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 A B S T R A C T

The catalytic effect of all 3d, 4d and 5d transition metals (TMs) as possible dopants of a Mg(0001) surface 
to enhance its hydrogen sorption properties has been systematically studied with Density Functional Theory 
(DFT). We discuss on-surface adsorption and first three-layer substitutional preferences of all TMs and compare 
results with those already available in literature. Our findings show that most of them prefer to substitute in 
the second layer, apart from Cd and Hg preferring the first layer — and from Co, Zn, Ru, Rh, Lu and Au 
preferring the third layer instead. We also present a compilation of d-band centre position values for all the 
TMs of the Periodic Table. Using this descriptor in the context of the Hammer & Norskov model, we find 
that Fe, Ni and Rh remain the most active catalysts among all TMs, securing low activation barriers for both 
hydrogen dissociation and diffusion processes.
1. Introduction

The transition to a green economy solely based on renewable energy 
sources is a worldwide goal and a yet to be solved challenge. It has 
been several decades since the scientific community has focused on 
hydrogen storage as clean energy fuel for mobile applications, its 
combustion product being simply water (see for example reviews by 
Møller et al. [1], Shao et al. [2], Sun et al. [3], Abe et al. [4]). 
Of course, hydrogen needs to be produced from renewable energy 
resources, but even when this is done a major challenge remains 
its storage, especially in the context of mobile applications. Among 
promising candidates for hydrogen storage purposes, magnesium has 
received much attention due to its natural abundance, high H storage 
capacity, low cost, lightweight, and cyclability. However, due to a slow 
kinetics (high energy barriers for hydrogen dissociation and diffusion) 
and high working temperatures, the hydrogen storage properties of 
Mg-based materials are yet to be improved for practical transportation 
purposes (see recent reviews by Yang et al. [5], Hong et al. [6] and 
Borcholoo & Nekouee [7]).

In previous investigations [8,9] we studied the effect of transition 
metal (TM) doping on molecular hydrogen dissociation and hydrogen 
diffusion on a Mg(0001) surface with DFT calculations. Although the 
diffusion of atomic hydrogen on a pure Mg surface is facile, the pres-
ence of a significant energy barrier makes the dissociation of molecular 
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hydrogen difficult, hindering the whole process of forming the hydride. 
The aim, therefore, is to find a TM able to facilitate the dissociation 
process, without hindering diffusion. In particular, we investigated 
most of the 3d and 4d TMs (Ti, Zr, V, Fe, Ru, Co, Rh, Ni, Pd, Cu, and Ag) 
apart just a few of them (Cr, Mn, Nb, Mo and Tc). We considered TMs 
atoms substitutions in the first layer. We showed that the elements to 
the left of the Periodic Table help with dissociation, reducing the energy 
barrier, but also make diffusion more difficult, those on the right do not 
affect H diffusion too much, but they are also less useful in reducing 
the energy barrier for the dissociation of the hydrogen molecule.

Among all the TMs investigated, we found that Fe, Ni and Rh are 
the best catalysts, compromising between the energetics of the two 
different processes. We found that a good descriptor of this activity was 
the position of the d-band centre, according to the Hammer & Nørskov 
model [10]. From all the results collected, we predicted an expected
d-band centre value of about −1.29 eV for the ideal dopant of a Mg 
surface.

At the same time, Banerjee et al. [11] investigated the interaction of 
molecular hydrogen with pure and TM (Ti, V, and Ni) doped Mg(0001) 
surfaces using first-principles calculations. They showed that the 3d
metals Ti, V and Ni prefer to substitute one Mg atom in the second 
layer, rather than the first. They calculated both dissociation and 
diffusion barriers and found that whereas dissociation is facilitated 
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Fig. 1. The four possible adsorption sites investigated for TM adsorption 
(clockwise: top, bridge, hollow-hcp and hollow-fcc) on a Mg(0001) surface. 
Colour code is green for the TM atom, light blue for Mg atoms. (For interpre-
tation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)

when the TM atoms sit on the surface, diffusion is instead improved 
when TM atoms are placed in the second layer, because the H atom 
does not stick too strongly to the TM in a deeper layer.

