “Cr-” mean the effect of Al and Cr, respectively. The numbers in the brackets indicate the adsorption energy change. “+” represents the enhanced interaction with H, while “−” represents the opposite.
2) When putting the H atom on top of the surface atoms, the hydrogen atom on Fe (100) is only adsorbed at the bridge site. Generally, the hydrogen atom on FeCrAl (100) would also favor the bridge site. However, due to the effect of two Cr atoms within the coordinate four-fold site, the hydrogen atom on FeCrAl (100) is more likely to be adsorbed at the Fe–Cr–Fe–Cr four-fold site.
3) The hydrogen molecule (H2) will not dissociate when contacting the atoms from the top site on Fe and FeCrAl (100) surface perpendicularly, even under the reinforced effect of Al and Cr atoms.
It is worth noting that hydrogen has a very weak interaction with the Al atom, but the interaction between Cr and H would be enhanced when Al is beside the Cr atom. When there is no Al by the side, one Cr with Fe can also decrease the interaction between the hydrogen atom and the surface. So, if the Al content on the surface could be selectively increased to some extent, the adsorption of H could be reduced. Furthermore, separating the Cr and Al atoms to make them far enough to each other would lower the enhanced effect of Al on Cr and, at the same time, decrease the hydrogen adsorption chance. In addition, if the Cr and Al atoms could be separate and kept far enough successfully, an appropriate increase of Cr content could also decrease hydrogen adsorption. According to this, a special surface could possibly be designed to reduce hydrogen adsorption and, thus, weaken the hydrogen embrittlement effect.
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