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Abstract 

Hydrogen storage efficiency is essential for a booming clean hydrogen energy 

economy. Mg-based hydrogen storage materials have been intensively investigated 

due to their advantages of high theoretical storage capacity, satisfactory reversibility 

and natural abundance. However, the high thermal stability of Mg-H bonds leads to a 

high dehydrogenation temperature and sluggish kinetics. The construction of models 

for examining the interactions of hydrogen with Mg(MgH2) and the catalytic 
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mechanism of catalyst additives is important. Therefore, this paper reviews recent 

advances in modelling and focuses on first-principles calculation applications in 

hydrogen adsorption, dissociation and diffusion energy calculations on Mg(0001) and 

high indexed Mg(10
-

13) surfaces with element doping, strain and alloy additives. The 

applications of first-principles calculations on the particle size and dehydrogenation of 

MgH2 are also reviewed. 
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1. Introduction 

Hydrogen energy possesses the advantages of being highly accessible, clean and 

of high calorific value. With the setting of deadlines for discontinuing the use of 

conventional fuel vehicles in countries all over the world, the utilization of hydrogen 

energy would be a promising development strategy for these countries. The 

construction of effective hydrogen storage materials is essential for realizing this 

objective [1-3]. Mg-based hydrogen storage materials are regarded as one of the most 

promising hydrogen storage media due to their multiple advantages [4-8]. Mg is an 

abundant element on earth with a high theoretical hydrogen storage capacity of 7.6 

wt% [9], and its high reversibility [10], cycle stability and poison-resistance [11,12] 

render it promising for energy conversion, fuel cells and heat storage applications in 

the future. Mg exhibits a hexagonal crystal structure and changes into tetragonal 

and/or orthorhombic structures in the hydrogenated state [13]. MgH2, in both the β 

and γ unit cell structures, can store hydrogen, and the γ phase tends to change into 

β-MgH2 above 623 K [14-16]. Unfortunately, the disadvantages of high operating 
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temperature and sluggish (de-)hydrogenation kinetics hinder its large-scale 

application in expanding the hydrogen economy [17,18]. 

Intensive studies have been conducted on improving the kinetics and the 

thermodynamic performance of Mg-based hydrogen storage materials. The use of 

additives with positive catalytic activation, which include lightweight elements [19], 

transition metals [10,20] and their oxides [11,12,21-23], carbides [24-26], halides 

[27-29] and other compounds [30-33], has been widely investigated in recent years. 

Decorated particles and shell-like additives on the surface can prevent Mg particles 

from oxidizing and aggregating during hydrogenation and dehydrogenation cycles 

[31,34-37]. These additives can enhance the hydrogen storage kinetics of Mg by 

decreasing the activation energies [35,37]. Many experimental studies have been 

conducted to explain the catalytic effects of catalyst addition and nanosizing [38-41]. 

However, an intuitive understanding at the atomic scale is difficult to realize, except 

via calculations. With the development of computational materials science, the 

enthalpy for dehydrogenation of MgH2 in several nanometers is calculated to be 

significantly reduced [42-45], indicating that the Mg-H band should be weakened 

with decreasing particle size. These calculation results have been supported by 

experiments in Mg and Mg-C systems [46-48]. In addition, the hydrogen diffusion 

distance can be undoubtedly decreased, which may facilitate the enhancement of the 

kinetic performance. Given the general recognition that cluster calculations show 

positive effects on the thermodynamic performance, recent studies have focused 

mainly on obtaining nanometre particles experimentally rather than via calculations. 
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Another important application of computational materials science is the simulation of 

the influences of catalysts on the structural stability and the orbital interactions 

between Mg and hydrogen atoms, which is beneficial for better understanding the 

hydrogen storage mechanism in various stages. 

The hydrogen storage cycle contains hydrogen molecule adsorption, dissociation, 

hydrogen atom adsorption on the Mg surface, diffusion of H atoms into the Mg core, 

formation of MgH2 and hydrogen release from MgH2. Moreover, the particle size 

shows important influences on the hydrogen desorption energies. To clarify the 

interaction of hydrogen with the Mg and MgH2 surfaces, we summarized the recent 

advances of first principles calculation applications for the hydrogen storage of Mg in 

different stages and the particle size effects on the desorption energy. The calculation 

details are introduced in Section 2. The related calculation results are summarized in 

Section 3, and suggestions are presented in Section 4. 

