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Abstract


The interface between dispersed compound nanoprecipitates and metal substrates can act as effective hydrogen traps, impeding hydrogen diffusion and accumulation, thus mitigating the risk of hydrogen embrittlement and hydrogen-induced coating failure. In this study, we considered the precipitation of vanadium carbide (VC) and vanadium nitride (VN) nanoprecipitates on a body-centered cubic Fe (α-Fe) substrate in the Kurdjumov–Sachs (K–S) orientation relationship. To evaluate the stability and hydrogen trapping ability of the interface, we used the first-principles method to calculate the interfacial binding energy and hydrogen solution energy. The results show that the stability of the interface was related to the type and length of bonding between atoms at the interface. The interface zone and the interface-like Fe zone have the best hydrogen trapping effect. We found that hydrogen adsorption strength depends on both the Voronoi volume and the number of coordinating atoms. A larger Voronoi volume and smaller coordination number are beneficial for hydrogen capture. When a single vacancy exists around the interface region, the harder it is to form a vacancy, and the more unstable the interface becomes. In addition to the C vacancy at the Baker–Nutting relationship interface found in previous studies being a deep hydrogen trap, the Fe and V vacancies at the α-Fe/VC interface and the V and N vacancies at the α-Fe/VN interface in the K–S relationship also show deep hydrogen capture ability.
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1. Introduction


In the energy transition, high-pressure gaseous hydrogen pipelines are tasked with long-distance and large-scale hydrogen transportation, while hydrogen storage casings are responsible for safe hydrogen storage in various facilities [1]. The environments they are in are complex and harsh (such as high-concentration hydrogen, pressure fluctuations, etc.), so the anti-corrosion design of metallic materials is of utmost importance. Generally, we use coating protection to safeguard the substrate from damage. However, in some cases, the hydrogen present in the environment or within the substrate itself may deteriorate the bonding strength between the coating and the substrate. In more severe situations, it can have a significant impact on the overall performance of the material, leading to phenomena such as hydrogen embrittlement or hydrogen-induced coating failure [2,3,4,5,6].



Hydrogen embrittlement significantly affects the structural properties of metallic materials, reducing their service life and posing a significant safety hazard [7,8,9]. The mechanisms of hydrogen embrittlement have been intensively studied [10,11,12,13,14], some of which have been experimentally verified [15,16,17]. The mechanism of hydrogen-induced coating failure is also similar to that of hydrogen embrittlement, and it is mostly related to hydrogen adsorption and penetration. In severe cases, it is likely to cause local corrosion or peeling of the coating. In the meantime, endeavors have also been made to explore strategies to suppress the diffusion and accumulation of hydrogen atoms. Hirschfelder proposed the idea of hydrogen traps [18], which are specialized material structures capable of capturing and storing hydrogen atoms. They can impede the diffusion and accumulation of hydrogen atoms so that it is possible to mitigate hydrogen-related issues.



With the advancement of experimental techniques and computer simulation methods, people have begun to combine the two in scientific research in order to enhance the understanding of the physical properties of solids [19,20,21]. Through this approach, it was found that nanoprecipitates composed of carbide and nitride with NaCl-type crystal structure exhibit significant hydrogen trapping ability for capturing H atoms, and these nanoprecipitates are precipitated from steels by several heat treatment processes [22,23,24,25]. Specifically, it mainly refers to the fact that the coherent and semi-coherent interfaces between the nanoprecipitates and the steel matrix can act as effective hydrogen traps at room temperature, while non-coherent nanoprecipitates may only exhibit the ability to trap hydrogen at high temperatures [26,27].



Among numerous NaCl-type nanoprecipitates, vanadium carbides and nitrides have drawn significant attention because their precipitation can not only suppress the hydrogen embrittlement (HE) phenomenon but also enhance the material strength [28,29,30,31,32,33]. When other factors such as the chemical composition of other elements, mechanical strength, and dislocation density were excluded, Lee et al. [34] revealed the role of VC in the hydrogen embrittlement behavior of tempered martensitic steel. As the vanadium content increased, the amount of trapped hydrogen increased. However, when the vanadium content was 0.2 wt%, the material achieved the best hydrogen embrittlement resistance. Furthermore, by using atom probe tomography (APT), it was directly observed that most deuterium (D) atoms were trapped in larger VC lamellae. In addition, 3DAP analysis showed that the chemical composition of these lamellae was    V 4   C 3   . The results indicate that the misfitting dislocation cores on the semi-coherent lamellae are deep trapping sites for hydrogen [35].



