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ABSTRACT 

This article analyzes the electronic causes by which the oxygen–iron (O–Fe) interaction inhibits hydrogen (H₂) 

permeation in API 5L X65 steels, which are candidates for hydrogen transportation infrastructures. It is 

demonstrated that oxygen, due to its high electron affinity and the stability of its 2p orbitals, electronically 

dominates the iron surface. 

Through a quantum-level analysis based on fundamental periodic properties, it is shown that O(2p)–Fe(3d) 

hybridization induces charge redistribution and a downward shift of the d-band center, weakening the Fe–H 

bond. This effect reduces hydrogen adsorption, dissociation, solubility, and permeation in the near-surface layers 

of the steel. 

However, this inhibition is transient: the intrinsic properties of hydrogen—its small atomic size, high diffusivity, 

reducing character, and the action of high pressures—allow the progressive degradation of the oxidized layer, 

restoring permeation and promoting embrittlement mechanisms. 

From a quantum perspective, hydrogen exploits the high electronic density of states near the Fermi level to 

stabilize Fe–H bonds and electronically displace oxygen. This interaction explains its high solubility in the metal 

and its ability to overcome the initial barrier imposed by oxygen. Understanding this behavior provides a 

conceptual basis for the rational design of hydrogen-resistant steels through alloying strategies, surface 

passivation, and control of operating conditions. 

INTRODUCTION 

Hydrogen permeation in steels intended for hydrogen infrastructure is governed by the initial processes of H₂ 

adsorption and dissociation on the metallic surface, which determine the amount of hydrogen entering the 

material and its susceptibility to embrittlement. Experimental studies and first-principles calculations have 

demonstrated that adsorbed species with high electron affinity, such as oxygen, compete for active sites on iron 

surfaces, increasing the activation barriers for H₂ dissociation and partially and transiently reducing hydrogen 

ingress into the metal [1–6]. 

In API 5L X65 steels, surface oxygen acts as a partial electronic inhibitor of hydrogen permeation by modifying 

the surface chemistry and the electronic structure of iron. The high electronegativity of oxygen and the stability 

of its 2p orbitals favor strong O(2p)–Fe(3d) hybridization, which induces a downward shift of the d-band and 

reduces the density of electronic states near the Fermi level, thereby weakening hydrogen adsorption, 

dissociation, and solubility on partially oxidized surfaces [7,8]. 
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As a consequence, the formation of an oxide film initially acts as a protective barrier, limiting hydrogen entry 

into the metal. However, this protection is transient, since the small atomic size, high diffusivity, and reducing 

character of hydrogen enable the progressive degradation of the oxide layer and the reactivation of hydrogen 

permeation and embrittlement mechanisms. 

In this context, the present work identifies the fundamental physicochemical causes governing both oxygen-

induced inhibition and hydrogen solubility in API 5L X65 steel through an integrated analysis of periodic 

properties, orbital hybridization, and electronic density of states (DOS). These results provide atomistic–

electronic foundations for the rational design of materials with improved resistance to hydrogen embrittlement. 

Electronic Dominance of Oxygen on Metallic Surfaces [9, 27, 59] 

The dominance of adsorbed oxygen on metallic surfaces originates from its high electronegativity, large effective 

nuclear charge (Zeff), and strong stabilization of O(2p) orbitals, which promote intense charge transfer and robust 

O(2p)–Fe(3d) hybridization [9]. This interaction induces a downward shift of the iron d-band center (ε_d), 

reducing the density of electronic states near the Fermi level and, consequently, the surface reactivity toward 

hydrogen. 

As a result of this electronic downshift, hydrogen permeation is inhibited through three complementary 

mechanisms: 

 Decrease in active d states for H₂ dissociation; 

 Reduction in available electronic states for atomic hydrogen transport; and 

 Stabilization of a passivating surface layer with covalent Fe–O character [9, 27, 59]. 