2. Calculation Methods 

The Vienna ab initio simulation package (VASP) is a complex package tool for 

conducting ab initio quantum-mechanical molecular dynamics simulations using 

pseudopotentials or the projector-augmented wave method and a plane wave basis set 

[49,50]. For Mg-based materials, the projector augmented wave (PAW) method is 

typically applied to examine the electron-ionic interaction [51-53]. The 

Perdew-Burke-Ernzerhof (PBE) with generalized gradient approximation (GGA) 

scheme is used for the exchange and correlation functional [54]. The plane wave 

expansion cutoff energies and integration over the Brillouin zone [55] under the 
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Monkhorst-Pack scheme for various systems should be tested prior to calculations 

based on the constructed models. The converged force on each atom for the internal 

optimization and a vacuum should be set in the calculation process. The climbing 

image nudged elastic band (NEB) [56,57] is applied to identify the minimum energy 

path (MEP) and the corresponding diffusion barrier, dissociation energy barrier for the 

slab models. Materials Studio can also be exploited for material calculations, and the 

Cambridge sequential total energy package [58,59] and Dmol3 codes [60,61] can also 

be applied to calculate the energy barriers for hydrogen absorption, dissociation and 

diffusion processes. Herein, we do not describe the calculation factor selections in 

detail due to the familiar settings with VASP calculations. 

3. Applications of first principles calculation in the hydrogen storage of 

Mg-based materials 

3.1 Hydrogen adsorption on Mg surfaces 

3.1.1 Hydrogen adsorption on pure Mg and element doping surfaces 

 

Figure 1. Different hydrogen adsorption sites on Mg slab: (a) surface, (b) top 

tetrahedral interstices, (c) blow tetrahedral interstices and (d) octahedral interstice at 

the second layer [62]. Reproduced with permission from [62],copyright 2020 
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American Chemical Society.  

 

The hydrogen atom adsorption on Mg(0001) slabs is calculated mostly for the 

pure Mg system. Generally, there are four different adsorption sites of Mg-Mg bridges, 

Mg top, fcc-hollow and hcp-hollow on the surface and three adsorption sites, namely, 

tetrahedral-1, tetrahedral-2 and octahedral on the subsurface, see Fig. 1 [49,62]. The 

adsorption energy is mainly calculated in the literature via the following equation: 
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 [49], 
where Eads is the absorption energy of 

hydrogen, EMg(0001)/H is the total energy of the H-adsorbed Mg(0001) slab, EMg(0001) is 

the total energy of the pure Mg slab, EH2 is the total energy of H2 and N is the number 

of hydrogen molecules that are adsorbed in the system. Studies show that the 

fcc-hollow site and the tetrahedral site are the energetically favourable sites for 

hydrogen adsorption [63,64]. The adsorption energies for Mg(0001) surfaces that 

were doped with transition metal atoms, such as V, Nb, Ti, Fe, and Zr, were 

systematically calculated in recent years [65-69], which indicated that the impurities 

can decrease the energies. Tang et al. found that biaxial strain effectively enhances the 

hydrogenation performance of the H-Mg-H trilayer precursor due to the smaller 

lattice constant than that of Mg, and the precursor can be modulated by compressive 

and tensile stains during the hydrogenation process [70]. The H atoms gradually left 

Zr atoms for Mg atoms with the size growth of the MgnZr clusters, and the 

chemisorption energy of hydrogen for Mg4ZrH2 was the lowest among the cluster 

samples [71]. 
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3.1.2 Hydrogen adsorption on Mg-metal or alloy interfaces 

 

Figure 2. Hydrogen adsorption sites at (a) surface and (b) inner of Mg(0001) slab, (c) 

Mg(0001)/TiAl(111) interface, (d) Mg(0001)/TiAl(110) interface [74]. Reproduced 

with permission from [74], copyright 2013 American Chemical Society. 

