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Abstract: 

 

The overall large ionic character of MgH2 is reduced by inserting light elements from 

the first period, B and C, using a trirutile host superstructure. Both elements are found 

destabilizing to the structure with largely positive cohesive energy with interstitial B and 

slightly negative cohesive energy with interstitial C. This trend is also observed for low 

amounts of insertion down to (B,C)0.167MgH2.  From the Bader charge analysis the 

largely ionic character of hydrogen is decreased to an average H
-0.37

 in the 

neighborhood of C and H
-0.75

 for the other hydrogen atoms atoms (resp. H
-0.64

 and H
-0.76

 

for B insertion). This peculiar behavior should enable enhancing the kinetics of H 

release for potential applications.  
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1. Introduction 

 

Metallic magnesium is a good candidate for the hydrogen storage. It can be assigned one 

of the largest gravimetric densities (7.6 wt. %) owing to its light molecular weight of 

24.3 g/mol. The reaction of Mg with hydrogen giving MgH2 is strongly exothermic and 

very slow, whence the stability of the hydride resulting in a strong Mg-H chemical bond. 

This makes difficult the direct use of MgH2 in devices. Introducing nickel leads to 

materials with reversible hydrogen adsorption ability such as in Mg2NiH4 [1, 2]. Ball 

milling of MgH2 with carbon nanotubes leading to composites was shown to improve 

hydrogen absorption/desorption kinetics [3]. Recently the hydriding of magnesium 

mixed with graphite by ball milling was shown by us to be enhanced with best properties 

obtained at 150°C; however a major role was assigned to the solvent [4]. Neither 

experimental works reported on possible presence of carbon within the lattice. 

Nevertheless the insertion of carbon or light elements of the first period into MgH2 
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should not change much the large gravimetric density necessary for applications, while 

modifying the electronic structure such as the cohesive energy and the charge on 

hydrogen, and therefore the absorption/desorption capacity. We recently showed that the 

large ionic character of hydrogen in ionic hydrides is strongly reduced by selective 

substitutions of Mg by Ni [5].  

The aim of this work is to investigate the effects of insertion of light elements such as 

carbon and boron into MgH2, as based on computations within the quantum theoretical 

density functional DFT framework [6, 7].  

2. Calculation methodology 

The Vienna ab initio simulation package (VASP) code [8, 9] allows geometry 

optimization and total energy calculations. For this we use the projector augmented wave 

(PAW) method [9, 10], built within the generalized gradient approximation (GGA) 

scheme following Perdew, Burke and Ernzerhof (PBE) [11] and accounting for the 

valence electrons. Test calculations with PAW-GGA potentials built with including 

semi-core Mg-2p states led to less agreement with experiment for V(MgH2) = 57.1 Å3 as 

well as less stability (ETOT. = -17.55 eV) as compared to the values in Table 1 on one 

hand and to poor convergence of the calculations for small doping concentrations of B/C 

on the other hand. Also preliminary calculations with local density approximation PAW-

LDA [12] led to an underestimated volume versus the experiment: VLDA(MgH2) = 55.6 

Å3 versus VGGA(MgH2) = 58.2 Å3. The conjugate-gradient algorithm [13] was used in the 

computational scheme to relax the atoms. The tetrahedron method with Blöchl 

corrections [10] as well as a Methfessel-Paxton [14] scheme were applied for both 

geometry relaxation and total energy calculations. Brillouin-zone (BZ) integrals were 

approximated using the special k-point sampling. The optimization of the structural 

parameters was performed until the forces on the atoms were less than 0.02 eV/Å and all 

stress components less than 0.003 eV/Å3. The calculations are converged at an energy 

cut-off of 400 eV for the plane-wave basis set with respect to the k-point integration with 

a starting mesh of 4×4×4 up to 8×8×8 for best convergence and relaxation to zero strains. 

