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Highlights

e  Six near-surface substitutions were examined in TiFe(111) slab models.

e  Molecular, dissociative, and reported single-H adsorption are distinguished.

e  Molecular binding strength and H-H elongation need not follow the same trend.
e  Mn/Fe yields a dissociated configuration; Co/Fe and Ni/Fe retain molecular H,.
o Constrained NEB profiles are reported with their achieved convergence status.

Abstract

TiFe-based alloys offer reversible hydrogen storage, but adsorption strength alone does not
determine surface activation. Spin-polarized density functional theory was used to examine
Sc, V, Cr, Mn, Co, and Ni substitution in the third atomic plane of Ti- and Fe-terminated
TiFe(111) slabs. Adsorption and hydrogen-free electronic-structure calculations used PBE
without a dispersion correction; separately prepared dissociation profiles used ordinary
PBE nudged elastic band (NEB) calculations. The substituted Ti-face configurations retain
molecular hydrogen at —0.023 to —0.161 eV. On the Fe face, Mn yields two separate H atoms
at —1.838 eV per incident H,, Cr and Sc elongate the molecule (0.863 and 0.831 A), and Co,
Ni, and V change it by less than 0.03 A; several Fe-face energies include a change in the
slab’s magnetic state. Only the Ti/Cr band met the force criterion, under additional lateral
hydrogen constraints; the other eleven bands remained unconverged. Their sampled heights
therefore do not establish a quantitative dissociation-barrier ranking. Metal-projected
spectra and Bader charges provide electronic context without establishing a hydrogen-orbital
mechanism. The results distinguish configuration-specific binding, molecular distortion,
and exploratory pathway information; they do not identify a universal optimum additive
for practical hydrogen uptake or release.

Keywords: density functional theory; TiFe alloy; hydrogen storage; hydrogen activation;
transition-metal doping; electronic structure
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1. Introduction

Hydrogen is increasingly recognized as a promising energy carrier for low-carbon
energy systems because of its high gravimetric energy density and broad applications in
transportation, fuel cells, and industry [1-6]. It can be produced from diverse sources,
including fossil fuels, nuclear power, and renewable energy, supporting the development
of a broad hydrogen value chain encompassing production, storage, transportation, and
supply [7-12]. Among these interconnected components, hydrogen storage remains a major
technological challenge because H, has a very low density under ambient conditions,
making efficient and practical storage difficult [13,14].

Current hydrogen-storage technologies can broadly be classified into compressed-gas,
cryogenic-liquid, and solid-state approaches [13-17]. Compressed and liquid hydrogen are
established storage routes, but they require either high pressures or cryogenic temperatures
and present challenges related to energy consumption, volumetric efficiency, infrastructure,
and safety [15,16,18-21]. Solid-state storage offers an alternative in which hydrogen is
retained within a host material through chemical or physical interactions, including ab-
sorption in metal hydrides and adsorption in porous or carbon-based materials [17,22-27].
These materials can provide high volumetric storage densities and favorable safety character-
istics, although their practical performance depends on storage capacity, sorption kinetics,
reversibility, and cycling stability.

Among solid-state hydrogen storage materials, metal hydrides are particularly attrac-
tive because they can accommodate hydrogen within compact metallic lattices, providing
high volumetric storage density without the extreme pressures required for compressed
hydrogen or the cryogenic temperatures required for liquid hydrogen [28-30]. Their hydro-
gen absorption and desorption involve a complex interplay of thermodynamic and kinetic
factors, including hydride stability, temperature, pressure, and hydrogen transport within
the material [29,31]. Accordingly, practical performance depends on achieving a balance
among storage capacity, operating conditions, reaction kinetics, reversibility, and cycling
stability [32-34]. Understanding and controlling these factors is therefore essential for
developing efficient and reversible hydrogen-storage systems. In practice, however, surface
impurities can hinder hydrogen adsorption and complicate the initial activation of metal
hydrides, while sluggish sorption kinetics and unfavorable thermodynamics can further
limit their performance [32]. These considerations have motivated extensive research into
intermetallic compounds capable of reversibly absorbing hydrogen under comparatively
moderate conditions.

Within the broad family of intermetallic hydrogen-storage materials, TiFe has been
recognized as an attractive alloy because it combines reversible hydrogen absorption
with relatively high volumetric storage density and the use of comparatively inexpen-
sive and abundant constituent elements [35,36]. TiFe is an AB-type intermetallic compound
with a B2 (CsCl-type) structure and can reversibly form hydride phases upon hydro-
gen absorption [37-39]. It has a theoretical hydrogen-storage capacity of approximately
1.86 wt% and, following appropriate activation, can absorb and desorb hydrogen under con-
ditions close to ambient temperature [35,36]. These characteristics have sustained decades
of research into TiFe-based materials and have motivated their investigation for applications
including stationary hydrogen storage, thermal hydrogen compression, and nickel-metal
hydride battery systems [40,41]. The combination of reversible hydrogen storage, relatively
high volumetric capacity, moderate operating conditions, and low constituent-element cost
therefore continues to make TiFe an attractive platform for the development of practical
solid-state hydrogen-storage technologies.

A major limitation of TiFe is its difficult initial hydrogenation. TiFe generally requires
elevated temperatures of approximately 673773 K and hydrogen pressures of several mega-
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pascals before efficient hydrogen uptake can be achieved [42,43]. Schlapbach and Riesterer
attributed this difficulty to the initially passivating surface oxide and investigated its evo-
lution during activation under high-pressure hydrogen conditions [43,44]. They showed
that the surface oxide undergoes chemical transformation through surface segregation and
reduction, resulting in a surface containing TiO, and Fe. Their H, /D, exchange experiments
further demonstrated that molecular hydrogen dissociates readily on Fe and FeTi, whereas
TiO, does not promote H, dissociation effectively [43,44]. These findings indicate that
activation involves substantial changes in the surface composition and chemical state rather
than simply the physical removal of an oxide layer. Importantly, Schlapbach and Riesterer
also suggested that the difficulty of initial hydrogen absorption in high-purity TiFe may
involve bulk processes, including hydrogen diffusion and fracture-related effects [43,44].
Nevertheless, these findings underscore the importance of understanding the intrinsic
chemical and electronic properties of the metallic surface and their role in the interaction
with molecular hydrogen.

Once hydrogen reaches the metallic surface, its adsorption and dissociation are gov-
erned by the local atomic configuration and electronic structure of the exposed sites. In an
early full-potential linearized augmented plane-wave (FLAPW) study, Lee et al. investigated
hydrogen adsorption on B2 TiFe(001) and TiFe(110) surfaces and found that hydrogen
forms stronger chemical bonds with Fe than with Ti [45]. They also reported a pronounced
ferromagnetic moment of 2.27 pgfor the Fe-terminated TiFe(001) surface, which rapidly
diminishes toward the interior of the slab. These results demonstrate that the local surface
composition and electronic structure strongly influence hydrogen-TiFe interactions, with Fe-
containing sites exhibiting stronger chemical interactions with hydrogen than Ti sites.

These findings suggest that TiFe activation involves two closely connected factors:
surface passivation and the intrinsic chemical and electronic properties of the exposed alloy.
Thus, improving bulk hydrogen-storage properties alone may not facilitate activation if H,
adsorption and dissociation remain unfavorable. Effective modification should therefore
tailor the surface environment to promote H, activation while preserving the favorable
storage characteristics of TiFe.

