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ARTICLE INFO ABSTRACT

Keywords: Superpermeation allows for hydrogen fluxes through metal foil membranes at rates orders of magnitude higher
Superpermeation than pressure driven permeation. This process occurs only for hydrogen isotopes, meaning it is hydrogen-
MEFP selective, and it can work against a pressure gradient, implying pumping capabilities. These characteristics
Niobium . N - . .

Vanadium allow for using superpermeation as the base process for a very efficient, selective separation of hydrogen from
VASP other gases.

Hydrogen However, the efficacy of superpermeation needs further research both experimentally and theoretically. Its

efficiency relies on a surface energetic barrier that hinders both adsorption of molecular hydrogen on the
downstream side and desorption on the upstream side, while leaving atomic hydrogen absorption unaffected.
Such a barrier can be created by a monolayer of non-metallic impurities (usually oxygen) that naturally develops
at group 5 metal surfaces. The physics explaining why such a monolayer drastically affects atomic hydrogen
reactions are being explored in this work via density functional theory (DFT) calculations for the implementation
of which we use the Vienna ab-initio Simulations Package (VASP).

By performing structural relaxations and saddle point-searching calculations deploying a dimer method using
VASP, energy diagrams for atomic hydrogen absorption are obtained for two representative materials, namely
niobium and vanadium. The differences in these diagrams are analyzed and compared in order to determine
which material is optimal for superpermeation. To that end, slabs with (100) surface orientation are compared
for the case with and without an O monolayer coverage. The characteristic energies involved according to the
diagrams and the types of absorption sites will be key parameters to understand and, eventually, optimize for the
emerging phenomena. It was found that the presence of an oxygen monolayer is necessary of superpermeation to
occur, and that for the 100 orientation, the vanadium system provides better characteristics.

Oxygen monolayer

1. Introduction selective separation of hydrogen isotopes from other gases and this

process can even work against a pressure gradient.

The current global economic trends towards a green economy with
the electrification and hydrogenation of industrial processes are inevi-
table in view of global climate change. The purification and separation
of hydrogen from other gases in mixed streams is one of the techno-
logical challenges for the hydrogen energetics.

Such separation at low pressure can be carried out via super-
permeation through metal foils, and a very specific feature of them is the
ability of energetic hydrogen to superpermeate through them. This is an
effect identified by its name first in [1]; later Peters provided a detailed
review of previous results in [2], along with a review in depth of the
different individual processes involved. This effect allows for perfectly
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In typical pressure driven hydrogen permeation, the molecules
should overcome an adsorption energy barrier to undergo a dissociative
adsorption to a metal surface to form two hydrogen atoms before they
can be absorbed into the bulk. Whilst for superpermeation, hydrogen in
form of atoms, protons or molecular ions is attracted by the surface. As
far as these hydrogen forms are produced by a plasma source or a gas
ionizer, they are referred to as “hot” or “suprathermal” in contrast to the
thermalized gas of hydrogen molecules named “thermal molecule”. This
nomenclature is due to the higher energy these particles have in com-
parison with the thermal molecules.

The suprathermal hydrogen approaches the metal surface without an
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energy barrier for its adsorption and is therefore absorbed into the metal
membrane with significantly higher probabilities than the thermal
hydrogen [1,3]. However, the membrane material should have an en-
ergy barrier for desorption at the surface facing the suprathermal
hydrogen (upstream) to reduce probability of associative desorption, as
shown in Fig. 1. This barrier may emerge, for instance, due to the
presence of non-metal impurities at the surface thus inhibiting the sur-
face thermal reactions of the molecular hydrogen (both recombination
and dissociation). This effectively reduces the molecular sticking and
recombination coefficients [1,4]. However, the suprathermal hydrogen
does not confront with such difficulties because the process does not
have a dissociation barrier (pink line in Fig. 1), and its energy is higher
than the barrier energy for atomic absorption (E; ). Thus, the flux from
suprathermal hydrogen remains unaffected by this barrier. Due to the
reduction of the recombination coefficient, the hydrogen atoms in the
bulk cannot easily escape back through the upstream surface and thus
diffuse in a random-walk process downstream (characterised by diffu-
sion energy Ep and enthalpy of solution AH), where they recombine and
desorb as a molecule. If there were only a barrier upstream, virtually all
the absorbed hydrogen could recombine and desorb at the downstream
surface. In a real case scenario, a barrier appears at both sides, and they
are usually almost symmetric. The latter means that half of the absorbed
hydrogen is desorbed downstream and the other half is released up-
stream [2] resulting in the 50 % efficacy of hydrogen permeation.