 

The construction of Mg/catalyst interfaces is important for investigating the 

hydrogen storage properties. Song et al. calculated the stability and hydrogen 

adsorption on the interfaces of Mg/Ti [72], Mg/Mg2Ni [73], Mg/TiAl [74] and 

Mg/TiMn2 [75] slabs. The anti-symmetrical configuration was found to be the most 

stable, and the hydrogen in the Ti environment was more concentrated than in the Mg 

environment, which means that Ti can act as a hydrogen atom captor. In the 

Mg/Mg2Ni interface system, the Mg-Ni interaction across the interface was the main 

factor for stabilizing the interface, and the adsorbed hydrogen atoms in the interface 

may form covalent bonds with metal atoms. The strength of the H-metal bonds 

depended on the environment in which the H was located [73]. For the Mg/TiAl 
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system, Song and co-workers found that the formation energies of both the 

Mg(0001)/TiAl(110) and Mg(0001)/TiAl(111) interfaces were less than that of the 

Mg(0001) slab. The hydrogen adsorption energies at Ti-bri for Mg(0001)/TiAl(110), 

of -1.241 eV, and at Al-fcc for Mg(0001)/TiAl(111) of -0.333 eV were lower than the 

adsorption energy for the pure Mg(0001) surface of 0.089 eV. The experimental 

results also supported the satisfactory catalytic effects of the TiAl alloy [76]. Studies 

suggested that the total energy of the Mg/TiMn2-Mn interface was smaller than that of 

the Mg/TiMn2-Ti interface; hence, the interaction between Mg and Mn was stronger 

than that between Mg and Ti. According to additional calculation results, the hcp site 

near the Mn atom was the most stable site for hydrogen adsorbed on Mg/TiMn2 

interface. Bhatnagar et al. found that the location of TiH2 beneath the Mg(0001) 

surface was energetically preferred over location on top of Mg [77]. 

3.2 Hydrogen dissociation energies 

The hydrogen dissociation energy is very high on the pure Mg surface [78]. To 

modify the surface performance, Han et al. reported that the vacancy defect on the 

Mg(0001) surface was advantageous for the hydrogen dissociation process with an 

energy barrier of 1.28 eV, which was smaller than that of the defect-free surface of 

1.42 eV [79]. The dissociation barrier was linearly reduced in the tensile strain region 

when the strain changed from compressive to tensile [80]. The dissociation energy 

was almost unchanged in the high-indexed Mg (10
-

13) surface compared to the 

Mg(0001) surface [81]. Calculations also suggested that the transition metals on the 

left of the periodic table preferred to substitute Mg in the second layer and others in 
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the first layer. For instance, the Fe on the right table displayed great impact on the 

dissociation barriers of hydrogen, while the element on the left showed little influence 

on the dissociation barriers [64].. Correspondingly, the transition metals that were 

doped on the Mg(0001) surface, such as Ni, V and Nb, tended to substitute the Mg 

atom in the second layer and catalyzed the dissolution of hydrogen [82,83]. The 

hydrogen initially moved to the surface and dissociated into two hollow sites before 

one H moved to the next hollow site. Then, the diffusion barriers of hydrogen atoms 

from the adsorption site to the next hollow site were significantly reduced with Ni, V 

and Nb dopings, and thu, the dehydrogenation process was improved. However, the 

co-doped system showed that Ni and V preferred to substitute Mg atoms from the first 

and second layers, respectively, and the Ni on the surface more significantly reduced 

the dissociation barrier of the hydrogen molecule compared to single dopings. The 

atomic Ni better facilitated H2 dissociation than the ball-milled Mg that was 

incorporated with nano-Ni [84]. To further examine the catalytic performance of the 

AlV3 nanocatalyst on the core@shell Mg@Mg17Al12 nanocomposite in Fig. 3a, Xie et 

al. investigated [62] the hydrogen dissociation of hydrogen molecules on the AlV3 

(001) surface. The site preferences of hydrogen atoms on the AlV3 surface were 

considered, and hydrogen molecules adsorbed on the Al-Al bridge with a vertical 

attitude was calculated to be the most stable (see Fig. 3b-d), which differs from the 

molecular rotation attitude of 21° on the pure Mg(0001) surface [85]. The attitude of 

the hydrogen molecule during the dissociation process changed to parallel, and the 

dissociation energy was 0.76 eV (see Fig. 3e), which is much lower than that of Mg 
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(0.92 eV) with the same calculation conditions, indicating that AlV3 exhibited 

satisfactory catalytic activation. 