Soon after, Wu et al. [12] presented DFT results for hydrogen 
dissociation on a pure and on a Pt-doped Mg(0001) surface. They found 
that the dissociation process is facilitated when the surface is doped 
with the 5d transition metal, giving an energy barrier of 0.39 eV against 
1.05 eV of the pure surface. However, no investigation was carried out 
for hydrogen diffusion on the Pt-doped Mg surface.

Chen et al. [13] studied the stability of TMs on Mg(0001) surfaces 
and their effects on H adsorption. They carried out both magnetic and 
non-magnetic calculations for all the 3d and 4d TMs (including Sc, Cr, 
Mn, Zn, Y, Nb, Mo, Tc and Cd which were not studied in our previous 
works), and for Pt and Au among the 5d TMs, as dopants in the first and 
second layer. They found that spin-polarised calculations are required 
for Cr, Mn and Fe, but not for Ni and Co. Their results show that all TMs 
prefer to substitute a Mg atom in the second layer, in line with what 
previously found by Banerjee et al. [11] for Ti, V and Ni. However, 
from a close inspection of their Fig.  1, we note a slight preference for 
Cd to substitute in the first layer instead.

Subsequently, Chen et al. [14] performed a theoretical study of 
hydrogen dissociation and diffusion on pure, Nb-doped, Ni-doped, and 
NbNi co-doped Mg(0001) surfaces. Their results show that both Ni and 
Nb prefer to substitute in the second layer instead of the topmost one. 
They find that hydrogen dissociation is facilitated when Ni is located 
in the first layer (in agreement with past literature), however, there 
is almost no catalytic effect when Ni is located at the energetically 
favoured second layer. With regard to Nb, the dissociation barrier 
is reduced at both locations. For both individual Ni and Nb doping, 
the diffusion barriers are slightly increased with respect to the pure 
surface. When considered for surface co-doping, whereas the dissocia-
tion barrier is significantly reduced, the corresponding diffusion barrier 
increases with respect to that on the pure Mg surface.

Later on, Wang et al. [15] studied doping with TMs from Sc to Au 
(all 3d, 4d and most of 5d but no Lu, nor Hg) substituted at first, second 
and third layer. They reported that spin-polarised calculations must be 
used for Fe, Ni, and Co. They found that transition metals on the left 
of the Periodic Table (Sc, Ti, V, Y, Zr, Nb, Hf, Ta and W) prefer to 
substitute one Mg atom in the second layer, whereas all the other TMs 
at the centre and right of the Periodic Table (Cr, Mn, Fe, Co, Ni, Cu, Zn, 
Mo, Tc, Ru, Rh, Pd, Ag, Cd, Re, Os, Ir, Pt and Au) prefer to substitute in 
the first layer. In addition, they find that Cd, is the only one preferring 
to be adsorbed on the surface. Finally, Fe turns out to be the best dopant 
on the Mg surface for molecular hydrogen dissociation.
2 
A few years later, Tang et al. [16] studied all 3d and 4d TMs, plus 
Pt and Au as 5d TMs substitutions on Mg(0001). They performed spin-
polarised calculations in all cases and considered TMs substituted in 
the first and second layer. Their results show that all TMs prefer to 
substitute in the second layer, apart from Cd, which prefers to substitute 
in the first layer.

It has to be noted here that both Chen et al. [13,14] and Tang 
et al. [16] doped the surface by substituting one Mg atom with a TM 
atom, as we did in our previous works too, whereas Wang et al. [15] 
replaced one of the Mg atoms in the first/second/third layer of the 
Mg(0001) surface with a TM atom while moving the replaced Mg atom 
on the surface (they mention four different adsorption sites – top, 
bridge, fcc and hcp – so we guess the most favourable was chosen 
accordingly) and therefore a comparison of the results with those of 
Wang et al. would not be meaningful.