At the electronic level, oxygen adsorption generates deep O–Fe bonding states and partial occupation of 

antibonding states, shifting εd toward more negative energies and weakening the Fe–H hybridization responsible 

for H–H bond activation. This behavior is consistent with DFT calculations showing that surface reactivity is 

governed by the adsorbate–metal hybridization energy rather than solely by the density of states at the Fermi 

level [9]. 

Additionally, the inhibitory effect of oxygen is electronically analogous to the low reactivity of noble metals 

such as Au, whose nobility is associated with a deep d-band center and reduced metal–hydrogen overlap [27]. 

Similarly, oxygen adsorption induces an electronically “noble” behavior in iron toward hydrogen, confined to 

the near-surface layers and transient in nature [9, 27]. 

Overall, the electronic dominance of oxygen reconfigures the electronic structure of iron, imposing unfavorable 

conditions for hydrogen adsorption, dissociation, and permeation, in full agreement with the Hammer–Nørskov 

model and the electronic principles governing metallic surface reactivity (TABLE 1). 

METHODOLOGY 

Electronic–Structural Framework for Hydrogen Permeation in API 5L X65 [1–9, 15–23] 

This work adopts a physics-based analytical methodology grounded in quantum solid-state theory and surface 

science [1–3], with the objective of identifying the electronic mechanisms responsible for the transient inhibition 

of hydrogen permeation in API 5L X65 steel [4–6]. 

This approach goes beyond purely phenomenological models by establishing causal relationships of electronic 

origin between oxygen-induced surface chemistry and the processes of hydrogen adsorption, dissociation, 

diffusion, and embrittlement. 
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We demonstrate that the transient inhibition of hydrogen permeation has an essentially electronic origin, 

governed by periodic descriptors—effective nuclear charge (Zeff), electronegativity, and orbital energies [15–

17]—as well as by descriptors of the surface Fe d-band, which control the competitive adsorption of H and O 

[18–23]. 

O(2p)–Fe(3d) hybridization redistributes the d states of surface iron, decreasing their overlap with H(1s) orbitals 

and weakening H₂ adsorption and dissociation governed by H(1s)–Fe(3d) interactions [7,9]. 

Accordingly, analysis of the electronic density of states (DOS), together with the Hammer–Nørskov d-band 

center model, demonstrates that the downward shift of the d-band center (εd) toward more negative energies acts 

as a unified and predictive electronic descriptor of oxygen-induced control over hydrogen adsorption, 

dissociation, and permeation [8,9]. 

Methodological Sequence [24–32] 

The developed methodology follows a multiscale analytical sequence aimed at identifying the electronic origin 

of oxygen-induced inhibition of hydrogen permeation in API 5L X65 steels: 

O–H electronic competition on the Fe surface 

The initial competition between oxygen and hydrogen for active sites on the iron surface was analyzed using 

fundamental periodic descriptors and orbital energies, demonstrating the higher electron affinity of oxygen and 

the dominance of its 2p orbitals in O–Fe interactions [24,25]. 

Oxygen-induced surface electronic reconfiguration 

Oxygen adsorption on the Fe surface induces strong O(2p)–Fe(3d) hybridization and significant charge 

redistribution, quantified through a downward shift of the d-band center. This effect reduces the electronic 

density of states near the Fermi level, modifying the surface reactivity of the steel [26,27]. 

Electronic–energetic correlation and effects on hydrogen 

Shifts in the d-band center (εd) were correlated with DOS redistribution and with reductions in hydrogen 

adsorption and dissociation energies, leading to a regime of weakened or inhibited hydrogen adsorption in the 

near-surface layers of the material [28,29]. 

Extension into the bulk 

The electronic redistribution induced by O–Fe surface interactions does not remain localized but propagates into 

the near-surface bulk, altering the energy landscape governing effective hydrogen solubility and diffusion. This 

electronic modification conditions hydrogen interactions with crystalline defects and microstructural traps, 

directly influencing transport and accumulation mechanisms in the steel [30–32]. 

Quantum-Mechanical Framework and Parameters 

Quantitative analysis is supported by DFT calculations within the GGA approximation, widely used to describe 

electronic structure and adsorption energies on metallic surfaces [33]. 

