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ABSTRACT: DFT calculations were used to study hydrogen desorption energy in a set of pure, Nb- or Zr-doped systems,
containing vacancy-like defects and a MgH, (110) defect-free surface. The preferential location site for dopants was determined
by means of occupation energy analysis. Both transition metal atoms (Nb and Zr) preferred interstitial sites. The effect of
vacancies in the systems was also considered. MgH, with a Nb interstitial atom and MgH, with a Zr interstitial atom containing a
Mg vacancy modifies the surface geometry and weakens the Mg—H bonds thus easing the H desorption process.

1. INTRODUCTION

Among metal hydrides, magnesium hydride is one of the most
promising candidates as hydrogen storage media in the
automotive industry due to its very high capacity (7.6 wt %)
and low cost."? Nevertheless, a slow hydriding and
dehydrogenating kinetics and a high dissociation temperature
limit its practical application for hydrogen storage. The
mechanical alloy of MgH, and transition metal (TM) elements
have been experimentally proven to be an efficient method. For
example, Ni, V, Ti, Fe, Co, and Mn can effectively improve the
hydriding and dehydrogenating kinetics of MgH, at high
temperature (over 573 K).>™® The reasons for such behavior
are that hydrogen molecules do not readily dissociate on a Mg
surface and that magnesium hydride has a high thermodynamic
stability.' !

MgH, has a high thermodynamic stability that is responsible
for the high dehydrogenation temperature requirement of 573
K. Its slow hydrogen sorption kinetics still further restricts the
application of MgH, for on-board hydrogen storage.'” The
thermodynamics of the dehydrogenation reaction of MgH, can
also be tuned by doping it with different TM.>*'*'* Recently,
Larsson et al." carried out first principles calculations based on
DEFT to show that Ti, V, Fe, and Ni significantly lowered the H,
desorption energies of MgH, nanoclusters. A computational
study carried out by Liang'® using DFT showed that
substitution of two Mg atoms in MgH, by a Li and an Al
atom may improve its hydrogen storage capability by lowering
reaction energies as well as activation barriers. As mentioned
before, improvements in its H, sorption kinetics have been
attributed to catalytic effects of a variety of TM,>” metal oxides
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and transition metal oxides.”” ™' Li et al*® provided a
theoretical understanding of the dehydrogenation mechanism
in Nb,O; activated MgH,. Using a combination of density
functional theory (DFT)*' and ab initio molecular dynamics
simulations they showed that the substitution of Nb at the Mg
site followed by the clustering of H around Nb atoms was a
likely pathway for hydrogen desorption. Several experimen-
tal’** and theoretical studies®*>® have shown that the
reaction of MgH, with amides, complex metal hydrides, and
light metals destabilizes it and lowers its dehydrogenation
reaction energy.

Despite the many experimental studies of dehydrogenation
on a MgH, surface, little is known about surface properties and
H, desorption in MgH, system. Theoretically, ab initio DFT
calculations have shown significant predictive power for
catalysis and could help to design new alloy catalysts. So far,
there have been some theoretical calculations to study Mg—H
bonding properties, but most of them are mainly limited to
cluster calculations®”*® or bulk calculations using the local
density approximation (LDA),*** which may suffer from
strong overbinding.*!

Most research work has been done on the dehydrogenation
of MgH, in bulk form. However, only a few studies concerned
with enhancement in the desorption mechanism from MgH,
surfaces have been reported in the literature. Doping metals
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Figure 1. (a) Top view of the supercell. Substitutional and interstitial sites are indicated with green circles, (b) side view of the MgH, (110) slab, (c)
side view of MgH,—Nb (Inter), and (d) side view of MgH,—Zr (Inter). Vacancy generation for dopants and atoms is also shown (vH, vMg, and

vMgH).

(light metals or TM) have been used to reduce the stability of
MgH, surfaces.

Dai et al.>** have employed the DFT in order to thoroughly
analyze the hydrogen desorption by doping metals including Al,
Ti, Mn, and Ni on MgH, (001) and (110) surfaces. The dopant
site preference and the desorption mechanism on both surfaces
was explored. They reported that each dopant improves the
dehydrogenation properties of MgH, in a different way. It is
still an open question how vacancy-type defects affect the
thermodynamics of doping.

In the present work, we have studied the preferential site of
Zr and Nb dopants on the MgH, (110) surface and we have
also considered the effect of vacancy-like defects (Mg, H, or
Mg—H complex) in order to improve H desorption energy and
to understand dehydrogenation properties and electronic
structure. We have also studied the changes in chemical
bonding during H desorption using the concept of overlap
population (OP).

