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Understanding hydrogen-metal interactions is important in various fields of surface science, including
the aqueous corrosion of metals. The interaction between atomic H and a Mg surface is a key process for
the formation of sub-surface Mg hydride, which may play an important role in Mg aqueous corrosion. In the
present work, we performed first-principles Density Functional Theory (DFT) calculations to study the
mechanisms for hydrogen adsorption and crystalline Mg hydride formation under aqueous conditions. The
Electron Localisation Function (ELF) is found to be a promising indicator for predicting stable H adsorption in
the Mg surface. It is found that H adsorption and hydride layer formation is dominated by high ELF
adsorption sites. Our calculations suggest that the on-surface adsorption of atomic H, OH radicals and
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DOI: 10.1039/d2cp05242¢ atomic O could enhance the electron localisation at specific sites in the sub-surface region, thus forming
effective H traps locally. This is predicted to result in the formation of a thermodynamically stable sub-

rsc.li/pccp surface hydride layer, which is a potential precursor of the crucial hydride corrosion product of magnesium.
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1 Introduction

The interaction of reactive atomic or molecular hydrogen with
various metal surfaces has spawned great interest as a result of
its significance in numerous industries and applications.'™
Understanding the basic principle of H adsorption, dissociation
and desorption on metal surfaces is of high priority for improving
the efficiency of H-related heterogeneous catalytic reactions
and enhancing the productivity of hydrogen fuel cells or
hydrogen storage.””® Among a large number of metals, the
hydrogen-Mg interaction has been extensively investigated
because Mg is a promising inexpensive material for large-
scale hydrogen storage.®® In addition, it has been suggested
that the study of the interplay between H atoms or H, molecules
and the Mg surfaces also has a practical significance in revealing
the mechanism of Mg aqueous corrosion.”*°

Mg, as the lightest engineering metal, is widely used in the
automobile sectors (Mg-Al based alloys, such as AM50) and clinical
medicine (Mg-Zn binary alloys) thanks to its high mechanical
strength and benign biocompatibility."*'> However, further
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applications of Mg and its alloys have been restricted by their
poor corrosion resistance in a humid environment. Under
aqueous conditions, Mg rapidly corrodes and reacts with water
molecules, generates hydrogen gas and forms a dark corrosion
film on the metal surface."® This surface film is generally a
porous bi-layer structure which is composed of an inner MgO
layer with a Mg(OH),rich outer layer.''®> Due to a large
number of pores and cracks in the corrosion film, it only
provides limited protection to the bulk Mg from further corro-
sion. Several observed corrosion phenomena of Mg, such as the
negative difference effect (NDE) and the hydrogen evolution
reaction (HER) kinetics, have been attributed to the on-surface
corrosion product formed during aqueous corrosion.'®"”

In addition to the basic corrosion product (MgO and
Mg(OH),) in the surface film, crystalline Mg hydride, which is
produced initially from the H-Mg surface interaction, also
forms and plays a role in aqueous Mg corrosion. Liu et al.
observed the presence of this Mg hydride underneath the
surface layer of high purity Mg after being corroded by distilled
water.'® A crystalline Mg hydride structure is also found
enriched in the B-phase of Mg-Al based alloys, whose formation
could be attributed to atomic H adsorption and diffusion into
the bulk Mg." Because the calculated energy barrier for
H atoms diffusing from the top surface of Mg to the bulk
phase is smaller (0.7 eV) than that of the hydrogen evolution
reaction (approximately 1.04 eV) on the Mg basal plane, the
adsorbed H atoms are highly mobile and could penetrate the
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surface to form a crystalline Mg hydride or a hydride-like
structure underneath the metal surface.”?*®*' Moreover, the
Pourbaix diagram of Mg-H,O shows that this Mg hydride phase
could form in the whole pH range under a cathodic potential.**
This finding is supported by some previous studies: under
cathodic polarisation, the corrosion-related current density
(L) of Mg is composed of the cathodic hydrogen evolution
density (I,) and the MgH,-formation current density (I,).>*
Binns et al. also verified that the MgH, layer is found under-
neath the top surface of the Mg sample that is pre-treated
cathodically, and concluded that MgH, might have the ability
to enhance the anodic hydrogen evolution during aqueous
corrosion through its decomposition, and thus form a filiform
corrosion morphology.>* In a previous ab initio study, Jiang
et al. found a stable sub-surface hydride-like tri-layer structure
(H-Mg-H) in a hydrogen environment (Mg surface interacting
with hydrogen gas), which could be the structure of a precursor
to MgH,.>

Although various experimental and simulation results
demonstrate the existence of crystalline MgH,, or a hydride-
like layer, underneath the Mg surface during aqueous corro-
sion, the atomic scale formation mechanism of this Mg hydride
structure under aqueous conditions at the open circuit potential
(OCP) is still unclear. Furthermore, the influence of the surface
adsorption state (with different surface adsorbates, such as atomic
H, OH radicals and atomic O) on the formation of the sub-surface
hydride structure also requires further detailed investigation.
In the present study, we applied first-principles calculations
(in the density functional framework) to explore the hydrogen
adsorption and hydride formation mechanisms at Mg surfaces
with different adsorption states. Finding low energy structures
formally involves searching the very large phase space of all
possible surface compositions and structures. We discovered that
the electron localisation function (ELF) is a good indicator that can
be used to predict the energetically favourable positions for H
adsorption within Mg surfaces, and the formation of sub-surface
hydride structures is dominated by this ELF-oriented H adsorp-
tion. We also found that the on-surface adsorption could influence
the ELF pattern of the surface, thus altering the sub-surface H
adsorption. The theoretical basis and computational details are
reviewed in Section 2. The results for H adsorption on a pristine/
hydride/hydroxylated/oxidised Mg (0001) surface are demonstrated
and discussed in Section 3, and the conclusions of the paper are
given in Section 4.

2 Theory and methods
2.1 Theory of the electron localisation function (ELF)

In this paper, we demonstrate that the electron localisation
function (ELF) can be a good predictor for the possible adsorption
sites of small adsorbates on Mg surfaces.

The ELF was introduced by Becke and Edgecombe to identify
covalent bonds in simple molecular systems.”® As a measure
of the degree of Pauli exclusion at a point in space, the ELF is
calculated as the probability of finding an electron in the
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vicinity of another like-spin electron.”” The formula of the
ELF proposed by Becke and Edgecombe can be written as:

1

ELF, = 17— (1)
with the dimensionless localisation index y, being:**?®
2(‘5(7 — ‘L'{TW)
1|Vn, | 2
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The numerator in eqn (2) describes the kinetic energy density
difference between a Fermionic system and a Bosonic system. 7,
is the positively defined kinetic energy density of the electrons,
calculated from the wave functions v, ; weighted by the occupa-
tion number f; ;. 7w, on the other hand, is the von Weizsicker
kinetic energy density, and describes the same positively defined
kinetic energy density as the first term, but assumes electrons
are Bosons (no Pauli exclusion).?**° The von Weizsicker kinetic
energy density can be easily obtained from the one-body charge

1|V, |*

i W _ UEG
density n,as 7, = g

. The denominator in eqn (2), 75, is
nﬂ'

the same as the numerator but calculated for a uniform electron
gas with the same local density.

