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We report an ab initio density functional theory (DFT) study that investigates the effect of transition metal
dopants on diffusion of Mg vacancies in MgB2. This study has implications for the diffusion-controlled
hydriding kinetics of the technologically important LiBH4 + MgH2 hydrogen storage system. The first-principles
calculation reveals that the solubility of M (M ) Ni, Mn, V, Ti, Sc, and Y) in MgB2 and the migration
barriers of Mg vacancies are dictated by the dopant’s atomic radius, whereas the formation energies of Mg
vacancies are strongly affected by both the dopant’s atomic radius and charge distribution. Mn, Sc, and Y are
found to have the potential to enhance the diffusion rate of Mg, whereas V and Ti are poor dopants in enhancing
the diffusion rate of Mg in MgB2. The findings in this study are consistent with existing experimental results.

1. Introduction

On-board hydrogen storage materials with high gravimetric
and volumetric hydrogen densities have gained great interest
as one of the key components for fuel-cell vehicles.1 Lithium
borohydride (LiBH4), being one of the potential materials with
the highest reversible hydrogen storage capacity (∼18 wt %)
for hydrogen vehicle applications, has been studied extensively.1-4

However, bulk LiBH4 can only be dehydrogenated and rehy-
drogenated above its melting temperature (∼280 °C) because
of its high chemical stability.3-5 In fact, temperatures as high
as 500 °C are required to release most of the hydrogen in
LiBH4.4-19 One approach to reduce its dehydrogenation and
rehydrogenation temperatures is to stabilize its dehydrogenated
state by using additives,6-13,20-25 as exemplified by the following
equation:6

It is shown by Vajo et al.6 that adding MgH2 to LiBH4 can
lower the dehydrogenation enthalpy by ∼25 kJ/mol H2. In spite
of the improvement in thermodynamic properties, the dehydro-
genation and rehydrogenation temperatures for reaction 1 are
still very high, near 350 °C.6 Further studies8-13have revealed
that hydrogen release does not proceed directly according to
reaction 1, but with an intermediate reaction step. Because of
the slow intermediate step, reaction 1 has only been destabilized
thermodynamically, but not kinetically.9

To improve the reaction kinetics, catalysts such as TiCl3,
VCl3, NiCl2, and TiF3 have been added to the LiBH4 + MgH2

system.6,9,13 The addition of these catalysts has reduced the
dehydrogenation temperatures by only 5 to 22 °C, indicating
very limited effects of these catalysts and suggesting that
diffusion in LiBH4 and/or MgH2 particles rather than interfacial
reactions might be the rate-limiting step. To address the diffusion
issue, effective ball milling of LiBH4 + MgH2 mixtures has
been conducted recently at liquid nitrogen temperature with the

addition of a small amount of graphite (5 vol %) to reduce the
crystallite size of MgH2 to ∼60 nm and simultaneously convert
crystalline LiBH4 particles to amorphous.26 The effectively ball
milled LiBH4 + MgH2 mixture releases 4.0 wt % H2 in the
solid state at 265 °C, representing a 5-fold increase in the
released hydrogen when compared with ineffectively ball milled
counterparts. Indeed, releasing 4.0 wt % H2 at 265 °C from the
LiBH4 + MgH2 mixture is the best performance ever reported
in the open literature. The typical values for releasing H2 at the
solid state reported by other studies6,10,11,24 range from near zero
to ∼0.5 wt % H2, depending on the processing and testing
conditions.

