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Abstract

:

Based on first principles density functional theory (DFT) methods, this study employed the Cambridge Serial Total Energy Package (CASTEP) module within Materials Studio (MS) software under the generalized gradient approximation to investigate the adsorption, diffusion behavior, and electronic properties of hydrogen atoms on α-Fe(110) and α-Fe(110)-Me (Mn, Cr, Ni, Mo) surfaces, including calculations of their adsorption energies and density of states (DOS). The results demonstrated that doping with alloy atoms Me increased the physical adsorption energy of H2 molecules on the surface. Specifically, Mo doping elevated the adsorption energy from −1.00825 eV to −0.70226 eV, with the largest relative change being 30.35%. After doping with Me, the chemical adsorption energy of two hydrogen atoms does not change significantly, among which doping with Cr results in a decrease in the chemical adsorption energy. Building on this, further analysis of the chemical adsorption of single atoms on the surface was conducted. By comparing the adsorption energy and the bond length between a hydrogen atom and iron/dopant metal atom, it was found that Mo doping has the greatest impact, increasing the bond length by 58.58%. Analysis of the DOS functions under different doping conditions validated the interaction between different alloy elements and H atoms. Simultaneously, simulations were carried out on the energy barrier crossed by H atoms diffusing into the metal interior. The results indicate that Ni doping facilitates the diffusion of H atoms, while Cr, Mn, and Mo hinder their diffusion, with Mo having the most significant effect, where its barrier is 21.88 times that of the undoped surface. This conclusion offers deep insights into the impact of different doping elements on hydrogen adsorption and diffusion, aiding in the design of materials resistant to hydrogen embrittlement.
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1. Introduction


To effectively safeguard our environment and address the escalating depletion of traditional non-renewable energy sources such as coal, oil, and natural gas, hydrogen gas is emerging as a promising, pollution-free, and sustainable alternative. This renewable energy source is increasingly utilized across various sectors, particularly in electricity production, transportation, and domestic energy supply. Hydrogen energy exhibits its unique advantages in these fields, proving to be an efficient and environmentally friendly solution [1,2,3]. In an innovative approach to energy transportation, the use of existing natural gas pipelines for the conveyance of hydrogen gas is being explored as a method to save energy and reduce emissions. This method has significant development potential and has attracted global attention. Such an approach does not only make efficient use of the already established energy infrastructure, but also fosters the rapid expansion and application of hydrogen energy [4,5,6,7]. Various countries have begun to implement this strategy. For example, Germany has successfully utilized its pipelines to transport hydrogen-doped natural gas, which has resulted in a reduction in hydrogen transmission costs by 60% [8]. However, the integration of hydrogen into the existing pipeline systems presents a notable challenge due to the material properties of pipeline steel. Pipeline steel exhibits a high sensitivity to hydrogen, a phenomenon well documented in the scientific literature [9,10]. Even minimal concentrations of hydrogen can lead to the embrittlement of metals and alloys. This embrittlement significantly diminishes their mechanical properties, thereby posing risks to the structural integrity and safety of the pipelines [11,12,13]. When hydrogen gas is transported through pipelines, it adsorbs and diffuses into the metal, altering the metal lattice structure. This change can severely impact the fracture toughness of the metal [14,15], effectively reducing the durability and operational lifespan of the pipeline, and causing serious or even catastrophic accidents [16,17,18].



The problem of a hydrogen-induced reduction in the mechanical properties of steel has been extensively studied [19,20]. So far, several hydrogen embrittlement (HE) mechanisms have been proposed, including the Hydrogen Pressure Theory [21], Weak Bond Theory (HEDE) [22], Reduced Surface Energy Theory [23], Promoted Local Plastic Deformation Theory (HELP) [24], and Plastic Deformation Suppression Theory [25], etc. However, current theories and research on hydrogen embrittlement predominantly aim to elucidate the specific mechanisms by which hydrogen induces embrittlement phenomena in materials. These theories provide a foundational understanding that, while effective to a degree, does not thoroughly encompass all the manifestations of hydrogen embrittlement observed under diverse conditions. Existing models often overlook the complex interplay between microstructural features and hydrogen interactions, which can vary significantly depending on the material and environmental conditions. This gap in knowledge suggests a pressing need for more comprehensive and detailed investigations into the mechanisms of hydrogen embrittlement. Such research would not only deepen our understanding of the fundamental impacts of hydrogen on material properties, but also enhance our ability to predict and mitigate the adverse effects of hydrogen in critical applications. Therefore, it is imperative to conduct further in-depth and extensive studies to uncover and fully comprehend the complete range of impact mechanisms exerted by hydrogen on various materials.