In previous theoretical calculations [36,37,38], after studying the hydrogen trapping characteristics of a series of nanoprecipitates (VN, TiN, NbN, VC, TiC, NbC, and NiAl) in α-Fe, it has been found that for the coherent interface between α-Fe and nanoprecipitates, the tetrahedral position is the possible hydrogen trap. The non-metallic vacancies are the dominant hydrogen traps in the nanoprecipitates. Among them, the hydrogen trapping performance of C vacancies in VC and N vacancies in TiN is particularly prominent. In addition, after exploring the relationship between atomic volume and hydrogen binding energy [39], it is found that the electronic interaction in the system is closely related to the hydrogen binding energy. The Bader volume of hydrogen is a universal descriptor for evaluating the hydrogen binding energy. In the past, simply considering the spatial volume (such as polyhedron volume and Voronoi volume) could not effectively establish a connection with the hydrogen binding energy.



Overall, NaCl-type nanoprecipitates of vanadium have a promising research prospect. In the past, most of the research on the hydrogen embrittlement resistance of VC and VN focused on orientation relationships such as the Baker–Nutting (B–N) orientation relationship [40,41,42,43,44] (    ( 100 )   M ( C N )   / /   ( 100 )  α   ,     [ 011 ]   M ( C N )   / /   [ 010 ]  α   ) and the parallel orientation relationship [45,46,47,48] (    ( 100 )   M ( C N )   / /   ( 100 )  γ   ,     [ 010 ]   M ( C N )   / /   [ 010 ]  γ   ). However, the Kurdjumov–Sachs (K–S) orientation relationship (    ( 1  1 ¯   1 ¯  )   M ( C N )   / /   ( 101 )  α   ,     [ 0  1 ¯  1 ]   M ( C N )   / /   [  1 ¯  11 ]  α   ) [49] has rarely been explored in the research of VC and VN, despite its great potential in understanding the crystallographic characteristics and interfacial properties of materials [50]. The unique crystallographic matching method of the K–S orientation makes it easier for the atoms to transform into a semi-coherent interface at the interface, providing more potential hydrogen trapping sites [51]. This may lead to hydrogen trapping and diffusion behaviors that are quite different from those of the traditional B–N orientation. By studying the K–S orientation, it is expected to discover new hydrogen embrittlement-resistant mechanisms, providing new ideas and methods for the performance optimization of materials. Given this situation, we designed an interface model in which the vanadium carbide (VC) and vanadium nitride (VN) have a Kurdjumov–Sachs (K–S) orientation relationship with body-centered cubic Fe. Using the basic principles of density functional theory (DFT) for calculations, we aimed to determine whether these interfaces with K–S orientation relationships can serve as effective traps for H immobilization, just like the interfaces with the B–N orientation relationships [50]. In addition, we also investigated the effects of different vacancies in the interface on the structural stability and the ability to capture H, to determine which element and at which position the vacancies can better immobilize hydrogen.




2. Materials and Methods


All calculations were performed using density functional theory [52,53] simulation, using the CASTEP module of the Materials Studio software package (Biovia, San Diego, CA, USA). The ion nuclei were described by an ultrasoft pseudopotential. All pseudopotentials were selected from the built-in database of CASTEP (Materials Studio version 8.0) and generated using the Perdew–Burke–Ernzerhof (PBE) functional within the generalized gradient approximation (GGA). Self-consistent periodic DFT was calculated by GGA approximation, and exchange-correlation energy was calculated by PBE approximation [54,55]. The valence electron configurations for each element are as follows: Fe (  3  d 6  4  s 2   ), V (  3  d 3  4  s 2   ), C (  2  s 2  2  p 2   ), and N (  2  s 2  2  p 3   ). Since the system is magnetic, a high-spin state is adopted, taking into account the spin properties of electrons. In this paper, the Broyden–Fletcher–Goldfarb–Shanno scheme is chosen as the minimization algorithm. After the convergence test, the K-points are set to 9 × 9 × 9 (Figure S1), the cut-off energy is set to 500 eV (Figure S2), and the self-consistent field tolerance is set to 5.0 × 10−7 eV atom−1. The optimization is completed when the energy, maximum force, maximum stress, and maximum displacement are less than 5.0 × 10−6 eV atom−1, 0.01 eV Å−1, 0.02 GPa, and 5.0 × 10−4 Å, respectively. In our study, all calculations were performed using the same parameter settings and the same computational environment was used to repeatedly calculate the same model. According to our analysis, the errors in the calculation results under these circumstances mainly stem from minor differences in numerical precision and floating-point operations. These errors typically fall within the range of numerical precision and may be on the order of 10−6 to 10−8. The impact of these errors on practical applications is negligible. Therefore, we did not include error bars in the presentation of the subsequent calculation results.