The numerator in eqn (2) is sometimes also called the Pauli
kinetic energy density D, for it signifies the degree of Pauli
exclusion at a point in space.®® A small D, indicates a small
probability of finding a second like-spin electron near the
reference point (high Pauli exclusion) thus suggesting that
the electron is highly localised around that particular region
in the space. The employment of the kinetic energy density of
the uniform electron gas (D2) serves as a reference to D,, and
the final form of eqn (1) restricts the value of ELF to be between
0 and 1. The upper limit of 1 of the ELF denotes complete
electron localisation (such as a point charge in space), and an
ELF value of 0.5 corresponds to having the same degree of
localisation as a homogeneous electron gas with the same local
density. Therefore, the higher the ELF value, the more localised
the electrons. The position of a local ELF maximum is some-
times also denoted as an attractor. Such attractors behave like
electrophiles, such as protons.*

The ELF has been demonstrated to be a powerful tool to
differentiate the nature of chemical bonds for many materials.*>*
At the same time, the ELF has also been used to investigate the
electron distribution of metal surfaces with different packing
patterns.***> The chemisorption bonds between metal surfaces
and some isoelectronic species can also be investigated using the
ELF.?® There have been reports showing that the ELF can be used
to predict the position of hydrogen atoms in hydrides.*”*® For
instance, the ELF pattern of the pure Ca substructure can be used
to predict the possible H positions in its hydride form CaH,,
indicating that high ELF regions have a high probability of
attracting hydrogen atoms.* It has also been found recently that
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removing the on-surface hydrogen from the (110) surface of Mg
hydride could form a high ELF region which is localised at the
position of the H vacancy.*® Furthermore, the ELF has been
shown to be independent of the particular computational method
used, such as basis sets and pseudopotentials.’® As a result, the
ELF is a promising and reliable instrument for analysing the
possible H adsorption sites in metal surfaces.

2.2 Computational methods

To simulate the chemisorption processes on a Mg surface, first-
principles calculations based on the DFT formalism were
performed as implemented in the Vienna Ab Initio Software
Package (VASP).*"**> The Projector Augmented-Wave (PAW)
method with the frozen core approximation was employed to
model the electronic wavefunctions where Mg’s 3s, O’s 2s and
2p, and H’s 1s are treated as valence electrons.**** A kinetic-
energy cutoff of 700 eV was used for the plane-wave expansion
of the valence wavefunctions of systems that contain Mg and H.
For systems that have Mg, H and O, a tighter 750 eV cutoff was
used to to ensure the total energy converges within 1 meV per
atom. Electronic exchange and correlation were described using
the Perdew-Burke-Ernzerhof (PBE) variant of the generalized
gradient approximation (GGA).*> For the Mg (0001) surface,
the Brillouin-zone was sufficiently sampled by a I'-centred 8 x
8 x 1 Monkhorst-Pack k-point mesh with the total energy per unit
cell converges within 5 meV.*® The electronic minimisation
process was deemed converged when a total energy difference
of 0.01 meV (per unit cell) between two steps was achieved.
The atomic positions were fully relaxed to a force tolerance of
1 mev A™?

The Mg (0001) surface was modelled by a p(2 x 2) slab
prototype. The slab is selected as 11-layer thick so that the
interaction between both sides of the slab becomes negligible
and the surface energy converges within 0.1 meV A~ This
periodic surface unit cell is also large enough along the x and y
directions to allow the simulation of chemisorbtion with surface
coverages ranging from 0.25 monolayer (ML) to 1 monolayer (ML).
The lattice parameters of the slab were 6.40 x 6.40 x 45.83 A®
which were determined from the cell optimization of the bulk Mg
cell. To eliminate spurious interactions between image structures
due to periodic boundary conditions, a vacuum of 20 A was added
in the z-direction (surface normal direction). We added H, O, and
OH as adsorbates to the available surface adsorption sites
and sub-surface interstitial sites (Fig. 1) on one side of the slab.
This asymmetric configuration leads to a dipole moment in the
unit cell, which was countered by adding a dipole layer in the
vacuum.”” For the on-surface adsorption, the surface fcc and hep
hollow sites were considered to be potentially occupied by H, O
and OH radicals. For the sub-surface interstitial sites, we took only
H uptake into account because of the small size of H and its high
mobility in the Mg substrate.*®

For the surface with a sub-monolayer coverage of H, OH,
or O, we chose a consistent reference (an H, molecule, a clean
Mg basal plane, and a water molecule) when calculating
the adsorption energy per adsorbate. The adsorption energy
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Fig.1 Schematic diagram of available on-surface and sub-surface
adsorption sites at the Mg (0001) surface. Images (a) and (b) correspond
to the top view of the Mg (0001) surface. The on-surface fcc and hcp sites
are represented by the blue and black circles respectively. Top layer (TL)
Mg atoms and second layer (SL) ones are indicated in the figure. Panels
(c)—(e) demonstrate the octahedral (Ol), tetrahedral-I (Tl;) and tetrahedral-
II (T1,) interstitial sites within the sub-surface region of the Mg basal plane
from the side view.
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with the energy of H and O obtained from DFT calculations

1
H= EEHz(g) (4)
Ho = En,o(g) — 2Un (5)

where k refers to the number of adsorbates on the surface per
unit cell, and Engen,0, Emgs Enyg and Eu,on) are DFT-
calculated total energies of different adsorption surfaces, the
clean Mg (0001) surface, a H, gas molecule and a H,O gas
molecule respectively. Herein, the energy (chemical potential)
of oxygen is controlled by water rather than oxygen gas because
we assumed that our system exists in hydrogen-rich
conditions.*” In the case of the H sub-surface adsorption into
Mg surfaces fully covered with H, OH, or O, we estimated the H
adsorption energy E through
EX = %[EMg (ML) H, — Eve(ivrys — Ly (6)

Here Eng1mr), IS the total energy of the Mg (0001) surfaces
(fully covered with H, OH, or O) whose sub-surface interstitial
sites are occupied by H atoms, and Eyg(1m1)- is the energy of the
reference fully covered Mg surfaces. [ is the number of sub-
surface H atoms per unit cell. A negative H adsorption energy
indicates that the sub-surface hydrogen adsorption, at a certain
interstitial site within the fully covered Mg surfaces, is exother-
mic compared with a H, gas molecule, thus suggesting a stable
H sub-surface structure in the Mg basal plane.