The entry of hydrogen into the interior of metals typically occurs in three stages. Firstly, hydrogen molecules physically adsorb onto the metal surface [26], and subsequently, they transition from physical adsorption to chemical adsorption [27,28]. At this point, hydrogen molecules dissociate into hydrogen atoms [29]. Finally, hydrogen atoms diffuse into the metal through the gaps in the metal lattice, migrating and accumulating at dislocations, vacancies, and the like, resulting in the phenomenon of metal hydrogen embrittlement. Therefore, studying the adsorption and diffusion processes of hydrogen atoms is fundamental to conducting research on hydrogen-induced cracking. For instance, Yu et al. utilized DFT and ab initio atomic thermodynamics to demonstrate that H2 molecules tend to dissociate both dynamically and thermodynamically, and the stable coverage of hydrogen on the surface highly depends on temperature and H2 partial pressure [30]. Álvarez-Falcón et al. investigated the adsorption and dissociation of hydrogen on copper surfaces and found that van der Waals forces play a crucial role in H2 adsorption [31]. Yanachkov et al., through stress-relaxation tests and self-consistent kinetic Monte Carlo simulations conducted on pure iron, found that hydrogen charging alters dislocation migration, leading to an increased likelihood of dislocation cell structure formation in cold-rolled and annealed samples [32]. Zhang et al. employed a simulation study on the adsorption behavior of hydrogen atoms and H2 on different crystallographic planes of FeO surfaces using DFT. They found that H2 molecules tend to physically adsorb at the top positions of Fe atoms, while Fe atoms on the FeO surface act as active sites catalyzing the dissociation of H2. The dissociated H atoms are more inclined to form chemical bonds with surface O atoms [33]. Dadfarnia et al. proposed a modified hydrogen transport model and concluded that dislocations contribute to increasing the local hydrogen concentration before crack initiation [34]. Ferrin et al. observed that the relative instability of hydrogen presents significant barriers to entry into transition metals, while the diffusion activation energy from the first to the second surface is relatively low [35]. Xie et al. studied the adsorption structure of hydrogen molecules on the Fe(110) surface and found that an energy barrier crossing of 0.08 eV occurs at a distance of 2.3~2.5 Å from the surface, indicating the transition from physical adsorption to chemical adsorption [36]. Chohan et al. found that under hydrogen atom adsorption on the Fe surface, the distance between first-layer atoms and second-layer atoms increases, providing better diffusion space for H atoms. The interaction between hydrogen and the Fe(110) surface, followed by the subsequent adsorption of hydrogen on the surface, constitutes the first step in the mechanism of hydrogen embrittlement in ferritic steels, so it also represents an opportunity to delay or prevent the damage of these materials in hydrogen-rich environments [37].



However, hydrogen pipelines are not solely composed of a single metal. The doping of alloying elements such as Cr, Mn, Ni, and Mo in steel materials can improve the chemical and mechanical properties of the steel [38,39,40,41,42]. Extensive research has been conducted on the impact of these alloying elements on the mechanical properties of metals, with most studies examining their effects at the macroscopic level. These studies typically focus on how these elements improve the strength, ductility, and resistance to environmental degradation. However, while macroscopic investigations provide valuable insights, research at the molecular level is equally crucial but less extensive. At this scale, studies predominantly analyze the effects on the surfaces of single elements. This approach tends to overlook the synergistic or antagonistic impacts that a combination of multiple elements might have on material properties, particularly regarding the adsorption of hydrogen atoms. The interaction between hydrogen atoms and these complex alloy surfaces could potentially alter the adsorption characteristics significantly, yet the collective effects of multiple alloying elements on hydrogen adsorption remain underexplored. Liu et al. conducted first principles calculations to study the adsorption and diffusion behaviors of nitrogen atoms in titanium alloys, finding that the addition of aluminum atoms reduces the adsorption capacity of nitrogen atoms but significantly promotes the diffusion of nitrogen atoms inward, facilitating the formation of a deeper nitridation layer [43]. In this study, we draw upon the first principles calculation method used by Liu et al. to analyze the effects of alloying elements (Cr, Mn, Ni, Mo) on the adsorption of hydrogen on the α-Fe(110) surface in terms of adsorption energy and density of states, providing a theoretical basis for designing new materials resistant to hydrogen embrittlement.