The Hammer–Nørskov model constitutes the conceptual core linking the position of the d-band center to 

adsorption strength through adsorbate–metal hybridization [9,28]. Its theoretical basis lies in the Newns–

Anderson formalism, which defines the d-band center (εd) as an operational and quantitative descriptor of surface 

reactivity [34–36]. 

For Fe surfaces, representative values are adopted: 

ε_d (clean Fe): ≈ −0.92 eV [60] 
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ε_d (oxidized Fe): ≈ −2.5 eV [41–43] 

This shift directly quantifies the oxygen-induced reduction in hydrogen reactivity. DFT calculations confirm a 

direct correlation between the d-band center (εd) and the hydrogen solution energy, demonstrating that a more 

negative ε_d effectively suppresses Fe–H interactions [41–43]. 

Hydrogen diffusion is modeled using Fick’s law incorporating microstructural trapping effects [43]. Traps with 

a binding energy of approximately 28.4 kJ·mol⁻¹ and a density of ≈ 6.84 × 10²⁶ sites·m⁻³ are considered, 

representative of ferritic and high-strength API steels [43–45]. 

DFT calculations show strong hydrogen adsorption on clean Fe surfaces (Eads ≈ −2.5 eV), whereas the presence 

of oxygen significantly reduces the adsorption energy (≈ −0.2 to −0.5 eV), consistent with the downward shift 

of εd [46]. Experimentally, O₂ concentrations between 100 and 12,000 ppm induce reductions in hydrogen 

permeation flux of 10–20%, confirming the electronic nature of the transient protective effect [45–47]. 

Theoretical Foundation – Hammer–Nørskov Model 

The Hammer–Nørskov model, proposed in 1995 on the basis of DFT calculations, establishes a direct 

relationship between the catalytic activity of transition metals and the position of the d-band center (εd) relative 

to the Fermi level (EF) [26]. This approach enables the rationalization and prediction of adsorption trends and 

surface reactivity using a simple electronic descriptor, without the need for full electronic structure calculations.  

Electronic Origin of the Model 

In transition metals, the overlap of d orbitals from neighboring atoms gives rise to a partially filled d band that 

dominates surface chemistry. The d-band center (εd), defined as the energy average of the d-projected density of 

states, effectively summarizes the occupation, availability, and hybridization capacity of these states [26]. 

When εd lies close to EF, a high availability of partially occupied d states exists, capable of hybridizing with 

adsorbate orbitals, thereby favoring strong adsorption. In contrast, an εd shifted to more negative energies implies 

a largely filled d band, increases the occupation of antibonding states upon hybridization, and leads to weak 

adsorption [63]. This framework is consistent with classical solid-state physics results, which show that the 

electronic activity of d states depends critically on their proximity to EF and on s–d coupling [63]. 

Mechanistic Interpretation: Newns–Anderson Formalism 

From a mechanistic perspective, the metal–adsorbate interaction can be described using the Newns–Anderson 

formalism, in which adsorbate orbitals hybridize with metal d states, generating bonding and antibonding states 

[26]. The chemisorption energy is governed by the energetic separation and relative occupation of these states, 

with the occupation of antibonding states being the key factor that weakens adsorption. 

The degree of hybridization and the resulting occupation depend on the energetic position of the d states relative 

to E_F. In this context, εd emerges as an effective descriptor that encapsulates both the hybridization strength 

and the occupation of states generated by the metal–adsorbate interaction [26,63]. 