We note that zero-point energy (ZPE) was not included in
our adsorption energy calculations. A previous study has
demonstrated that for the hydrogen dissociative adsorption
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on the Mg basal plane, the difference in ZPE between one H
atom in the H, gas and adsorbed on to the Mg (0001) surface is
less than 2 meV.* This insignificant ZPE change for H thus
contributes little to the total adsorption energy. Similarly, it
has been found that the ZPE difference between O and OH
adsorption on the metal surface is approximately 15 meV,
suggesting that it has negligible influence on the adsorption
energy differences reported here.’>”" Based on these findings,
we deemed that it is unnecessary to include ZPE correction in
the current study. We also verified that introducing the solvent
effect in our calculations barely alters the adsorption patterns
and the most stable adsorption phases (ESIf). Thus, ignoring
the solvent effect in our calculations does not change the
conclusions.

3 Results and discussion
3.1 H adsorption on or below the Mg (0001) Surface

In this section, we investigate H adsorption on a Mg (0001)
surface from our DFT calculations. At low H coverage (less than
1 ML), the favourable adsorption sites for H are on-surface fcc
and hcp sites. For the surfaces pre-covered with 1 ML H, sub-
surface H adsorption becomes thermodynamically stable. By
analysing the ELF pattern for the clean Mg surface and for the
H pre-covered surface, we find that ELF is a promising indicator
for determining the possible stable adsorption sites for H in a
Mg surface.

3.1.1 Low H surface coverage (@y < 1 ML). In Fig. 2 we
plot the adsorption energy of H at the different adsorption sites
of the Mg (0001) surface with a hydrogen coverage ranging from
0 to 1 ML. Across all H coverages the fcc adsorption site appears
to be the most energetically favourable. Although less stable
than the fcc site, the hcp site has negative adsorption energies
for all coverages considered (with the exception of 0.25 ML
when the adsorption energy is very small at approximately
7 meV) and these energies are more negative than all other
sub-surface adsorption sites (octahedral, tetrahedral-I and II).

= o8l -x FcCH OH °g°9°

< -e- HCP-H OMg oo / E‘ s

> Ol-H 090 aa

g 0.6 -%- Tl;-H ° H

o Tip-H reeH e

¢ 041 T

w

C

L2 0.21

-

2

@ 0.0 == ST ;

3 | TR Ko x

0.2 ' I I

025 050 0_15 \,.00

H Coverage (ML)

Fig. 2 Adsorption energy (per adsorbed atom) of H on Mg (0001) surfaces
or in the sub-surface interstitial sites when the H coverage is less than
1 ML. Negative adsorption energy corresponds to an energetically favour-
able adsorption referring to the clean surface and H, gas molecule. Insets
are the stable on-surface fcc and hcp H adsorption structures.
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This suggests that the hcp site provides an additional (meta-)
stable adsorption site on the Mg basal plane for H.

Using the pristine surface and H, gas as references, the
adsorption energies of H in the three sub-surface sites considered
are all positive for all H coverages. This demonstrates that sub-
surface H adsorption is thermodynamically unfavourable at low H
concentrations under the Mg (0001) surface. The tetrahedral-I
adsorption configuration is only stable for a H coverage larger
than 0.75 ML, below which it automatically relaxed into the
surface hep configuration after geometry optimisation. Therefore,
only the adsorption energies for higher coverage are shown for the
tetrahedral-I adsorption in Fig. 2. The H adsorption energy
suggests that when the surface H concentration is low, H pre-
ferentially adsorbs onto the Mg (0001) surface instead of penetrat-
ing into the sub-surface. This finding of selective H adsorption
preference based on H concentration is consistent with previous
works.>>??

To understand why a hydrogen atom tends to bind to the on-
surface hollow sites rather than the sub-surface interstitial
sites, we considered four different energy components that
contribute to the total adsorption energy, namely the H, dis-
sociation energy, the lattice distortion energy, the ELF-related
energy and the Coulomb interaction energy, and estimated the
individual contribution of each component. Because the H,
molecule is set as the reference, the dissociation energy of the
H, molecule is a dominating constituent that increases the
adsorption energy. The DFT-calculated value for the H, bond
(breaking an H, molecule into two H atoms) is approximately
3.36 eV per H, which is close to the value calculated by Kresse of
3.40 eV per H.*® In addition to the energy penalty caused by
breaking the H-H bond, inserting H into the Mg surface
requires a distortion of the surface structure due to the non-
negligible size of the H atoms. The energy of this distortion
(sometimes also called the deformation energy) can be calcu-
lated as™

l/n
Egis = ;(Em”g* - EMg*) )
where E,\lj[”g* is the energy of the distorted (by n H atoms) Mg slab
computed without the H atom(s) present and Ey,- is the total
energy of a relaxed pristine Mg (0001) slab. Table 1 shows the
calculated distortion energy for the Mg (0001) surface with H at
certain coverages in different sites. For the on-surface adsorptions,
the distortion energy per H atom decreases with an increase in
H coverage, and the contribution of the distortion energy to the
total adsorption energy is diminished. The distortion energy of
fce adsorption is larger than that for hep at all coverages. This
distortion energy difference between fcc and hep plays a more
significant role in the total adsorption energy difference at low
H coverage (less than 0.50 ML). At higher coverage, the differ-
ence in total adsorption energy between fcc and hcep is far larger
than the difference in distortion energy (at 1 ML, the difference
in total adsorption energy is approximately 93 meV while the
difference in distortion energy is only 1.3 meV), indicating that
there are other energy components that dominate the overall
difference. The distortion energy for the sub-surface tetrahedral

This journal is © the Owner Societies 2023
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Table1l Distortion energy Eq;s (meV per H) for the Mg (0001) surfaces with
H at different adsorption sites when the total H coverage is no more than 1
ML. For comparison, the corresponding total H adsorption energy (meV
per H) is marked within the parentheses

0y (ML) fec hep ()4 TI, TI,

0.25 6(—16.7) 13.4(7.1) 3.7 (284.5) — 21.1 (87.5)
0.50 3(—54.8) 9.1 (—11.4) 6.3 (277.9) — 21.4 (97.6)
0.75 6 (—96.0) 44( 27.4) 11.7 (247.0) 33.6 (367.9) 23.2 (97.9)
1.00 1 (—136.3) 3.4 (—43.0) 18.0 (215.0) 79.4 (467.0) 29.0 (87.7)

adsorption increases with a larger H coverage, and is signifi-
cantly larger than that of the on-surface and octahedral inter-
stitial (OI) adsorptions. For the H adsorbed in the OI site, the
distortion energy is relatively low when the coverage is less than
0.5 ML. However, the total adsorption energy of OI adsorption
is much more positive than the on-surface adsorption, where
the distortion energy is larger than the OI adsorption at
0.25 ML and 0.5 ML. This significant positive adsorption energy
of the OI adsorption could be attributed to the lack of other
essential energy lowering contributions, such as the H-electron
interaction, and will be explained specifically in the following.