2. Computational Methodology


All calculations in this paper were performed using the CASTEP [44] module, version 2020, which is based on first principles DFT within the MS molecular dynamics simulation software by Accelrys, San Diego, CA, USA. The most stable adsorption sites for hydrogen were determined through simulation. Models for hydrogen adsorption and hydrogen incorporation diffusion on α-Fe(110)-Me (Mn, Cr, Ni, Mo) surfaces doped with four different metal elements and undoped Fe(110) surfaces were established. The electron wave function is expanded by the plane wave basis vector. To reduce the plane wave basis set, this paper employed ultrasoft pseudopotential, and the electronic exchange-correlation energy adopted the Revised Perdew–Burke–Ernzerhof (RPBE) [45] functional within the generalized gradient approximation (GGA) [46]. The Broyden–Fletcher–Goldfarb–Shanno (BFGS) [47,48] algorithm is used for geometric optimization in the calculation process. At the same time, the linear synchronous transit quadratic synchronous transit (LST/QST) transition state search method was simultaneously employed to find the transition state, enabling the investigation of the energy required for adsorption and diffusion state transitions. Subsequently, their adsorption energy, DOS functions, and energy barrier crossing were compared and analyzed to discuss the effects of different elements on hydrogen adsorption and diffusion.



2.1. Site Selection


To delve into the adsorption stability of hydrogen on the Fe(110) surface, this study identified three main adsorption configurations based on potential adsorption sites for hydrogen atoms on metal surfaces: top site adsorption (Top, T), bridge site adsorption (Bridge, B), and three-fold hollow site adsorption (Threefold, TF), as illustrated in Figure 1a. Further simulations revealed four distinct adsorption positions for hydrogen atoms on the Fe(110) surface, namely T1, T2, B, and TF, with T1 and T2 both representing top site adsorptions but located at different atomic positions, as depicted in Figure 1b. This research conducted adsorption simulations for hydrogen at T1, T2, B, and TF sites on both α-Fe(110) and α-Fe(110) -Me (Mn, Cr, Ni, Mo) surfaces, comparing these to identify the most favorable adsorption site for hydrogen with enhanced credibility.



According to the simulation results shown in Figure 1c, hydrogen achieves optimal adsorption states at the TF site on both α-Fe(110) and α-Fe(110) -Me (Mn, Cr, Ni, Mo) surfaces, thereby selecting this site for the adsorption model established in the following sections.




2.2. Adsorption Model Construction


In the construction of the initial calculation model of the cell, the experimental lattice constants of the body-centered cubic structure of α-Fe provided by MS were used. Within MS, we established a cell characterized by lattice parameters of a = b = c = 2.8664 Å and α = β = γ = 90°. Subsequent geometric optimization was conducted, during which all atoms within the cell were allowed to fully relax in order to achieve the configuration of the lowest energy. To ensure the accuracy of the results, tests were conducted on the effects of energy cut-off and the k-point grid on the lattice constant before simulation. The results show that when the energy cut-off is 425 eV and the k-point grid is 15 × 15 × 15, the energy converges to the 5 × 10−6 eV/atom. The optimization results are shown in Figure 2b. The calculated lattice constant is 2.781 Å, which is in good agreement with the experimental value of 2.8664 Å, with an error of 2.9%, indicating that the calculation method and parameter settings used for structural optimization in this paper are reasonable.



