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Statistically averaged molecular dynamics simulations of hydrogen diffusion
in magnesium and magnesium hydrides
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Magnesium has a different crystal structure from its dihydride with hydrogenation leading to a phase
transition from the hexagonal closely packed Mg into a tetragonal α-MgH2 rutile type structure. Such materials
exhibit complex hydrogen uptake and release kinetics because hydrogen diffusivities significantly change when
the crystal structure changes. To provide a foundational understanding of (de)hydrogenation kinetics that is
applicable to all stages of the reaction, we performed statistically averaged molecular dynamics simulations
to derive hydrogen diffusivities as a function of temperature and hydrogen content for both magnesium and
magnesium hydride. Our studies confirm that hydrogen diffusivities in magnesium hydride are much lower
than in magnesium, in agreement with experimental data. Additionally, we observe that in either magnesium or
magnesium hydride, higher hydrogen compositions result in reduced diffusivities. The latter was not revealed by
prior experiments, which were conducted at fixed hydrogen composition. Finally, we discover a non-Arrhenius
behavior in magnesium hydride. The physical origin of this behavior is also discussed.
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I. INTRODUCTION

Metal hydrides are attractive for vehicular hydrogen
storage because hydrogen can be stored at noncryogenic tem-
peratures and at much lower pressures than the 700 bars
currently used in compressed gas tanks [1]. One major chal-
lenge is that the kinetics of hydrogen uptake and release
for many metal hydrides considered for storage applications
is not fast enough to meet the technical targets defined by
the U.S. DOE (see, for example, the Hydrogen Tech Team
Roadmap [2]). Various mechanisms postulated for hydriding
and dehydriding reactions are often rate limited by hydrogen
diffusion. Unfortunately, hydrogen diffusivity is not a constant
and changes continuously as the hydrogen composition varies
during reaction. This change can be abrupt when a phase
transformation between a metal and the corresponding hy-
dride occurs. As a result, the evolution of hydrogen diffusivity
during (de)hydrogenation cannot be easily quantified from
data obtained in prior experimental studies [3–13].

Magnesium hydride is an example of a so-called “trans-
formational” solid-state hydrogen storage material because
magnesium and magnesium hydride have different crystal
structures: hexagonal closely packed (hcp) structure for Mg
and tetragonal rutile structure for α-MgH2. This contrasts with
diffusional systems such as PdHX , for which palladium and
palladium hydride have the same face-centered cubic (fcc)
crystal structure. Although its intrinsic hydrogen storage per-
formance is insufficient for light-duty vehicular applications,
MgHX is an important model system for understanding key
mechanisms of coupled chemical and transport processes,
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which are generally applicable to more complex, higher-
capacity metal hydrides such as Mg(BH4)2 [14]. In the case of
PdHX , extensive experiments have been performed to measure
hydrogen diffusivities [8–13]. Compared to PdHX , diffusivity
data for MgHX are relatively sparse [3–7]. In Table I we com-
pile the available literature experimental data for the activation
energy Q and preexponential factor D0 for Mg and MgHX

systems. The literature activation energy values obtained from
density-functional-theory (DFT) calculations [15–19] are also
included. Typically, literature experiments were performed at
a fixed hydrogen composition, either near Mg or near MgH2.
It is therefore unclear how hydrogen diffusion varies at various
stages of magnesium (de)hydrogenation. In addition, the ex-
perimental parameters listed in Table I correspond to averaged
bulk values, which masks the orientation dependence of diffu-
sivity arising from crystallographic anisotropy. In particular,
for the equilibrium hcp phase of Mg and tetragonal rutile
phase of MgH2, the diffusivities parallel and normal to the
basal plane are different. Due to this anisotropy, experimental
diffusivity is sensitive to grain structure (e.g., single crystal
vs polycrystal), grain morphology, and sample texture, as
well as potentially the measurement orientation. These factors
add difficulty in rationalizing the discrepancies among the
reported experimental data from different groups. Literature
DFT values of diffusion energy barriers in MgH2 are even
more diverse. This is because the DFT values depend on
hydrogen charge state, diffusion paths, and diffusion species
(hydrogen vacancy or hydrogen interstitial). Here we only dis-
cuss hydrogen vacancies because hydrogen storage materials
usually operate below the stoichiometric composition.

Statistically averaged molecular dynamics (MD) simu-
lation [20–23] can be used to rapidly explore hydrogen
diffusion across a wide range of hydrogen composition for
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TABLE I. Measured activation energy barrier Q (in eV) and preexponential factor D0 (in Å2/ps) as a function of phase and temperature T
(in K).