Similar to dehydrogenation, the hydrogenation of reaction 1
also requires very stringent conditions, e.g., 400 °C and 100
bar hydrogen pressure.6,11 However, it has been shown recently
that solid-state hydriding at temperatures below 280 °C via
reaction 1 is possible. Through long-time ball milling of LiH
+ MgB2 mixtures, 8.3 wt % hydrogen uptake at 265 °C has
been demonstrated.27 This dramatic improvement in the hydrid-
ing property of the LiBH4 + MgH2 system over previous
works6,8,11 is attributed to the reduction of the particle and
crystallite sizes of both LiH and MgB2 to nanometers and the
introduction of a large amount of structural defects to crystalline
particles.27 The phenomenological analysis of the hydriding
kinetics unveils that both reduction in the particle and crystallite
sizes and increase in the structural defects contribute to the
enhancement in the diffusion-controlled hydriding reaction.27

The detailed nuclear magnetic resonance (NMR) analysis28-30

indicates that the diffusion-controlled hydrogenation is related
to the formation of a ternary compound, (Mg1-xLi2x)B2 where
x is a variable changing from 0 (for MgB2) to less than 1, during
hydrogenation. Diffusion arises because of the Li-Mg ion
exchange to form the ternary diboride, (Mg1-xLi2x)B2, which
facilitates the subsequent formation of LiBH4 as hydrogenation
proceeds.

The studies mentioned above27-30 unequivocally show that
further reduction in the hydriding temperature of the LiBH4 +
MgH2 system can be achieved by (i) reducing particle sizes to
minimize the diffusion distance, (ii) increasing diffusion coef-
ficients via doping in MgB2, and (iii) enhancing diffusion
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coefficients through the introduction of a large number of defects
to the crystalline MgB2. In this context, a recent study31 has
revealed that the addition of the Mn dopant to the LiH + MgB2

system can increase the hydriding kinetics, whereas the addition
of the V dopant cannot. It has been postulated that the favorable
effect of Mn is due to its strong capability to induce the lattice
distortion of MgB2 crystals and thus improve the diffusion rate
of Mg.31 The latter is essential for the formation of LiBH4 from
the ternary compound (Mg1-xLi2x)B2 during the hydriding
reaction because complete removal of Mg from (Mg1-xLi2x)B2

by diffusion is needed for the formation of LiBH4.
Here we report the first study using ab initio density functional

theory (DFT) computations to investigate the effect of transition
metal dopants on the diffusion of Mg vacancies in MgB2. Such
a study is inspired by the previous experimental work,31 showing
that the addition of the Mn dopant can improve the diffusion-
controlled hydriding kinetics of the LiH + MgB2 mixture. Given
that Mg is the heaviest element in the ternary compound,
(Mg1-xLi2x)B2, Mg is likely the slowest diffusing species. Thus,
this investigation focuses on Mg diffusion in MgB2. Ni, Mn,
V, Ti, Sc, and Y have been selected for investigation because
these dopants collectively allow the evaluation of the effects of
the atomic radius of transition metals on Mg diffusion. In
addition, to be effective dopants for enhancing Mg diffusion
after multiple hydriding/dehydriding cycles, the doping element
should possess some solubility in MgB2. Since the solubilities
of most transition metals in MgB2 are not available in the open
literature, the solubilities of transition metals in Mg32 have been
used as the criterion for selecting the aforementioned dopants.
In this regard, Sc has the highest solubility in Mg (6 atom % at
room temperature), followed by Y (1.5 atom %), Ti (0.12 atom
%), and Mn (0.05 atom %), while V and Ni have essentially no
solubility in Mg. Thus, selection of this group of transition metal
dopants can provide a baseline for comparison of their solubili-
ties in Mg and MgB2. This first-principles study is expected to
offer general guidelines in selecting proper transition metals as
dopants to further enhance the diffusion of Mg and thus the
hydriding kinetics of the LiBH4 + MgH2 system in the near
future.