Partial substitution of Ti or Fe by a third element has emerged as a widely investigated
and practically relevant strategy for improving the activation and hydrogen-sorption behav-
ior of TiFe-based alloys [46-52]. Among the various alloying elements, Mn is one of the most
extensively studied dopants [53-57]. Partial replacement of Fe by Mn has been shown to
expand the CsCl-type unit cell, lower the hydrogen plateau pressure, and shorten the incu-
bation period for hydrogen absorption across a range of Ti—-Fe-Mn compositions [58]. More
broadly, Dematteis et al. demonstrated that similar beneficial effects on activation can be
achieved with a wide range of substituent elements, highlighting substitutional alloying as
a general strategy for tailoring TiFe-based materials [48]. Further studies have reported that
Zr addition can eliminate the incubation period through the formation of Zr-rich secondary
phases [59], while Mn- and Cr-containing alloys exhibit improved activation associated with
secondary phases, particularly near grain boundaries [60]. Appropriate substitution can
also improve hydrogen-storage performance; for example, TiFe; ¢sMn, osCoy o5 Was reported
to achieve 1.98 wt% H, at 0 °C [61]. Zr additions, intermetallic additives, and rare-earth
substitutions have likewise been investigated for modifying the activation and sorption
characteristics of TiFe [62-64].

Recent work by Garelli et al. demonstrated that Cr- and Al-containing alloys activated
more rapidly than the Co- and Cu-containing compositions examined in that study [65].
The authors related the differences to phase constitution and transport-related behavior.
Such experimental comparisons motivate distinguishing the effect of a substituent on a
particular surface step from its effect on overall alloy activation.
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First-principles studies have examined hydrogen energetics in bulk TiFe and the ef-
fects of substitution on diffusion and binding environments [46,66,67]. Izanlou and Ay-
dinol examined clean TiFe(001), (110), and (111), including dissociation on both (111)
terminations [68]. Kumar et al. subsequently investigated systematic 3d substitution on
both TiFe(111) terminations, reporting site-selected dissociated hydrogen configurations,
including subsurface occupation on the Fe face [49]. Li et al. examined dissociative ad-
sorption, segregation, and substitution energetics for 3d and 4d additives on TiFe(110),
identifying Co replacing Fe and Sc replacing Ti as promising when these criteria were con-
sidered jointly [69]. These studies establish a substantial adsorption-screening background
against which the present configuration and pathway results must be compared.

The connection between these elementary surface processes and practical hydrogen
uptake depends on additional mechanisms. Santhosh et al. reported an H, dissociation
barrier of 0.172 eV but hydrogen-penetration barriers above 1.4 €V for an oxidized TiFe(110)-
based surface, not for a clean TiFe(111) slab [70]. Kim et al. combined experimental oxide
characterization and activation measurements with calculated hydride-nucleation energet-
ics; V and Cr improved activation more effectively than Co and Ni in their comparison [71].
These results caution against equating a favorable clean-surface adsorption energy with an
improvement in the complete absorption process.

The present work complements these studies with a joint analysis of the molecular and
dissociated configurations and selected dissociation profiles for six near-surface substitu-
tions in TiFe(111) slab models. The adopted model contains a dopant below the outermost
atomic plane; the calculation therefore probes hydrogen interaction with a substituted
near-surface environment, not necessarily direct adsorption on an exposed dopant atom.
Its focus is the relationship between binding, H-H distortion, and energy variation along
a specified path, not a first systematic dopant survey. Reported single-H binding and
the molecular and dissociated two-H states are treated separately. Their structural and
electronic context is examined without assuming that one descriptor orders all aspects of
reactivity. The comparison with earlier site-selected dissociative minima explicitly identifies
different final states and sampling protocols; neither of those comparisons nor the additional
profiles establish a global adsorption minimum or a universal alloy-activation ranking.

The remainder of this article is organized as follows. Section 2 defines the models,
calculation methods, and energy references. Section 3 presents adsorption, selected dissocia-
tion profiles, and electronic-structure results with the corresponding literature comparisons.
Section 4 discusses their implications and limitations for hydrogen uptake, and Section 5
summarizes the conclusions.

2. Computational Methodology
2.1. Model Systems and Surface Construction

All surface calculations were performed on TiFe(111) slab models constructed from
the DFT-optimized bulk B2-TiFe structure. The optimized lattice parameter obtained at
the PBE level was a = 2.9761 A, in excellent agreement with the experimental value of
2.976 A [58] and previous first-principles studies of TiFe [66].

The choice of (111) is motivated by its use in previous adsorption and dissociation
studies [49,68], rather than by an assumption that it is universally the lowest-energy facet.
Kumar et al. reported (111) as the lowest-energy orientation among their three low-index mod-
els [49]. Li et al., however, obtained a (110) preference in their layer-dependent comparison of
(001), (110), and (111) slabs [69]. Lodziana likewise obtained (110) as the lowest-energy facet
while including (111) in the calculated equilibrium shape [72]. The latter study reports effec-
tive energies for stoichiometric slabs and does not include reconstructions or off-stoichiometric
surfaces. These different model treatments do not establish the equilibrium abundance of
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the individual substituted terminations considered here. The present calculations address
their intrinsic hydrogen interactions as prescribed surface configurations; a chemical-potential-
dependent surface phase diagram is outside their scope.

Two separate asymmetric slab models were constructed in the MedeA environ-
ment [73], each with unlike upper and lower terminations. The pristine (3 x 3 x 1)
supercell contains 108 metal atoms (54 Ti and 54 Fe) in 12 alternating atomic planes
with nine sites per plane. Numbering planes from the adsorption face downwards,
the Ti-face sequence is Ti/Fe/Ti/Fe/Ti/Fe/Ti/Fe/Ti/Fe/Ti/Fe; the Fe-face sequence is
Fe/Ti/Fe/Ti/Fe/Ti/Fe/Ti/Fe/Ti/Fe/Ti. Thus, a Ti adsorption face has an Fe-terminated
lower face and vice versa. For adsorption-structure optimization, the upper four atomic
planes were allowed to relax, while the lower eight were fixed. Adsorbates were relaxed on
the upper face; the distinct NEB endpoint and image masks are specified in Section 2.3.2.
The resulting structures are relaxed within this specified mobile region, not with respect to
every substrate coordinate.

The substituted compositions are Tis; XFes, for the Ti-face family and TisFes3 X for the
Fe-face family, where X = Sc, V, Cr, Mn, Co, or Ni. The specified substitution lies in the
second plane of the corresponding host species counted from the adsorption face, i.e., plane
3 of the alternating stack, rather than in the outermost plane. One host atom in that plane
is replaced, leaving eight host atoms and one dopant; the exposed top plane retains nine
host atoms. Figure 1 shows the numbered-plane model. This is a near-surface substitution
model, not a surface-segregation calculation or a representation of direct replacement of an
exposed adsorption atom.

Plane from top  Ti-face family = Fe-face family =~ Endpoint/adsorption relaxation

1 9Ti 9Fe Relaxed; adsorption side
2 9Fe 9Ti Relaxed

3 8Ti+ X 8Fe + X Relaxed; substituted plane
4 9Fe 9Ti Relaxed

5 9Ti 9Fe Fixed

6 9Fe 9Ti Fixed

7 9Ti 9Fe Fixed

8 9Fe 9Ti Fixed

9 9Ti 9Fe Fixed

10 9Fe 9Ti Fixed

11 9Ti 9Fe Fixed

12 9Fe 9Ti Fixed; lower face

Figure 1. Numbered-plane composition of the two asymmetric TiFe(111) slab families, with X = Sc,
V, Cr, Mn, Co, or Ni in atomic plane 3. The exposed plane retains nine host atoms. The movable/fixed
regions shown apply to adsorption and NEB endpoint preparation: the top four planes and H relax,
while the lower eight planes remain fixed. All metal coordinates are fixed during optimization of
the intermediate NEB images; H is movable in three directions except for Ti/Cr, where lateral H
coordinates are fixed. This is a layer schematic, not an atom-coordinate rendering.