While ensuring the accuracy of the calculations and minimizing the computational cost, this paper used the Cleave Surface function provided by MS to perform cutting surface treatment on the optimized unit cell and selected α-Fe(110) surface cutting modeling as the research object. A vacuum of 12 Å was added, and a 2 × 2 × 1 supercell was utilized. The resulting Fe(110) surface is displayed in Figure 2c. Hydrogen molecules were added at the three-fold hollow site to obtain the initial adsorption configuration. The atomic layers totaled three layers, with the bottom two layers fixed to simulate the bulk phase, while the topmost layer of atoms remained unfixed to simulate the surface and underwent free relaxation during geometric optimization. The stable adsorption positions were calculated using the CASTEP module to investigate the influence of different dopant atoms on the surface adsorption of H2 molecules. Subsequently, Fe atoms were replaced at specific positions to simulate doping, as depicted in Figure 2d.




2.3. Calculation of Adsorption Energy


To analyze the stability of hydrogen adsorption on the surface, we employed first principles methods based on DFT. We calculated two key metrics: the adsorption energy of a single hydrogen molecule (    E   a d 1    ) and the adsorption energy of the two hydrogen atoms after dissociation (    E   a d 2    ). These adsorption energies are critical indicators of the ease with which atoms or molecules can adsorb onto a surface. They are derived by calculating the energy difference between the systems before adsorption and after adsorption. A higher absolute value of the adsorption energy indicates a more stable adsorption. The larger the absolute value, the more stable the adsorption. The calculation formula is as shown in Formulas (1) and (2).


      E   a d 1     =       E    H 2  / F e − s l a b   −   E   F e − s l a b   −   E    H 2         



(1)






      E   a d 2     =     E   2 H / F e − s l a b   −   E   F e − s l a b   −   2 E   H      



(2)




where     E    H 2  / F e − s l a b     represents the energy of the physical adsorption of the H2 molecule on the surface,     E   F e − s l a b     represents the energy of the optimized Fe surface,     E    H 2      represents the energy of the isolated hydrogen molecule,     E   2 H / F e − s l a b     represents the energy of the chemisorption of two hydrogen atoms, and     E   H     represents the energy of the isolated hydrogen atom.



To study the influence of doping with different elements on hydrogen adsorption, this study calculates the adsorption energies of individual hydrogen molecules (    E   a d 3    ) and two hydrogen atoms (    E   a d 4    ) on different doped surfaces.


      E   a d 3     =     E    H 2  / F e − x − s l a b   −   E   F e − x − s l a b   −   E    H 2         



(3)






      E   a d 4     =     E   2 H / F e − x − s l a b   −   E   F e − x − s l a b   −   2 E   H        



(4)




where x represents Fe, Cr, Mn, Ni, and Mo atoms;     E    H 2  / F e − x − s l a b     represents the total system energy of hydrogen molecule chemisorption on the doped surface;     E   2 H / F e − x − s l a b     represents the total energy of the system after the chemisorption of 2 H atoms; and     E   F e − x − s l a b     represents the total energy of the Fe(110) surface with a doping element before adsorption.



The Hirshfeld charge difference is obtained from Equation (5)


  ∆ Q =     q   a   −   q   b      



(5)







    q   a     represents the Hirshfeld charge before adsorption, and     q   b     represents the Hirshfeld charge after adsorption.




2.4. Adsorption of Hydrogen on Metal Surface


H2 adsorption undergoes a transition from physical adsorption to chemical adsorption. In this paper, stable physical adsorption and chemical adsorption positions were first identified using the CASTEP module. Then, the transition state was determined using the complete LST/QST method to investigate the energy barrier for the adsorption state transition. The construction of the model also utilized the RPBE functional under the GGA approximation in the CASTEP module, with a plane-wave energy cut-off of 450 eV and a k-point grid of 10 × 10 × 1 to ensure energy convergence to the 1 × 10−5 eV/atom, as shown in Figure 3.




2.5. Adsorption and Diffusion of Hydrogen Atoms on the Metal Surface


To further study the effect of alloys on its adsorption, this study utilized the CASTEP module to simulate the adsorption and diffusion of single H atoms on the alloy surface. The model construction is shown in Figure 4a. The yellow atoms represent the positions where alloy elements are doped. We compute the adsorption energy, the bond length, charge transfer values, and DOS functions for different doping scenarios and compare them with hydrogen adsorption on an undoped Fe(110) surface. This analysis aims to assess the impact of different alloy element doping on hydrogen adsorption. Additionally, we use the LST/QST method to find the energy barrier for adsorption and diffusion into the metal, determining their ease or difficulty.