2. Calculation Method and Models

The DFT calculations were performed using the Vienna ab
initio simulation package (VASP)33,34 with the PW91 generalized
gradient approximation (GGA),35 projector-augmented wave
(PAW) pseudopotentials, and a cutoff energy of 320 eV for the
plane wave expansion of the wave functions. MgB2 consists of
interleaved graphite-like layers of B atoms and triangular layers
of Mg.36,37 As most transition metals form an isostructural
compound MB2 with boron, like AlB2, CrB2, MnB2, etc.,38 we
have used a 3 × 3 × 3 supercell of MgB2 containing a total of
27 Mg and 54 B atoms (Figure 1), and replaced one Mg atom
with M (M ) Ni, Mn, V, Ti, Sc, or Y) to investigate the dopant’s
impact on the tendency for Mg vacancy formation and migra-
tion. A 2 × 2 × 2 Monkhorst-Pack k-point mesh has been
used to attain converged results for these supercell calculations.

The magnesium boride solid solution, Mg1-xMxB2, can be
regarded as the product of the following reaction:

The formation energy of the solid solution is defined as ∆E )
EMg1-xMxB2

+ xEMg - xEM - EMgB2
, where EMg1-xMxB2

and EMgB2

represent the DFT energies of MgB2 with and without dopants,

while EMg and EM are the energies for one Mg atom and one M
atom in their elemental states, respectively.

The Mg vacancy formation energy, Ef, is defined as Ef )
Evac + EMg - Eperf, where Evac and Eperf are the DFT energies
for the system with and without Mg vacancy and EMg is the
energy for one Mg atom in its elemental state. The energy
barriers for the Mg diffusion are calculated by using the nudged
elastic band method.39 Both out-of-plane and in-plane diffusions
are considered for the migration of Mg vacancies. Due to the
close-packed structure of the Mg plane, the Mg vacancy will
migrate to the closest Mg atom site for the in-plane diffusion,
such as from A to B site (path 2) or from A to A site (path 3)
in Figure 1a. For the out-of-plane diffusion the Mg vacancy
will diffuse through the center of the boron hexagon of its
graphene-like structure to the Mg atom site in the next Mg plane,
as shown in Figure 1c.

It should be mentioned that the accuracy of the prediction
based on the state-of-the-art DFT calculations is high. As
discussed in a recent work,40 DFT calculations have been used
to predict many properties of materials, such as geometry, bulk
modulus, work function, barrier energy, etc., with high accuracy.
For the present study, the calculated lattice parameters are 3.07
Å for a and 3.52 Å for c, in good agreement with the
experimental values at 37 K (3.08 Å for a and 3.51 Å for c).41

On the basis of these numbers, the difference between calculated
and measured lattice parameters is less than 0.5%.

3. Results and Discussion

3.1. Formation Energies of Boride Solid Solutions. Figure
2 shows the formation energies of magnesium boride solid
solutions, Mg1-xMxB2, as a function of the atomic radius for
various M. Note that the formation energies for all the doping
elements except Ni are negative, suggesting that all of the
elements except Ni are favorable to be doped into MgB2.
Furthermore, the formation energy is a strong function of the
atomic radius42 of the doping element. The elements with atomic
radii close to that of Mg have much favorable energies for
forming boride solid solutions. This finding is in good ac-
cordance with Hume-Rothery’s rule of 15% size difference
for forming metallic solid solutions with good solubility.43 It is
noted that our prediction about the solubility of the six transition
elements is consistent with available experimental reports about
the successful synthesis of magnesium boride solid solutions,
Mg1-xMxB2 (where M ) Mn, Ti, and Sc), using multiple
methods.39,44-48

3.2. Formation Energies of Mg Vacancies. As shown in
Figure 1, there are five different Mg vacancy sites in the 3 × 3
× 3 supercell with respect to the position of the doping element
M. In the AB plane (the M-containing plane in Figure 1a) there
are only two types of Mg atomic sites, i.e., types A and B, which
are the first and second neighboring Mg positions to the dopant
M. In the CDE plane (the M-free plane in Figure 1b) there are
three types of Mg atomic sites, i.e., types C, D, and E. The Mg
site just above or below M is site C, and sites D and E are the
first and second neighboring Mg atoms to site C.