Hydrogen adsorption was investigated by placing H, above selected sites and relaxing
the allowed coordinates. The configurations are outcomes of this sampling, not a determina-
tion of the global adsorption minimum. The simulation-cell length along the surface normal
is ¢, = 35 A, including both the slab and its periodic separation. For the Co-containing
examples, the metal-slab spans are approximately 9.30 A (Ti-face) and 9.06 A (Fe-face),
giving separations between the outermost metal planes of periodic replicas of approxi-
mately 25.70 and 25.94 A, respectively. These separations exclude the extent of the adsorbed
hydrogen. The slab spans are example-specific and are not assigned to every composition.
Figures S1-S5 show the original cutoff, k-point, magnetic-initialization, and cell-separation
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sensitivity data. No systematic slab-thickness or relaxation-depth series was performed.
The cell length and the corresponding metal-plane separations are distinguished explicitly
in Supplementary Materials Tables S1 and S5; 35 A is not the empty vacuum-gap thickness.

2.2. Computational Details

The bulk, adsorption, gas-phase reference, static DOS/charge, and NEB calculations
used VASP 6.1.2 (22]Jul20) [74,75]. Electronic interactions were described with the pro-
jector augmented-wave (PAW) formalism [76] and the Perdew—Burke—Ernzerhof (PBE)
generalized gradient approximation [77]. No empirical dispersion correction (e.g., Grimme
DFT-D3 with Becke-Johnson damping [78,79]) was applied in the adsorption, static elec-
tronic, or NEB calculations. The adsorption and NEB calculations are nevertheless separate
computational treatments, not a single quantitatively combined energy landscape. The Ti
and Fe datasets were PAW_PBE Ti_sv (26Sep2005) and Fe (06Sep2000). The NEB records
also identify H (15Jun2001) and, for the Mn calculation, Mn_pv (02Aug2007).

Geometry optimization used a plane-wave cutoff of 520 eV, an electronic convergence
threshold of 107° €V, and a 5 x 5 x 1 Monkhorst-Pack mesh. The conjugate-gradient op-
timizer was used (IBRION = 2 ), with NSW = 100, ISIF = 2, and EDIFFG = —0.02 eV/A.
Six adsorption relaxations ended before reaching this force criterion; they are identified in
Table 1 and Supplementary Materials Table S6. Spin polarization was enabled (ISPIN = 2).
Occupations used first-order Methfessel-Paxton smearing (ISMEAR = 1, SIGMA = 0.2 eV).
The reported dipole settings are LDIPOL = .TRUE., IDIPOL = 3, and DIPOL = (0.5,0.5,0.16),
with z the surface-normal direction. The NEB convergence status is reported separately be-
low; its target force tolerance is not taken as evidence that every band reached that tolerance.

Table 1. Reported single-H adsorption energies EtL  (eV per H) and two-H-system adsorption

energies Ez%)s (eV per incident H,). The latter equals E_g4, o for molecular outcomes and E_ 4 4
for the dissociated Mn/Fe outcome. The final-state labels distinguish molecular from dissociative
adsorption rather than assigning an energy-threshold bonding classification. * The final slab moment
differs from that of the clean reference, so the entry includes a change in slab state. In the pristine, Co,
and Ni structures, H, is little elongated and lies 2.4—4.3 A from the nearest metal atom, so the entry is
attributed mainly to that change (Section 3.2).  Includes restructuring of the surface and a change in
slab moment. ¢ The relaxation ended before reaching the force criterion (Supplementary Materials
Table 56).

Dopant Ti EY,, Ti E®, Fe EIL,_ Fe E?). Final State (Ti/Fe)

Pristine —0.881 —0.146 —-1.185 —0.6212* Molecular/molecular

Co —0.433 —0.029 ¢ -1.173 —0.7042 Molecular/molecular

Cr +0.028 —0.055 ¢ —-0.674 —0.293 ¢  Molecular/molecular

Mn —0.101 —0.027 —-0.441 —1.838> Molecular/two separate H atoms

Ni -0.296 —0.024 ¢ -1.955 —0.946 2¢  Molecular/molecular

Sc —1.008 —0.161 —-0.908 +0.108  Molecular/endothermic molecular configuration
\'% +0.053 —0.023 ¢ —0.639 —0.029 Molecular/molecular

The absence of a dispersion correction is expected mainly to underestimate the binding
of weakly interacting molecular configurations; no dispersion-corrected comparison was
performed. The adsorption energies and NEB profiles are reported separately and are not
combined to assign an activation energy from a Table 1 adsorption configuration. Their
different constraints and energy conventions do not by themselves establish the cause of
differences between studies [80].

Because the magnetic state of transition-metal-doped TiFe surfaces can significantly
influence their electronic structure and adsorption behavior, spin-polarized calculations
were performed for all pristine and doped Ti-terminated and Fe-terminated surfaces. Initial
magnetic moments were assigned based on preliminary magnetic convergence tests (see
Figure S4 in the Supplementary Materials) and the expected magnetic character of the

https://doi.org/10.3390/ma19224792


https://doi.org/10.3390/ma19224792

Materials 2026, 19, 4792

7 of 23

constituent elements. The initial moments were set to 0.5 yg for Ti and 1.5 pp for Fe in the Ti-
face models (0.2 and 0.75 pg, respectively, in the Fe-face models), 1.5 g for V, 3.5 yp for Mn,
2.5 pg for Cr, 1.2 pg for Co, 0.65 pp for Sc and Ni, and 0.0 g for H atoms. The final magnetic
configurations and local magnetic moments were subsequently determined self-consistently
during electronic relaxation.

The final slab moments of each H,-containing calculation were compared with those
of its clean reference. For the pristine, Co, Cr, Mn, and Ni Fe-face models, the total moment
changed (from 21.9 to 18.9, 21.6 to 18.4, 17.8 to 20.5, 18.0 to 19.4, and 20.3 to 17.6 g,
respectively), so the corresponding energy differences include a change in slab state in
addition to the hydrogen interaction. The Sc/Fe and V/Fe moments and all Ti-face moments
are essentially unchanged (<0.1 pg). Static references for the final slab geometries with
hydrogen removed were not computed in this revision; the affected energies are therefore
qualified in Section 3.2 rather than corrected.

The NEB calculations used VASP’s built-in ordinary NEB implementation, without a
VTST extension or a climbing image [81]. Four intermediate images connected two sep-
arately relaxed endpoints. The NEB inputs were ENCUT = 520 eV, a 5 x 5 x 1 automatic
mesh reported to match the optimization sampling, ISPIN = 2, ISMEAR = 1, SIGMA = 0.2 eV,
EDIFF = 107% eV, and EDIFFG = —0.02 eV/A. Damped ionic dynamics used IBRION = 3,
POTIM = 0.05, and SPRING = —5. The NEB dipole settings were LDIPOL = .TRUE.,
IDIPOL = 3, and DIPOL = (0.5,0.5,0.16). No zero-point, vibrational, or finite-temperature
corrections were included.