Recently, Han et al. [17] studied the location-dependent effect of 
Ni doping on hydrogen dissociation and diffusion on Mg(0001) by 
considering first, second and third layer substitutions. Their DFT results 
are in agreement with previous findings in literature, i.e., Ni prefers 
to locate inside bulk Mg. However, backed also by their experimental 
findings, they show that in this case the catalytic effect of Ni on 
hydrogen dissociation/diffusion is suppressed/undermined. Therefore, 
they conclude that to take advantage of the catalytic effects of the TM, 
it is crucial to stabilise Ni atom on the surface or in the topmost layer 
of Mg(0001).

Wang et al. (2014) reported the position of the d-band centres for 
some of the 3d TMs (Zn, Ni, Fe, Co, Mn, V, Ti, Sc; but see our previous 
comment above) and Han et al. (2022) for Ni. Since the d-band centre 
position is correlated to the height of the activation barriers and a very 
good descriptor of the reactivity of a metal surface, it seems convenient 
to build a full inventory of d-band centre values for all the 3d, 4d and 
5d TMs. As such, it can be used to pinpoint promising systems to follow 
up with more computationally costly activation barriers calculations.

We therefore decided to extend our previous investigations to cover 
all 3d, 4d, and 5d TMs of the Periodic Table, from Sc to Hg included, 
with the aim to search for a possible TM giving a d-band centre value 
close to the ideal value of 1.29 eV we previously highlighted.

Methods used for our systematic investigation are summarised in 
Section 2. Section 3 summarises our results regarding on-surface ad-
sorption preferential sites, first/second/third layer substitutional pref-
erences and d-band centre position values for all the 3d to 5d TMs here 
investigated. Conclusions follow in Section 4.

2. Computational method

All the DFT calculations for this work were performed by using 
similar techniques to those we used in our previous investigations 
on TM-doped Mg surfaces [8,9]. The simulation package VASP [18] 
was used with the projector augmented wave (PAW) method [19,20] 
and the PBE exchange–correlation functional [21]. Details of the PAW 
potentials are reported in Tables  2–4. In addition, of all the new TMs 
studied in the present work, only Cr requires spin-polarised calcula-
tions, as discussed in Section 3.1. A plane-wave basis set was used to 
expand the electronic wave-functions with an energy cutoff of 270 eV, 
in line with our previous works. Adsorption energies calculated with 
this plane-wave cutoff are converged to better than 10 meV.

Surfaces were modelled using periodic slabs, with 5 atomic layers 
(each containing 4 Mg atoms) and a vacuum thickness of 10 Å. The 
topmost three atomic layers were allowed to relax, while the bottom 
two were held fixed to the positions of bulk Mg. Calculations were 
performed using 2 × 2 surface unit cells, with 9 × 9 × 1 k-point grids 
and replacing one of the four surface Mg atoms by one 3d (Sc, Cr, Mn, 
Zn), 4d (Y, Nb, Mo, Tc, Cd) or 5d (Lu, Hf, Ta, W, Re, Os, Ir, Pt, Au, Hg) 
TM atom (i.e., 19 Mg atoms plus 1 TM in total in the system). These 
settings have been extensively tested in our previous works.
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Table 1
 List of preferential adsorption sites on the Mg(0001) surface for all the 3d, 4d, 
and 5d TMs from our investigations (B = bridge, T = top, Hfcc = hollow-fcc, 
and Hhcp = hollow-hcp).
 3d TMs Sc Tia Vb Cr Mn Feb Cob Nia Cub Zn  
 adsorption site B B B Hhcp B B B B Hfcc Hfcc 
  
 4d TMs Y Zrb Nb Mo Tc Rub Rhb Pdb Agb Cd  
 adsorption site T T T B B B B B Hfcc Hfcc 
  
 5d TMs Lu Hf Ta W Re Os Ir Pt Au Hg  
 adsorption site B T T B B B B B Hfcc Hfcc 
a Ref. [8].
b Ref. [9].