 

Figure 3 (a) TEM image of AlV3 decorated Mg@Mg17Al12 nanocomposite, (b-d) 

calculated absorption sites for hydrogen at AlV3 surface and (e) dissociation barrier 

diagrams of hydrogen molecules on AlV3 surfaces [62]. Reproduced with permission 

from [62], copyright 2020 American Chemical Society. 

 

3.3 Hydrogen diffusion in doped Mg surfaces and Mg/catalyst interfaces 
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Figure 4. X-ray diffraction (XRD) patterns of Mg thin film deposited at (a) 1.4×10−2 

Pa, (b) 5.6×10−1 Pa and (c) 1.4×10−1 Pa, respectively. XTEM images of the (d) Mg 

thin film, films with (e) Mg (0001) texture and (f) (0001)+(10
-

13) texture. The 

pathways and energy barriers of H penetration on (g) Mg(10
-

13) and (h) Mg(0001) 

surfaces [81,87]. Reproduced with permissions from [81], copyright 2019 Elsevier 

and [87] 2015 Nature Publishing. Migration paths (i) and corresponding energy 

barriers (j) for hydrogen atoms at the Mg/YH2 interface [89]. Reproduced with 

permission from [89], copyright 2017 Royal Society of Chemistry. 

 

On the Mg(0001) surface, Sun et al. found that there were two equal diffusion 

pathways for hydrogen atoms on the surface with a barrier of 0.45 eV. Another barrier 

of 0.31 eV was needed for further diffusion of hydrogen into the bulk region [65]. The 

incorporated Ni atom on the Mg surface easily dissociated hydrogen molecules and 

rendered H diffusion a rate-limiting step for hydrogenation [84]. Moreover, the 

substitution of Nb and Ti in the inner layers rather than in the outermost layer can 

facilitate the diffusion of hydrogen atoms via the formation of an H-Mg-H trilayer. Al 

and In were less useful for this process [86]. The vacancies that were induced by 

doping promoted the hydrogen diffusion process with diffusion paths of spiral 

channels formed by staggered octahedral and tetrahedral interstitials [79]. Lin et al. 

studied the hydrogen storage performance of Mg films with coexisting (0001) and 

(10
-

1 3) preferential orientations and found that the adsorption temperature was 

significantly decreased from 573 K to 392 K (see Fig. 4a-4f). According to additional 
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calculations, the diffusion energy barrier for the Mg(10
-

13) slab was much lower than 

that for the Mg(0001) slab (see Fig. 4 g-4 h), while the minimum energy path barriers 

for the Mg (10
-

13) and Mg (0001) slabs were comparable, indicating the decrease in 

the experimental operating temperature was caused mainly by the diffusion 

advantages of the high-index surface rather than the dissociation process [81,87,88]. 

Another calculation study showed that the high affinity between Y and H promoted a 

decrease in the diffusion energy barrier, and the transition energy from site 2 to site 4 

in Fig. 4i and 4j of the interface was only 0.2 eV [89]. In the NbH2-Mg-Mg2Ni 

composite, H atoms were transferred from the 4b site of NdH3-x to the octahedral 

interstitial sites of the interface along the Mg [1
-

100] direction [90]. Kumar et al. 

calculated the hydrogen diffusion pathways and barriers for Pd/Mg, Pd/MgO and 

Pb/MgH2 (see Fig. 5). The formation of the MgO layer substantially increased the 

energy barriers for hydrogen diffusion, whereas hydrogenation became increasingly 

difficult through already established hydride domains. The Pd underwent a 

strain-induced crystallographic phase transformation near the interface, and the 

hydride domains suppressed hydrogen diffusion [91]. 
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Figure 5. (a) Schematic summary of hydrogenation mechanism of a surface-oxidized 

Mg film through Pd nanoparticles, energy barriers for hydrogen diffusion 

perpendicular to (b) Pd(H)-Mg, (c) Pd(H)-MgO, and (d) PdH-MgH2 interfaces [91]. 