Relationship Between Adsorption Energy and the d-Band Center 

As a first approximation, the adsorption energy (ΔEads) correlates with the position of the d-band center according 

to the relationship: 

ΔEads ∝ ( EF− εd )  

When the d-band center (εd) lies close to the Fermi level (EF), the occupation of antibonding metal–adsorbate 

states is reduced, which strengthens the metal–adsorbate bond and enhances adsorption. In contrast, a deeper 

εd\varepsilon_dεd increases the filling of antibonding states, thereby weakening the interaction and decreasing 

the adsorption strength [26]. This electronic framework underpins the formation of volcano-type activity plots 
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and provides the fundamental basis of the Sabatier principle, which is widely employed to rationalize and predict 

catalytic activity [26,63] 

Validation of the Model 

DFT calculations show that, with increasing atomic number and progressive filling of the d band, the d-band 

center (εd − EF) systematically shifts toward more negative energies, reducing the availability of active d states 

[27]. Within the Hammer–Nørskov framework, this shift explains the transition from strong adsorption (Fe, Co), 

through an optimal regime of maximum activity (Ni, Ru, Rh, Pd, Pt), to weak adsorption in noble metals (Cu, 

Ag, Au) [27,28]. 

DFT studies on H₂ dissociation confirm that the low reactivity of Cu and Au originates from the high occupation 

of antibonding states and reduced metal–adsorbate orbital overlap, whereas metals with intermediate εd values 

exhibit optimal electronic conditions for hydrogen activation [27]. These evidences consolidate ε_d as a robust 

and universal descriptor of surface reactivity in transition metals (Table 2). 

Periodic Trends 

Table 2 and Figure 1 confirm that ε_d decreases systematically with atomic number across the 3d, 4d, and 5d 

series, with deviations associated with relativistic effects in heavy elements. Collectively, these results 

demonstrate that εd is an intrinsic electronic descriptor derived from the quantum structure of the d band, and 

that catalytic activity emerges directly from the electronic structure of the metal (Figure 1). 

DISCUSSION 

Therefore, oxygen adsorption on API 5L X65 steel initially inhibits interaction with hydrogen by inducing a 

downward shift of the Fe d-band center (εd) and reducing the electronic density of states near the Fermi level. 

However, this protective effect is transient: subsequent Fe–H interaction reorganizes the density of states (DOS), 

weakens surface Fe–O species, and reactivates the mechanisms of hydrogen adsorption, diffusion, and 

embrittlement. This behavior is consistently interpreted within the framework of the Hammer–Nørskov model 

and the Newns–Anderson formalism. 

Electronic Mechanism of Oxygen 

Oxygen adsorption profoundly modifies the surface electronic structure of iron, inhibiting H₂ activation. 

According to the Hammer–Nørskov d-band model, the presence of oxygen induces a downshift of εd, decreasing 

the availability of active d states for H(1s)–Fe(3d) hybridization [27]. This effect is electronically analogous to 

the low reactivity of noble metals such as Cu and Au, in which the high occupation of antibonding states and 

reduced orbital overlap limit hydrogen adsorption and dissociation [35]. 

From a mechanistic perspective, the Newns–Anderson formalism describes this inhibition as a consequence of 

reduced energetic separation between bonding and antibonding metal–adsorbate states and a more unfavorable 

antibonding occupation, which weakens hydrogen chemisorption [36]. DFT calculations confirm that 

electronegative adsorbates induce downshifts of εd even in the absence of geometric effects, acting as long-range 

electronic modifiers of Fe surface reactivity. 

Metal–Oxygen Interaction and d-Band Downshift 

Hybridization between O(2p) and Fe(3d) orbitals induces significant electronic redistribution at the iron surface, 

with the formation of deep bonding states and partially occupied antibonding states. In clean iron, the d-band 

center is located at εd ≈ −0.92 eV; upon oxygen adsorption, εd shifts to approximately −2.5 eV, reducing the 

density of states near the Fermi level and weakening hydrogen adsorption [8,61,28]. 

This downshift originates from the strong energetic misalignment between O(2p) and Fe(3d) orbitals, which 

favors charge transfer toward oxygen and stabilizes O–Fe bonds [37]. Conceptually, this shift acts as an 
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“electronic switch” of surface reactivity: by moving d states away from EF, hybridization with H(1s) orbitals is 

limited and preferential stabilization of oxygen over hydrogen is promoted. 