Adsorption preferences for all TMs on the Mg(0001) surface were 
checked in four possible sites (top, bridge, hollow-fcc and hollow-hcp). 
Preference for substitution inside one of the first three layers of bulk 
Mg, rather than on surface, was determined by comparing 𝐸(19 Mg + 
1 TM) + 𝐸(1 Mg) [i.e., the total energy of the system with one TM 
substituting one Mg atom in a layer, plus the energy of one Mg atom in 
the bulk] with the total energy of the system, 𝐸(20 Mg + 1 TM), where 
a TM has been added on surface.

A hydrogen molecule was located on top a TM at a distance of 
5 Å  for each TM-doped Mg(0001) surface and allowed to relax (this 
would represent the initial state for energy barrier calculations) in order 
to find the projected density of states (PDOS) for the TM-doped Mg 
surfaces.

The position of the d-band centre for the TMs used as dopants of the 
Mg(0001) surfaces was then calculated. The d-band centre is defined 
as the first energy moment of the d-band 𝑝𝑑 (𝐸) (which is defined as 
the projection of the electronic density of states onto d type spherical 
harmonics). The position of the d-band centre of a TM with respect to 
the Fermi energy 𝐸𝐹  is given by 𝐸𝑑 = ∫ 𝐸0

−∞ 𝑑𝐸(𝐸 − 𝐸𝐹 )𝑝𝑑 (𝐸), where 
𝐸0 is some cutoff energy which we chose to be 7 eV above the Fermi 
energy, as in our previous work.

The figures for the individual TM adsorption sites were made using 
the VMD software [22], whereas those for the PDOS were made using 
the Xmgr plotting tool [23].

3. Results

3.1. TMs on-surface and layer substitutional preferences

As mentioned in the Introduction, in our previous works we have 
studied most of 3d and 4d TMs. Here we wanted to: complete all 3d
TMs investigating Sc, Cr, Mn and Zn; finish all 4d TMs investigating Y, 
Nb, Mo, Tc, and Cd; study all 5d TMs investigating Lu, Hf, Ta, W, Re, 
Os, Ir, Pt, Au, and Hg (with Lu and Hg never studied so far in literature).

We were interested in on-surface preferential sites for all TMs 
adsorbed on the Mg(0001) surface. In addition, we now aimed to look 
also at the substitutional preferences for all the TMs under investigation 
(i.e., from Sc to Hg), with individual TMs substituted in the first, second 
or third layer.

As mentioned in Section 2, adsorption preferences for all TMs on 
the Mg(0001) surface were determined in four possible sites, i.e., top, 
bridge, hollow-hcp and hollow-fcc (see Fig.  1). The preferred adsorp-
tion sites for the TMs here investigated are listed in  Table  1. It is 
interesting to note that the majority of the TMs – Sc, Ti, V, Mn, Fe, 
Co, Ni, Mo, Tc, Ru, Rh, Pd, Lu, W, Re, Os, Ir and Pt – prefer to adsorb 
on a bridge site on the Mg(0001) surface. Y, Zr, Nb, Hf and Ta prefer 
the top site. Cu, Zn, Ag, Cd, Au and Hg prefer the hollow-fcc instead. 
Cr is the only TM preferring to adsorb on a hollow-hcp.