3. Results and Discussion


3.1. Hydrogen Adsorption under Different Doping


The absolute values of the adsorption energies for physical and chemical adsorption after alloy doping are shown in Table 1 and Figure 4, respectively. From Figure 4, it can be observed that the incorporation of alloy elements leads to a decrease in the energy required for the transition between adsorption states, making hydrogen more prone to transition from physical to chemical adsorption. Specifically, the doping of Mn, Cr, Ni, and Mo alloys reduces the stability of the physical adsorption of H2 molecules, with the absolute values of the physical adsorption energies decreasing by 6.00%, 17.13%, 28.71%, and 30.35%, respectively, compared to the undoped surface. Regarding chemical adsorption energies, compared to the undoped surface, Mn, Ni, and Mo decrease by 0.89%, 4.27%, and 3.91%, respectively, while Cr increases by 0.36%.




3.2. Hydrogen Atom Chemisorption


It can be seen from Figure 4b that the bond lengths of the H atoms on the surfaces doped with Mn, Cr, Ni, and Mo are all increased compared to the pure iron surface. The respective increments are 10.51% for Mn, 21.97% for Cr, 26.74% for Ni, and 58.58% for Mo doping. Among them, doping with Mo has the greatest impact on the stability of chemical adsorption, resulting in the greatest distance between the H atom and the surface, which is 1.026 Å.




3.3. DOS Functions of Chemisorption under Different Doping


To further understand the electronic structure characteristics of hydrogen adsorption surfaces under doped metals (Mn, Cr, Ni, Mo), we first imported the crystal structure model of α-Fe via MS, and optimized the model to ensure its accuracy. Subsequently, we carved out the (110) crystal plane from the optimized α-Fe crystal structure as the base surface for study, and introduced four different metal elements, Mn, Cr, Ni, and Mo, for doping. Following this, H atoms were introduced into these doped models, and placed at multiple possible adsorption sites for H atoms. Through continual experimentation and adjustments, stable adsorption models of H atoms on these doped surfaces were identified. Finally, we calculated the DOS functions by CASTEP, and the results are shown in Figure 5b,d,f,h,j. It can be observed that the DOS functions of hydrogen adsorption on a Fe surface doped with metals (Mn, Cr, Ni, Mo) are very similar to those of pure Fe surface. Furthermore, Fe s, p, and d orbitals on the undoped pure Fe surface and the s, p, and d orbitals of the dopant metal atoms hybridize with the s orbital of H, indicating the formation of chemical bonds between the doped metal atoms and H atoms. Among them, the doped metal elements contribute the most electrons on the d orbital. Compared with the Fe d orbital, the maximum peaks of the d orbital of Mn, Cr, and Mo shift to the right, in which Mo shifts the most, while Ni shifts to the left. After calculating the charge transfer values of H atoms on different surfaces, as shown in Figure 5k, we found that the doping of alloy elements reduced the absolute value of the charge transfer of H atoms, which inhibited the adsorption of hydrogen, which was mutually verified with the previous studies.




3.4. Hydrogen Atom Diffusion under Different Doping


The energy required for the diffusion process of hydrogen atoms following the incorporation of each dopant is depicted in Figure 6f. As observed from Figure 6, the doping of Ni significantly promotes the diffusion of hydrogen atoms into the interior of the metal. In contrast, the addition of dopants such as Cr, Mn, and Mo serves to inhibit this diffusion. Specifically, the doping with Mn increases the energy required for hydrogen diffusion by a factor of 2.19, while Cr doping elevates this energy requirement to 20.25 times that of the undoped surface. Notably, among these, the doping of Mo demonstrates the most substantial hindering effect on hydrogen diffusion, with the energy required being 21.88 times greater than that of the undoped surface.