2. COMPUTATIONAL METHODS AND MODEL

Electronic structure and energy calculations have been carried
out within the frame of the DFT*' as implemented in the
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Vienna ab initio simulation package (VASP) code.***> The
projector augmented wave (PAW) pseudopotentia136’37 was
used to account for the electron—ion core interaction, using the
PW91 functional as generalized gradient approximation
(GGA)?® for the exchange—correlation term.

MgH, surfaces were studied using a (2 X 2) slab containing
32 Mg and 64 H atoms with a 20 A vacuum in the [110]
direction. The Brillouin-zone was sampled using a 7 X 7 X 1
Monkhorst-Pack k-point mesh.*” For the plane-wave basis set a
cutoff of 650 eV was used. We checked the influence of strain
effects relaxing the first three layers, the first four layers, and
carrying out a full relaxation of the system. The total energy
difference is lower than 1%, indicating that the influence of
strain effects is weak in the bottom layers. To minimize the
computational cost we relaxed the first three layers of the slab
while the bottom two layers were kept fixed to the bulk
positions. The total energy convergence and the forces on the
atoms were less than 10™* eV and 0.01 eV/A, respectively. Self-
consistent calculations were considered to converge when the
difference in surface total energy between consecutive steps did
not exceed 10™° eV. In addition, static calculations were
considered to converge using the same criterion. To analyze the
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electronic structure and bonding we have used the concept of
density of states (DOS) and overlap population (OP).**~*
The OP was calculated using the ADF code.* A similar analysis
was reported in refs 46 and 47.

In a previous work, we have calculated lattice parameters for
the pure perfect MgH, cell, which has a rutile type tetragonal
structure (P42/mnm, group No. 136), specified by a lattice
parameter a and the c/a ratio, a = 4.501 A, ¢/a = 6.674, and u =
3.22 A. These results are in full agreement with experimental
values.**** The MgH, (110) surface is computed using these
bulk parameters. TM dopants are added to the surface
considering two different configurations: in the first TM there
is a substituent atom replacing a superficial Mg atom (called
Sub), and in the second there is a TM located in an interstitial
site (called Inter). Figure 1 shows the slab, the location of
dopants and the vacancies generated. Occupation energy (E...)
is calculated in order to recognize the preference site of dopants
in the surface and the relative stability of the doped system
compared to pure MgH,, using the following definition

Eocc = E(Mg32_xTMx+yH64)
— [E(Mg,,Hgy) + (x + y)E(TM) — xE(Mg)]

being (x = 1, y = 0) when TM substitutes a superficial Mg atom
and (x = 0, y = 1) when TM is located in an interstitial site.

As mentioned above, hydrogen vacancy (vH), magnesium
vacancy (vMg), and complex hydrogen—magnesium vacancy
(vMgH) were also considered in the surface. In all cases, the
extracted atoms are first neighbors to TM. We also calculated
the formation energy of vacancies in all systems

1
EVH = E(Mg32_xTM H64—1) + EE(HZ)

x+y

- E(Mg,,  TM,, H,)

Ea = EMg,,  TM,, He,) + E(Mg)

x+y

- E(Mg,, TM,, H,)

1
EngH = E(Mg32_x_1TM H64—1) + EE(HZ) + E(Mg)

x+y
- E(Mg32_xTMx+yH64)

The model used is shown in Figure 1. We can see the MgH,
cell containing 32 Mg atoms and 64 H atoms, the substitutional
and interstitial sites where the TM is located in the unit cell (a),
where vacancies are in the pure system (b), and when the Nb
and Zr dopants are present (c,d).

3. RESULTS AND DISCUSSIONS

3.1. Geometry and Energy Optimization. Pure-MgH,
and four different systems (MgH,-Nb (sub), MgH,-Nb (inter),
MgH,-Zr (sub), MgH,-Zr (inter)) were relaxed in order to find
the optimum geometry and energy. Table 1 shows computed
energies. These results suggest that Zr and Nb atoms prefer to
be placed in an interstitial location (1.313 and 1.643 eV,
respectively). Dai et al.>® studied the same surface doped with
other TM and found that Ti, Mn, and Ni atoms have an
energetic preference for interstitial places as well. When one Nb
atom substitutes a Mg atom, the occupation energy becomes
more favorable, being the highest among the situations
considered (3.023 eV). We can also see in Table 1 that either
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Table 1. Dopant Occupation (E,.) and Vacancy Formation
Energies (E,) in eV for MgH, (110) Surface