The Voronoi analysis method in the Ovito software was used to analyze the atomic volume of the H atoms in each configuration. The mathematical methods used here are mainly geometric calculation methods related to the Voronoi diagram. For a given set of points (in this case, the positions of atoms), the Voronoi diagram divides the space into multiple regions. Each region surrounds a point (atom) such that the distance from any point within this region to this particular point is less than the distance to other points.



The interface bonding strength (   E b   ) is determined by the interfacial binding energy, and the calculation equation of the interfacial binding energy is shown in Equation (1) [56].


   E b  = (  E  α − F e / V M   − x  E  F e − b u l k   − y  E  V M − b u l k   ) / 2 S  



(1)




where    E  α − F e / V M     is the total energy of the interface system, and    E  F e − b u l k     and    E  V M − b u l k     are the total energy per atom in the bulk Fe and VM, respectively. x and y are the number of Fe atoms and VM atom pairs in the interface model and S is the area of the interface.



We calculated the formation enthalpy to evaluate the stability of binary compounds, defined as Equation (2) [57,58].


   H  f o r   (  V x   M y  ) =     E   V x   M y    − x  E V  − y  E M    x + y     



(2)




where    E   V x   M y      is the total energy of V–M binary compounds, and    E V    and    E M    are the total energy per atom in bulk V and bulk M, respectively.



We calculated the solution energy (   E  s o l    ) to characterize the solubility of H at a location in the system, defined as Equation (3) [59,60].


   E  s o l   =  E  t o t a l  H  −  E  t o t a l  0  −   1 2   E (  H 2  )  



(3)




where    E  t o t a l  H    and    E  t o t a l  0    are the total energy of the system with and without H atoms, the system could be the bulk or interface, and   E (  H 2  )   is the total energy of H2.



In addition to the solution energy of the pure interface, the vacancy stability of the vacancy-containing interfaces and the solution of hydrogen into vacancies near the interface are also considered. The former is characterized by the vacancy formation energy (   E  f o r    ) that is defined by Equation (4) [61].


   E  f o r   =  E  t o t a l   V a c   −  E  t o t a l  0  +  E  F e / V / C / N    



(4)




where    E  t o t a l   V a c     and    E  t o t a l  0    are the total energy of the system with and without the Fe/V/C/N vacancy, and    E  F e     is the energy of a single Fe atom in the bulk α-Fe. Since Fe–VC/VN alloys are usually prepared from Fe and VC/VN powders by mechanical alloying and the high-energy-rate forging process,    E V    is located in the range of    E  V M   −  E M  b u l k   ≤  E V  ≤  E V  b u l k    , where    E  V M     is the energy of bulk VM, and    E V  b u l k     and    E M  b u l k     are the energy of V and M atoms in the bulk V and M (M could be C or N). Similarly, the range of    E  C / N     is    E  V M   −  E V  b u l k   ≤  E M  ≤  E M  b u l k    .



To demonstrate the correlation between the vacancy formation energy and the interface binding energy, we calculated Spearman’s rank correlation coefficient (   r S   ) of the two in this study. The calculation method does not rely on the specific values of the data but focuses on the relative magnitude order of the data. Its value range is between −1 and 1, and its meaning is similar to that of the Pearson correlation coefficient. The closer the value is to 1, the stronger the positive correlation. The calculation method is shown in Equation (5):


   r S  = 1 −    6   ∑  i = 1  n    d i 2      n (  n 2  − 1 )     



(5)




where di is the difference in the ranks of the ith data point in the two sets of data, and n is the number of data points.