Reproduced with permission from [91], copyright 2017 John Wiley and Sons. 

 

3.4 Hydrogen release from MgH2 

3.4.1 Substitution and light element presence in the interstitial site at the MgH2 

surface 

Calculations showed that Nb was the best substitution element used as doping 

among Sc, Ti, V, Cr, Y, Zr, Nb, and Mo [92] for hydrogen release. This was mainly 

because Nb substitution in MgH2 could induce a magnetic moment, which facilitated 

the formation of spin-down donors and spin-up acceptors. By studying the transition 

level energies of H vacancies, Mg vacancies, and H-Mg divacancies, they found that 

hydrogen vacancies were the dominant defect and that VH
+ diffused more readily than 

VH
0 with states near the Fermi level filled. The addition of Nb vacancies can elongate 
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the Mg-H bond, thereby leading to enhanced hydrogen desorption properties [93]. 

Comparing with the electronic structure and dopant occupation energy calculations of 

the Nb atom in the interstitial location, Nb preferred to occupy the substitutional site. 

The neighbouring hydrogen vacancies were easier to generate in the doped MgH2 

system [94]. Khatabi et al. found that the co-substitution of Li and Zn resulted in 

excellent thermodynamic improvement compared to pure and single substitutions in 

MgH2. The activation energy of Mg14LiZnH32 was also decreased significantly in 

comparison to that of pure MgH2 and those with single substitutions of Zn and Ti. 

Kinetic Monte Carlo simulation curves for desorption showed that the double 

substitution of MgH2 not only improved its thermodynamics but also enhanced its 

sorption kinetics [95,96]. V and Mn substitutions in Mg9H18 clusters can also decrease 

the decomposition temperature [97]. By using the Satava-Sestak method, the 

desorption activation energy of Fe-atom-incorporated β-MgH2 was calculated to be 

110.3 kJ mol-1. The incorporated Fe and Ni would form atomic clusters FeH4/FeH2 

[98] and Ni/NiH4 [99] that facilitate electron transfer from the H anion to the Fe atom, 

thereby leading to the moderate strength of the electron attractions of Fe-H and Ni-H. 

In another study, Fe and Ti co-substitution was found to be more energetically 

favourable than single-substitution of Ti or Fe in the surface, and the co-substitution 

was useful for decreasing the H, Mg and complex Mg-H vacancy formation energies 

[100]. Studies showed that the Cu dopant on MgH2 (001) and (110) surfaces preferred 

to occupy the interstitial site rather than substitute a Mg atom and formed a CuH4 

cluster with H ions. The Cu-Mg and Cu-H interactions strongly weakened the Mg-H 
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interactions and thus the dehydrogenation temperature can be reduced [101]. The Pd 

atom that was adsorbed on the MgH2 (110) surface also decreased the hydrogen 

release energy barrier from 1.802 eV to 1.154 eV [102]. 

To increase the hydrogen storage capacity of MgH2, interstitial C, N and/or B 

light elements were added to MgH2, and the interactions with H calculations were 

designed [103-107]. Wu et al. investigated the influence of B doping on the 

dehydrogenation kinetics and thermodynamic properties of MgH2. They found that 

metalloid B doping decreased the dehydrogenation energy and the desorption 

temperature and mitigated the reduction of the thermal stability for Mg-based systems 

[108]. In contrast to the conventional belief that MgO prevents the dehydrogenation 

of MgH2, calculations showed that the thin MgO and/or transition metal dissolved 

Mg(TM)O [109,110] layers weakened the Mg-H bond and that hydrogen can diffuse 

outside the Mg surface. However, the thickness of the MgO layer should be an 

important factor for the dehydrogenation kinetics. 