DOS and charge calculations were static single-point calculations without ionic mo-
tion (IBRION = -1, NSW = 0), using 520 eV, an electronic threshold of 10 €V, and a
9 x 9 x 1 Monkhorst-Pack mesh. The spin, smearing, and dipole treatment followed the
settings above. The reported DOS grid and projection inputs were NEDOS = 3000 and
LORBIT = 11. VASPKIT Standard Edition 1.3.5 (3 July 2022), options 111 and 113, was
used for the total and element-projected DOS, respectively [82]. The TDOS is summed
over the full slab; the spin-resolved elemental PDOS is summed over all atoms of that
element and is not normalized per atom. The spectra were calculated only for hydrogen-free
pristine and substituted slabs. DOS calculations were not performed for H,-adsorbed or
other hydrogen-containing configurations; no H 1s projections are available. These spectra
characterize the host electronic structure and are not evidence of H, orbital occupation or a
donation/back-donation mechanism.

Bader charge partitioning used the grid-based method of Henkelman and co-workers [83].
Charges are reported in units of ¢, with positive values denoting electron loss and negative
values denoting electron gain. The molecular charge for H, on a pristine slab is the sum over
both H atoms. The dopant charges and the molecular charges refer to different reported
datasets; dopant charges are not treated as adsorption-induced charge differences. The real-
space maps are charge-density sections, not charge-density-difference or electron-localization-
function maps.

Adsorption energies were formed from VASP total-energy values without entropy
contributions, with each adsorbed structure referenced to a clean slab of the same metal com-
position and compatible constraints and settings. For the isolated H, reference, computed in
the same cell, the energy extrapolated to o — 0 (—6.763 €V) was used; the entropy-excluded
value (—6.771 eV) would make every two-H-system adsorption energy 0.008 eV less nega-
tive. Table 1 energies and Table 2 H-H separations describe the same adsorption structures.
For NEB, every endpoint and image energy instead uses the last-ionic-step E, value in
OSZICAR, extrapolated to o — 0, from the PBE/VASP 6.1.2 jobs. No NEB endpoint enters
Table 1. Adsorption and NEB energies are not combined, and neither exact cancellation of
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smearing corrections nor equivalence of the two energy conventions is assumed. Table S1
distinguishes the calculation groups.

Table 2. H-H internuclear separations before and after adsorption relaxation (A). Ad is listed only for
molecular outcomes. The Mn/Fe separation is between distinct adsorbed H atoms, so no molecular
bond-length change is assigned. Changes are calculated from the displayed distances.

Dopant Tid;i Tid,1ax Ti Ad Fed,,;; Fed, iox Fe Ad Final state (Ti/Fe)
Pristine 0.7506 0.7760 +0.0254 0.7506 0.7535 +0.0029 Molecular/molecular
Co 0.7506 0.7566 +0.0060 0.7506 0.7508 +0.0002 Molecular/molecular
Cr 0.7506 0.7489 —-0.0017 0.7506 0.8634 +0.1128 Molecular/molecular
Mn 0.7506 0.7535 +0.0029 0.7506 3.1727 —  Molecular/dissociated
Ni 0.7506 0.7561 +0.0055 0.7506 0.7754 +0.0248 Molecular/molecular
Sc 0.7506 0.7751 +0.0245 0.7506 0.8309 +0.0803 Molecular/molecular
A\ 0.7506 0.7516 +0.0010 0.7506 0.7538 +0.0032  Molecular/molecular

2.3. Energy Definitions
2.3.1. Molecular, Dissociative, and Single-H Adsorption

For an intact adsorbed molecule, the adsorption energy is
Eagsmol = E(S +H3) — E(S) — E(H,, gas), (1)

where S denotes the matched clean slab with the same metal composition, cell, and con-
straint scheme, and the asterisk denotes an adsorbed species. For the independent one-H
adsorption calculations,

E?dg = Eslab+H - Eslab - %EHz,gaS’ (2)
This is an energy per H atom referenced to half a gas-phase H, molecule; it is not an atomic-
H desorption barrier. A configuration containing two separate adsorbed H atoms has the
dissociative adsorption energy

Eags,diss = E(S +2H*) — E(S) — E(H,, gas). (3)

Equations (1) and (3) are per incident H, and use the same type of separated reference,
but describe different final states. Table 1 denotes either outcome by E). and identifies the
corresponding state explicitly. The single-H quantity in Equation (2) is not generally half the
two-H adsorption energy, because the configurations, site occupation, and H-H interactions
can differ. Negative values signify an exothermic energy difference under the stated convention;
they do not by themselves identify the bonding mechanism or a kinetic barrier.

2.3.2. Selected Dissociation Profiles

Initial molecular and final two-H configurations were constructed following the reaction-
setup approach of Izanlou and Aydinol [68] and relaxed independently. The upper four
substrate planes and H were movable during endpoint preparation, while the lower eight
planes were fixed. During optimization of the intermediate band images, all metal coordinates
were fixed at their prepared positions and only H moved. H was free in x, y, and z for eleven
paths; in Ti/Cr its lateral coordinates were fixed, leaving motion along z. This distinction
between endpoint relaxation and band-image constraints is essential to interpreting the profiles.
The dopant remains in atomic plane 3, not at an exposed surface site.

The endpoint relaxations comprise 5-100 ionic steps in the recorded histories. Endpoint
OUTCAR files were retained only for Ti/Cr, so the remaining molecular endpoints are
identified as separately relaxed configurations, not independently certified local minima.
Their states are distinct from the Table 1 adsorption calculations. No systematic site or
orientation search and no matched pristine-surface NEB series were performed.
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Writing E; for the NEB E; energy of image i, including the endpoints in the sampled
band, we define

AE; = E; - Eys, Bpatn = max AE;, AE; = Eps — Eps. (4)

The reverse height along the same sampled profile is B,o, = Bpapn — AEq. It is not an
atomic-H desorption barrier, and it inherits the constraints and convergence limitations of
that profile.

Only Ti/Cr reached the requested 0.02 eV/A NEB force criterion; this convergence applies
to its additional lateral H constraints. The other eleven bands stopped at the wall-time limit.
Reported residual NEB forces are 0.15-0.34 €V/ A on the Fe face and 0.40-2.01 éV/A for the
nonconverged Ti-face bands. The sampled heights are therefore not a uniformly converged set
of transition-state barriers. Final-step energy changes and residual forces are documented as
convergence diagnostics, not converted into a validated error bar.

3. Results and Discussion
3.1. Adsorption and Surface-Termination Effects on Pristine TiFe(111)
3.1.1. Hydrogen Adsorption on Pristine TiFe(111)

Table 1 compares the reported adsorption energies for pristine and substituted con-
figurations. Molecular and dissociated outcomes are distinguished explicitly instead of
imposing a universal |E 4| = 0.5 eV boundary between physisorption and chemisorption.
Such an energy threshold would mix the sign of adsorption, the identity of the final state,
and the character of bonding.

For the pristine models, the molecular adsorption energies are —0.146 eV on the Ti face
and —0.621 eV on the Fe face. The corresponding H-H separations are 0.7760 and 0.7535 A,
compared with the common starting separation of 0.7506 A (Table 2). On the Ti face, H,
lies 2.21 A from the nearest Ti atom. On the Fe face, it lies 3.41 A from the nearest Fe atom
while the slab moment differs from that of the clean reference (18.9 versus 21.9 ug), so the
Fe-face value is attributed mainly to a change in slab state (Table 1, note a). Figure S10
presents top and side views of the relaxed pristine Fe-face molecular configuration, with the
molecular axis described as approximately perpendicular to the surface. This is a qualitative
orientation description; a coordinate-derived angle is not reported. The orientation and
adsorption energy do not establish a donation/back-donation mechanism.