For hydrogen adsorption on Mg surfaces, the H-electron
interaction contributes negatively to the H adsorption energy.
This is caused by the fact that H has a higher electronegativity
(2.1) than Mg (1.3).°> When put in Mg cages, H atoms tend to
form H™ and leave Mg in positively charged states.’® As one
might expect the magnitude of the H-electron attractive inter-
action in the Mg surfaces is position sensitive: i.e. this inter-
action is more prominent at the positions where electrons are
more localised. Fig. 3 shows the electron localisation function
distribution within the Mg (0001) surface. The planar average
ELF along Z-axis and the side-view contour both indicate a
higher ELF value (a maximum of 0.68 on the planar averaged
plot) near the on-surface region compared to the sub-surface
and bulk regions. This on-surface electron localisation
enhancement of a Mg (0001) surface stems from the changes
in the local coordination of the top-layer atoms. Due to this

1

—— Mg (0001) Surfage

R EC RN XS

{0

- AN VaN Ve VN Ve

0.40 . - 5L - - :
30 31 32 33 34 35 36 37

Distance (Angstrom)

Fig. 3 Planar (XY-plane) average ELF of Mg (0001) surface along Z-axis.
Inset is the top-view ELF contour of the surface top-layer (a warmer colour
region indicates electrons are more localised within this region). The side-
view ELF contour is shown at the right of the figure. The vertical dashed
lines (the purple line and the brown line) mark the average atomic position
of the top layer (TL) and second layer (SL) respectively.
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enhanced electron localisation near the on-surface region, a
stronger H-electron interaction is to be expected, and thus H
atoms are more likely to be located in the on-surface adsorption
sites than the sub-surface and bulk regions under low concen-
tration. This conclusion is consistent with the calculated H
adsorption energies: the H adsorption energies of the on-
surface fcc and hcp adsorption sites are more negative than
other sub-surface adsorptions. We thus deduce that the H-
electron interaction energy should be positively correlated to
the local ELF value.

Table 2 shows the ELF value at different H adsorption sites
of Mg (0001) surfaces. The onsite ELF values of the on-surface
fce, hep and the sub-surface TI; and TI, sites are all larger than
0.5, confirming that electrons at these positions are more
localised than those in the uniform electron gas (free electrons).
These localised electrons at specific adsorption sites act as proton-
attractors and lower the adsorption energy by increasing the local
H-electron attractive interaction. For the OI site, the small local
ELF value suggests that electrons are as delocalised and metallic-
like as in the free-electron gas. Therefore, the H-electron inter-
action at the OI site is weaker than at other sites, which leads to
notable positive adsorption energy of the OI adsorption even
though the related distortion energy is relatively small.

Although it is clear that the ELF is an indicator of the local
H-electron interaction, and thus of the low energy adsorptions
sites within the Mg surface, it is a local property and does not
provide an estimate of the long-range Coulomb interactions.
Consequently, the relationship between the ELF value at an
adsorption site and the total adsorption energy do not have a
perfect one-to-one correspondence for systems with ionic-
character: the Mg-H bond is closer to an ionic bond according
to a previous study of the Mg-H system.’” For instance, the
H adsorption energy of the fcc site is more negative than that of
the hcp site despite the ELF value at the fecc site being smaller
than that of the hcp site. This apparent discrepancy is due to
the long-range Coulomb interactions between the hydride and
Mg ions, which is an additional energy-lowering constituent for
the total adsorption energy. We opted to estimate the long-
range Coulomb interaction through the Ewald method which
splits the electrostatic energy into the real-space and the
reciprocal-space terms respectively.’® The charge-charge inter-
action energy E,; is calculated using the Bader charges of ions
and estimated through the Pymatgen library.>*%°

Fig. 4(a) shows the relative Coulomb interaction energies
(which are calibrated by the Coulomb energy of the octahedral
adsorption, with a value of —10.89 eV) of the Mg-H (0.25 ML)
system with H at different adsorption sites. Although the ELF of

Table 2 Onsite ELF value at different adsorption sites (on-surface fcc, hcp
and sub-surface Ol, Tly and Tl sites) of a clean Mg (0001) surface. An ELF
value approaching 0.5 means the local electron localisation is similar to a
uniform electron gas. A higher ELF value indicates that electrons is highly
localised onsite

Mg (0001) surface fee hep 01 TL TI,

ELF value 0.666 0.785 0.349 0.687 0.673
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correspondent adsorption site. (b) Linear fit of the estimated ELF-related energy with respect to the onsite ELF value. The ELF-related energy is calculated
as the energy remainder of the total adsorption energy subtracting the H, dissociation energy, distortion energy and the Coulomb interaction energy,
then calibrated by the highest value (the energy remainder of the octahedral adsorption is set as zero) to demonstrate the relationship between the ELF
and the correlated energy. The Coulomb interaction energy and the ELF-related energy of the tetrahedral-| adsorption are excluded here because the

0.25 ML Tl; adsorption is energetically unfavourable.

the on-surface fcc is smaller than that of hep (but of similar
magnitude), the Coulomb interaction energy of one H at the fcc
site of the Mg (0001) surface is greater than for one H in the hcp
case, which results in a more negative adsorption energy.
Likewise, despite the sub-surface TI, site possessing the third
largest ELF value among all adsorption sites, the total adsorp-
tion energy for H at this site is still energetically unfavourable
due to the small Coulomb interaction. We conclude that the
Coulomb interaction plays a dominant role in determining
the most stable H-adsorption site on the Mg surface when the
ELF values for the candidate sites are of similar magnitude.
However, a high Coulomb interaction is not a sufficient condi-
tion for stable H adsorption if the ELF value is smaller than 0.5.
For the OI adsorption, the large coulomb interaction fails to
cancel the larger energy penalty which is due to the lack of
electron localisation at this site.

To demonstrate the connection between the ELF value and the
energy, we estimated the ELF-related energy from the adsorption
energy remainder found by subtracting from the total adsorption
energy the H, dissociation energy, lattice distortion energy and the
Coulomb interaction energy. Because the calculated Coulomb
interaction energy only includes the contribution from the
monopole-monopole interaction, ignoring the dipole-dipole and
dipole-monopole interactions, the estimated long-range inter-
action energy carries an error. Consequently, instead of focusing
on the absolute adsorption energy remainder, we calibrated the
energy remainder for different adsorption sites with the most
positive one (that of the OI adsorption) to underline the variation
of the ELF with its energy contribution. Fig. 4(b) illustrates the
relationship between the calibrated adsorption energy remainder
and the corresponding ELF value. The linear regression with a
negative slope indicates that a higher onsite ELF value leads to a
more negative energy term, thus suggesting a stronger H-electron
interaction locally. This observation supports our observation that
the H-electron interaction energy and the local ELF value are
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correlated positively, and the localised electrons can reasonably
be treated as a proton-attractor.