Eo. Eg Evg Evgn
pure-MgH, 1.587 4.890 3.694
MgH,-Nb(sub) 3.023 —0.518 0.498 —2.048
MgH,-Nb(inter) 1.643 0.004 0234 0305
MgH,-Z1(sub) 1.693 0.941 0.707 1255
MgH,-Zr(inter) 1313 1.054 0.014 0.516

as substituent or interstitial site, occupancy energy is lower for
the Zr dopant compared to the energy for the Nb dopant.
Formation energies for vacancies in the case of nondoped
MgH, are large, especially for the generation of vMg and vMgH
(4.890 and 3.694 eV, respectively). However, when these
vacancies are created in a doped system, formation energies
decrease significantly, in particular in the MgH,-Nb (sub)
system. However, we should not forget that this Nb location
has the highest occupation energy, making it less favorable from
an energetic point of view. It is necessary to reach a balance
between occupation energy and vacancy formation energy.
Those systems where a TM is placed in the interstitial site seem
to be the most appropriate.

3.2. Density of States. As a reference, the total density of
states (DOS) of MgH, bulk is plotted in Figure 2a. The total
and projected (for Mg and H) densities of states of the pure
MgH, (110) surface are shown in Figure 2 from panel b to
panel d. The DOS plot corresponding to MgH, bulk shows a
band gap of about 4 eV with a large dispersion of the bands
signaling the s-like character. An underestimation of the energy
gap compared to experimental data is expected for this type of
calculations (DFT-GGA).*° In the case of the MgH, (110)
surface, this band gap is of approximately 3 eV, that is, 1 eV
lower than the gap computed for the bulk. In addition, the sign
above the Fermi level is less intense.”> The Fermi level is placed
immediately above the valence band and this band spreads out
about —7.5 eV and presents two sharp peaks, one
approximately at —1.8 eV and the other at the Fermi level.
Analyzing the projected DOS curves we can notice that these
correspond to the bonding between Mg and H electrons
showing a strong hybridization that is responsible for the high
cohesion energy of MgH,. The conduction band is dominated
by Mg s and p states and the valence band mainly by H-s states.
In the projected DOS curve for the H atom, the intensity is a
result of the weight of H in the structure and also of the transfer
of electrons from Mg to H leading to an ionic hydride. The
relatively large band gap of MgH, leads to a relatively high
formation energy of MgH, and poor hydrogen sorption
kinetics.”' In the bulk, the interaction between Mg and H
atoms is stronger than in the surface where the intensity of the
valence band diminishes. These weak bonding interactions
between Mg and H in the surface are the reasons why this
system is more feasible to react with TM.

Figure 2 also presents the MgH,-Nb-doped (inter) DOS
curves (a—h). The total DOS plot shows a noticeable decrease
in the band gap of about 2 eV. A new band appears around
—1.5 and =2 eV, although it is the product of H, Mg, and Nb
interaction where Nb dopant is the main contributor.

The Zr-doped system is shown in Figure 2i—l. The total
DOS plot presents a decrease in the band gap of about 1.4 eV.
A new band appears around Eg and —0.6 eV, although it is the
product of H, Mg, and Zr interaction, the Zr dopant is the main
contributor. The projected DOS curves of Mg and H atoms are
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Figure 2. DOS curves corresponding to (a) MgH, bulk, (b) MgH, (110) slab, (c) Mg atoms projected, and (d) H atoms projected from MgH,
surface. (e) MgH,-Nb (inter) total, (f) Mg atoms projected, (g) H atoms projected, and (h) Nb atom projected corresponding to MgH,-Nb (inter)
surface. (i) MgH,-Zr (inter) total, (j) Mg atoms projected, (k) H atoms projected, and (1) Zr atom projected corresponding to MgH,-Zr (inter)

surface.

reduced at E; due to the presence of Zr dopant, thus decreasing
the Mg—H hybridization. These behaviors can be attributed to
a weakening in Mg—H interaction.>>

Doping leads to the appearance of a narrow d-band in the
middle of the band gap. Zr atoms have 2 d electrons and Nb
atoms have 4 d electrons, as the d-band fills E; shifts. Taking
into account that these d-states are strongly hybridized with s-
states of H atoms giving a strong TM-H bonding and a
decrease in the band gaps, we can conclude that Mg—H
dissociation will be easier and the H desorption energy will be
lower when the MgH, (110) surface is doped with Zr and Nb
atoms.