The final-state terminology in Tables 1 and 2 is not a replacement binary bonding criterion.
Supplementary Materials Table S6 therefore gives, for each relaxed configuration, the nearest
metal-hydrogen distance, the distance to the substituent, and the height of each H atom above
the outermost metal plane, all derived from the relaxed coordinates; Supplementary Materials
Figures 513 and S14 show top and side views. The sums of the covalent radii of H and the
metals considered here are about 1.6-2.0 A [84]. The corresponding van der Waals sums are
3.6-3.8 A [85]. Mn/Fe and Cr/Fe place H at a bonding distance from a surface Fe atom (Fe-H
1.68-1.73 A, within the low- and high-spin Fe-H sums of 1.63 and 1.83 A), and Sc/Fe places
H 2.11 A from S, slightly above the Sc—H sum of 2.01 A. In the other configurations, H, lies
2.2-43 A from the nearest metal atom, longer than the covalent sums and, except for Co/Fe
(4.28 A), shorter than the van der Waals sums. The molecular outcomes of a limited relaxation
search also do not exclude dissociation along another trajectory.

Earlier clean-surface calculations by Izanlou and Aydinol found no dissociation barrier
on their Fe-terminated TiFe(111) pathway and a 1.164 €V barrier on their Ti-terminated
pathway [68]. These are external literature results for their specific states and protocol,
not same-protocol controls for the present substituted profiles. The fact that the reported
pristine adsorption configurations here remain molecular is therefore not used to explain
the experimentally required activation temperature or pressure.
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3.1.2. Electronic Properties of Pristine TiFe(111)

Figure 2 provides the TDOS, metal-projected DOS, and charge-density sections of the
pristine slab models. Both spectra have finite weight at the Fermi level and retain metallic
character. The occupied spectral weight is predominantly Fe-d-derived, while the plotted Ti-
d weight is more pronounced above Ey. Differences in spectral shape between the modeled
faces are apparent, but slab-summed spin asymmetry is not by itself an atom-resolved
surface magnetic moment.

)
=
S
N
Py

. [ spin-up
Ti-ended, B spin-down

pristine

-
o
S

=
S

50 - [ Fe-d (up)
Fe-d (down)
25 Ti-d (up)

Ti-d (down)

W
S

TDOS (states/eV)
|
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g 2 =

|Fe-ended,
| pristine

TDOS (states/eV)

5 %5 3 0 3
Figure 2. TDOS and metal-projected DOS for hydrogen-free pristine Ti-face (top) and Fe-face (bottom)
models, shown alongside the retained pristine-model charge-density sections. TDOS is summed over the
slab and elemental PDOS over atoms of each element; neither is normalized per atom. The TDOS panels
use opposite signs to display the two spin channels; this sign is a plotting convention, not negative density
of states. The PDOS panels show Fe-d and Ti-d contributions in the displayed color scheme, with Ex = 0.
The density panels show the electron-density distribution, not an adsorption-induced density difference;
their color scale runs from blue (low) to red (high) electron density. No H 1s projection is included; the
figure does not establish H, orbital occupations.

The metal-projected spectra display different near-Fermi-level shapes for the two faces,
including a split Fe spin-down feature in the Fe-face plot. This is a spectral observation, not
proof that the corresponding states are spatially localized at a particular reactive atom or that
they populate an H, antibonding orbital. Since the DOS calculations contain no hydrogen,
the adsorption interpretation below rests on the reported energies and configurations,
with the DOS providing complementary host-state context.

The Bader charge summed over the two adsorbed H atoms in the pristine systems is
—0.370e on the Ti face and —0.143e on the Fe face (Table 3). Under the stated convention,
negative values indicate electronic charge gain. Because the pristine Fe-face energy is
attributed mainly to a change in slab state (Table 1, note a), this pair does not test whether
the net charge follows the binding strength. Nor do the present data establish that a
particular metal-DOS feature controls adsorption.
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Table 3. Selected Bader charge-transfer values (¢) for the pristine adsorption and substituted slab
datasets. Positive values denote charge loss and negative values charge gain under the original
convention, not formal oxidation states. The hydrogen row concerns the pristine H, adsorption
systems; the other rows identify the substituted atom in the reported doped-slab calculation. These
dopant charges are not reported as adsorption-induced differences or as charges on hydrogen.

Reported Quantity/System Ti Face Fe Face
H, charge, pristine adsorption system —0.370 —0.143
Co dopant —0.073 —0.249
Cr dopant +0.503 +0.403
Mn dopant +0.178 +0.232
Ni dopant —0.329 —0.393
Sc dopant +0.564 +0.499
V dopant +0.517 +0.315

3.2. Adsorption on Substituted TiFe(111)

For the Ti-face molecular configurations, the adsorption energies range from —0.023 to
—0.161 eV. In all six substituted cases, H, lies 2.1-3.4 A above the outer Ti plane
(Supplementary Materials Table S6). The substituted values lie within 0.13 eV of the pris-
tine value (—0.146 eV); without an uncertainty assessment, differences of this size are not
resolved into a meaningful improvement or deterioration. The H-H separations remain
close to the starting molecular separation in all of these relaxed configurations.

On the Fe face, the pristine, Co, Cr, and Ni entries of Table 1 include a change in slab
state, because the total slab moment differs from that of the clean reference (Section 2.2).
In the Co and Ni structures, H, is little elongated (0.7508 and 0.7754 A) and lies 4.28 and
2.39 A from the nearest metal atom, so these energies are attributed mainly to that change
rather than to H, binding; in Ni/Fe, one surface Fe atom is also displaced 0.82 A outward
(Supplementary Materials Table S6). In Cr/Fe, the molecule is bound side-on to a surface
Fe atom (Fe-H 1.68 A) and has the longest molecular H-H separation, 0.8634 A. These four
entries are therefore excluded from comparisons of binding strength, and the observations
do not establish the order of dissociation rates.

The Mn/Fe result belongs to a different final-state class. Relaxation from the selected
molecular starting configuration gives two separated H atoms with an internuclear sepa-
ration of 3.1727 A and an adsorption energy of —1.838 eV per incident H,. Both H atoms
are bound to the same surface Fe atom (Fe-H 1.70 and 1.73 A), which is displaced 0.76 A
outward, and the slab moment changes (18.0 to 19.4 ), so this energy includes substrate
restructuring. This is dissociative adsorption according to Equation (3), not the strength
of an intact molecular state. Relaxation to that outcome demonstrates the trajectory taken
from that initial configuration; it does not establish that every approach geometry lacks a
molecular minimum or a finite barrier. The value is consequently excluded from a ranking
of molecular binding strengths.

The Sc/Fe configuration has E{. = +0.108 eV and an H-H separation of 0.8309 A; the
molecule lies 2.11 A from the Sc atom, which relaxes outward to approximately the height of
plane 2. It is endothermic relative to the specified clean slab plus gas-phase molecule. That
sign does not establish a repulsive force center, because a relative energy is not an energy
gradient, nor does it determine whether an alternative metastable geometry exists. For V/Fe,
the molecular energy is —0.029 eV and the separation is 0.7538 A. The result identifies weak
binding in this particular configuration, not universal suppression of V-containing surface
reactivity.

Reported single-H binding provides different information. For example, Ni/Fe has
Ef. = —1.955 eV, whereas Mn/Fe has —0.441 eV. The one-H quantity is defined sepa-
rately from the two-H dissociative state. Co/Fe (—1.173 eV) is also not more exothermic
than pristine Fe-face single-H binding (—1.185 eV). The single-H calculations were not
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re-examined for changes in slab state in this revision. None of these values establishes a
hydride-nucleation barrier or the rate at which surface H enters the bulk.