3. Results


3.1. Geometric Structure


The α-Fe cell has a body-centered cubic (BCC) lattice structure. In the crystal structure of α-Fe, the coordination number is 8, and the space group is 186. The calculated lattice parameters are a = b = c = 2.830 Å (Figure S3), and α = β = γ = 90°, which are in good agreement with the previous results [19,20,21,43]. The bulk VC and VN show a B1 or NaCl-type structure, and in the structure, the coordination number is 6 and the space group is Fm-3 m. The calculated VC lattice parameters are a = b = c = 4.182 Å, and α = β = γ = 90°. The VN lattice parameters are a = b = c = 4.128 Å, and α = β = γ = 90° (Figure S3). Both are consistent with the experimental results [28,29,30,44] as shown in Table 1.



The interface investigated in this work is the experimentally observed K–S orientation relation formed between α-Fe (101) and VC (  1  1 ¯   1 ¯   )/VN (  1  1 ¯   1 ¯   ) crystals. We expose these surfaces by making sections. In order to better match them according to the K–S orientation relationship, we cut them into parallelograms, and the calculated values of the lattice parameters are shown in Table S1. When VC and VN form a common lattice interface with ferrite, a Bain strain [62,63] similar to the martensitic transformation occurs. Accordingly, we established four α-Fe/VM interfacial structural models with the VC/VN top-corner atoms and the body center atoms as the bond bridges, respectively, whose front and top views are shown in Figure 1.



The relative difference between the lattice parameters of the two phases at the interface, the degree of mismatch, is calculated as follows:


  δ =    b − a  a   × 100 %  



(6)







When the mismatch degree of the two interfacial structures is less than 5%, the elastic energy caused by a coherent interface is not very large and the coherence is considered to be possible. When the mismatch degree exceeds 25%, the lattice mismatch strain is too high and the interface can be regarded as non-coherent. The semi-coherent interface is an interface structure between the fully coherent and non-coherent interfaces. On the semi-coherent interface, most of the atoms still maintain a certain matching relationship, but there are some dislocations to accommodate the difference in lattice constants. Based on the above, the mismatch degree of the α-Fe/VC interface in the K–S orientation is 23.68%, that of the α-Fe/VN interface is 22.48%, and the mismatch degree of both interfaces is in the range of 5%~25%, so both interfaces are semi-coherent.



Since the vacuum thickness, lattice parameter, and relative position between the precipitated phase and the substrate may affect the stability of the interfacial structure to different degrees, single-variable tests of the energy were performed sequentially for the four interfacial structures with different vacuum thicknesses, lattice parameters, and relative positions (Figures S4 and S5). The optimal vacuum thickness of α-Fe/VC–C, α-Fe/VC–V, α-Fe/VN–N, and α-Fe/VN–V interfaces are 1.0, 2.0, 1.8, and 2.0 Å, and the optimal lattice parameters are 5.4, 5.3, 5.3, and 5.2 Å, respectively. The optimal relative position of the α-Fe/VC–C and α-Fe/VN–V interfaces is the original position. However, the VC block of the α-Fe/VC–V interface needs to be offset by 15% in the u-direction and 35% in the v-direction relative to α-Fe, and the VN block of the α-Fe/VN–N interface needs to be offset by 35% in the u-direction and 15% in the v-direction relative to α-Fe.



In addition to the above perfect interface, we also investigated the effect of a single vacancy on the interfaces. Considering the best trapping position of hydrogen in each perfect interface configuration, only Fe, C, N, and V vacancies within the two closest atomic layers located near the interface plane were explored here. To check the stability of vacancies more clearly, according to Equation (3), setting the chemical potential of C/N/V to    E  C / N / V   b u l k    , only the maximum formation energies of C, N, and V vacancies are plotted in Figure 2. Non-equivalent sites in the same atomic layer are also considered here to obtain the formation energy of the most stable vacancy. As shown in Figure 2, the formation energy of C vacancies near the interface between α-Fe and VC is significantly lower than that of V and Fe vacancies. Furthermore, the formation energy of C vacancies in the first layer is lower than that in the second layer. The lower the formation energy, the easier the vacancy is to form. The vacancy in the α-Fe/VN interface configuration also shows a similar pattern. The N vacancies in the first layer of the interface are the easiest to form, followed by the N vacancies in the sublayer. However, compared with the α-Fe/VC interface configuration, the formation energy of N vacancies is still much larger than that of C vacancies. The presence of vacancies also leads to a redistribution of electron positions. According to the charge density difference of different interfaces (Figures S6 and S7), the absence of Fe and V atoms leads to more electrons at the vacancy positions, whereas the absence of C and N atoms drives the local electrons to flock to the neighboring Fe or V atoms.