Electronic and energetic descriptors quantify this effect by correlating εd and the DOS with adsorption strength 

and reactivity, enabling prediction of hydrogen behavior trends in 3d metals and alloys [38]. DFT studies show 

that reactivity does not depend solely on the density of states at EF, but on the hybridization energy between 

bonding/antibonding adsorbate states and the metal d band, confirming the validity of  εd as an electronic 

descriptor [39]. Figure 2 schematically illustrates this mechanism and its impact on the electronic density of 

states, consolidating the role of oxygen as a long-range electronic modifier on iron surfaces (Figure 2). 

Dissociative Adsorption of O₂ [28, 48] 

Molecular oxygen adsorbs dissociatively on Fe surfaces in API X65 steels, preferentially occupying hollow and 

bridge sites. Its high electronegativity and small atomic radius favor the formation of strongly polar Fe–O bonds, 

with charge transfer on the order of 0.5–1 e per oxygen atom. 

Thermodynamically, oxygen adsorption is highly favorable (−5 to −6 eV), far exceeding that of hydrogen (≈ 

−0.5 eV), ensuring preferential occupation of active sites even under H₂/O₂ competition [37]. From a kinetic 

standpoint, O₂ dissociation exhibits low activation barriers (≈ 0.2–0.5 eV) due to efficient hybridization between 

O₂ π orbitals and Fe d states, leading to rapid formation of ordered monolayers such as the p(2×2)-O phase on 

Fe surfaces (Figure 3) [28]. 

Conceptually, surface reactivity depends not only on the density of states at EF, but on the hybridization energy 

between bonding and antibonding adsorbate states and the metal d band, as supported by DFT calculations and 

activation barrier estimates [48]. This relationship explains the rapid dissociation of O₂ and the stability of 

oxygen adsorption against hydrogen, reinforcing the predictive capability of electronic and energetic descriptors 

for surface behavior [28,48] (Figure 3). 

Electronic Modification and Density of States (DOS) [9, 49, 62] 

Oxygen adsorption on Fe induces intense O(2p)–Fe(3d) hybridization, redistributing surface electronic density 

and transferring charge from the metal to the adsorbate. This coupling generates deep bonding states and 

antibonding states near the Fermi level, weakening subsequent interactions such as Fe–H bonding. The greater 

strength of the O–Fe bond (2–3 eV) relative to H–Fe (~0.5 eV) dominates the electronic response of the first 

surface layers, inducing a downshift of the d-band center (εd), reducing hydrogen adsorption energy (from ~−0.5 

to ~−0.2 eV), and increasing the H₂ dissociation barrier above 1 eV [9]. 

This phenomenon can be explained by the d-band model and the relationship between metal d states and 

adsorbate orbitals: greater filling of antibonding states and the position of ε_d relative to EF determine bond 

strength and surface reactivity [9]. Recent DFT studies on O₂ activation on metallic surfaces confirm that oxygen 

reactivity and oxide formation tendency correlate with the position and density of d states; surfaces with a more 

filled and lower-energy d band exhibit inert behavior, whereas open or defective sites show high reactivity [49]. 

This framework reinforces that chemisorption of electronegative adsorbates induces electronic redistribution, 

with the formation of deep bonding states (~2–3 eV below EF) and increased occupation of antibonding states. 

The neighboring d-band downshift (1–2 eV) reduces hydrogen adsorption energy and raises H₂ dissociation 

barriers, reflecting weaker metal–adsorbate hybridization and a second-order electronic response of the surface 

layers, in agreement with DOS redistribution and electronic blocking of active sites [62]. 

As a result, hydrogen adsorption, solubility, and permeation are significantly reduced, establishing an electronic 

blocking of active sites that limits hydrogen mobility and mitigates hydrogen embrittlement in API X65 steels. 

Figure 4 illustrates how an adsorbate (such as oxygen) interacts with the metal s and d orbitals, forming bonding 

and antibonding states. The position of these states relative to the Fermi level defines adsorption strength and 

governs changes in surface reactivity (Figure 4). 
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H₂ Activity in the Presence of Oxygen Inhibition in API X65 Steel [50–52] 

Molecular hydrogen (H₂) progressively overcomes the initial oxygen-induced inhibition in API X65 steels 

through a combination of electronic, thermodynamic, and kinetic effects that degrade the surface O/Fe–O layer. 