Comparison with Kumar et al. requires identifying the final hydrogen state, despite
the common TiFe(111) orientation [49]. Their Results state that initially horizontal H,
dissociates during relaxation; their Tables 2, 3, and 7 give the most favorable configurations
found in their site search. Their supplementary Tables A and B identify two final H sites.
In particular, the —3.90 eV V/Fe state contains subsurface threefold Ti-Ti-Ti occupation
and an off-top V-associated H atom. The present —0.029 eV V/Fe entry instead describes a
retained molecule. Table 4 therefore distinguishes the compared states rather than treating
the values as conflicting determinations of the same molecular adsorption energy.

A further model distinction is the substitution depth. Kumar replaces an exposed host
atom, whereas the present model specification places the dopant in the second plane of that
species (plane 3 of the alternating stack). The same replaced chemical species therefore
does not imply the same local adsorption environment. This distinction is included in
Supplementary Materials Table S4; it is not used as a quantitative explanation of the energy
differences without matched calculations.

Table 4. Selected TiFe(111) adsorption energies (eV), retained as reported in Kumar et al.,
their Tables 2, 3, and 7 and supplementary Tables A-B [49], and in Table 1. The Kumar column
contains site-selected dissociated outcomes; the present column contains molecular outcomes ex-
cept Mn/Fe. These are not matched-configuration benchmarks. No factor-of-two rescaling has been
applied. " See the notes to Table 1.

Configuration Kumar Kumar Final H Sites This work Present State
Pristine Ti face —2.64 Two threefold Ti-Ti-Ti sites —0.146 Molecular
Co/Ti face -3.15 Two Ti-Ti bridges —0.029 Molecular
Pristine Fe face -3.30 Subsurface threefold Ti site and off-top Fe —0.6212 Molecular
V/Fe face -3.90 Subsurface threefold Ti site and off-top V —0.029 Molecular
Sc/Fe face —3.68 Two off-top Sc-associated sites +0.108 Molecular
Mn/Fe face -3.36 Subsurface threefold Ti site and off-top Mn —1.838b Dissociated
Ni/Fe face -2.71 Subsurface Ti-Ti bridge and off-top Fe —0.946 2 Molecular

The apparent opposite substitution shifts previously inferred for Co/Ti and V/Fe
compare different final-state classes: site-selected dissociative adsorption in Kumar et al.
with selected molecular outcomes here. They do not establish opposite changes in the energy
of an equivalent adsorption state. For Mn/Fe, both outcomes are dissociated, but equality of
their local sites, substrate relaxation, and coverage have not been established; the remaining
numerical difference is not resolved merely by labeling both states dissociated. The available
literature thus identifies a concrete state-selection mismatch, not an independent validation
of the present relaxations or profiles.

Kumar et al.’s displayed Equation (1) subtracts a clean-slab energy and one gas-phase
H, reference, without an explicit factor of one-half. The explanatory text beneath that
equation contains inconsistent H, /2 notation; the published numbers are therefore retained
without imposing a normalization conversion. Their model is described as a four-layer-
deep 2 x 2 slab with 14 A vacuum, the bottom two layers fixed, and the remaining atoms
relaxed to 0.05 eV /A, using spin-polarized GPAW /vdW-DF. The present prescribed-cell
and relaxation treatment differs, as does the electronic-structure method. These differences
and the broader site search are documented in the Supplementary Materials; their separate
contributions to the energy differences have not been isolated.

Li et al. use a gas-phase H, reference in their Equations (2) and (5) for adsorption
on TiFe(110) [69]. Their pristine Bridge-Fp2 configuration has E,y, = —2.082 eV (their
Table 1) and dissociates after relaxation (their Figure 2). The selected Co-at-Fe and Sc-at-Ti
states have E 4, = —2.13 and —2.16 €V, respectively, as stated in their Conclusions. Their
electronic analysis identifies the associated sites as Bridge-Fp2 for Co-at-Fe and Bridge-TMp1
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for Sc-at-Ti. Relative to their reported pristine value, the differences are approximately
—0.05 and —0.08 eV; these are adsorption-energy changes, not barrier reductions. Their
favorable Sc-at-Ti dissociative configuration is distinct from the endothermic molecular
Sc-at-Fe (111) configuration here in facet, substituted host site, and final hydrogen state.

Li et al. also sample multiple sites, initial heights, and orientations. Their Table 1 gives,
for example, —1.930 and +0.010 eV after relaxation from Top-Fv starting heights of 1.0 and
1.5 A, illustrating the importance of the starting configuration without establishing any
particular present endpoint. Their Figure 4 gives site-dependent Mn results rather than a
universal Mn efficiency, and their segregation analysis finds positive segregation energy
for Mn replacing Fe (their Figure 3). Co-at-Ti yields a more negative plotted adsorption
minimum than Co-at-Fe, but the final Co/Sc recommendation considers segregation and
substitution as well as adsorption. Accordingly, the comparison must specify the selected
criterion; it cannot be reduced to a single ranking by dopant name. The Kumar and Li
studies do not report an analogous NEB dissociation-profile series, so the present selected
profiles provide complementary pathway information only at the level supported by their
own endpoint and convergence records.

3.3. Exploratory Electronic-Energy Profiles for H, Dissociation

Figure 3 shows the PBE NEB profiles relative to their own separately prepared initial
states. Table S2 collects the profile heights together with the reported reaction energies,
H-H separations, and convergence diagnostics. These profiles neither use the same initial
states as the adsorption calculations nor form a uniformly converged kinetic dataset. Eleven
of the twelve bands did not meet the force criterion; Ti/Cr met it only with fixed lateral H
coordinates. Accordingly, the curves are presented as documented exploratory profiles,
not as a quantitative ranking of dissociation barriers or rates. Figures S11 and S12 give the
image energies at the recorded optimization steps, documenting the state of each band
when it stopped. With four images, no climbing image, and several initial states that are not
minima along their bands, the image maxima are not bounds on the dissociation barriers.

The recorded Fe-face heights are 0.045, 0.148, and 0.166 eV for Co, Cr, and Mn, respec-
tively, with zero sampled rise for Ni, Sc, and V. The Ti-face values are retained in Table S2
and the figure; the 1.312 eV Ti/Cr height describes the laterally constrained path. The Ti/Sc
band stopped after 10 steps with a residual force of 0.82 eV /A, so its 3.925 eV height is not
used to argue that Sc inhibits dissociation. The face-to-face differences, including Mn’s 0.166
versus 0.145 eV, are not interpreted as converged kinetic trends.

The complete endpoint summary in Table S2 gives molecular initial separations of
0.85-0.90 A on the Fe face and 0.75-0.80 A on the Ti face. The final two-H separations
are 3.11-5.05 and 3.54-4.16 A, respectively. All twelve reported endpoint differences are
negative: —0.525 to —1.074 eV on the Fe face and —1.100 to —1.621 eV on the Ti face. Thus,
the selected PBE final configurations have lower reported energies than their own separately
prepared molecular initial configurations. This is not a comparison with gas-phase H,, nor
proof of global adsorption minima or kinetically accessible paths. The reverse sampled
heights in Table S2 describe the same recorded profiles viewed from their final states and
inherit their nonconvergence and constraint limitations.
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Figure 3. Selected ordinary-NEB PBE profiles for Fe-face (solid) and Ti-face (dotted) models with
third-plane substitution. Each initial configuration defines its own zero. By, is the largest sampled
relative energy, not an experimentally measured activation energy or a converged saddle-point barrier.
Metal atoms were fixed in the band images; H was free in three directions except for Ti/Cr, where
lateral H motion was constrained. Only Ti/Cr reached the 0.02 eV/ A criterion; the other eleven profiles
are unconverged. The 3.925 eV Ti/Sc curve is retained as a record of a nonconverged trajectory and
excluded from mechanistic interpretation. Numerical diagnostics and endpoint distinctions are given
in the text and Table S2.