3.2. Stability of Different Structures


3.2.1. Formation Enthalpy


Formation enthalpy, which is used to estimate the stability of V–M binary compounds, is the energy difference between the total energy of the bulk VM and the sum of the total energies of its constituent elements and is calculated by Equation (2).



As shown in Table 2, the calculated values of VC and VN formation enthalpies in this work are −0.477 eV/atom and −1.210 eV/atom, respectively, which are in agreement with other experimental and theoretical values available in the literature [31,32,33,43,58]. The negative formation enthalpy values suggest that the compounds are thermodynamically stable.




3.2.2. Interfacial Binding Energy


The interfacial binding energy reflects the energy absorbed or released during the formation of the interface. The lower the interfacial binding energy, the smaller the energy released upon interface formation, and the more stable the resultant interface.



The interfacial binding energies of the α-Fe/VC–C, α-Fe/VC–V, α-Fe/VN–N, and α-Fe/VN–V interfaces are determined using Equation (1). Upon reviewing Table 3, it is evident that the binding energy of the α-Fe/VC–C interface, with the body-centered atom C serving as the bonding bridge, is considerably lower than that of the other three interface configurations. The interfacial binding energy is related to the type and length of the bonds between the atoms at the interface. Overall, the shorter the bond length, the smaller the interfacial binding energy and the more stable the interface is when comparing bonds of the same type (Fe–V bonds in α-Fe/VC–V and α-Fe/VN–V) or similar types (Fe–C bonds in α-Fe/VC–C and Fe–N bonds in α-Fe/VN–N). Therefore, the α-Fe/VC–C and α-Fe/VN–V interfaces have better interfacial binding performance, and the α-Fe/VC–V interface and α-Fe/VN–N interface are metastable.



In general, when there are vacancies within the interface, the interface will be less stable. To further explore the effect of vacancy on the stability of each interface, we calculated the interfacial binding energy of each interface with different vacancies (Figure 3). Then, we calculated the correlation coefficient between Eb and Efor using Equation (4). The results show that the two are positively correlated: the harder it is to form vacancies, the more likely they are to lead to unstable interfaces. Compared to the perfect interface, the presence of Fe vacancies makes the interface more unstable. The opposite is true for C/N/V vacancies, whose presence reduces the interfacial energy. This may be related to the fact that the presence of C/N/V vacancies allows the bottom Fe atoms to be embedded into the nanoprecipitated phase.





3.3. H Interaction with the Interface Solubility


To investigate the solubility of H in the bulk phase, we calculated the solution energy of H in the tetrahedral interstitial site (TIS) and octahedral interstitial site (OIS) in the α-Fe supercell containing 16 atoms and two different TISs in the VC and VN cells according to Equation (2). An OIS is an octahedron consisting of six metal atoms in the crystal structure, with the interstitial atom located at the center of the octahedron. A TIS is a tetrahedron in a crystal structure consisting of one top-corner atom of a cell and three adjacent face-centered atoms, with the interstitial atom located at the center of the tetrahedron.



According to Figure S8, H has the lowest solution energy of 0.24 eV at the TISs in α-Fe, proving that the tetrahedron is the preferred location for hydrogen adsorption. This result agrees with previous calculations [36,59,60,64,65]. Among α-Fe, VC, and VN bulk phases, H prefers to dissolve in α-Fe.