3.4.2 Strain effect on hydrogen release from MgH2 

The strain of the Mg particles in the synthesis process may influence the 

hydrogen storage performance; thus, calculations have been conducted in recent years. 

Tang et al. reported that the elastic effects and relative positions strongly affected the 

incoherent interface stabilities by influencing the incoherent interfacial structure, and 

strain strongly facilitated defect formation [111]. The biaxial strain on MgH2 can 

weaken the structural stability and decrease the hydrogen desorption enthalpy and the 

dehydrogenation temperature. The effect of tensile strain for improving the 
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dehydrogenation thermodynamics was superior to that of compressive strain 

[112,113]. Further studies showed that the hydrogen desorption enthalpy decreased 

substantially with increasing strain due to the induced energy gap of MgH2 [114]. The 

interface formation energies for MgH2 that epitaxially contacted TiH2 were strongly 

favourable, and the strain that was induced by TiH2 (111) on MgH2 can reduce the 

dehydrogenation enthalpy [115]. Therefore, the introduction of a small amount of 

strain in the preparation process may play a vital role in the enthalpy decrease, 

similaring to those of the nanoscale calculations that are discussed in previous 

sections. 

 

Figure 6. (a) Front and side views of supercells of interfaces for (b) Mg(10
-

10)/MgH2 

(210), (c) Mg(0001)/MgH2 (101) and (d) Mg(10
-

10)/MgH2 (101) [111]. Reproduced 

with permission from [111], copyright 2014 AIP Publishing. 

 

3.4.3 Interaction of hydrogen with decorated catalyst particles 
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Figure 7. Theoretical calculation results for the Mg@Pt composite. Interstitial 

hydrogen atom (a) in the tetrahedral sites, (b) in the octahedral sites of Mg3Pt, (c) 

defect formation energy of H atom dependence on hydrogen pressure at the 

tetrahedral and octahedral site, (d) TEM image of the Mg@Pt composite [116]. 

Reproduced with permission from [116], copyright 2019 Royal Society of Chemistry. 

 

The calculation results of interactions of hydrogen molecules/atoms with Mg 

clusters, Mg slabs and interfaces are used mainly as guidance and explanations for 

experimental phenomena. Therefore, the interaction calculations of hydrogen with 

decorated catalyst particles are important for better understanding the 

micro-mechanism. Zou et al. studied the occupation behaviour of hydrogen atoms in 

interstitial sites. They found that the defect formation energies for tetrahedral and 

octahedral sites decreased with increasing hydrogen partial pressure. The calculation 

results also implied that the H doping weakened the bonds between the metal atoms. 
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Hence, the H-stabilized Mg3Pt can be treated as a “hydrogen pump” for transferring H 

atoms during the dehydrogenation process, see Fig. 7a-7d [116]. The Mg-H bond 

length for MgH2 that was adsorbed on the ZrCo (110) surface was dramatically 

increased to 3.844 Å, which is much longer than that of pristine MgH2 (1.716 Å), 

implying that the catalytic effects of ZrCo particles are effective [61]. Liu et al. 

constructed Nb-O and Nb-N-O clusters that were adsorbed on the MgH2 (110) surface 

model, which described the addition of N-Nb2O5 to the MgH2 system (see Fig. 8a). 

The authors found that the presence of Nb-O and Nb-N-O clusters induced the 

distortion of MgH2 after structural relaxation (see Fig. 8b-e). The increased bond 

length of Mg-H in Fig. 8b-c indicated that the clusters can weaken the stability of 

MgH2. Moreover, the presence of N showed a positive effect on the contribution of 

Nb in the DOS around the Fermi level [117], see Fig. 8f. Compared to the formation 

energies of hydrogen vacancies in MgH2 and CeH2.73, the ab initio calculation results 

demonstrated that the formation energy in the CeH2.73/CeO2 boundary region was 

significantly reduced [118], which benefited from the raised Fermi level of MgH2 for 

the oxygen vacancies that provided electrons to the Fermi level of the system [119]. 