Tables  2 to 4 list all the information for the 3d, 4d, and 5d TMs 
respectively, including valence electrons and core radii of the PAW 
3 
Table 2
 List of all the 3d TMs we have investigated (those elements from our previous 
work have been labelled). For each element we report: the electrons treated 
as valence (VE) and the core radius (𝑟𝑐𝑜𝑟𝑒); the energy difference 𝛥𝐸(𝑛) = 𝐸(19 
Mg + 1 TM) + 𝐸(1 Mg) - 𝐸(20 Mg + 1 TM) between TM substituted in 
the first (n = 1), second (n = 2) or third (n = 3) layer and TM adsorbed 
on surface. The lowest energy, corresponding to the preferred substitutional 
layer, is highlighted in bold.
 3d TMs VE, 𝑟𝑐𝑜𝑟𝑒 (Å) 𝛥𝐸(1) (eV) 𝛥𝐸(2) (eV) 𝛥𝐸(3) (eV) 
 Sc 3s23p63d14s2, 1.3 −3.206 −3.662 −3.604  
 Tia 3d24s2, 1.5 −3.526 −4.286 −4.216  
 Va 3s23p63d34s2, 1.2 −3.606 −4.437 −4.355  
 Cr 3p63d54s1, 1.2 −1.005 −1.711 −1.653  
 Mn 3d54s2, 1.2 −3.307 −3.883 −3.854  
 Fea 3d64s2, 1.2 −2.700 −3.056 −3.018  
 Coa 3d74s2, 1.2 −2.725 −3.067 −3.073  
 Nia 3d84s2, 1.2 −2.436 −2.658 −2.625  
 Cua 3d104s1, 1.2 −2.190 −2.302 −2.289  
 Zn 3d104s2, 1.2 −2.228 −2.272 −2.290  
a These elements were studied in Ref. [9] considering only first layer substitution.

Table 3
 List of all the 4d TMs we have investigated (those elements from our previous 
work have been labelled). For each element we report: the electrons treated 
as valence (VE) and the core radius (𝑟𝑐𝑜𝑟𝑒); the energy difference 𝛥𝐸(𝑛) = 𝐸(19 
Mg + 1 TM) + 𝐸(1 Mg) - 𝐸(20 Mg + 1 TM) between TM substituted in 
the first (n = 1), second (n = 2) or third (n = 3) layer and TM adsorbed 
on surface. The lowest energy, corresponding to the preferred substitutional 
layer, is highlighted in bold.
 4d TMs VE, 𝑟𝑐𝑜𝑟𝑒 (Å) 𝛥𝐸(1) (eV) 𝛥𝐸(2) (eV) 𝛥𝐸(3) (eV) 
 Y 4s24p64d15s2, 1.4 −2.971 −3.336 −3.208  
 Zra 4s24p64d25s2, 1.3 −3.778 −4.700 −4.597  
 Nb 4s24p64d45s1, 1.2 −4.142 −5.266 −5.158  
 Mo 4d55s1, 1.5 −4.145 −5.168 −5.089  
 Tc 4p64d55s2, 1.3 −3.862 −4.674 −4.661  
 Rua 4d75s1, 1.4 −3.379 −4.021 −4.051  
 Rha 4d85s1, 1.3 −2.879 −3.309 −3.338  
 Pda 4d10, 1.3 −2.490 −2.702 −2.694  
 Aga 4d105s1, 1.3 −2.244 −2.335 −2.333  
 Cd 4d105s2, 1.2 −2.244 −2.202 −2.224  
a These elements were studied in Ref. [9] considering only first layer substitution.

potentials, and the energy difference between the system with the TM 
substituted in the 𝑛-th layer and that with the TM adsorbed on the 
surface, defined by: 
𝛥𝐸(𝑛) = 𝐸(19 Mg + 1 TM) + 𝐸(1 Mg) − 𝐸(20 Mg + 1 TM) (1)

We recall here that in the past only Wang et al. [15] considered 
substitution in the first three layers for all 3d, 4d and 5d TMs (although 
they did not include Lu and Hg), but they substituted after moving a 
Mg atom to the surface (possibly in the most favourable adsorption site) 
not removing it from the system, so we will not make a comparison 
with their results. Chen et al. [13,14] and Tang et al. [16], although 
proceeded like us by replacing one Mg atom with a TM atom, studied 
only first and second layer substitutions.

Here we have studied all 3d, 4d and 5d TMs and substituted them 
in the first, second, and third layer. We find that only Cr, besides 
Fe, needs spin-polarised calculations (although Co is magnetic too, we 
previously showed that it can be treated as non-magnetic when used as 
dopant of the Mg surface). Infact, non-magnetic calculations for Cr on-
surface adsorption would give significantly different slab energy values 
(of about 2.5 eV) from spin-polarised ones.