Overall, the ELF is a reliable indicator for predicting the
possible stable adsorption site for H in the Mg (0001) surface.
This is because the ELF value is positively correlated to the
adsorption energy, with the higher the value the larger the
H-electron interaction, and thus the more negative the corres-
ponding energy. To fully determine the most energetically
favourable site we also need to consider the structure distortion
energy and the Coulomb interaction. However, the position
with the largest ELF value within the Mg surface has a high
probability of being a stable adsorption site, which could also
be thought of as an effective trap for capturing H from the
environment. In addition to predicting the position of H traps
in a pristine Mg (0001) surface, we also demonstrated that the
ELF could forecast the possible adsorption sites for H in a
defective Mg surface in the ESL

3.1.2 Higher H coverage at the surface (1 ML < @y < 2 ML).
In previous sections, we found that the Mg (0001) on-surface
fec site is the most energetically favourable adsorption site for H
when the H coverage is less than 1 ML. The sub-surface H
adsorption at low H coverage is unfavourable due to the lack of
electron localisation or efficient Coulomb interactions. However, a
hydride-like structure has been found underneath the Mg surface
both experimentally and by means of simulation, which suggests
that sub-surface H adsorption can be thermodynamically feasible
under some conditions.>**** We explored this further by investi-
gating the thermodynamic stability of sub-surface H adsorption at
a higher H coverage within the Mg surface (1 ML < Oy < 2 ML)
by pre-adsorbing 1 ML H atoms at the on-surface fcc sites initially.
Then the available sub-surface interstitial sites are subsequently
occupied by H atoms until the total H coverage reaches 2 ML.

Fig. 5 illustrates the sub-surface H adsorption energy at
different interstitial sites in the 1 ML H (fcc) covered Mg
(0001) surface. To demonstrate the influence of the surface
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Fig. 5 Adsorption energy per adsorbed atom (* suggests that the refer-
ence is no longer the clean Mg surface) of H in the sub-surface interstitial
sites of the Mg (0001) surface when the H coverage is larger than
1 ML:1 ML H is pre-adsorbed on the on-surface fcc sites. Negative
adsorption energy corresponds to an energetically favourable adsorption,
and is evaluated relative to the 1 ML H (fcc) covered surface and an H; gas
molecule. The inset is the top view of the stable sub-surface tetrahedral-|
(Tly) H adsorption structure for the 1 ML fcc-H covered Mg basal plane. The
side view of the 4FCC-Tl; adsorption structure shows the position of two
types of H within the surface.

adsorption state on the sub-surface H adsorption, we chose the
H covered Mg (0001) surface and H, gas molecule as the
references for calculating the H adsorption energy. As the sub-
surface H coverage increases, the TI; adsorption remains ener-
getically favourable having the most negative adsorption energy
among the three sub-surface adsorption sites. The adsorption
energies of the Ol and TI, adsorption are positive across all
coverages, indicating an unstable H adsorption site, as compared
with the H covered Mg surface and gaseous H,. This adsorption
energy pattern demonstrates that when the Mg (0001) surface is
covered by 1 ML H at the most energetically favourable on-surface
site (fcc), the sub-surface H adsorption in the TI; site could be
feasible, thereby forming a stable H-Mg-H tri-layer structure at
2 ML H coverage. This H(fcc)-Mg(TL)-H(TL,) tri-layer structure
(shown in Fig. 5) was also discovered in a previous theoretical
study, and is considered a prospective precursor of the magne-
sium hydride which forms underneath the Mg surface.”
Moreover, the presence of the sub-surface Mg hydride structure
was also detected experimentally in the cathodically charged Mg
specimen during its aqueous corrosion.** The X-ray diffraction
spectra of the corroded specimen monitored the presence of the
crystalline Mg hydride by detecting additional peaks that are
expected for MgH,. The secondary ion mass spectrometry image
further located the Mg hydride in the sub-surface region of the
specimen. In this sense, the pre-adsorbed on-surface fcc H could
enhance the stability of the sub-surface H adsorption at some
particular regions within the Mg basal plane, thus forming a sub-
surface hydride-like structure.

As mentioned previously, the ELF could be a rational indicator
for predicting the stable H adsorption sites in the Mg surface.
We now investigate the mechanism of the stabilizing of the sub-
surface TI; H adsorption by the on-surface H layer in the Mg
surface by studying the evolution of the ELF in the sub-surface
region of the Mg (0001) surface with the increase of the fcc H
coverage from 0 to 1 ML. Fig. 6 shows the planar average ELF of
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Fig. 6 Planar (XY-plane) average ELF of the H (fcc) covered Mg (0001)
surface along Z-axis as the increase of the H coverage from 0 to 1 ML. The
side-view and the top-view of the ELF isosurface plot (isosurface level =
0.80) for the 1 ML H (fcc) covered Mg surface are shown at the right of the
figure. A newly formed ELF maximum (small size yellow circles) could be
found at the sub-surface tetrahedral-1 (Tly) sites, which corresponds to the
labelled peak in the planar average plot.

the Mg (0001) surface with different fcc H coverage along the
Z-axis. With the increase of the on-surface fcc H coverage, the
planar average ELF peak which is located above the top surface
gradually decreases. In contrast, the ELF peak in between the top
layer and the second layer of the Mg surface is enhanced
significantly due to the introduction of the on-surface fcc H. This
enhanced ELF peak in the planar-average plot can be correlated
with a newly formed ELF maximum (as shown in Fig. 6 isosurface
plot) at the sub-surface TI; sites.

Table 3 demonstrates that the onsite ELF value changes at
different sub-surface interstitial sites during the formation of
the 1 ML on-surface fcc H layer. For the two tetrahedral
interstitial sites, the onsite ELF values both increase from the
pristine Mg surface to a surface with the fcc sites fully covered
with H. The onsite ELF value of the octahedral interstitial site
reaches a maximum of 0.493 when the on-surface H coverage is
0.25 ML, and finally drops to a similar value as that of the clean
surface when the fcc H ML forms. This indicates that the on-
surface fcc H is incapable of enhancing the electron localisation
above the critical value (0.5) at the octahedral site. Across all on-
surface H coverages, the TI, site possesses the largest ELF value
among the three sub-surface interstitial sites, which is consistent
with the local ELF maximum found in the ELF isosurface plot.
On the basis of the ELF augmentation at the TI, site, the
H-electron interaction is strengthened significantly at this inter-
stitial site. Accordingly, the H adsorption energy at the TI; sites
of a Mg (0001) surface is presumed to be negative because of the
on-surface H adsorption, which agrees with the aforementioned
result in Fig. 5. In this regard, ELF provides a reliable insight into
predicting the stable H adsorption sites within Mg surfaces.