From the calculations, illustration for the electron localization is accessed from the ELF 

function introduced by Becke and Edgecombe [15] obtained from real space 

calculations: ELF = (1+ χσ²)-1 with 0 ≤ ELF ≤1, i.e. it is a normalized function between 0 
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(zero localization) and 1 (strong localization) with the value of ½ corresponding to a free 

electron gas behavior. In this expression the ratio χσ = Dσ/Dσ° where Dσ =  τσ - ∇s - ¼ 

(∇ρσ)²/ρσ and Dσ = 3/5 (6π²)2/3 ρσ5/3 correspond respectively to a measure of Pauli 

repulsion (Dσ) of the actual system and to is the free electron gas repulsion (Dσ°) and τσ 
is the kinetic energy density. ELF are plotted using a small program “vaspview.exe” 

operating on Linux or windows, freely available from the web.  

Also an analysis of the charge density is done with the approach of “atoms in 

molecules and crystals” (AIM) introduced by Bader [16] who developed an intuitive way 

of dividing molecules into atoms as based purely on the electronic charge density. For 

each atom in the compound, Bader considers it as surrounded by a surface running 

through minima of the charge density. Then the total charge of an atom is determined by 

integration within the Bader region. Such an analysis can be useful when trends between 

similar compounds are examined; they do not constitute a tool for evaluating absolute 

ionizations. This is the case of the presently studied compounds where we evaluate the 

changes in total charge on H comparatively.  

 

3. Calculations and results 

3.1- Crystal structure and geometry optimizations.  

For the insertion of carbon and boron, the trirutile structure is a good choice as a host 

superstructure of MgH2. It has the same tetragonal symmetry as simple rutile with 

P42/mnm space group with six formula units (fu) per cell (Table 1, first two columns), on 

one hand, and on the other hand the insertion can be done selectively to affect one of the 

three Mg sites, namely Mg1 and its neighboring H1 whereas Mg2 and its neighboring 

H2 are less subjected to direct effects of carbon or boron as shown in Fig. 1. These 

effects will be made explicit from the charge densities and the ELF plots in following 

sections. 

The rutile structure presents several interstitial sites and the diffusion of foreign chemical 

species such as lithium within rutile was studied by Kingsbury et al. who considered 

based on calculations with semi-empirical Born-Mayer potentials, that beside (8i), the 
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(4c) and (4d) positions as most favored energetically with little energy difference 

between them [17]. In present studies we considered the (4c) site for inserting carbon or 

boron. 

3.2- Geometry optimization and cohesive energies 

Test calculations on the MgH2 and Mg3H6 structures were firstly carried out. The 

results are shown in Table 1 at first two columns. V(MgH2) = 58.20 Å3 for Z = 2 FU 

(formula units) is smaller by ~5% than experimental value of 61.62 Å3 and very close to 

the volume of Mg3H6 trirutile (Z= 2 FU) of 175.08 Å3 (3 ×. 58.2 = 174.6 Å3). This also 

stands for the total energies. Then it becomes important to check the cohesive energy of 

MgH2 per H2 pair, as well as in Mg3H6, with respect to the experimental investigations 

which give Ecoh. = –0.79 eV following Yamagushi works [18]. For this purpose the 

energies of the constituents were calculated: Mg (hexagonal) = –3.08 eV (2 FU); H2 (in 

a large box) = –6.52 eV; C (hexagonal) = –9.51 eV (2 FU); B (tetragonal) = –4.96 

eV/FU.  

The cohesive energies per H2 pair are then obtained with Ecoh.(MgH2) = –0.73 eV and 

Ecoh.(Mg3H6) = –0.75 eV. There is a closer magnitude with experiment [18] from the 

trirutile model than plain rutile, but the results validate the use of trirutile as a host 

structure for selective insertions. 

Inserting the light element (C, B) is operated at (4c) Wyckoff position. Other positions 

such as (2b) led to unrealistic C…H neighboring with a too short distance of ~1.06 Å. C-

H bonding would then prevail. The geometry optimizations lead to an increase of the cell 

volume as expected from the inserted foreign elements. The coordinates of the atomic 

positions are also changed leading to different Mg1-H1 and Mg2-H2 distances. 