To explore the range of trapping of individual H atoms in the interface, we considered various possible gap sites along the direction perpendicular to the interface, particularly the near-interface end of the α-Fe. Figure 4a shows the solution energies of a single hydrogen atom at different locations in the four interfaces, where we set the center of the Fe–V/C/N bond at the interface to the center of the interface. According to the distance between the captured hydrogen and the interface center, the interface model can be classified into Zone I (interface-like VM zone), Zone II (interface zone), Zone III (interface-like Fe zone), and ZonE IV (bulk-like Fe zone) in the vertical direction from the plane. The solution energy of H at different positions was compared with that of H at TISs in bulk α-Fe to determine where H preferred to be captured. The calculated data show that single hydrogen atoms are more easily trapped in Zone II and Zone III. The best hydrogen trapping sites for both the α-Fe/VC–C interface and the α-Fe/VN–N interface are in the TISs between the Fe atoms of the first and second layers (Figure 4b,d), with their being −0.041 eV and 0.024 eV, respectively. The best hydrogen trapping sites for the α-Fe/VC–V interface are in the OISs between the interfaces (Figure 4c), with a solution energy of −0.154 eV. The best hydrogen trapping sites for the α-Fe/VN–V interface are in the OISs between the Fe atoms of the first and the second layers (Figure 4e), with a solution energy of 0.039 eV. Compared with the Fe/VC interfaces under the B–N orientation relationship (   E  S o l   T I S s    : 0.067 eV;    E  S o l   O I S s    : 0.097 eV) [43] and the Fe/VN interfaces under the B–N orientation relationship (   E  S o l   T I S s    : 0.050 eV;    E  S o l   O I S s    : 0.270 eV) [36], they exhibit better hydrogen trapping ability. In summary, the semi-coherent interface structures formed by α-Fe and VC/N have a relatively strong hydrogen trapping effect, especially the α-Fe/VC–V interface, whose hydrogen trapping effect is much better than the other three.



We similarly investigated the effect of different vacancies on the capture of hydrogen and calculated the solution energy of a single H atom at different vacancies, and the results are shown in Figure 5. Compared with the solubility of hydrogen in the perfect states of different structures, most of the vacancies show better hydrogen capture ability, and the specific situation is as follows.



In VC precipitates, when the interface is composed of C and Fe atoms, the C vacancy and V vacancy in the precipitate does not significantly enhance the hydrogen capture effect. Instead, the Fe vacancies in the matrix greatly improve the hydrogen capture ability at the interface (   E  S o l   F e − 1 s t    : −0.083 eV;    E  S o l   F e − 2 e d    : −0.124 eV). When the interface is composed of V and Fe atoms, the V vacancy on the first layer exhibits a superior ability to capture hydrogen (   E  S o l   V − 1 s t    : −0.224 eV). Compared with the findings in previous literature on the B–N orientation [36], in this study, we found that the hydrogen trapping ability of the C vacancy in the precipitated phase shows a relatively weakened trend, while the hydrogen trapping ability of the V vacancy has significantly increased. It is worth noting that we have also delved into the hydrogen trapping efficiency of Fe vacancies near the surface. This area has been rarely explored in previous research, and our work has just filled this crucial gap, providing a new perspective and data support for this research direction, as well as helping to comprehensively understand the hydrogen trapping characteristics of related materials.



In VN precipitates, when the interface is composed of N and Fe atoms, the N vacancy (first layer) and V vacancy (sub-layer) have a stronger hydrogen trapping ability than Fe vacancies (   E  S o l   N − 1 s t    : −0.159 eV;    E  S o l   V − 2 e d    : −0.231 eV). When the interface is composed of V and Fe atoms, the V vacancy still exhibits excellent hydrogen trapping capabilities (   E  S o l   V − 1 s t    : −0.154 eV). However, unlike the former case, the position of the vacancy is now in the first layer. Overall, in the Fe/VN interface system, whether the V vacancies are in the first layer or the sub-layer, they play a crucial role in the process of hydrogen atom capture. Notably, compared with N vacancies, V vacancies exhibit more outstanding hydrogen trapping efficiency. This unique phenomenon has never been found in previous studies on B–N-oriented interfaces.





4. Discussion


4.1. Influence of Vacancy on Interfacial Stability


Based on the findings, we conclude that the ease of vacancy formation near the interface is strongly correlated with interface stability. A higher degree in the ease of vacancy formation leads to a greater energy release during interface formation, resulting in a less stable interface. By further investigating the reasons behind the ease of vacancy formation, we could identify the key factors influencing interface instability. By analyzing the local density of states (LDOS) of different atoms (Figure 6), we find that the higher formation energy of the V vacancy stems from the d-orbital hybridization of V and neighboring Fe atoms (3d orbitals of V and Fe), indicating that V atoms had stronger interactions with Fe atoms than C/N atoms.