Table 3 Onsite ELF value changes at different sub-surface interstitial sites
as the on-surface fcc H coverage increases from 0 to 1 ML

fec-H coverage (ML) 0 0.25 0.50 0.75 1.00
Octahedral (OI) 0.349  0.493  0.465 0420  0.367
Tetrahedral-I (T1,) 0.687 0.734 0.743 0.805 0.816
Tetrahedral-IT (TI,) 0.673  0.691 0711  0.712  0.740
Phys. Chem. Chem. Phys., 2023, 25, 5989-6001 | 5995
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Fig. 7 ELF contour map of the side view of the fcc H covered Mg (0001)
surface with different H coverage in the sub-surface Tl; sites (from the left
to the right, the sub-surface H coverage is 0, 0.50 and 1 ML). The leftmost
schematic demonstrates the correspondent adsorption structures with the
ELF maximum tagged as yellow oval. The H positions are also labeled in the
contour figures.

Fig. 7 shows the ELF contour map for the Mg (0001) surface
with the fcc sites occupied by H and with different H coverages
in the sub-surface TI; sites. When the sub-surface sites lack
H atoms, the pre-adsorbed H atoms at fcc sites consume the
electrons spread on the top surface, promoting the formation
of a new ELF maximum in the sub-surface TI, site. The sub-
sequent occupation of these interlayer ELF maxima with H is
thus energetically favourable and modifies the surface ELF
pattern further. Before the sub-surface TI, sites are fully occu-
pied, H uptake at one TI; site (ELF maximum position) can
enhance the electron localisation at the neighbour TI; sites.
Once the sub-surface TI; sites are completely occupied by H,
the entire H(fcc)-Mg(TL)-H(TL,) tri-layer structure forms with
electrons in the sub-surface region being depleted. This elec-
tron depletion is shown in the rightmost schematic in Fig. 7:
the ELF value between the top layer and the second layer is
approximately 0. We also note that a newly-created ELF max-
imum is located at the hcp hollow site of the second layer,
which is similar to the position of the ELF maximum on a clean
Mg (0001) surface. The ELF pattern of the stoichiometric
H-Mg-H tri-layer structure indicates that ionic Mg-H bonds
are built within the tri-layer, thus leading to a chemically
complete structure which could be separated from the bulk
Mg. Therefore, a novel almost-clean Mg surface is created under-
neath the tri-layer structure, with the ELF maximum positioned
in the regular hep sites. A newly formed ELF maximum in the
second Mg layer is a reactive site for subsequent H adsorption,
thus providing an energetically feasible path for continuously
forming more H-Mg-H tri-layer structures within the Mg sur-
face. This ELF-driven H adsorption in the Mg (0001) surface
could be a possible mechanism for the growth of bulk phase
MgH, within the bulk of Mg.

3.2 H Adsorption below the hydroxylated or oxidised Mg
(0001) surface

In the previous section, we demonstrated that the ELF maximum
and high ELF sites within the Mg surface are potential
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adsorption sites for H. The on-surface H adsorption alters the
ELF pattern of the underlying Mg surface with new ELF maxima
developing within the sub-surface region, leading to thermo-
dynamically stable H adsorption at the sub-surface interstitial
sites. However, during aqueous corrosion of Mg, a hydrogen
atom is more likely to escape from the surface as H, rather than
being adsorbed on the surface.®’ In a humid environment, the
bare Mg surface tends to be covered by oxygen atoms or hydroxyl
groups produced by water dissociation at the surface. We now
explore the ELF pattern evolution and the sub-surface H adsorp-
tion of the hydroxylated and oxidised Mg (0001) surfaces. We
found that the on-surface fcc and hcp sites are the most
energetically favourable for OH and O adsorption, respectively.
The on-surface OH or O adsorption can enhance the ELF value at
a sub-surface interstitial site, resulting in stable sub-surface H
adsorption in the hydroxylated or oxidised Mg (0001) surface.

3.2.1 On-surface adsorption of O and OH on the Mg (0001)
surface. Fig. 8 shows the adsorption energy of OH groups and O
atoms on the on-surface fcc and hep sites of the Mg (0001)
surface. Overall, the on-surface adsorption of O and OH on the
fec and hep sites of the Mg (0001) surface are all energetically
favourable with negative adsorption energies. For OH adsorption,
the hcp site is more energetically favourable at coverages below
0.50 ML. At higher OH coverage (0.50 to 1 ML), the on-surface fcc
site becomes more stable for OH groups. Because the neutral
hydroxyl radical requires one extra electron to form a more stable
chemical state (hydroxide), the on-surface OH groups tend to
remove electrons from the top layer of Mg atoms in the same
manner as the on-surface H. The hydroxyl group and H atom both
require one electron to form a fully-filled electron shell, thus
leading to a similar adsorption pattern (stable fcc adsorption) for
these two adsorbates. For the on-surface adsorption of O (requires
two extra electrons to form oxide), the hcp site adsorption has a
more negative adsorption energy than the fcc adsorption site at all
coverages. In this case, the adsorption pattern for O perfectly
corresponds to the ELF pattern of the Mg (0001) surface, which
indicates that the ELF-related O-electron interaction energy plays
a more important role in the total adsorption energy for O than
for OH and H adsorption. This more significant ELF-related
energy for O adsorption could be attributed to the electronegativ-
ity difference between O and H (3.5 and 2.1, respectively).®>
Compared with H adsorption on the Mg surface, O is more
electrophilic with a larger electronegativity, which leads to an
enhanced adsorbate-electron interaction. As a result, the ELF-
related energy of the O adsorption is more significant than that of
the H adsorption, and the adsorption pattern of the O adsorption
coincides well with the ELF distribution within the Mg (0001)
surface.

Despite the OH radical having a similar electronegativity to
the O atom (with a value in the range from 2.2 to 3.2, with the
precise value depending on the structure and strength of the H
bonding), the OH adsorption on the Mg (0001) surface shows
an identical pattern to the H adsorption rather than the O
adsorption, with the fcc site being more favourable than the
hep site.®® The enhanced ELF-related energy in the OH adsorp-
tion case narrows the difference in adsorption energy between
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(a) Adsorption energy per adsorbed radical of OH on the Mg (0001) surface. When the coverage is larger than 0.50 ML, the absorption of OH at

hcp sites is more stable than at fcc sites. The inset shows the fcc adsorption pattern, with the Mg, O and H atoms represented by the orange, red and
white spheres, respectively. (b) Adsorption energy per adsorbed O atom for O on the Mg (0001) surface. The hcp site is more energetically favourable for
O adsorption at all surface coverages. The inset presents the stable hcp O adsorption structure.

the fcc and hcep sites, but does not play an equally significant
role in the total adsorption energy as in O adsorption. This
indicates that the energetically favourable hep adsorption for
the O atom is not only stabilized by the increased O-electron
interaction (enhanced electronegativity of the adsorbate) but
also settled by other important contributions.