The Mn/Fe NEB initial state remained molecular after 29 relaxation steps, with H-
H separation 0.88 A. Its final state has H---H separation 5.05 A, not the 3.1727 A pair in
the adsorption table. The NEB endpoint difference is AE,,, = —0.525 eV and the highest
sampled image, image 2, gives B,,, = 0.166 €V. After 13 band steps, the residual force was
0.29 eV/A and the largest final-step image-energy change was 0.026 €V. This resolves the
identity of the two reported configurations but does not turn the unconverged profile into a
validated barrier from either adsorption state.

For Ni/Fe, the separately prepared NEB molecular state has H-H separation 0.90 A
after 63 endpoint-relaxation steps and is not the —0.946 eV adsorption-table state. Image 1 is
0.017 eV below that NEB initial state and has a 1.43 A H-H separation. The band stopped
after 14 steps with a residual force of 0.34 éV/A and a largest final-step image-energy change
of 0.057 eV. Sc/Fe starts at 0.87 A after 52 endpoint-relaxation steps; image 1 is 0.069 eV
lower and has 1.53 A separation. Its band residual force was 0.15 eV/ A after 22 steps. V/Fe
starts at 0.85 A after 40 endpoint-relaxation steps; the separations at images 1 and 2 are
0.87 and 1.93 A, respectively. The energy rises by 0.007 eV between those two images while
remaining below the initial-state reference. Its residual force was 0.28 eV/ A after 16 band
steps. These observations specify the sampled trajectories; the zero-rise entries do not
establish barrierless escape from stable molecular minima.

Izanlou and Aydinol reported no dissociation barrier for their clean Fe-face (111)
path and 1.164 €V for their Ti-face path [68]. Those values provide external context, not
matched controls for the present calculations. The present profiles are not subtracted from
the literature values or combined with Table 1 energies to infer a dopant-induced barrier
reduction. Their remaining uses are to document distinct selected routes and to identify
the endpoint, constraint, and convergence requirements for a subsequent kinetic study.

3.4. Electronic Properties of Substituted TiFe(111)

The electronic analysis is organized around what the available descriptors resolve. Ad-
sorption energies compare complete configurations, H-H separations describe intramolecu-
lar distortion or dissociation, Bader charges partition electron density, and metal-projected
DOS describes spectral contributions in the slab models. These quantities need not have
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identical orderings. Their value here is in comparing specific observations rather than fitting
a universal electronic descriptor to a small set of non-equivalent states.

3.4.1. Ti-Face Models

Figure 4 shows the Fe-d and Ti-d projections for the substituted Ti-face models. Their
broad host-state distributions remain similar across the series, with occupied Fe-derived
weight and Ti-derived weight above the Fermi level. Figure S8 supplies the corresponding
dopant-resolved spectra. A small dopant contribution relative to a host-species sum should
not be interpreted as evidence that the dopant has no local electronic effect.

125 125 125
100 Ti-ended, 100 Ti-ended, 100 Ti-ended,
Co-doped Cr-doped Mn-doped
75 754 754
2 50 {EEFea) 50 - [ Fe-d (wp) 50 - B Fe-d wp)
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Figure 4. Fe-d and Ti-d projected DOS for the substituted Ti-face models. The mirrored spin channels
and species colors follow the displayed legend, and Eg = 0 is indicated by the dashed line. These
metal projections provide slab electronic context; they contain no explicit H 1s projection and are not
used to assign H, bonding/antibonding populations.

The Ti-face dopant charges in Table 3 are negative for Co and Ni and positive for Cr,
Mn, Sc, and V under the stated convention. All six reported Ti-face adsorption outcomes
nevertheless remain molecular, with relatively small H-H changes. For example, the positive
Sc dopant charge accompanies the most exothermic molecular energy among the substituted
Ti-face cases, but it does not establish a transition from molecular binding to dissociation. These
dopant charges are not measurements of charge transferred to the molecule during adsorption.

Figure 5 illustrates the spatial distribution of electron density in the displayed sections.
It does not show hydrogen contact distances or heights, which are given in Supplementary
Materials Table S6 and Figures 513 and S14. Local variations in such a section are therefore
not converted into a mechanistic ranking or used to certify the stability of an adsorption state.

3.4.2. Fe-Face Models

The Fe-face projections in Figure 6 retain the principal host-band structure while
displaying substitution-dependent changes in the near-Fermi-level Fe spin-down features.
The split feature is more readily identifiable for Co than for Sc and V in the plotted spectra,
whereas Cr, Mn, and Ni show intermediate changes in shape. This describes the metal
spectra shown; it does not establish a localized H-metal hybrid or a causal relationship
with a particular dissociation barrier. Figure S9 provides the dopant-resolved spectra. The
corresponding charge-density sections are shown in Figure 7.
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(a) Ti-ended, V-doped (b) Ti-ended, Co-doped (c) Ti-ended, Cr-doped

Figure 5. Charge-density sections of the Ti-face models: (a) V; (b) Co; (c) Cr; (d) Mn; (e) Ni; (f) Sc.
The color scale runs from blue (low) to red (high) electron density. These are sections through
the density fields, not three-dimensional relaxed adsorption structures, adsorption-induced density
differences, or electron-localization functions.
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Figure 6. Fe-d and Ti-d projected DOS for the substituted Fe-face models, with the displayed spin-
channel/color conventions and Ey = 0. Differences in the metal-projected spectral shapes are not
direct evidence of H 1s hybridization or a unique donation/back-donation process; hydrogen-resolved
projections are not included.

Co and Ni carry negative assigned dopant charges on the Fe face, while Cr, Mn, Sc,
and V carry positive values. These charges do not order the H-H elongation: Cr and V both
carry positive charges, but Cr elongates H, more than Ni does and V less, and Sc is both
molecularly elongated and endothermic relative to the separated reference. The Mn result
belongs to the dissociated class and cannot be treated as another point on the same molecular-
adsorption correlation. These comparisons show why an analysis of the descriptors must
first control for the identity of the final state.

Taken together, the available charge and spectral information complements the
adsorption-state comparison without resolving a unique orbital mechanism. Because sev-
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eral Fe-face energies include changes in slab state, the present charge and spectral data are
not used to order binding strengths. Coordinate-resolved contact geometries are given in
Supplementary Materials Table S6; hydrogen-projected spectra would be needed for any
assignment of H-metal orbital interactions. A hydrogen-resolved orbital assignment is
therefore not established by the evidence reported here.

(a) Fe-ended, V-doped (b) Fe-ended, Co-doped (c) Fe-ended, Cr-doped

Figure 7. Charge-density sections of the Fe-face models: (a) V; (b) Co; (c) Cr; (d) Mn; (e) Ni; (f) Sc.
These density maps provide real-space electronic context; the color scale runs from blue (low) to red
(high) electron density. They do not show a charge-density difference induced by H, adsorption and
do not replace top/side views of the actual relaxed hydrogen configurations.