4. Conclusions


In this paper, we used first principles calculations to analyze the adsorption and diffusion of hydrogen on Fe(110) surfaces doped with four different metals: Mn, Cr, Ni, and Mo. By calculating the adsorption energy, performing LST/QST transition state searches, and analyzing the electronic state densities on Fe(110) surfaces doped with Mn, Cr, Ni, and Mo, we compared these properties to those on pure Fe surfaces regarding the adsorption and diffusion of hydrogen. The adsorption energy of hydrogen atoms on the pure Fe surface was found to be −4.7606 eV. After doping with Mn, Cr, Ni, and Mo, the adsorption energies changed to −4.6828 eV, −4.6769 eV, −4.4798 eV, and −4.4566 eV, respectively. Doping with Mo resulted in the highest adsorption energy, thereby indicating that Mo doping has the strongest capability to inhibit the adsorption of hydrogen atoms. This is consistent with the bond length measurements, where Mo doping leads to the greatest distance between the hydrogen atoms and the surface at 1.026 Å. According to the charge transfer values of hydrogen atoms under different doping conditions, Mo doping most significantly impedes the charge transfer from hydrogen atoms to the metal. In the study of the energy barriers for hydrogen atom diffusion into the metal, it was found that Ni doping facilitates the diffusion of hydrogen atoms into the interior of the metal, while Cr, Mn, and Mo doping hinder it. Among these, the effect of Mo is the most pronounced, with the energy required for diffusion being 21.88 times higher than that on undoped surfaces. The appropriate addition of Cr and Mo is beneficial in preventing the adsorption and diffusion of hydrogen, thereby avoiding the occurrence of hydrogen-induced cracking. This is helpful for the design of hydrogen transport pipelines.
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Figure 1. Adsorption configurations and energy profiles, (a) adsorption sites’ representation, (b) adsorption positions, (c) adsorption energy profiles. 
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Figure 2. Hydrogen adsorption model, (a) each element model, (b) surface cutting position, (c) Fe(110) surface schematic diagram, (d) doping element position and H2 molecular adsorption process. 
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Figure 3. H2 adsorption process on different alloy surfaces: (a) hydrogen adsorption on Fe surface, (b) hydrogen adsorption on Fe/Mn surface, (c) hydrogen adsorption on Fe/Cr surface, (d) hydrogen adsorption on Fe/Ni surface, (e) hydrogen adsorption on Fe/Mo surface, (f) energy barrier of physical adsorption energy, chemical adsorption energy, and adsorption state transition on each surface. 
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Figure 4. Chemisorption of a single H atom, (a) adsorption model, (b) absolute value of adsorption energy/bond length. 
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Figure 5. PDOS functions, (a) Fe surface hydrogen adsorption model, (b) Fe surface hydrogen adsorption DOS functions, (c) Fe/Mn surface hydrogen adsorption model, (d) Fe/Mn surface hydrogen adsorption DOS functions, (e) Fe/Cr surface hydrogen adsorption model, (f) Fe/Cr surface hydrogen adsorption DOS functions, (g) Fe/Ni surface hydrogen adsorption model, (h) Fe/Ni surface hydrogen adsorption DOS functions, (i) Fe/Mo surface hydrogen adsorption model, (j) Fe/Mo surface hydrogen adsorption DOS functions, (k) hydrogen atom charge transfer value. 
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Figure 6. H atom diffusion process of different alloys: (a) H diffusion on Fe surface, (b) H diffusion on Fe/Mn surface, (c) H diffusion on Fe/Cr surface, (d) H diffusion on Fe/Ni surface, (e) H diffusion on Fe/Mo surface, and (f) energy required for diffusion on each surface. 
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Table 1. The value of physical adsorption energy, the energy barrier of adsorption state transition, and the absolute value of chemical adsorption energy.
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	Adsorption Surface
	Physical Adsorption

Energy (eV)
	The Energy Required for Adsorption State Transition (eV)
	Chemisorption

Energy (eV)





	Fe
	−1.0083
	0.9984
	8.4872



	Fe-Mn
	−0.9478
	0.0919
	8.4117



	Fe-Cr
	−0.8355
	0.1470
	8.5174



	Fe-Ni
	−0.7188
	0.2041
	8.1252



	Fe-Mo
	−0.7023
	0.3417
	8.1557
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