The formation energy of Mg vacancies (Ef) for pure MgB2

is calculated to be 2.26 eV, whereas the formation energies of
Mg vacancies at different sites (A, B, C, D and E) as a function
of dopant’s radius are summarized in Figure 3. On the basis of
a simplified view of stresses caused by dopants, one may expect
the following trend in vacancy formation energies. A dopant
atom smaller (larger) than Mg results in local tensile (compres-
sive) stresses which will disfavor (favor) the formation of
vacancies as they will tend to further increase the respective

MgB2 + xM ) Mg1-xMxB2 + xMg (2)
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stresses. In other words, one may expect a smaller dopant atom
to lead to larger vacancy formation energies. From Figure 3, it
can be seen that this trend is followed only in systems containing
dopants smaller than Mg (barring for the C type vacancy which
lies directly below the dopant atom with an intervening M atom).
In general, the vacancy formation energy is larger in the presence
of dopants (regardless of size) than in the case of pure MgH2.

For example, V, Ti, and Sc (the last two with their atomic radii
close to that of Mg) offer the smallest increase in the formation
energy of Mg vacancy, while the other dopants result in much
larger increases. This implies that factors other than atomic size

Figure 1. The MgB2 supercell with Mg and B atoms shown as green and pink spheres respectively: (a) the top view of a Mg plane containing Mg atoms, A
and B, with a doping atom at the site labeled with M (termed the AB plane hereafter), (b) the top view of the Mg plane adjacent to the AB plane showing the
positions of Mg atoms, C, D, and E (called the CDE plane), and (c) the side view of the MgB2 supercell with one Mg vacancy created at the site labeled with V.
The positions of boron atoms are shown in all of these figures. The Mg atoms, A to E, in parts a and b are due to the nonequivalent Mg vacancy sites with respect
to the doping atom, M. The possible diffusion paths for these nonequivalent Mg vacancies are shown as red arrows and labeled with numbers.

Figure 2. The formation energies of magnesium boride solid solutions,
MgxM1-xB2, as a function of the atomic radius of the doping element, M. The
atomic radius of Mg is 1.6 Å as indicated by the arrow.

Figure 3. The formation energy of Mg vacancy at different sites (A,
B, C, D, and E) as a function of the dopant’s atomic radius. The dashed
line stands for Ef in pure MgB2. See Figure 1 for the locations of A-E
sites.
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(e.g., electronegativity or electron affinity of the atoms, or
ionicity of the bonds) must play a role in determining the
tendency for vacancy formation.

To understand the possible effect of the charge distribution
of the dopant on the different behaviors shown in Figure 3, we
plot in Figure 4 the charge density difference between the solid
and atoms within the AB plane. The planar charge density maps
for Ni- and Mn-doped MgB2 are similar, that is, the charge
depletes within a small region around Ni and Mn atoms. For
V-, Ti-, and Sc-doped MgB2, they behave similarly, having a
larger depleted region, while Y-doped MgB2 has a similar charge
distribution as pure MgB2. Thus, the charge distribution within
the AB plane displays the same similarities and differences
among the six transition elements as the trend of the vacancy
formation energy shown in Figure 3, suggesting that the
formation energies for Mg vacancies are strongly affected by
the charge distribution of the dopant. Overall, the higher
formation energies for Mg vacancies in Mg1-xMxB2 than that
in MgB2 suggest the necessity of pre-existing Mg vacancies in
order to improve the hydrogenation kinetics of Mg1-xMxB2,
which can be achieved via high-energy ball milling.27

3.3. Migration Barriers of Mg Vacancies. The calculated
energy barrier for the in-plane migration of Mg vacancies in
pure MgB2 (1.80 eV) is much smaller than that for the out-of-
plane diffusion (4.87 eV). The result clearly reveals that the
Mg vacancy will tend to diffuse in-plane rather than out-of-

plane. Thus, in what follows we will focus on the effect of the
transition metal dopants on the in-plane diffusion. The in-plane
migration of Mg vacancies in MgxM1-xB2 has been considered
for both AB and CDE planes (Figure 1a,b). For completeness,
we have studied all the possible in-plane migration paths in the
3 × 3 × 3 supercell. The possible diffusion paths are 1, 2, or
3 in the AB plane and 4, 5, 6, or 7 in the CDE plane. We note
that for diffusion paths 2, 4, and 6, the starting and ending sites
are not equivalent; thus the migrations along the opposite
directions (2′, 4′, and 6′) are also considered.