To determine additional causes for the stabilisation of the O
hep adsorption, we investigated the lattice distortion energy for
the Mg surface with O and OH radicals at hcp and fcce sites,
respectively. Fig. 9(a) shows that the distortion energy for O
adsorption at both hep and fcc sites is larger than that for OH
adsorption at all coverages. This is because the OH radical is
adsorbed above the top layer of the surface with a distance of
approximately 1 A, which introduces limited lateral lattice dis-
tortion. The O adsorption on the Mg (0001) surface is generally
in-plane adsorption with O just located in the top layer, and
induces a larger lateral lattice distortion and an enhanced
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distortion energy. For the OH adsorption, the distortion energies
for the fcc and the hep adsorption sites both decrease with the
increase of the coverage. In addition, the OH adsorption at
the hcp site possesses a slightly higher distortion energy than
the OH adsorption at the fcc site when the coverage is smaller
than 1 ML. At 1 ML coverage, the distortion energy for OH
adsorption reduces to approximately zero because of the high
symmetry of the fully covered surface, which is similar to H
adsorption. The distortion energy for O adsorption at an hcp site
is 4 and 5 times larger than that of the OH hcp/fcc adsorption at
0.25 ML coverage and decays to zero rapidly as the coverage
increases. By contrast, the O adsorbed at the on-surface fcc site
introduces a strongly increasing distortion energy with respect to
the increasing coverage. According to the distortion energy
difference between O adsorption at the hep and fce sites shown
in Fig. 9(a), this distortion energy difference for the O adsorption
contributes significantly to the total adsorption energy difference
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(a) Distortion energy (meV per adsorbate) of the on-surface adsorption at fcc and hcp sites on the Mg (0001) surface for O atoms and OH radicals.

(b) Variations of the spacing between the top and second layers of the Mg surface with O and OH adsorbed at the fcc and hcp sites at different coverages.
Here the layer spacing is the percent change of the layer distance for the hydroxylated or oxidised Mg surface with respect to the distance for the clean

Mg surface.
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between these two sites. Unlike the H adsorption and the OH
adsorption, the hep adsorption for O results in a smaller lattice
distortion energy compared with the fcc adsorption, which
also stabilises the onsite hcp O adsorption in addition to the
enhanced adsorbate-electron interactions.

The remarkable distortion energy for the O adsorption at fcc
sites could contribute to the large layer spacing between the top
layer (TL) and the second layer (SL) of the surface. Fig. 9(b)
shows the variation of the TL-SL spacing (distance change
referenced to the clean surface) for the Mg surface with O
and OH adsorbed at different sites. The O adsorption at fcc
sites induces a significant layer separation between the top
layer and the second layer of the Mg (0001) surface with
increased coverage. At 0.25 ML, the TL-SL layer spacing for
O and OH adsorption at both hep and fee sites is at a similar
small level. As the coverage increases, the subsequent adsorption
for the OH radicals at hcp and fce sites and O at hep sites alter
the layer spacing by 5% or less. However, the layer spacing for
the Mg surface with O adsorbed at fcc sites increases signifi-
cantly as more O is adsorbed onto the surface, reaching a
maximum of 28% at 1 ML coverage: this indicates a significant
layer separation between the top Mg-O layer and the substrate.
Such a large layer spacing results in distortion energy that is
far larger than for O adsorption at hep sites. Therefore, for O
adsorption, the hcp sites are more stable as a consequence of a
higher onsite ELF value (larger O-electron interaction) and a
negligible lattice distortion (layer separation) compared with the
fec sites.

The ELF pattern of the hydroxylated and oxidised Mg (0001)
surface suggests a possible explanation for the unique layer
separation (large layer spacing) for O adsorption at fcc sites.
As shown in Fig. 10, the ELF contour patterns for the OH
adsorption demonstrate that the on-surface OH radicals par-
tially consume the electrons of the top layer Mg both for the fcc
and hcp sites: OH only requires 1 electron and it is slightly
above the top atomic layer. Thus, there are still numerous
electrons distributed in the sub-surface region underneath
the top layer. These remaining electrons can connect the top-
layer Mg atoms with the second layer by forming chemical
bonds, thus restricting the TL-SL spacing and diminishing the
related distortion energy. However, for the O adsorption, the

FCC-O

Fig. 10 ELF contour map and the isosurface (level = 0.76) plot for the side
view of the Mg (0001) surface with 1 ML of OH and O on the fcc and hcp
sites. In the ELF contour maps, the position of the top layer atoms is
indicated by the space-filling sphere model.
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on-surface O depletes more electrons within the top layer
because one O atom requires two electrons to form a stable
anion and the O is adsorbed just in the top layer with an
insignificant vertical displacement.

The ELF contour map for O adsorption at a hcp site
demonstrates the decrease of the sub-surface electrons com-
pared with OH adsorption. Although the sub-surface electrons
are depleted more completely by the adsorbed hcp O atoms, a
chemical bond between the adsorbed O and the Mg atom
directly underneath is visible in the contour map. This O-Mg
bond plays a similar role as the inter-layer electrons, which
connect the top layer atoms to the substrate and reduce the layer
spacing, thus clarifying the small layer spacing for the O adsorp-
tion at hep sites. However, the O adsorption at fcc sites lacks this
essential Mg-O bond because of the layer configuration. The ELF
contour map shows that the topmost Mg-O layer interacts weakly
with the second-layer Mg atoms, with fewer electrons remaining
in the sub-surface region and no evident chemical bonding
between the O and SL Mg atoms. In this case, the weak electronic
interaction between the atoms in the top layer and the second
layer contributes to the large layer separation when O is adsorbed
on fec sites, and the lattice distortion energy is related to this lattice
distortion, thereby destabilising the O adsorption at this site.

In addition, the on-surface OH radicals and O atoms also
modify the ELF pattern of the pristine Mg (0001) surface and
generate new ELF maxima in the sub-surface region in the
same way that the on-surface H atoms do. Considering the two
most stable adsorption patterns for the OH and O adsorption
on the Mg surface (adsorption at fcc and hep sites), the isosurface
plot and the ELF contour map illustrate that OH at an on-surface
fece site introduces a new ELF maximum at the sub-surface T, site,
whereas the O at an hcp site creates a new maximum at the sub-
surface TI, site (also close to the hcp site in the second Mg layer).
These novel sub-surface ELF maxima are possible locations within
the hydroxylated or oxidised Mg surface for adsorbing additional
H atoms. Thus, in a humid environment, where the Mg surface is
generally covered by OH and O groups, sub-surface H adsorption
and the formation of a Mg hydride-like layer could occur.