For the α-Fe matrix within the configuration, in accordance with the d-band center theory [66], the distinct vacancy formation energies of the first layer and sub-layer Fe atoms are predominantly associated with the value of the d-band center (see Table S2). Specifically, a larger value of the d-band center corresponded to stronger atomic adsorption, thereby rendering vacancy formation more difficult.




4.2. Segregation of H in the Interface


In the past, most research efforts were predominantly concentrated on exploring the relationship between atomic volume and hydrogen solution energy. Zhang et al. [61] found that the H atom is found to prefer adsorbing the positions with larger Voronoi volume. However, when we conducted research using the same method, we found that the size of the Voronoi volume does not directly affect the change in H solution energy (as shown in Figure 7a). Zhang et al. [39] reached a similar conclusion after their research: there is no perfect correlation found between the change in binding energy and polyhedron/Voronoi volume, and the Bader volume of hydrogen is a general descriptor.



To deepen the understanding of the principle of hydrogen trapping by interfacial structure, we take into account the combined influence of the Voronoi volume and the coordination number and have explored the relationship between the ratio of the Voronoi volume to the coordination number and the H solution energy in each configuration (Figure 7b). The further to the right the value on the horizontal axis, the larger the ratio of the Voronoi volume to the coordination number. This means that the Voronoi volume is larger and the number of coordinating atoms is smaller. Here, we used the allometric function to perform a rapid curve-fitting on the obtained data. The results show that the value of this method is closer to 1 compared to the fitting result in Figure 7a, indicating a better fitting effect and a closer match to the decreasing trend.



Therefore, when the Voronoi volume of H is larger and its coordination number is smaller, the lower its solution energy is, and the more favorable it is for hydrogen capture. In the same configuration, the smaller the coordination number of the H atom, the smaller the number of atoms in its nearest-neighbor region, and the weaker the interaction. This could be explained by the smaller interatomic repulsion, which makes it easier for the hydrogen to be adsorbed [67]. Through this method, we can observe the trend of the solution energy at different positions changing with the ratio of Voronoi volume to coordination within the same structural framework.





5. Conclusions


In this work, computational analysis of the solution energies for hydrogen dissolved within the K–S-oriented interfacial configuration indicates that, compared with the B–N-oriented interfaces in previous literature, both the interface region and the interface-adjacent zone of the α-Fe matrix under this orientation possess better hydrogen trapping ability. Moreover, the α-Fe/VC interface exhibits a stronger hydrogen trapping capacity than the α-Fe/VN interface, which correlates with the Voronoi volume and coordination of H atoms. The larger the Voronoi volume with a smaller coordination number, the more favorable it is for hydrogen trapping.



The presence of vacancies improves the hydrogen trapping capacity of the interface. Through meticulous calculations of the hydrogen solution energy, it is unequivocally demonstrated that the vacancies possess an exceptionally excellent hydrogen trapping effect, although their effect on improving the hydrogen trapping ability is slightly weaker than that of C vacancies in the B–N-oriented interfaces in previous literature. These vacancies specifically comprise the Fe vacancies within the α-Fe/VC–C configuration, the V vacancies in the α-Fe/VC–V configuration, the V vacancies and N vacancies in the α-Fe/VN–N configuration, along with the V vacancies and Fe vacancies (in the first layer) in the α-Fe/VN–V configuration. Especially, the hydrogen trapping performance of V vacancies in some individual interfacial structures is better than that of non-metal vacancies such as C/N vacancies, which is a new exploration of the hydrogen trapping properties of metal vacancies. This serves as a supplement to the experimental conclusion that C vacancies are predominantly responsible for the formation of deeper hydrogen traps and it offers reliable inferences about the origin of hydrogen traps in the K–S interface during experiments.
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Figure 1. The front views of (a) α-Fe/VC–C, (b) α-Fe/VC–V, (c,d) and showing the top views at the interface zones of (a,b), respectively. The system is composed of 20 Fe, 12 V, and 12 C atoms, drawn in purple, grey, and pink, respectively. α-Fe/VN–N and α-Fe/VN–V were modeled in the same way. 