We find that the majority of the TMs follow the substitutional 
trend previously observed by Chen et al. [13,14] and Tang et al. [16]. 
Besides Cd, we also find Hg (not studied before) to prefer a first layer 
substitution. In addition, we also find that Co, Zn, Ru, Rh, Lu and Au 
prefer to substitute deeper, in the third layer, instead of the second one 
found by Chen et al. and Tang et al. who did not consider investigating 
third layer substitutions.
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Table 4
 List of all the 5d TMs we have investigated. For each element we report: 
the electrons treated as valence (VE) and the core radius (𝑟𝑐𝑜𝑟𝑒); the energy 
difference 𝛥𝐸(𝑛) = 𝐸(19 Mg + 1 TM) + 𝐸(1 Mg) - 𝐸(20 Mg + 1 TM) between 
TM substituted in the first (n = 1), second (n = 2) or third (n = 3) layer and 
TM adsorbed on surface. The lowest energy, corresponding to the preferred 
substitutional layer, is highlighted in bold.
 5d TMs VE, 𝑟𝑐𝑜𝑟𝑒 (Å) 𝛥𝐸(1) (eV) 𝛥𝐸(2) (eV) 𝛥𝐸(3) (eV) 
 Lu 5p65d16s2, 1.6 −2.972 −3.945 −3.983  
 Hf 5p65d26s2, 1.4 −3.872 −4.812 −4.724  
 Ta 5d36s2, 1.5 −4.320 −5.511 −5.407  
 W 5d46s2, 1.5 −4.432 −5.587 −5.487  
 Re 5d56s2, 1.4 −4.199 −5.180 −5.119  
 Os 5d66s2, 1.4 −3.673 −4.513 −4.490  
 Ir 5d76s2, 1.4 −3.097 −3.735 −3.710  
 Pt 5d96s1, 1.3 −2.620 −2.970 −2.923  
 Au 5d106s1, 1.3 −2.293 −2.410 −2.412  
 Hg 5d106s2, 1.3 −2.037 −1.964 −1.994  

Table 5
 List of 3d, 4d, and 5d TMs with their corresponding d-band centre positions, 
referred to the Fermi energy, found in our investigations.
 3d TMs Sc Tia Va Cr Mn Fea Coa Nia Cua Zn  
 d-band (eV) 1.66 1.08 0.82 0.52 0.28 −0.72 −0.16 −0.79 −2.27 −6.73 
  
 4d TMs Y Zra Nb Mo Tc Rua Rha Pda Aga Cd  
 d-band (eV) 1.90 1.32 1.10 0.64 0.24 −0.14 −0.75 −1.84 −4.14 −8.15 
  
 5d TMs Lu Hf Ta W Re Os Ir Pt Au Hg  
 d-band (eV) 2.21 1.51 1.18 0.77 0.37 −0.09 −0.67 −1.88 −3.67 −6.59 
a Ref. [9].

3.2. d-band centre positions

The d-band centre results for all the 3d to 5d TMs we have investi-
gated are shown in Table  5. These have been calculated placing the 
TMs in the first-layer to compare the present results with those we 
previously reported for Ni and Ti (Ref. [8]).

Looking at the general trend, we can see that the d-band centre 
values are positive for the elements at the left of the Periodic Table, 
whereas they get smaller and reach quite negative values moving to the 
right of the Periodic Table. All d-band centre values are also plotted in 
Fig.  2 as a function of the atomic number, where the trend is clearly 
visible for the 3d (filled black circles), 4d (filled red circles) and 5d
(filled green circles) TMs respectively.

Out of all these results, we find that Fe, Ni and Rh remain the most 
active catalysts, as we previously suggested.