Experimental

Authors Phase T Q D0

Nishimura et al. [3] Mg 473–493 0.25 1.54 × 102

Renner and Grabke [4] Mg 700–800 0.41 3.80 × 102

Cermak and Kral [5] MgH2 578–698 0.99 1.36 × 104

Yao et al. [6] MgH2 373–573 1.12 1.50 × 10−1

Fernandez and Sanchez [7] MgH2 570–670 1.04 –

DFT at 0 Ka

Authors Phase Q

van de Walle and co-workers (Ismer et al. [15], MgH2 0.38 (+1 charge)
Sander et al. [16], Park et al. [17]) 0.63 (–1 charge)
Sander et al. [16] MgH2 0.37–0.38 (+1 charge)

1.14–1.72 (–1 charge)
German and Gebauer [19] MgH2 0.79–1.10 (0 charge)

aValues listed in the original references vary widely depending on H charge state, diffusion path, system stoichiometry, and Fermi level.

both hydrogenated and dehydrogenated phases, as has been
demonstrated successfully for PdHX [20]. However, less sim-
ulations have been done on hydrogen diffusion in transforma-
tional systems. Since many promising metal hydrides under
consideration for hydrogen storage involve both diffusional
and phase-transformational processes (e.g., borohydrides and
amides), a foundational understanding of hydrogen diffusion
in transformational hydrides is essential for identifying rate
limitations and developing improvement strategies.

Here we use MgHX as a prototypical transformational
metal hydride to achieve three major objectives: (i) ap-
ply statistically averaged MD methods [20–23] to calculate
hydrogen diffusivities as a function temperature and com-
position for both hcp Mg and rutile MgH2; (ii) fit the MD
diffusivities to an analytical expression to facilitate the de-
velopment of large-scale kinetics models describing the
(de)hydrogenation processes; and (iii) obtain mechanistic in-
sights into hydrogen diffusion behavior in Mg-H systems.
We do not expect that MD simulations can capture the struc-
tural transformation between Mg and MgH2 due to the short
timescale, geometry constraints, and energy barriers from
interfacial energy and lattice mismatch. Our strategy is to
calculate H diffusivities in Mg and MgH2 independently. The
diffusivities during (de)hydrogenation can then be approxi-
mated as volume-fraction-weighted diffusivities of these two
phases. We also do not calculate Mg diffusivities since as
a host material, Mg is ubiquitous, and its diffusion is not a
limiting factor for the reaction kinetics.

II. METHODS AND RESULTS

In conventional nudged elastic band methods [24–26], dif-
fusion energy barriers at 0 K are calculated for distinct atomic
jump paths. For Mg-H solid solutions and nonstoichiometric
MgHX hydrides, the number of possible atomic jump paths
with respect to local atomic composition and arrangement is
exceedingly large. Even if the barriers for all jump paths could
be calculated, implementation of these barriers would require
the development of a kinetic Monte Carlo method in order

to predict the apparent overall diffusion performance and the
associated overall energy barrier. This problem is straightfor-
wardly addressed by statistically averaged MD simulations
[20–23]. In this approach, effective hydrogen diffusivities at
finite temperatures can be calculated from the mean-square
displacement of hydrogen atoms, which accounts for all
atomic jump paths and dynamical correlations. Diffusivities
obtained at different temperatures can then be fit to the Ar-
rhenius equation to obtain an overall diffusion energy barrier
and an overall preexponential factor. The challenge is that this
method is associated with a large statistical error. However,
this error can usually be reduced by simply increasing the
simulation time [20–23].

Our computational cell for hcp Mg contains 42 (112̄0)
planes in the x direction, 12 (0001) planes in the y direction
(i.e., y aligns with the c axis), and 24 (11̄00) planes in the
z direction. Assuming a tetragonal lattice constant alignment
of (a, c, a), our computational cell for the rutile structure
of MgH2 contains 16 (010) planes in the x direction (i.e., x
aligns with the c axis), ten (011) planes in the y direction, and
14 (01̄1) planes in the z direction. The Mg crystals measure
approximately 65 × 65 × 65 Å3 with 12 096 Mg atoms, and
the MgH2 crystals measure approximately 50 × 30 × 45 Å3

with 2240 Mg atoms and 4480 H atoms. For hcp Mg, we
consider four hydrogen compositions: XH = 0.0, 0.000 41,
0.01, and 0.1. Here, XH is the atomic fraction of hydrogen
with respect to magnesium and XH = 0.0 represents a dilute
solution simulated by a single hydrogen atom in the mag-
nesium matrix. These hydrogen atoms are randomly placed
in the interstitial sites of the initial configurations. For rutile
MgHX , we consider two hydrogen compositions: XH = 1.7
and 1.95 (i.e., MgH1.7 and MgH1.95). These are achieved by
randomly removing 15% and 2.5% of the hydrogen atoms
from the stoichiometric MgH2 lattice.