Figure 1. The front views of (a) α-Fe/VC–C, (b) α-Fe/VC–V, (c,d) and showing the top views at the interface zones of (a,b), respectively. The system is composed of 20 Fe, 12 V, and 12 C atoms, drawn in purple, grey, and pink, respectively. α-Fe/VN–N and α-Fe/VN–V were modeled in the same way.
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Figure 2. (a) The vacancy formation energies of Fe, C, N, and V vacancies located within the nearest two atomic layers near the interface plane. The type and location of the vacancy, as well as the number of layers where the vacancy is located from the interface planes, are indicated. (b) The positions of different vacancies in different structures. The Fe atoms, V atoms, C atoms, N atoms, and vacancies are drawn in purple, grey, pink, blue, and white, respectively. 
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Figure 3. The interfacial binding energies (Eb) and the vacancy formation energy (Efor) of (a) α-Fe/VC–C, (b) α-Fe/VC–V, (c) α-Fe/VN–N, and (d) α-Fe/VN–V with different vacancies, where the black dashed line represents the interfacial binding energy of the perfect interface. The correlation coefficient    r S    between Eb and Efor is also marked in the figure. 
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Figure 4. (a) Solution energy of H at different distances to the plane for different interfaces. Place the interface model horizontally. Zones I, II, III, and IV represent the interface-like VM, interface, interface-like Fe, and bulk-like Fe zone, respectively. The lowest solution energy of each interface indicates its best trapping site (the geometric structures are shown as (b–e), corresponding to the α-Fe/VC–C interface, α-Fe/VC–V interface, α-Fe/VN–N interface, and α-Fe/VN–V interface, respectively, where Fe is drawn in purple, V in grey, and H in white), which is indicated by a solid marker. The black dash-dotted line represents the interface plane, and the red dashed line represents the solution energy of H at TISs in bulk α-Fe. The negative abscissa region represents the side of the Fe block. 
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Figure 5. The solution energy for different vacancies at (a) α-Fe/VC–C, (b) α-Fe/VC–V, (c) α-Fe/VN–N, and (d) α-Fe/VN–V interfaces. The lowest solution energy on the perfect surface is also presented as the control data of other vacancies. The positions of the vacancies have also been marked. The light blue area represents the position of the first layer, and the blue area represents the position of the sub-layer. 
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Figure 6. The LDOS of the different atoms in the (a) α-Fe/VC–C, (b) α-Fe/VC–V, (c) α-Fe/VN–N, and (d) α-Fe/VN–V interfaces. 
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Figure 7. (a) The solution energies of the H atom at different Voronoi volumes; (b) the solution energies of the H atom at different ratios of Voronoi volume to coordination number. The lowest solution energy of each interface is indicated by a solid marker. 
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Table 1. Calculated values of the lattice parameters for α-Fe, VC, and VN. The units are [Å].
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	Present Work
	Previous Works





	α-Fe
	2.830
	2.830 (th.) [19]; 2.853 (expt.) [20]; 2.833 (th.) [20]; 2.858 (expt.) [21]; 2.836 (th.) [43]



	VC
	4.182
	4.164 (th.) [28]; 4.163 (expt.) [29]; 4.169 (expt.) [30]



	VN
	4.128
	4.130 (th.) [44]; 4.140 (expt.) [44]










 





Table 2. Calculated values of the formation enthalpies of bulk VC and VN. The units are [eV/atom].
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	Present Work
	Previous Works





	VC
	−0.477
	−0.494 [31]; −0.435 [43]; −0.405 [58]



	VN
	−1.210
	−1.039 [32]; −1.120 [33]










 





Table 3. Calculated values of the interfacial binding energy of four kinds of interfaces and the corresponding average bond length of interfacial Fe–V/M bonds.
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	Interface Types
	Interfacial Binding Energy (J/m 2)
	Average Bond Length (Å)





	α-Fe/VC–C
	1.324
	1.819 (Fe–C bonds)



	α-Fe/VC–V
	4.214
	2.647 (Fe–V bonds)



	α-Fe/VN–N
	2.577
	1.842 (Fe–N bonds)



	α-Fe/VN–V
	1.742
	2.449 (Fe–V bonds)
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