4. Implications and Limitations for Hydrogen Uptake

Hydrogen adsorption, H-H cleavage, surface residence, surface-to-subsurface migra-
tion, and hydride formation are distinct steps. A strongly stabilized surface state may
contribute to persistent site occupation, but its adsorption energy does not determine the
energy of the saddle point for escape into a subsurface site. Thus, favorable dissociative
adsorption can coexist with a subsequent transport limitation; neither continued site avail-
ability nor poisoning is established by a single adsorption event.

For a consistent reversible path with the same transition state, the identity

AEL, = AE} | — AE., (5)

follows by subtracting the two endpoint energies from that transition-state energy. For the
sampled NEB records here, the analogous quantity is B,.,, which does not certify a transition
state or remove nonconvergence. For Hj = 2H* it describes reverse recombination to the
molecularly adsorbed state, not automatically desorption into the gas phase. The one-H
quantities reported in Table 1 cannot be combined with a different two-H NEB final state to
obtain this barrier. No atomic-H desorption barrier or complete site-regeneration cycle is
reported here.

The literature provides examples of the distinction between surface affinity and sub-
sequent transport. Bakulin et al. found a preferred bulk-interstitial diffusion path with
a barrier of 0.62 eV in B2-TiFe and reported that Co and Ni increase the barrier along
that preferred path [46]. These are bulk diffusion results, not escape barriers from the
present adsorption sites. Santhosh et al. likewise distinguished H, cleavage from hydro-
gen penetration through an oxidized near-surface region [70]. Experimental activation
and oxide characterization by Kim et al., together with their computed nucleation ener-
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getics, demonstrate why the response of a processed alloy need not follow a clean-surface
molecular-binding order [71].

For Mn, this distinction is particularly important. Pati et al. examined activation and
oxide-resistance changes in Mn-containing alloys [54]; those observations do not isolate the
clean-surface configuration considered here. Rachidi et al. studied multiphase, nominal
TiFey goMny 19 and TiFej g5V o5 alloys [56]. Their Section 3.4 and Figure 5 report a dominant
Mn-hydride DSC desorption peak at 120-150 °C, depending on heating rate, under 50 bar
H,, together with a lower-temperature feature at 60-90 °C. This is a protocol-dependent peak
range, not a universal onset or an irreversible-release threshold. Their pressure-composition
measurements also include desorption at 20 °C under decreasing pressure (their Figure 2).

Rachidi et al.’s representative Mn Kissinger value is 1.35 eV, compared with 1.72 and
1.60 eV for the two analyzed V features. These are apparent macroscopic desorption param-
eters, distinct from their bulk-hydride migration barriers and from the present —1.838 eV
surface adsorption energy, which also includes surface restructuring. Their migration re-
sults are also phase-specific: the largest reported barriers on the two examined paths are
0.71 and 0.75 eV for Mn in the B and -y phases, respectively, versus 0.86 and 0.19 eV for
V. Neither the DSC peak temperature nor the barrier ordering yields a universal Mn/V
transport ranking. The present Mn surface state can motivate a connected uptake/release
study, but its energy alone establishes neither irreversible trapping nor an ideal storage
additive. The experimental conditions and phase distinctions used in this comparison are
detailed in Supplementary Materials Section S3.3.

A prescribed substitutional surface model also does not uniquely represent a synthe-
sized alloy. Processing can change segregation, secondary phases, oxide coverage, and the
connectivity of hydrogen-transport paths [60,62,63,65,86]. In a distinct data-driven setting,
Yu et al. obtained limited accuracy for hydrogen-capacity prediction and identified missing
phase and synthesis descriptors as important limitations [87]. This is not evidence that
all composition-based predictions fail; it emphasizes the need to specify the material state.
The present clean-surface calculations do not predict reversible capacity, cycle life, or the
overall uptake/desorption rate.

The principal limits of the comparison are the prescribed near-surface substitutions,
sampled adsorption states, and absence of equilibrium facet/termination and relaxation-
depth studies. The absence of a dispersion correction mainly affects the weakly interacting
molecular configurations. The kinetic limitation is specific: adsorption energies were
calculated with a relaxed substrate, whereas the ordinary-NEB trajectories use metal atoms
fixed within each image; eleven trajectories are unconverged and the remaining Ti/Cr
trajectory has an additional lateral H constraint. The two calculations therefore do not
establish a common minimum-energy landscape or a quantitative ranking of elementary
rates. Resolving those questions requires consistent treatments and completed pathway
optimization, followed where appropriate by vibrational and transport analysis.

5. Conclusions and Outlook

Spin-polarized PBE calculations compare molecular, dissociative, and reported single-
H adsorption for six third-plane substitutions in asymmetric TiFe(111) slabs. Four outer
substrate planes were relaxed for these adsorption calculations. The comparison distin-
guishes the resulting configurations from the site-selected dissociative states reported in
earlier work and from the separately prepared initial and final states of the present PBE
NEB calculations.

All investigated Ti-face adsorption relaxations retain molecular hydrogen. On the
Fe face, Mn reaches a dissociated configuration at —1.838 eV per incident H,, an energy
that includes surface restructuring and a change in slab state; Cr and Sc elongate the
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molecule (0.8634 and 0.8309 A); and Co, Ni, and V change it by less than 0.03 A. For the
pristine, Co, Cr, and Ni Fe-face models, the tabulated energies include a change in slab state.
Sc/Fe is endothermic relative to the stated reference rather than favorable physisorption.
The reported observations distinguish binding from molecular distortion; they do not
provide a universal ranking of overall hydrogen-storage additives.

The NEB summary identifies Mn/Fe and Ni/Fe molecular starting configurations
that differ from their adsorption-table counterparts. The Mn/Fe endpoint difference is
—0.525 eV, while its 0.166 eV sampled rise remains unconverged. Only the Ti/Cr band
reached the specified force criterion, under fixed lateral H coordinates; the other eleven
bands did not. Accordingly, neither the zero-rise Fe-face trajectories nor the face-dependent
profile heights are used to claim validated barrierless dissociation, a kinetic dopant ranking,
or improvement over pristine TiFe(111).

The metal-projected spectra and Bader data provide electronic context, but neither a
net-charge magnitude nor a metal-DOS feature is established as a sufficient descriptor of
hydrogen activation. In particular, no H-resolved orbital mechanism is inferred from the
metal-only spectra. The resulting contribution is a configuration-specific comparison of
energetic, structural, and selected pathway information within the stated model constraints.

A focused next study should first complete the selected paths with matched electronic
treatments and well-defined, consistent substrate and hydrogen constraints, and then
connect dissociation with surface-to-subsurface transfer. This would test whether surface
stabilization is followed by incorporation or persistent occupation. Coverage effects, oxide
environments, and vibrational corrections can subsequently be considered for the relevant
paths; stronger adsorption alone is not equated with improved hydrogen delivery.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ma19224792/s1. The Supporting Information gives the calculation-
specific settings (Table S1), expanded NEB state and convergence summary (Table S2), literature
comparisons (Tables S3 and S4 and Section S3), and Co-example slab geometry (Table S5). Table 52
separates reported profile heights, endpoint reaction energies, internuclear distances, and numerical
convergence; it is not a table of uniformly converged barriers. Figures S1-S5 give the original total-
energy, magnetic-initialization, and separation-sensitivity data. Figures S6-59 show hydrogen-free
spectra, and Figure 510 gives top and side views of the relaxed pristine Fe-face H, configuration.
Figures S11 and S12 give the NEB image-energy histories, and Table S6 and Figures 513 and S14 the
hydrogen geometry and the top and side views of the relaxed pristine and substituted configurations.
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