Although adsorbed oxygen induces a downshift of the d-band center and increases the barriers for hydrogen 

adsorption and diffusion, this layer is thin, discontinuous, and susceptible to chemical reduction by H₂ [50]. The 

competitive conversion of FeO species into OH* and H₂O weakens oxide stability, allowing hydrogen to 

penetrate into the metallic matrix [51]. 

The small atomic radius of hydrogen, its high diffusivity in α-ferrite, and high operating pressures favor 

interstitial transport. Experimental studies show that hydrogen solubility and diffusion are governed by activation 

toward octahedral sites and by dislocation-assisted diffusion (pipe diffusion), further facilitated by hydrogen-

induced plasticity mechanisms [50,51]. Once the surface barrier is compromised, interstitial diffusion dominates 

and activates embrittlement mechanisms such as HEDE and HELP, particularly in microstructures subjected to 

deformation or thermal treatments [52]. 

From an electronic standpoint, the overcoming of oxidizing inhibition is explained by the reorganization of the 

Fe density of states during hydrogen adsorption. Fe–H hybridization generates bonding states near the Fermi 

level, restoring surface reactivity and revealing the transient nature of oxygen-induced protection. In this context, 

the effectiveness of oxygen depends critically on the electronic competition between H and O for d states near 

EF [50–52]. 

Fe–H vs. Fe–O Competition: Electronic Basis for Hydrogen Penetration [50, 54–58] 

Hydrogen inhibition by oxygen or oxides on iron is intrinsically transient and arises from electronic competition 

around the Fermi level. Metallic Fe exhibits a high density of d states near EF, which favors hybridization with 

H(1s) orbitals and the formation of electronically stabilized Fe–H bonds [50,55,56]. In contrast to oxygen, whose 

2p states lie at deep energies and are largely decoupled from EF, hydrogen interacts efficiently with Fe 3d, 4s, 

and 4p states, lowering kinetic barriers and promoting high interstitial mobility [55,56]. 

This Fe–H hybridization stabilizes bonding states near EF and reduces the total energy of the system more 

effectively than Fe–O bond formation, thermodynamically favoring hydrogen dissolution, particularly under 

high H₂ partial pressures [50,54]. DFT calculations and experimental studies show that hydrogen preferentially 

adsorbs at high-coordination sites on Fe with low diffusion barriers, while H₂ can reduce partially oxidized 

surfaces and displace adsorbed oxygen [56,57]. 

Overall, the high availability of electronic states near EF, Fe–H hybridization, interstitial diffusion, and Fe–O 

electronic competition explain the breakdown of the oxidized barrier and the transient nature of the initial 

inhibition. These effects facilitate hydrogen penetration, DOS reorganization, and activation of HEDE/HELP 

embrittlement mechanisms, as conceptually summarized in Table 3 and Figure 5 [50,54–58]. 

CONCLUSIONS 

Based on the above analysis, the transient inhibition of hydrogen permeation induced by oxygen in API X65 

steel can be coherently explained by quantum-mechanical mechanisms, particularly O(2p)–Fe(3d) hybridization 

and the associated electronic redistribution evidenced in the band structure, Fermi level, and density of states 

(DOS). The formation of Fe–O bonds shifts the d-band center toward lower energies and reduces the DOS near 

the Fermi level, generating an initial electronic barrier that limits hydrogen adsorption and activation. 

Nevertheless, this protection is partial and non-permanent, since the small atomic size, high diffusivity, and 

reducing character of hydrogen enable it to progressively overcome this barrier and restore permeation within 

the metallic lattice. 

From a materials design perspective, and based on the results of this work, a rational strategy is established to 

improve hydrogen resistance in X65 steels. This strategy includes controlled alloying (Cr, Mo, and Ni), the use 
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of protective coatings, control of operating conditions, and DFT-based electronic modeling, all aimed at reducing 

surface reactivity toward hydrogen and increasing material stability in green hydrogen applications. 