Taking the previous considerations into account, it can be stated that
the optimal characteristics for the superpermeability of a material are a
low diffusion energy in order to strengthen the bulk diffusion and keep
the process in the surface limited regime, and a high energy barrier
between the surface and the bulk so that the hydrogen back-permeation
towards upstream is hindered.

The main potential application for superpermeation is the separation
of unburnt hydrogen fuel (DT) from exhaust gases in fusion reactors such
as DEMO, a concept called Direct Internal Recycling [5]. A similar
concept was already proposed for ITER by Livshits in [6], but not
implemented there. The Direct Internal Recycling concept reduces the
total tritium inventory and meets the more severe requirements of a
DEMO machine compared to ITER [7,8]. The primary technology choice
for this separation is called Metal Foil Pump (MFP) [9], which is part of
the proposed technical realization of the Direct Internal Recycling
concept [10]. The current design of a MFP consists of a collisional
plasma line that energizes the hydrogen isotopes, providing them with
enough energy to be implanted under the surface of a group 5 metal (Nb
or V) membrane to initiate the superpermeation process [11]. The
foreseen MFP plasma source has a much higher yield of atomization than
ionization. Based on the literature review and experimental studies of
different materials including, e.g., V, Nb, Fe, stainless steel and Cu [2]
two major candidates, namely Nb and V, are considered for this simu-

lation study.
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Fig. 1. Generic H absorption path diagram in realistic metal slab surface.
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Superpermeation has been extensively studied in experiments with
different membrane materials and suprathermal hydrogen sources
[12-16]. However, simulations of hydrogen atom interaction with
group 5 metals surfaces at the atomic scale are still scarce. There are
some reports on simulation of clean surfaces [17], of other groups’
metals [18] or just a study of the behaviour of the surface impurities
[19], but no work on group 5 metals covered by non-metal impurities to
the authors’ knowledge was published. Providing the first ab-initio
studies of the atomic hydrogen interactions with and beneath Nb and
V surfaces covered by O monolayer and producing an absorption path
energy diagram are the main goals of the present work.

2. Simulation methods

In order to accomplish this task, the Vienna Ab-initio Simulation
Package (VASP) [22,23] was chosen as simulation tool to carry out
density functional theory (DFT) based calculations for identification of
stable hydrogen adsorption sites at surfaces and interstitial sites in the
bulk, as well as its diffusion pathways. To that end, Perdew-Burke-
Ernzerhof (PBE) generalised gradient approximation functional [24]
was used to treat the electronic exchange and correlation and the pro-
jected augmented wave method (PAW) [25] was employed in order to
deal with the electronic core. Nb is a group 5 transition metal, which was
considered as an ion with 11 free electrons (valance and semi-core) as a
reasonable trade-off between accuracy and computational complexity
(4p® 5 s! 4d*), while V was considered as an ion with 5 free electrons for
the same reason (3d* 4 s!). The kinetic cut-off energy of the plane wave
basis set was 360 eV for Nb and 380 eV for V. The Brillouin zone sam-
pling was carried out with a resolution of 2 -0.14 A~! for Nb and
21-0.16 A~! for V, resulting in a consistent 5x5x1 grid for both sets of
calculations. These values were chosen from a parametric study of the
energy difference per atom so that the delta energy per atom and the
absolute energy contribution per atom, respectively, were smaller than
107 eV, as shown in Figs. 2 and 3. Fermi level smearing was applied via
the ISMEAR- and SIGMA-tags, where a first order Methfessel-Paxton
method with a broadening of 0.2 eV was found to result in negligible
entropy terms. Regarding structural optimization, electronic conver-
gence was assumed based on an energy difference less than 10 eV and a
force-based ionic convergence criterion was set to 102 eV/A. For the
search of transition state configurations between stable sites, i.e. saddle
points, the dimer method as implemented in the VTST patch set [26] is
employed. In order to ensure sufficiently accurate forces to facilitate
necessary finite difference evaluations a significantly lower energy dif-
ference convergence tolerance (107 eV) was chosen.