Figure 5 shows the energy profiles along various diffusion
paths in the AB plane for different doping elements. The results
unveil that Ni, Y, and Sc doping can decrease the Mg vacancy
migration barriers along some paths, while the other doping
elements either have no effect or increase the migration barriers.
For example, Ni doping decreases the migration barrier along
path 1 from 1.8 to 1.4 eV, while Y doping decreases the
migration barriers along paths 2, 2′, and 3 from 1.8 eV to 1.65,
1.65, and 1.69 eV, respectively.

Again, we attempt to correlate the trends in the migration
barriers with the dopant size. Note that in addition to the atomic
size of the dopant, other factors such as electronegativity,
ionicity, etc. are bound to play a role. However, the latter factors
are expected to drop off faster than the atomic size factor away
from the dopant. Thus, barriers for migration paths farther from
the dopant will be mainly controlled by the dopant atomic size.

Figure 4. The difference charge densities of MgxM1-xB2 within the AB plane (i.e., the M-containing plane). Negative/positive charge densities
indicate charge depletion/accumulation. The distance is given in Å.

21804 J. Phys. Chem. C, Vol. 114, No. 49, 2010 Zhong et al.



We also expect that dopants with sizes similar to that of Mg
will have similar barriers. These expectations are borne out in
the migration barrier results when the results shown in Figure
5 are replotted in Figure 6a as a function of the atomic radius
of the dopant. For instance, migration barriers for paths 2, 2′,
and 3 (Figure 6a) show a clear and strong dependence on atomic
size. The barriers for Ti and Sc dopants (those with sizes closest
to Mg) display barriers most similar to that in the undoped case.
Barriers for path 1 do not follow the same trend. This is
presumably because this pathway is closest to the dopant atom,
and is hence influenced by the other factors mentioned above.

We note that a Mg vacancy (at either site A or B) can diffuse
from one side to the other side of the 3 × 3 × 3 supercell
through a combination of paths 2, 2′, and 3 in the AB plane
(Figure 1a). The combined path will be called a complete path
in this study, whereas paths 2, 2′, and 3 that form the complete
path will be termed subpaths hereafter. It should be emphasized
that the presence of complete paths is necessary for Mg
vacancies to diffuse within the entire MgB2 crystal under
composition gradients. It is well-known that the diffusion
coefficient, D, is proportional to exp(-Em/kT), where Em is the
migration barrier for diffusion. Thus, whether a Mg vacancy
can diffuse quickly from one side of the 3 × 3 × 3 supercell to
the other side depends on the presence of low migration barriers
for all the subpaths that form a complete path. If the migration
barrier for one of the subpaths is very high, then diffusion of
the Mg vacancy along this complete path will be severely limited
because diffusion of the Mg vacancy along this subpath will
be very slow and becomes the rate-limiting step. Thus, the
simultaneous reduction in the migration barriers along the
subpaths 2, 2′, and 3 that form a complete path is essential and
can greatly enhance the diffusion rate of Mg. In this regard, Y
and Sc are effective dopants because they decrease the migration
barriers along subpaths 2, 2′, and 3 (Figure 6a). In contrast, V
and Ti are poor dopants because they increase the migration
barriers for all subpaths (Figure 6a). However, Ni and Mn may
or may not be helpful because they decrease the migration
barrier along subpath 1 while increasing the migration barriers
along the other subpaths. Subpath 1 alone is not sufficient to
allow a Mg vacancy to diffuse from one side to the other side

of the supercell, and thus the effect of Ni and Mn on Mg
diffusion in the AB plane cannot be clearly defined from Figure
6a.