3.2.2 H adsorption within the OH and O covered Mg (0001)
surface. To better understand the H sub-surface adsorption in
the hydroxylated or oxidised Mg (0001) surface, we adsorbed H
atoms in the available interstitial sites (OI, TI; and TIL,) in the
1 ML OH and O covered Mg surface in the most stable
adsorption state, and calculated the H sub-surface adsorption
energy for different adsorption configurations.

Fig. 11(a) illustrates the adsorption energy for the sub-
surface H within the Mg (0001) surface covered with 1 ML of
OH at fcc sites. At all H coverages in the sub-surface region, the
TI; interstitial is the most stable site among the three sub-
surface sites, with negative adsorption energy for placing H
atoms at this site of the hydroxylated surface. For H adsorption
at the OI and TI, sites, the positive adsorption energy indicates
an unstable H uptake at these interstitial sites in the OH
covered Mg surface. This sub-surface H adsorption energy
pattern agrees well with the ELF pattern within the Mg (0001)
surface covered by OH at fcc sites: the electron localisation at
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(a) Adsorption energy per H atom of H in sub-surface interstitial sites within the Mg (0001) surface covered by 1 ML OH radicals at fcc sites.

Negative adsorption energy suggests stable sub-surface H adsorption with respect to the hydroxylated Mg surface and H, gas. The inset shows the
structure of the most energetically favourable sub-surface H adsorption site (Tl;), with the corresponding ELF contour map on the left. (b) Adsorption
energy of H in the sub-surface region with the Mg (0001) surface covered by 1 ML of O at hcp sites. The inset shows the structure of the most stable
H sub-surface adsorption in the oxidised surface (Tl,). The related ELF contour map is also shown on the left.

the sub-surface TI; site is enhanced significantly by the on-
surface OH radicals at fcc sites, thereby suggesting a potentially
spontaneous H adsorption. Therefore, a stable OH(fcc)-Mg-
H(TL,) tri-layer that has an identical configuration to the afore-
mentioned H(fcc)-Mg-H(TL,) tri-layer structure forms within
the Mg substrate. This can be understood because the adsorp-
tion of OH at fcc sites on the Mg surface has an equivalent
influence on the ELF distribution in the surface as the H
adsorption at fcc sites. Likewise, the OH(fcc)-Mg-H(TI,)
tri-layer is also a chemically completed structure, with the
inter-layer electrons depleted adequately by the on-surface OH
radicals and the sub-surface H atoms. After adding H atoms at
the TI,; site of the Mg surface covered with OH at fcc sites, a
novel ELF maximum could be found at the hcp hollow site
within the second Mg surface layer, which suggests that more H
atoms are likely to be adsorbed at the reconstructed pristine Mg
surface underneath the tri-layer structure.

For the sub-surface H adsorption in the Mg (0001) surface
covered with O at hcp sites, the OI and the TI, sites are both
thermodynamically stable locations for H atoms at all coverages
up to 1 ML. H adsorption at the T, site is energetically favourable
at a H coverage of less than 0.60 ML. Amongst three sub-surface H
adsorption sites in the oxidised Mg (0001) surface, the TI, site is
the most stable with the most negative adsorption energy. This
active H adsorption site is just the ELF maximum generated by
the on-surface O atoms at hcep sites in the Mg (0001) surface, thus
confirming again that the ELF is a good indicator for predicting
possible adsorption sites for H in the Mg surface. Based on the
ELF contour map for the O(hcp)-Mg-H(TL,) structure, the sub-
surface H further consumes the remaining inter-layer electrons
within the Mg surface, and also weakens the chemical bond
between the O and the underneath Mg. However, the adsorbed
H at the TI, site connects to the top Mg atom with a H-Mg bond,
and prevents the separation of the topmost Mg-O layer from the
bulk phase. In addition, the introduction of the sub-surface H in
the hep-O covered Mg surface establishes a new ELF maximum at
the TI, interstitial between the second and the third Mg layer.
This ELF evolution within the oxidised Mg surface thus indicates

This journal is © the Owner Societies 2023

the possible energetically favourable pathway of forming the
H-Mg-H layers within the bulk phase. Consequently, we conclude
that the sub-surface Mg hydride-like layer (H-Mg-H structure)
could form during Mg aqueous corrosion within the Mg surface
covered by O and OH (from water dissociation) following an ELF-
driven H adsorption mechanism.

4 Conclusions

In conclusion, we have studied hydrogen adsorption and
hydride layer formation mechanism within the Mg (0001)
surface using density functional theory calculations. We discovered
that atomic H tends to be adsorbed in the high Electron Localisa-
tion Function (ELF) adsorption site within the Mg surface. By
decomposing the total H adsorption energy in the Mg (0001)
surface, we found that the onsite ELF value at each adsorption
site is linearly correlated to the ELF-related adsorption energy.
This confirms that the ELF is a reliable predictor of the H
adsorption structure. The ELF maxima region within the sur-
face could also be treated as an effective hydrogen trap. At low
H coverage, fcc sites are the most stable adsorption sites on the
Mg basal plane due to the joint effect of the ELF (H-electron
interaction) and the Coulomb interactions. When the surface is
pre-adsorbed with 1 ML of H at fcc sites, the electron localisa-
tion at the sub-surface TI, is significantly enhanced, leading to
energetically favourable sub-surface H adsorption and a stable
H(fcc)-Mg-H(T1,) tri-layer structure.

For the on-surface adsorption of OH radicals and atomic O,
both the ELF (adsorbate-electron interaction) and the lattice
distortion can influence the stable adsorption pattern (fcc sites
and hcp sites are the most stable on-surface adsorption sites for
OH and O, respectively). The ELF pattern in the sub-surface
region of the Mg-basal plane could also be modified by the on-
surface OH and O atoms, thus stabilising the sub-surface H
adsorption and resulting in the formation of similar OH(fcc)-
Mg-H(TL,) structure for the hydroxylate Mg surface and O(hcp)-
Mg-H(TL,) structure for the oxidised Mg surface.
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The adsorbate generated ELF variation within the Mg (0001)
surface drives sub-surface H adsorption and the formation of
the hydride layer (or its precursor) underneath the topmost
Mg layer, thus illustrating the underlying mechanism for the
Mg hydride formation during the aqueous corrosion at the
open circuit potential. Because the formation of the sub-surface
hydride is dominated by the electron localisation within the Mg
surface, it is possible to control the electron localisation
thereby modulating the formation of the hydride. For instance,
modifying the metal surface state by doping, introducing
defects or adsorbing other radicals could change the electron
localisation of the metal with the formation of new ELF max-
ima, which could further prompt the hydride formation.
Furthermore, charging the surface or applying external strain/
stress on the metal could also alter the electron localisation,
thus tuning the formation of the hydride. This finding lays
a foundation for understanding the significance of the Mg
hydride crystalline structure in Mg aqueous corrosion, and
for further revealing the nature of some enigmatic phenomena
in the Mg corrosion, such as the negative difference effect.
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