The initial bee unit cells used to build the surfaces were taken from
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Fig. 2. Parametric study of encut accuracy for Nb (dashed green) and V (solid
blue). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 3. Parametric study of k-spacing accuracy for Nb (dashed green) and V
(solid blue). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

[27] (material ID mp-146 for V, with a 2.98 Alattice constant and mp-75
for Nb, with 3.32 [D\). The simulation supercell consists of a slab of 144
metal atoms (WidthxHeightxLength = 3x3x16 positions) and one
hydrogen atom at various interstitial positions as it permeates through
the slab. Nine oxygen atoms were added in the case of the presence of O
surface coverage. The bottom 4 layers of the slab are frozen and the
remaining 12 can freely relax in all three directions, the vacuum region
is nearly 50 A thick for Nb and 32 A thick for V, due to the smaller size of
its unit cell. This initial configuration was cut from a fully relaxed 24
layers slab so that the mid layers experience a relative change in their
mutual distances of less than 0.1 % with respect to their initial
configuration.

For the calculation of the absorption energies, the following pro-
cedure is carried out. Firstly, a relaxation of the metal slab without the H
atom is performed (yielding the total energy Ep.). Separately, a
hydrogen molecule is also relaxed (resulting in the total energy Egyy).
These two energy values are used as references for the calculation of the
system’s energy with one H atom at various positions. According to
literature, the most stable interstitial site for hydrogen in both metals is
the tetrahedral interstitial site (T), being more preferable than the
octahedral one (O) [28]. Therefore, these sites were taken as the initial
guess for stable configurations near surface. For the subsurface and
surface, the T-like was preferred, although the results on the stability in
those areas of Qin et al. for V [29] and Ferrin et al. for Ta (as reference
hint for Nb) [17] were also taken into account. The results of Gong [19]
and Hua [30] for V were used as references for both metals because of
their chemical similarity for the initial position of the O atoms on the
(100) surfaces, on the hollow surface sites (HS). As a visual example,
Fig. 4 shows a bee metal with a (1 00) oriented surface (surface atoms in
dark green and first subsurface atoms in light green) with the O atoms
(in red) at the HS. Both V and Nb have bcc structure, so the difference in
their visual representation would be just the distance between the
atoms.

Once the initial stable sites for the H are selected, the slab is struc-
turally optimized and its energy Enetp obtained. The energy of the slab
system with one H atom at a certain position is thus given by equation
(1):

H 1
Epet = Enertt — Eer — EE"Z (€))

During searches for saddle point configurations (SP) using the dimer
method, the initial positions of the atoms are given by the linear inter-
polation between two adjacent stable T sites, and the initial direction of
the dimer is along the vector connecting the two atomic configurations.
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Fig. 4. Bcc metal (100) oriented surface with O atoms at the HS.

The choice to employ the dimer method over other common transitional
state strategies, such as climbing image-Nudge Elastic Band (CI-NEB)
comes from the fact that contrary to the CI-NEB method, which needs
‘known’ reactants and products, the dimer only requires an initial state
and a direction of search. This characteristic allows to find transitional
states that might have stayed undetected.

In addition, if the disturbance of the surface atoms due to the pres-
ence of the H is large (indicated by a sudden drop in the calculated
energy), Emer is updated as the energy of that configuration relaxed
without the H atom. Zero-point energies are neglected throughout this
paper because Qin showed in [28] that its inclusion does not change the
type of preferential interstitial sites, which metal has higher or lower
solution enthalpies or diffusion barrier within the group 5 metal-
hydrogen system.

In this first of a kind study of threefold interaction (metal, O and H),
the (100) orientation was chosen. Even though there is experimental
evidence of (100) surface reconstruction in the presence of O atoms in
bece metals [20,21], a possible reason for the lack of surface recon-
struction observed in these calculations is the reduced surface area of the
simulation (3x3 unit cells). The size of the reported superstructures are
5x1 in V [21] and 3x1 in Nb [20]. Thus, the proximity of the supercell
periodic boundaries may prevent a free surface reconstruction. Future
publications will employ larger surface areas to bring this effect to light.