The migration barriers for Mg vacancies in the CDE plane
along all the possible diffusion subpaths (4, 4′, 5, 6, 6′, and 7)

Figure 5. Calculated relative energies of Mg diffusion in the AB plane along paths (a) 1, (b) 2, (c) 2′, and (d) 3. For clarity, the enlarged view of
peaks is shown on the right of each figure.

Figure 6. The migration barriers along different paths as a function
of the dopant’s atomic radius (a) showing diffusion paths 1, 2, 2′, and
3 in the AB plane and (b) showing diffusion paths 4, 4′, 5, 6, 6′, and
7 in the CDE plane. The migration barrier for all paths in the undoped
MgB2 is 1.8 eV as shown by the horizontal dashed line.
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are shown in Figure 6b. Compared to the dopant-containing AB
plane, the dopant’s impact on Mg vacancy migration in the CDE
plane is smaller. The biggest impact on migration barriers is
seen in subpath 4′, a path that includes the C type vacancy site.
Dopants with atomic radius close to the Mg radius of 1.6 Å
have the smallest effect on migration barriers. Interestingly,
every dopant can reduce the migration barriers along some
subpaths. However, a detailed examination reveals that V, Ti,
and Y are poor dopants because they do not offer complete
paths with low migration barriers to permit a Mg vacancy at
either site E or D to diffuse from one side of the supercell to
the other side (Figure 1b). In contrast, Ni, Mn, and Sc are
effective dopants because they provide complete paths with low
migration barriers for a Mg vacancy at site D to diffuse from
one side of the supercell to the other side. For example, a Mg
vacancy at site D in the CDE plane of a Sc- or Mn-doped MgB2

can diffuse along subpaths 7, 4′, and 4 with low migration
barriers from one side of the supercell to site D at the other
side of the supercell. Similarly, a Mg vacancy at site D in the
CDE plane of a Ni-doped MgB2 can diffuse along subpaths 7,
5, 5, and 5 with low migration barriers from one side to the
other side of the supercell.

Thus, considering the results of the AB and CDE planes
together, we conclude that V and Ti are poor dopants, whereas
Mn, Sc, and Y are good dopants with the potential to enhance
the diffusion rate of Mg in MgB2 and thus to increase the
hydriding kinetics of the LiH + MgB2 system. In the case of
Ni, although it has the potential to enhance the diffusion rate
of Mg in MgB2 as discussed above, it does not make a good
solid solution with MgB2 due to its high formation energy
(Figure 2). The conclusion reached by this first-principles
calculation is in good agreement with the previous experimental
study,31 showing that the V dopant does not enhance the
hydriding kinetics of the LiH + MgB2 system even though V
is dissolved in MgB2. In contrast, the Mn dopant exhibits a
favorable effect in enhancing the hydriding kinetics of the LiH
+ MgB2 system because Mn induces more lattice distortion of
MgB2 crystals than V does.31 It should also be stressed that the
conclusion reached from this study is only applicable to the
hydriding process of the LiBH4 + MgH2 system because
the dehydriding process of the LiBH4 + MgH2 system is
unlikely to be controlled by the diffusion of Mg in MgB2. This
argument is supported by the fact that the reactants are LiBH4

and MgH2 while the product of MgB2 may or may not form in
the dehydriding process of the LiBH4 + MgH2 system.8-12,26

This is the reason why Mn doping enhances the hydriding
kinetics but not the dehydriding kinetics, whereas V doping
exhibits no effect on the hydriding kinetics but enhances the
dehydriding kinetics, as observed in experiments.31