In summary, the fundamental mechanisms and derived strategies, summarized in Table 4, provide a quantitative 

and conceptual basis for the optimization of API X65 steels intended for hydrogen-based energy infrastructures. 
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Tablas ( 1-3 ) 

Table 1. Values of Critical Periodic Properties (O vs. Fe) [10–14] 

Property Oxygen (O) Transition Metal 

(e.g., Iron, Fe) 

Difference / Interpretation 

Effective Nuclear 

Charge (Z_eff) 

2p ≈ 4.45 (very 

high) 

4s ≈ 1.2–1.7 

(estimated); 3d ≈ 

6–7 (strongly 

shielded) 

Oxygen exhibits a much higher Z_eff on its 

valence electrons → more contracted and 

stable orbitals. In Fe, 3d electrons are 

strongly shielded → more diffuse and more 

reactive. [10] 

Electronegativity 

(Pauling) 

3.44 1.83 (Fe) Δχ ≈ 1.6–1.7 → strongly polar Oδ⁻—Feδ⁺ 

bond, favoring electron transfer toward 

oxygen. [11] 

First Ionization 

Energy (IE₁) 

1313.9 kJ·mol⁻¹ 762.5 kJ·mol⁻¹ 

(Fe) 

Oxygen has a much higher IE → more 

stable valence orbitals, stronger nucleus–

electron attraction. Fe ionizes more easily 

→ acts as an electron donor. [12] 

Atomic / Covalent 

Radius 

≈ 66 pm (very 

small) 

≈ 126 pm (Fe) Oxygen is compact → high electronic 

density. Fe is larger and more diffuse → 

facilitates oxygen penetration, oxide 

formation, and surface reconstruction. [13] 

Valence orbital 

energy level 

2p orbital ≈ −14 to 

−15 eV (deep, 

highly stable 

potential well); 

H(1s) = −13.6 eV 

3d/4s orbitals ≈ 

−6 to −8 eV (less 

stable) 

ΔE ≈ 7–9 eV → oxygen strongly withdraws 

electronic density from Fe, explaining the 

d-band downshift, the formation of deep 

bonding states, and the spontaneous 

oxidation of the iron surface. [14] 
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Table 2. Relationship between Z–εd–(d+s) and catalytic activity (Hammer–Nørskov model) for 3d, 4d, and 5d 

elements [60, 29, 33, 34] 

Element Atomic 

Number 

(Z) 

εd − EF (eV) 

(DFT, 

diagonal) 

Valence 

electrons (d 

+ s) 

Hammer–Nørskov interpretation (adsorption / 

catalysis) 

Fe 26 −0.92 3d⁶4s² → 8 d-band very close to EF → high DOS near EF. Strong 

donation/back-donation to adsorbates → strong 

bonds, low activation barriers (highly active for O₂ 

dissociation, H₂ activation, redox reactions). 

Co 27 −1.17 3d⁷4s² → 9 εd slightly deeper than Fe → high activity but 

somewhat lower; good adsorption and catalytic 

capability, similar behavior but less donating than Fe. 

Ni 28 −1.29 3d⁸4s² → 10 εd deeper than Co → reduced relative reactivity; still 

active for bonding with H, O, and CO; typically a 

good catalyst for partial hydrogenation. 

Cu 29 −2.67 3d¹⁰4s¹ → 

11 

d-band far from EF (very deep) → low surface 

activity / more noble behavior; weak adsorption 

compared with Fe–Ni. 

Ru 44 −1.41 4d⁷5s¹ → 8 εd relatively high (close to Ni/Co) → good balance 

between bond strength and stability; known for 

strong activity in hydrogen-related reactions and 

synthesis. 

Rh 45 −1.73 4d⁸5s¹ → 9 εd deeper than Ru → moderate-to-high activity; 

strong selective coupling with certain adsorbates 

(effective for hydrogenation). 

Pd 46 −1.83 4d¹⁰5s⁰ → 

10 

Relatively deep d-band → less donating than Fe, but 

unique properties (subsurface H absorption, hydride-

forming capability). 