3.3. Hydrogen Desorption. The hydrogen desorption
energy for the different MgH, (110) surface systems was
computed according to ref 33

1
Eyes = E(Mg,,_ M, Hg, ) + EE(Hz)

x+y

- E(Mg32_xMx+yH64)

where Mgy, M, Hg,_, is a pseudostructure in which a H atom
is removed from the relaxed Mg;, M, Hg, system. The
energy of the hydrogen molecule is computed as —6.773 eV
using a 10 X 10 X 10 A supercell in full agreement with
experimental data.>® Desorption energy values are listed in
Table 2 after removing a surface H atom.

The theoretical calculation of MgH, dehydrogenation energy
in the core of a bulk solid is 1.60 eV while the experimental
value is 1.70 eV.*>** This energy is lower in the pure MgH,
(001) surface because those Mg—H bonds are not as strong as
in bulk.

The H desorption energy decreases significantly in almost all
doped systems, that is, from 1.59 to 0.07, 0.16, and 0.95. In the
case of Nb substituting a Mg atom, this energy is —0.61 eV
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Table 2. Hydrogen Desorption Energy, E4 (eV), for TM
Doped and Pure MgH, (110) Surface with and without
Vacancies

Ege, (eV)
vH vMg vMgH
pure-MgH, 1.59 0.65 -1.20 —-1.90
MgH,-Nb(sub) —0.61 0.84 -2.55 271
MgH,-Nb(inter) 0.07 122 0.07 1.31
MgH,-Zr(sub) 0.16 0.61 0.55 0.47
MgH,-Zr(inter) 0.95 0.93 0.50 1.09

indicating that no energy is required to lose a H atom, thus, this
system has the highest occupation energy (see Table 1). After
surface relaxation, we found that the substitution of Mg by a Nb
atom distorts ionic positions, pushing away two Mg and two H
atoms, thus making H desorption easy. This net distortion
could be responsible for the high occupation energy. When
vacancies are generated in pure MgH,, H desorption energy
decreases —60% in the case of vH. In the case of vMg and
vMgH, this energy becomes negative indicating a spontaneous
dehydrogenation (—1.20 and —1.90 eV). When a VMg is
considered, Mg—H bonds elongate 13% and the geometry after
relaxation locates two H atoms moving outside the surface.
When both Mg and H vacancies are considered two H atoms
diminish their coordination with Mg, that is, H is bonded to
only one Mg atom instead of two or three. It should be
remembered that the energy needed to create these vacancies is
high, that is, from 1.587 to 4.890 eV. When vacancies (vH,
VMg, or vMgH) are present in doped systems, the H
desorption energy decreases in comparison to the pure MgH,
(110) without vacancies (except for MgH,—Nb (sub) vMgH),
and this energy increases if we compare it with the no doped

dx.doi.org/10.1021/jp411714d | J. Phys. Chem. C 2014, 118, 4231-4237
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MgH, containing the same type of vacancies, except for MgH,-
Nb (sub) vMg and MgH,-Zr (sub) vH.

Taking into account the values in Tables 1 and 2 we can
conclude that the optimum systems where H desorption is
easier are MgH,-Nb (inter) and MgH,-Zr (inter) vMg. The
relaxed geometry of these two configurations enhances
hydrogen desorption, weakening Mg—H bonds (12.5 and
6.5%, respectively) while decreasing the number of H bonds,
allowing its extraction with less energy cost. Figure 3 shows the
geometries of (a) MgH,-Nb (inter), (b) MgH,-Nb (inter)—H,
(c) MgH,-Zr (Inter)vMg, and (d) MgH,-Zr (Inter)vMg—H
systems (before and after H desorption). TM remains almost in
the same position after H desorption; however, a displacement
of Mg and H atoms occurs in the surface and, the atoms
rearrange in the structure with a more stable configuration.

3.4. Bonding Analysis. Table 3 presents the overlap
population values for Mg—H and MT—H bonds. When
vacancies are generated in the pure MgH,, the Mg—H bond
OP values decrease from 1.67 to 87.85%, making H desorption
easier. In the case of MgH, containing a Nb atom as a Mg
substituent, H desorption energy diminishes significantly as we
can see in Table 2. Mg—H bonds weaken in a range of 10.59 to
47.08%, compared to pure MgH,, while a Nb—H strong bond
is developed with an OP value of 0.453. This last interaction
also decreases the strength of Mg—H bonds. When a H vacancy
is generated, the Mg—H and Nb—H bonds weaken (74.22 and
7.95%, respectively). This is not the case when a Mg vacancy or
a complex MgH vacancy is considered on the surface.