Finally, it should be pointed out that the addition of Ti via
titanium trichloride6 or titanium isopropoxide13 to the LiH +
MgB2 system has been shown to enhance the kinetics of
hydrogenation. However, those experiments6,13 are conducted
at the liquid state (i.e., at temperatures above the melting point
of LiBH4). With the presence of liquid, the rate-limiting step
for hydrogenation may change from the solid-state diffusion to
the interfacial reaction such as the hydrogen adsorption on the
surface of the liquid. Under this condition, the Ti derived from
titanium trichloride or titanium isopropoxide may act as a
catalyst to enhance the interfacial reaction, and thus exhibits
favorable effects in improving the hydrogenation kinetics.6,13

However, the Ti dopant has little effect on enhancing the
diffusion rate of Mg in MgB2 at the solid state, as predicted in
this study. It is anticipated that additional work is needed in

the future to clearly define the exact role of Ti in improving
the hydrogenation kinetics at the liquid state.

4. Concluding Remarks

The present study offers the first investigation using ab initio
DFT computations to explore the possibility of enhancing
diffusion of Mg vacancies in MgB2 with transition metal dopants
and thus improving the diffusion-controlled hydriding kinetics
of the LiBH4 + MgH2 system. The major conclusions drawn
from this study are as follows:

(1) The formation energy of the magnesium boride solid
solution is mainly determined by the dopant’s atomic radius.
Dopants with atomic radii close to that of Mg have favorable
energies for the formation of magnesium boride solid solutions.

(2) The formation energy of the Mg vacancy is affected by
both the atomic radius and charge distribution of the dopant. In
general, dopants with atomic radii close to that of Mg lead to
smaller increases in the formation energy of the Mg vacancy.

(3) The migration barrier of Mg vacancies is strongly
controlled by the dopant’s atomic radius unless the migration
path is close to the dopant. When the migration path in a dopant-
containing plane is not close to the dopant, the migration barrier
decreases with increasing the dopant size. In contrast, the
migration barrier may increase, decrease, or change little with
increasing the dopant size on the dopant-free plane, depending
on the specific migration path.

(4) Dopants with the capability to offer low migration barriers
for complete pathways that connect one end of the supercell to
another will enhance diffusion of Mg vacancies in MgB2. On
the basis of this criterion, Mn, Sc, and Y dopants have been
identified to have the potential to enhance the diffusion rate of
Mg in MgB2 and thus the hydriding kinetics of the LiH + MgB2

system, whereas V and Ti dopants do not. The predicted trend
matches the available experimental result of Mn and V dopants
well.

(5) On the basis of the criterion of low migration barriers for
complete pathways that connect one end of the supercell to
another, one can conclude that dopants with a large difference
in their atomic sizes from that of Mg have the potential to
enhance the diffusion rate of Mg in MgB2. The only exception
to this general rule is Sc, which has an atomic radius similar to
that of Mg.

There are several implications when applying the conclusions
above to other transition metal dopants that have not been
investigated in this study. Dopants with a large difference in
their atomic sizes from that of Mg have the potential to enhance
the diffusion rate of Mg in MgB2 and thus enhance the
hydrogenation kinetics of the LiH + MgB2 system at the solid
state. However, a large difference in the atomic size from that
of Mg is unfavorable for forming magnesium boride solid
solutions. The Ni dopant falls into this category. Therefore, in
selecting dopants to enhance the hydrogenation kinetics the
effects of the dopants on the formation energies of boride solid
solutions and the migration barriers of Mg vacancies should be
considered simultaneously. The formation energy of Mg vacan-
cies is another important factor in selecting dopants. The present
study reveals that the charge distribution of the dopant plays
an important role in the formation energy of Mg vacancies.
However, more detailed studies are needed in the future to relate
the charge distribution to the electron affinity of the atoms and/
or ionicity of the bonds so that the judgment on the formation
energy of Mg vacancies can be made through factors that are
more readily available than the charge distribution of the dopant.
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