These results demonstrated that due to the interfacial effect of CeH2.75/CeO2, it could 

be served as an efficient hydrogen pump. The calculated binding energies for MgH2 

that was adsorbed on the NiPc and NbTi surfaces were increased [120, 121], which 

can describe the high aggregation resistance of the NiPc particles. The increased 

electron transfer between NiPc and MgH2 and the increased ability of Nb atoms to 

donate electrons to H atoms that were caused by electron redistribution in NbTi 
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clusters led to the weakened bond strength of Mg-H. 

 

Figure 8. (a) TEM image of MgH2/N-Nb2O5 composite, the initial (b) Nb-O, (c) 

Nb-N-O and calculated (d) Nb-O, (e) Nb-N-O clusters on the MgH2 (110) face, (f) 

DOS of the MgH2 (110) crystal face, Nb-O and Nb-N-O doped MgH2. Color codes: 

white is hydrogen, orange is Mg, blue is Nb, red is O and green is N [117]. 

Reproduced with permission from [117], copyright 2019 Elsevier. 

 

3.5 Influence of the particle size on the hydrogen storage performance 

Experimental studies show that the Mg-H bond energies are affected by the 

particle size and that the thermodynamic properties can be improved for Mg 

nanoparticles of approximately 5-20 nm [46]. Moreover, the carbon confined 

materials showed positive effects on the decreased thermodynamic stability 

[38-40,122]. To identify the influence of the particle size on the dynamic performance, 

calculations on Mg clusters were conducted via DFT methods. The calculated results 

showed that the desorption energy for MgnHnx was significantly decreased to 
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approximately 50 KJ mol-1 for n>6 and x=2. This was in full agreement with 

experimental evidence for colloidal MgH2 particles of 5 nm [123]. Buckley et al. 

calculated the enthalpy differences of MgnH2n clusters with various particle sizes and 

found that the desorption energy decreased with increasing particle size, which was 

contrary to the experimental results [124]. The computational calculations of MgH2 

particles of 1-2 nm showed that charge transfer to the carbon scaffold played a critical 

role in the observed low-temperature dehydrogenation [125]. Vajeeston et al. 

suggested that a particle size for MgH2 of 2.2 nm was the key point for desorption 

energy and it was easier for removal of hydrogen from the centre of the scaffold than 

that from bulk MgH2 [126]. However, a deep study of the differences in 

dehydrogenation activation energies should be conducted, and the main factors for the 

formation of pure MgH2 clusters with various sizes should be clarified. 

4. Conclusions and outlook 

The following applications of density-functional-theory-based first-principles 

calculations were summarized: the structural stability of the pure Mg and transition 

metal-doped MgH2 materials, the hydrogen site preferences in these surfaces and the 

interfaces of Mg/alloys; identification of the effects of doping and strain on the 

diffusion pathway and diffusion energies at the Mg(0001) and high indexed Mg(10
-

13) 

surfaces; NEB calculations of the dissociation energies of hydrogen molecules on 

pure Mg surfaces and interfaces of Mg/catalyst; the hydrogen adsorption attitudes on 

surfaces; the effects of element doping and substitution on the dehydrogenation of 

MgH2; and examination of the strain effects on the stability of Mg-H bands. The strain 
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effect calculations were conducted mainly on established supercells via the 

incorporation of strain into the calculation process, which represented the Mg/MgH2 

surface, element-doped Mg and/or MgH2, and MgH2 clusters. Particle size effect 

calculations were focused mainly on pure and/or element-doped Mg/MgH2 clusters 

(typically below 50 atoms) rather than interfaces. The catalytic effects were examined 

mainly for single-element-doped Mg(MgH2) slabs, alloy/Mg(MgH2) slabs, and 

combinations of alloy clusters that were absorbed on Mg(MgH2) slabs. In addition to 

the calculation results that are summarized above, the following issues may be further 

considered in the future: 

(1) Although the hydrogen diffusion paths of hydrogen atoms onthe surface of pure 

Mg and Mg(0001)-catalyzed by metal and alloy catalyst slabs have been calculated, 

reasonable calculations for hydrogen dissociation at these interfaces can be conducted 

in future studies. The stabilities of MgH2-metal and alloy catalyst slabs and the 

hydrogen vacancy formation energies and biaxial strain effects should be clarified for 

further investigation of the dehydrogenation performance of MgH2. 