Nevertheless the full geometry relaxation keeps the tetragonal structure within the 

P42/mnm space group. The cohesive energies are largely changed with respect to MgH2 

(and Mg3H6) leading to less stable C:Mg3H6 with Ecoh. = –0.16 eV and unstable B:Mg3H6 

with a largely positive Ecoh.= 1.13 eV. Then it becomes relevant to investigate the 

changes brought by reducing the amount of inserted atoms on the cohesive energy in as 

far as the full occupation of (4c) positions leads to a high doping amount: C0.667MgH2 

(C4Mg6H12) and B0.667MgH2 (B4Mg6H12).  
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The calculations with one out of the 4 inserted B/C atoms lead to a lowering of the 

tetragonal symmetry to simple monoclinic but the resulting energies allow a new 

evaluation of the insertion effects at very small amounts: Ecoh.(C0.167MgH2) = –0.41 eV 

and Ecoh.(B0.167MgH2) = –0.11 eV. These values show the same trend as for large 

insertion amounts of stronger destabilization by boron versus carbon but both cohesive 

energies are now negative. It is interesting to show that the insertion of a small amount 

of carbon cuts the cohesive energy of MgH2 by half its magnitude. 

3.3- Assessing the changes of the iono-covalent character 

These results can be further assessed and illustrated using a charge analysis within 

Bader atom in molecule AIM theory [16]. Bader's analysis is done using a fast algorithm 

operating on a charge density grid. The program [19] reads in charge densities and 

outputs the total charge associated with each atom. The CHGCAR density file is 

obtained with high precision calculations within VASP with the conditions described in 

Section 2. The large ionic character of MgH2 is confirmed from calculations leading to a 

scattering of charge values on hydrogen according to the method and approximations in 

use. Using semi-core states in the PAW construction in test calculations we actually get a 

charge of  –0.83 also obtained by [20] in studying MgH2 nano-wires, while potentials 

with valence electrons lead to higher ionic character with a total charge on hydrogen 

close to ~ –0.97 as shown in Table 1 for both MgH2 and Mg3H6. Upon the insertion of 

carbon there are significant deviations from the ionic character especially for H1 in the 

same plane as Mg1 and C within a range of total charges {–0.37 to –0.35}. This is less 

pronounced for H2 which is in the neighborhood of Mg2 and far from carbon. The same 

trends are observed with less magnitude with boron. Then the inserted element acts on 

hydrogen not only in its vicinity but also within the whole hydride. Experimentally an 

average effect should be obtained if such inserted compounds could be prepared. The 

difference of behavior between boron and carbon is likely due to their respective electro-

negativity values: χ(B) = 2.04 and χ(C) = 2.55. The less electronegative boron is less 

charged than the more electronegative carbon: C–1.1 versus B–0.75, and consequently there 

is less charge transfer from hydrogen on it. The emerging mechanism is that the inserted 

element acts as a drain (or scavenger) of electrons with a magnitude proportional to its 

electronegativity. Also in spite of a still largely ionic Mg, the charge on Mg is lower than 
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in MgH2 and differentiated between Mg1 in the close neighborhood of C(B) carrying 

less positive charge than Mg2. Decreasing the amount of inserted C(B) leads to less 

covalent character brought to hydrogen. For C1:Mg6H12 the range of charges on hydrogen 

H1/H2 becomes {-0.63; -0.97}; and {-0.78; -0.98} in B1:Mg6H12. Then the local effect of 

the C(B) interstitial is made more obvious. 

3.4- Electron localization function maps and electronic density of states 

Fig. 2 shows the ELF slices at horizontal planes crossing Mg2,H2 (Fig. 2a) and Mg1,H1 

(Fig. 2b) respectively. The ionic like behavior close to that of MgH2 is observed in Fig. 