Finally, we have also calculated the PDOS for H2 dissociating over 
all the TM-doped Mg surfaces investigated (with the TMs substituting 
in the first layer). In particular, Figs.  3–5 show the PDOS for Mg 
surfaces doped with Zn, Tc and Lu respectively. These were chosen 
as an example of very negative, almost null and very positive d-band 
centre value, respectively. Zn is a late 3d TM with all the d orbitals 
filled, Tc is a mid 4d TM with the d orbitals half filled, whereas Lu 
is an early 5d TM with almost empty (only one electron) d orbitals. 
This means that Lu has a higher reactivity than both Tc and Zn, and its
d-band centre position is infact much higher than that of the other two 
TMs (as per values reported in Table  5). This suggests that molecular 
hydrogen dissociation on a Lu-doped Mg surface would display an 
energy barrier lower than that for a Tc- or Zn-doped Mg surfaces, 
however, as discussed above, the corresponding d-band value is much 
more positive than the ideal value of −1.29 eV, and therefore we would 
expect a very high barrier for hydrogen diffusion.

Figs.  6–8 show the PDOS for Mg surfaces doped with the most active 
catalysts we have identified, i.e., Rh, Ni and Fe respectively. These 
elements have almost full d orbitals and known to give small energy 
barriers for both hydrogen dissociation and diffusion (Ref. [9]).
4 
Fig. 2. Plot of d-band centre values, referred to the Fermi energy, as a function 
of the atomic number for all 3d to 5d TMs. The horizontal dashed line marks 
the ideal value of −1.29 eV as highlighted in our previous work (Ref. [9]). 
(For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.)

4. Conclusions

We have carried out a systematic DFT investigation of hydrogen 
sorption properties on 3d, 4d and 5d TM-doped Mg(0001) surfaces, by 
including all the TMs we did not investigate in our previous works [8,
9].

We have studied substitutional preferences in different layer loca-
tions (i.e., first, second and third layer of bulk Mg) and compared 
the results with those previously presented in literature for several of 
them. We find that the majority of the TMs prefer to substitute in the 
second layer, apart from Cd and Hg which prefer first layer substitution, 
whereas Co, Zn, Ru, Rh, Lu and Au prefer third layer substitution 
instead.

Here we have also presented a complete list of d-band centre 
positions values for all 3d, 4d and 5d TMs of the Periodic Table in 
search for the possible ideal TM for hydrogen storage purposes. Our 
results show that the most active catalysts for the relevant reactions 
involved in the hydrogen storage properties of doped Mg are Fe, Ni 
and Rh, which are also those with their d-band centres closer to the 
ideal value of −1.29 eV.
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Fig. 3. Projected density of states for molecular hydrogen approaching a Zn-doped Mg surface for dissociation, as a function of the energy relative to the Fermi 
level. The position of the d-band centre is shown as a dashed vertical line.

Fig. 4. Projected density of states for molecular hydrogen approaching a Tc-doped Mg surface for dissociation, as a function of the energy relative to the Fermi 
level. The position of the d-band centre is shown as a dashed vertical line.
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Fig. 5. Projected density of states for molecular hydrogen approaching a Lu-doped Mg surface for dissociation, as a function of the energy relative to the Fermi 
level. The position of the d-band centre is shown as a dashed vertical line.

Fig. 6. Projected density of states for molecular hydrogen approaching a Rh-doped Mg surface for dissociation, as a function of the energy relative to the Fermi 
level. The position of the d-band centre is shown as a dashed vertical line.
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M. Pozzo and D. Alfè International Journal of Hydrogen Energy 242 (2026) 155582 
Fig. 7. Projected density of states for molecular hydrogen approaching a Ni-doped Mg surface for dissociation, as a function of the energy relative to the Fermi 
level. The position of the d-band centre is shown as a dashed vertical line.
Fig. 8. Projected density of states for molecular hydrogen approaching a Fe-doped Mg surface for dissociation, as a function of the energy relative to the Fermi 
level, from spin-polarised calculations (spin-down PDOS are plotted specularly with respect to the corresponding spin-up PDOS). The position of the d-band centre 
is shown as a dashed vertical line.
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