We have also considered a Nb atom as an interstitial atom
located between the first and second Mg layer. In this case, we
found that the Mg—H bonds decrease their OP by 26.67% and
66.67% while a Nb—H bond is formed. The H desorption
energy in this system is very low (0.07 eV, see Table 2). When
vacancies (vH, vMg, or vMgH) are present, the Mg—H bonds
weaken and the MT—H bonds do not suffer significant changes.

In the case of a Zr atom as a Mg substituent, we can notice
that Mg—H bonds are a little bit stronger and that a Zr—H
bond is formed. When a H vacancy is generated in the system,
the Mg—H bonds diminish their strength (24.39 and 1.85%)
while the Zr—H bond increases its OP by 7.33%. If a Mg
vacancy or a MgH complex vacancy is present in the surface,
bonds are stronger and the H desorption energy increases its
value, becoming more difficult than the same system without
vacancies.

Zr as an interstitial atom in the surface increases the strength
of some Mg—H bonds and diminishes the strength of others
(+8.75 and —29.91%). At the same time, a Zr—H bond is
formed with an OP value of 0.159, the weaker MT—H bond
found here. When a H vacancy or a Mg vacancy is considered
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Table 3. Overlap Population (OP) Values”

MgH, MgH,-vH MgH,-vMg MgH,-vMgH
Mg—H(1) 0240 0.236 0.123 0267
Mg—H(Z) 0.321 0.301 0.039 0.285
MgH,- MgH,- MgH,- MgH,-Nb(sub)
Nb%sub) Nb(sub)vH Nb(sub)vMg vMgH
Mg— 0.127 0.098 0.170 0.149
H(1)
Mg— 0.287 0.074 0.323 0.178
H(2)
MT-H 0.453 0.417 0.418 0.457
MgH,- MgH,- MgH,-Nb(int)  MgH,-Nb(int)
Nb(int) Nb(int)vH vMg vMgH
Mg— 0.176 0.145 0.146 0.214
H(1)
Mg— 0.107 0.076 0.066 0.051
H(2)
MT-H 0.429 0.431 0.474 0.423
MgH,- MgH,- MgH,-Zr(sub)  MgH,-Zr(sub)
ngsub) Zr(sub)vH vMg vMgH
Mg— 0.246 0.186 0.318 0277
H(1)
Mg— 0.324 0.318 0314 0.215
H(2)
MT-H 0.191 0.205 0.276 0.323
MgH,-  MgH,Zr(int) MgH,-Zr(int)  MgH,-Zr(int)
Zr%int) vH vMg vMgH
Mg— 0.261 0.222 0.249 0.325
H(1
Mg— 0.225 0.214 0.169 0.225
H(2)
MT-H 0.159 0.129 0.161 0.138

“The number beside each element denotes the layer in which it is
placed (see Figure 1).

in the surface, the Mg—H bond also weakens, while the Zr—H
bonds do not change significantly. In the case of a MgH
complex vacancy, the Mg—H bonds are strengthened.

4. CONCLUSIONS

DFT calculations were carried out in order to compute
hydrogen desorption energy in a MgH, (110) surface doped
with Nb and Zr. We also investigated the effect of vacancy-like
defects (Mg, H, or Mg—H complex) in H desorption energy.
TM dopants are added to the surface in two different situations,
substituent and interstitial sites, both Zr and Nb prefer an
interstitial site occupancy. The DOS curves show that the
decrease in bond strengths and band gaps lead to an easier
Mg—H dissociation and lower H desorption energy when the
MgH, (110) surface is doped with Zr or Nb. The H desorption

dx.doi.org/10.1021/jp411714d | J. Phys. Chem. C 2014, 118, 4231-4237
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energy diminishes its value noticeably in doped systems and the
neighboring atoms rearrange their positions making Mg—H
bonds even weaker. It is necessary to balance the occupation
and H desorption energies in order to conclude which system is
best suited for the dehydrogenation process. MgH,-Nb(int)
and MgH,-Zr(int)vMg systems have the lowest occupation
energy and a low H desorption energy (0.07 and 0.50 eV,
respectively). Although MgH,-Nb(sub) has a H desorption
energy of —0.61 eV, this system is not appropriate due to its
high occupation energy (3.023 €V) in comparison to MgH,-
Nb(int) and MgH,-Zr(int) systems (1.643 and 1313 eV,
respectively).
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