2a from the strong localization (red contours with ELF~0.8) around H2 while no 

localization (blue contours with ELF~0.1) characterizes Mg2. On the opposite the ELF 

slice showing   Mg1,H1 plane with carbon (Fig. 2b) exhibits different character with less 

localization around H1 and larger localization around carbon. Also the blue areas of zero 

localization are reduced to the immediate neighborhood of Mg1 with the remaining 

intersite areas characterized by free electron gas like behavior. These green contours, 

already present albeit less extensively in Fig. 2a, are indicative of an overall change of 

the electronic structure with respect to MgH2 which is an insulator with large gap at EV 

top of the valence band VB as shown in Fig. 3 displaying the total electronic density of 

states. The dominant H DOS within VB and Mg above EV is not only due to the twice 

larger number of H in the structure but also to the transfer of electrons Mg s H leading 

to an ionic hydride. The valence states of the interstitial (ex. C) are shown from the 

calculation to be at the bottom of VB for C(s) and into the gap for C(p).  

 

4. Conclusion 

From ab initio calculations, chemical modification of MgH2 by inserting light elements 

such as carbon or boron has been shown to lead to an iono-covalent behavior of 

hydrogen and to destabilizing the largely cohesive ionic MgH2. This is likely to lead to 

improved desorption capacity. Comparatively, boron was shown to be highly 

destabilizing to the lattice versus carbon. This trend is kept with decreasing amounts of 

inserted element. This bottom-up approach should help further experimental works. 

The investigations will be extended to the dynamic study of carbon diffusion into MgH2. 
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One possibility for investigating the subsequent change of H desorption can be 

approached following a methodology similar to the study of the water absorption on 

silica surfaces using classical molecular dynamics [21]. The studies are underway. 
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Table 1: Geometry optimized lattice parameters and energies for MgH2 and C-inserted 
trirutile Mg3H6; space group P42/mnm. Mg/Mg1 (2a at 0 0 0) and C/B (4c: 0½0; ½0½; 
½00; 0½½) remain unchanged. Experimental values for MgH2 [22] are in italics. 
 

Hydride MgH2 Mg3H6 C:Mg3H6  B:Mg3H6 

a / Å 
4.418  
4.516  

4.496 4.228 4.529 

c/a 
0.675  
0.669 

2.002 2.615 2.189 

 
Mg1 
Mg2 
H1  
H2 
 

Mg: 0 0 0 
 
H: 0.304 0.304 0 
     0.306 0.306 0 

 
0 0 0  
0 0 0.333 
0.304 0.304 0.0 
0.304 0.304 0.333

 
0 0 0 
0 0 0.326 
0.298 0.298 0.0 
0.314 0.314 0.318 
 

 
0 0 0  
0 0 0.328 
0.291 0.291 0.0 
0.310 0.310 0.320 
 

Shortest 
distances/Å 
d(Mg-H)  
 
d(Mg1-C/B)  

1.90/1.93 

 
 
1.94/1.95 

 
 
1.78 (Mg1-H1) 
1.88/1.94 (Mg2-H2) 
2.11 

 
 
1.87 (Mg1-H1) 
1.96/2.10 (Mg2-H2) 
2.26 

V / Å 3 
58.20  
61.62 

175.08 195.88 205.19 

Energy /eV –17.57 –52.84 –68.307 –61.44 

Ecoh./H2 eV –0.73 –0.75 –0.16 +1.13 

Exp.  
Ebind./H2  

Ecoh.= –0.79 eV 
[17] 

   

Bader Total 
Charge 
 

Mg: +1.94 
H: –0.99 
H: –0.95 

 
<Mg> +1.94 
<H1> –0.98 
<H2> –0.95 

Mg1: +1.92 
Mg2: +1.94 
H1: –0.37 / –0.35 
H2: –0.73 / –0.76 
C: –1.09 

Mg1: +1.91 
Mg2: +1.95 
H1: –0.64 /–0.66 
H2: –0.75 / –0.78 
B: –0.75 
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Fig.1: Sketch of the trirutile structure chosen to model light elements insertion (here C) 

into MgH2. 
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a) 
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b) 

 
 

 
 
Fig.2: Trirutile MgH2: Electron localization function ELF slices perpendicular to the c-

axis showing planes at a) Mg2,H2 and b) at Mg1,H1 with carbon. 
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Fig.3: Total electronic density of states for trirutile MgH2 with the relative positions of 

carbon valence states for carbon inserted hydride. 
 