Ag 47 −4.30 4d¹⁰5s¹ → 

11 

Very deep εd → noble metal; weak adsorption and 

low molecular activation capacity compared with 

Fe–Ru. 

Ir 77 −2.11 5d⁷6s² → 9 Moderately deep εd; combines stability with good 

catalytic performance in high-potential reactions 

(oxidation, selective hydrogenation). 

Pt 78 −2.25 5d⁹6s¹ → 10 Deep–moderate εd → highly active in practice 

(balance between adsorption and product release), 

but less donating than Fe. 

Au 79 −3.56 5d¹⁰6s¹ → 

11 

Deep εd → noble behavior; weak adsorption on flat 

surfaces; however, Au nanoparticles show activity 

due to size and coordination effects. 
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Table 3. Graphical–conceptual summary of the process (clean Fe vs. Fe–H according to the DOS) [38, 58, 60-

62] 

Energy Region 

(eV) 

Band Name Clean Fe (Blue) Fe with adsorbed H (Red) Physical Meaning 

Negative (< 0) Valence 

Band 

High DOS associated 

with Fe valence 

electrons (d and s 

orbitals). 

New peaks appear 

corresponding to Fe–H 

bonding states; the DOS is 

redistributed. 

Formation of the 

Fe–H chemical 

bond: electrons 

localize in bonding 

orbitals. 

Zero (0) Fermi Level 

(E₀) 

Defines the boundary 

between occupied and 

unoccupied states; 

exhibits a high DOS 

peak. 

DOS at E₀ decreases as 

electrons relax into bonding 

states. 

Reduced surface 

metallic reactivity 

(fewer electrons 

available at E₀). 

Positive (> 0) Conduction 

Band 

Unoccupied states 

available for electronic 

excitation. 

DOS near E₀ remains 

reduced and stays lower than 

in clean Fe at higher 

energies. 

Evidence of charge 

transfer and 

stabilization: 

electrons migrate 

to lower-energy 

states. 

Table 4. Established quantum theories identifying the root cause of the problem 

Established Quantum 

Theory 

Role in the Analysis Root-Cause Explanation 

1. Orbital Theory / 

Hybridization 

Explains the initial 

surface chemical 

interaction. 

O(2p)–Fe(3d) hybridization redistributes the 

electronic density at the iron surface, creating a new 

electronic barrier. 

2. d-Band Theory Explains changes in 

surface reactivity. 

The d-band downshift weakens Fe–H back-donation, 

reducing the adsorption and dissociation energies of 

H₂. 

3. Periodic Properties 

(Z_eff, Electronegativity) 

Explains the electronic 

dominance of oxygen. 

The higher effective nuclear charge (Z_eff) and 

electronegativity of O allow it to dominate the 

interaction and withdraw electronic density from Fe. 

4. Surface Adsorption 

Theory 

Links electronic 

structure to 

macroscopic 

properties. 

Quantitatively correlates the d-band position with 

adsorption energy, predicting weakening of the Fe–H₂ 

interaction. 

5. Statistical Quantum 

Mechanics and Diffusion 

Explains the transient 

nature of inhibition. 

The minimal atomic radius and high diffusivity of H, 

governed by quantum effects, allow it to overcome 

the oxidized barrier over time under pressure. 

Figuras (1 – 5) 
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Figure 1. d-band center (ε_d − E_F) as a function of the atomic number Z for 3d, 4d, and 5d transition metals 

[19]. 

 

Figure 2. Schematic representation of the coupling between the metal d-band and the adsorbate orbital, 

illustrating the formation of bonding (d–σ) and antibonding (d–σ)* states [8]. 

 

Figure 3. Dissociative adsorption and electronic modification of O₂ on the metal surface 
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Figure 4.-Quantum electronic density of states (DOS) diagram in metal–adsorbate adsorption [ 9, 49, 62] 

 

Figure 5. Comparative diagram of the density of states (DOS) before and after a perturbation 
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