3. Results

All the energy absorption path diagrams shown in this section have
the same structure. The z-position of the H atom (in A) and the reaction
coordinate with respect to the coordinate of the topmost metal atom in
the slab are used to identify the different interstitial hydrogen positions.
The reaction coordinate is calculated as the distance of the displace-
ments along the path of all the system atoms normalized by the sum of
the differences in positions of all the atoms at the two minima. The
energy of the system (in eV) is calculated via equation (1). The bulk-like
part of the plot contains the information about the migration energy and
the enthalpy of solution, the surface part about the surface adsorption
sites, and the subsurface (in light blue shade) part represents the tran-
sition behaviour from bulk to surface due to larger lattice distortions and
the change in the charge distribution caused by the proximity of vac-
uum. For the sake of clarity we have subdivided all absorption paths into
surface, subsurface and bulk-like regions. This subdivision is based
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solely on the changes in the corresponding energy profiles. The surface
domain includes only adsorption sites, i.e. those with the positive H z-
coordinates. The bulk-like behaviour is characterized by constant
migration barriers, while the intermediate region in between the two is
called subsurface in the following.

The H absorption path energy diagrams described in this section
allow to derive the most important characteristic energies for H trans-
port. They are defined as the energies of the system that can be easily
identified in all cases and that are useful to characterise the super-
permeation process. Each of the three regions contains these charac-
teristic energies.

3.1. Clean V slab with (100) surface

The absorption path energy diagram for atomic hydrogen in V with a
(100) clean surface is given in Fig. 5. It is clearly seen that the stable
sites in the subsurface area have higher energies than in the bulk and the
surface sites. A higher energy means that staying in the subsurface area
is less energetically favourable for the H than moving to the bulk or to
the surface sites, thus making the hydrogen dissolution in V exothermic.
The most stable surface site was found to be a HS, as expected for V [17].
In addition, the energy of the outer bridge site (BS), shown in Fig. 4, was
also calculated for completeness. In the bulk, it is observed that the
distance in the normal direction to the surface between Ts is constant.
This is because the jumps between Ts always have the same angle with
respect to (100).

3.2. Monolayer O coverage on V slab with (100) surface

Fig. 6 shows the absorption path energy diagram of Hon a (100) V
surface with an O monolayer coverage. As expected, the bulk area
largely resembles the bulk of the clean (100) V surface diagram, since
the surface state should not alter the bulk properties, although the
calculated migration energies are slightly lower. The increase of disso-
lution energies in the subsurface part compared to the bulk is a common
feature with the clean (100) V, acting as an obstacle to the hydrogen
diffusion to the surface from the bulk. Comparison of clean and oxidized
surfaces suggests that the overall height of the barrier to overcome this
zone is nearly independent of surface oxidation. On the other hand, the
main differences begin close to the surface, where the distance along
surface normal between Ts decreases remarkably, as indicated in the H
z-coordinate axis. A large energetic barrier that appears in the subsur-
face (0.64 eV towards surface, 0.87 eV towards bulk) is not due to the H
displacement (although in the plot the horizontal H movement is not
represented), but to the shift of the O surface atoms. A second even
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Fig. 5. Atomic hydrogen absorption path diagram for clean 100 surface of V.
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Fig. 6. Atomic hydrogen absorption path diagram for 100 surface of V with O
monolayer coverage.

larger energy barrier at the limit between the only found stable surface
site connected to the diffusion path (a BS) and the subsurface region
appears (exact values in Table 1). The energy of the BS on the oxidized
surface is higher than the energy for the BS on the clean surface.

3.3. Clean Nb slab with (100) surface

Fig. 7 displays the absorption path energy diagram of H in clean Nb
slab with a (100) surface. As well as in V, the subsurface Ts have larger
energies than the bulk and the surface sites. Our simulations show that
the BS is a more stable site for H adsorption than HS is for clean (100)
Nb slab. This finding is contrary to the results from [31], which reports
on Mo-doped and pure Nb (1 00) surfaces. The difference in the stability
of the sites comes probably from the fact that the surface to subsurface
path selected in [31] is different from the one presented in this work,
even in the case of pure Nb. The permeation path outlined in this work is
more probable because of our application of the dimer method for the
calculation of the migration barrier instead of the CI-NEB method
applied in [31], which assumes an initial and final reaction states when
searching for transitional states. In this material, the distance between
Ts is longer than in V due to the larger lattice constant of Nb.