(2) The calculated strain showed positive effects on the dehydrogenation of MgH2. 

However, the MgH2/catalyst mismatch should be considered in future calculations, 

and the strains from other dimensions and the strains on the Mg(MgH2)-metal and 

alloy catalyst interfaces require further calculations. 

(3) Experiments results demonstrate that metals and alloys exert satisfactory catalytic 

effects on dehydrogenation. However, the effects of metal and alloy clusters rather 

than atom doping on the stability of MgH2 and the interactions with Mg-H bonds 
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should be calculated in the future to better describe the catalytic mechanism. 
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Figure Captions 

Figure 1. Different hydrogen adsorption sites on Mg slab: (a) surface, (b) top 

tetrahedral interstices, (c) blow tetrahedral interstices and (d) octahedral interstice at 

the second layer [62]. Reproduced with permission from [62],copyright 2020 

American Chemical Society. 

Figure 2. Hydrogen adsorption sites at (a) surface and (b) inner of Mg(0001) slab, (c) 

Mg(0001)/TiAl(111) interface, (d) Mg(0001)/TiAl(110) interface [74]. Reproduced 

with permission from [74], copyright 2013 American Chemical Society. 

Figure 3 (a) TEM image of AlV3 decorated Mg@Mg17Al12 nanocomposite, (b-d) 

calculated absorption sites for hydrogen at AlV3 surface and (e) dissociation barrier 

diagrams of hydrogen molecules on AlV3 surfaces [62]. Reproduced with permission 

from [62], copyright 2020 American Chemical Society. 

Figure 4. X-ray diffraction (XRD) patterns of Mg thin film deposited at (a) 1.4×10−2 

Pa, (b) 5.6×10−1 Pa and (c) 1.4×10−1 Pa, respectively. XTEM images of the (d) Mg 

thin film, films with (e) Mg (0001) texture and (f) (0001)+(10
-

13) texture. The 

pathways and energy barriers of H penetration on (g) Mg(10
-

13) and (h) Mg(0001) 

surfaces [81,87]. Reproduced with permissions from [81], copyright 2019 Elsevier 

and [87] 2015 Nature Publishing. Migration paths (i) and corresponding energy 

barriers (j) for hydrogen atoms at the Mg/YH2 interface [89]. Reproduced with 

permission from [89], copyright 2017 Royal Society of Chemistry. 

Figure 5. (a) Schematic summary of hydrogenation mechanism of a surface-oxidized 
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Mg film through Pd nanoparticles, energy barriers for hydrogen diffusion 

perpendicular to (b) Pd(H)-Mg, (c) Pd(H)-MgO, and (d) PdH-MgH2 interfaces [91]. 

Reproduced with permission from [91], copyright 2017 John Wiley and Sons. 

Figure 6. (a) Front and side views of supercells of interfaces for (b) Mg(10
-

10)/MgH2 

(210), (c) Mg(0001)/MgH2 (101) and (d) Mg(10
-

10)/MgH2 (101) [111]. Reproduced 

with permission from [111], copyright 2014 AIP Publishing. 

Figure 7. Theoretical calculation results for the Mg@Pt composite. Interstitial 

hydrogen atom (a) in the tetrahedral sites, (b) in the octahedral sites of Mg3Pt, (c) 

defect formation energy of H atom dependence on hydrogen pressure at the 

tetrahedral and octahedral site, (d) TEM image of the Mg@Pt composite [116]. 

Reproduced with permission from [116], copyright 2019 Royal Society of Chemistry. 

Figure 8. (a) TEM image of MgH2/N-Nb2O5 composite, the initial (b) Nb-O, (c) 

Nb-N-O and calculated (d) Nb-O, (e) Nb-N-O clusters on the MgH2 (110) face, (f) 

DOS of the MgH2 (110) crystal face, Nb-O and Nb-N-O doped MgH2. Color codes: 

white is hydrogen, orange is Mg, blue is Nb, red is O and green is N [117]. 

Reproduced with permission from [117], copyright 2019 Elsevier. 