3.4. Monolayer O coverage on Nb slab with (100) surface

Fig. 8 shows the absorption path energy diagram of H on a (100) Nb
surface with an O monolayer coverage. As in the V case, the bulk area is
expected to largely resemble the bulk of the (100) clean Nb surface
diagram, since the surface state should not affect the bulk properties.
The irregularities in the horizontal distances between SPs and Ts shown
in the plot come from the choice of the reaction coordinate as the

Table 1
Characteristic energies.
Clean V O covered Clean Nb O covered
\% Nb
Enthalpy of solution —0.40 eV —0.37 eV —0.41 eV —0.42 eV
Migration Energy 0.13 eV 0.08 eV 0.15eV 0.16 eV
Surface site(s) energy =~ BS: —0.57 BS: —0,16 BS: —0.64 HS: —0.31
eV eV ev eV
HS: —0.70 HS: —0.47
eV eV
Surface-subsurface 0.46 eV 0.66 eV 0.26 eV 0.23 eV
barrier
Subsurface-surface 0.04 eV 0.68 eV 0.05 eV 0.28 eV
barrier
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Fig. 8. Atomic hydrogen absorption path diagram for 100 surface of Nb with O
monolayer coverage.

abscissa the energies are plotted against. The z-coordinate of the H atom
is also displayed in order to illustrate that the displacement of the H
atom is indeed regular. In order to illustrate this, let us consider the H
displacement between reaction coordinates 5 and 6. While the position
of the SP is clearly asymmetric when plotted against the reaction co-
ordinates, its position is fairly symmetric when plotted against the H
atom z-coordinate (see complementary files). For instance, this indicates
that in the case of the H traveling from 6 to 5, firstly the H moves to the
SP position and then the surrounding lattice follows these late dis-
placements are responsible for the observed asymmetry. The differences
in energies again can be found in the subsurface area, where the energies
of the Ts are lower in the slab with O coverage. However, the most
remarkable discrepancy is a single energy barrier before entering the
surface area. In this case, only one stable surface site connected with the
permeation path was found as well. This was a HS, contrary to the V
case, in which the stable surface site was a BS.

4. Discussion

Firstly, from the bulk part of the diagrams the enthalpy of H solution
and the migration energy for interstitial H diffusion can be retrieved. At
the surface, the hydrogen energy at the adsorption sites is representative

Nuclear Materials and Energy 38 (2024) 101600

of the site’s stability. The lower the energy, the more stable such
configuration is. In the subsurface area, the energies of the migration
barrier from the lowest surface site to the top subsurface site and vice
versa indicate how likely it is for the H atom to move in respective di-
rection. Table 1 provides a list of these characteristic energies for the
four investigated cases.

As expected, the characteristics from the bulk are very similar for
each individual material, regardless of whether the slab contains an
oxygen monolayer or not. The main differences are in the migration
energies. They are probably due to the inclusion of O atoms in the
simulation setup, which are distorting the charge distribution near the
surface, or the effect of the vacuum volume, which allows for large
displacements of the lattice atoms (disturbing the system too much).
Even taking into account these perturbations, both parameters in the
four cases are in plausible agreement with literature values for calcu-
lations in the bulk of material [28,30] and T enthalpy of solution cal-
culations in an identical geometry as in [28] (-0.36 €V in the case of V
and —0.37 eV in the case of Nb).

On the other hand, the near-surface parts of the energy diagram are
remarkably diverse. The stable surface sites for H adsorption in clean
slabs with a (100) surface have 2 (for BS) or 5 (for HS) metal atom
neighbours. These configurations are displayed in Fig. 9. Even though
both sites are stable for H adsorption (the energy after adsorption is
lower than before, resulting in energy gain), the most stable sites for V
and Nb are different. In the former, the most stable site is the HS, while
in the latter, it is the BS. The similarity between the Nb surface-H in-
teractions obtained in this work and the Ta results from [17] indicates
that Nb is more similar to Ta than to V with respect to H absorption.

In the case of the Nb with O monolayer coverage, H partially dis-
places O atom off the HS and occupies its place to a certain extent. For V

Fig. 9. (100) bcc metal surface BS (top) and HS (bottom) surface sites [32].
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with O coverage, on the other hand, the H atom occupies preferentially a
BS, barely displacing the O atoms. Although they are disturbed in the
process of the H crossing the monolayer. The Nb HS is more stable than
the V BS.

The analysis of the subsurface regions is more cumbersome. In the
cases of clean surfaces and the O covered V, the energy of the stable
subsurface sites is higher than in bulk and surface, indicating the need of
extra energy to move through this area. The amount of necessary energy
changes depending on the material, and the presence of O monolayer
reduces it in the case of Nb. In fact, the most striking difference appears
when O is present at the surface, since energy barriers appear for both
materials, hindering the jump of one H atom from the surface sites to the
subsurface and vice versa. This barrier is the cause of the reduction of
adsorbed H flow from surface to subsurface and vice versa, effectively
translating into reduction of the molecular surface reaction coefficients
(sticking and recombination) in practice.

The most remarkable formal difference between Nb and V with O
coverage is the presence of a second subsurface barrier in V. This barrier
emerges from large displacements of the O surface atoms to accommo-
date the H at a new position. The lack of this second barrier in Nb can
come from the difference in chemical interactions of Nb and V with
oxygen atoms. The difference in energy barrier sizes is also remarkable,
being much lower for Nb.

5. Conclusions

The performed DFT ab-initio studies of the H absorption path energy
diagrams for different Nb and V surface conditions allow to assess which
conditions would be beneficial for superpermeability. The desirable
characteristics of a material for optimal superpermeability are low
migration energy to enhance diffusion and to keep the process surface
limited, and a high barrier between the surface and the bulk in order to
inhibit H backward movement of hydrogen to surface sites on the up-
stream side.

As expected, the diffusion barrier height is very similar for Nb with
and without O monolayer, as well as the solution enthalpy. The V results
show larger differences, indicating that the presence of O affects to
deeper layers in V.

The size and shape of the subsurface-surface barrier depends highly
on the surface state. For instance, the clean Nb has lower barriers
because the top subsurface site is almost at the same vertical position as
the surface Nb atoms. The heights of the barriers are 0.26 eV for surface
to subsurface transition and 0.05 eV for the move backwards. Never-
theless, the most interesting case is with O monolayer coverage. In the
case of oxidised Nb, a barrier of 0.28 eV blocks the back-permeation of H
towards the surface, while a 0.23 eV barrier blocks the absorption from
the surface sites. This indicates that H absorption by the O monolayer is
slightly more favourable than the backward movement leading even-
tually to desorption on the upstream side.

The clean V surface has a lower barrier as well for the same reasons
as in the Nb case (0.46 eV and 0.04 eV), although its location is deeper
due to the larger stability of the HS. The case of V with O coverage shows
a higher barrier inhibiting the absorption from the surface sites than Nb
(0.66 eV). The barrier blocking the back-permeation is also higher (0.68
eV).

To summarize, it has been shown that the migration energy of V is
comparable to the one of Nb (0.13 eV vs. 0.15 eV). Furthermore, it has
been found for the oxygen covered cases that the surface-subsurface and
vice versa barriers are practically equal for the two metals, but at
different levels (about factor 3 higher in the case of V). The barrier
height inhibiting the back-permeation of H by preventing the H atoms to
move into the surface sites is clearly larger for V. On the other hand, Nb
has a lower barrier from the surface. This could allow for H atoms with
lower energies to enter the subsurface.

The oxygen monolayer described in this work arises naturally in
vacuum in group 5 metals at high temperatures [13]. If the monolayer of
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one side of the membrane is damaged via e.g. sputtering, oxygen dis-
solved in the bulk can replenish it in order to keep the oxygen surface
coverage symmetric under the proper conditions [33]. The possibility to
coat one of the surfaces in order to, for instance, reduce the downstream
barrier, presents challenges associated to the metallic inter-diffusion
[34].

Therefore, it can be stated that the O monolayer is indispensable for
superpermeability to be feasible for both materials. Because of the
higher energy barrier hampering hydrogen from reaching external sur-
faces, the low index V surface seems to have better properties regarding
the surface-subsurface transition and bulk diffusion than Nb. However,
the absorption energies and behaviour can change dramatically in high
index surfaces compared to low index ones [35]. Thus, in order to
confirm the advantages of V over Nb as a superpermeable membrane,
further studies of higher index surfaces are needed.

It is also worth mentioning that the energetics here described would
apply only to a low H coverage case, when there are barely interactions
between H atoms. In order to take these interactions into account, larger
simulation cells would have to be employed. On the one hand, the H
atom would not influence itself as it permeates, and on the other, more
different hydrogen coverages could be considered. With the estimation
of the energetics of the high coverage cases, a rate equation model could
be constructed. This path will be followed in future publications. In
addition, the employment of larger simulations cells would allow to take
into consideration possible surface reconstructions as well, without the
risk of the superstructure formation being influence by itself due to the
proximity of the periodic boundaries.

Finally, it would be desirable to check if the behaviour of the other
hydrogen isotopes is much different from that of protium via the eval-
uation of Zero Point Energy, similarly as was done in [36].
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