We apply a previously reported Mg-H bond-order poten-
tial (BOP) [27]. This potential reproduces the experimental
cohesive energies of the Mg, H2, and MgH2 phases. As
described above, MD simulations cannot capture the transfor-
mation from Mg to MgH2. However, the previous molecular
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(a) Mg at XH = 0.01 (b) Mg at XH = 0.1

T= 600 K, t = 10.2 ns x [1120]

z [1100]

red balls: Mg, blue balls: H

Mg size 0.8, H size 1.2

FIG. 1. The xz plane-projected configurations obtained at tem-
perature 600 K and time 10.2 ns for Mg at hydrogen compositions of
(a) XH = 0.01 and (b) XH = 0.1.

dynamics simulations [27] have demonstrated that when Mg
and H atoms are randomly added to a surface at a stoi-
chiometric ratio of Mg : H = 1 : 2 and a sufficiently high
temperature, the adatoms automatically assemble into a struc-
ture with the same radial distribution of MgH2. Hence, this
potential captures the lowest-energy MgH2 phase. With this
potential, we first performed a total of 46 MD simulations
with a zero-pressure NPT ensemble (i.e., constant number of
atoms, pressure, and temperature) at seven temperatures (400,
450, 500, …, 700 K) for the four compositions of hcp Mg-H
solid solution and nine temperatures (600, 625, 650, …, 800
K) for the two compositions of rutile MgHX . A time step size
of dt = 0.5 fs was used to integrate the atom positions for
a total simulation time of 10.2 ns. After discarding the first
0.2 ns for equilibrating the velocity distribution, the hydrogen
positions were recorded every �t = 1.0 ps for the remain-
ing tMD = 10.0 ns of simulation time. Our previous approach
[20–23] was then used to compute diffusivities of hydrogen at
different temperatures and compositions.

Before performing Arrhenius analysis of the diffusivity
data, we consider effects of temperature and composition on
atomic level structures. Figures 1(a) and 1(b) show, respec-
tively, the configurations of Mg at hydrogen compositions of
XH = 0.01 and XH = 0.1. In these images the configurations

obtained at a temperature of 600 K and a time of 10.2 ns
are projected onto the (0001) basal plane along xz. Figure 1
indicates that for hydrogen composition as low as XH = 0.01,
hydrogen atoms segregate to form local Mg-H clusters. The
size of the clusters becomes significantly larger for the higher
H composition XH = 0.1 than for XH = 0.01. Furthermore, we
note that in another simulated case, XH = 0.000 41, there are
only five H atoms in the entire system. However, even in that
case, the H atoms show a tendency to cluster, forming two
closely bonded H pairs and one isolated H atom within the
Mg matrix after 10.2 ns of annealing. The formation of H pairs
suggests that the system has a propensity to form segregated
Mg-H clusters under the simulated conditions. In these clus-
ters, the Mg lattice does not change, and H still occupies the
interstitial sites. Under the experimental conditions, however,
these clusters are likely to transform to MgH2 hydride. This
agrees with the experimental phase diagram [28], which indi-
cates that Mg has an extremely low H solubility.

Analogous images are also provided for MgHX in Fig. 2.
Figures 2(a)–2(c) show the final configurations obtained for
T = 600 K and XH = 1.7, T = 800 K and XH = 1.7, and T =
800 K and XH = 1.95, respectively. We can conclude from
Figs. 2(a) and 2(b) that for the severely nonstoichiometric
MgH1.7 phase, the crystal retains the rutile structure only at
low temperatures and becomes distorted at high temperatures.
The more stoichiometric MgH1.95 does not exhibit this be-
havior as the crystal retains the rutile structure up to at least
800 K, as seen in Fig. 2(c). The instability of MgH1.7 is
consistent with a significant energetic contribution from the
high composition of H vacancies and high vacancy formation
energies (>1 eV from first-principles calculations [17,29]).
The experimental phase diagram [28] is also in agreement
with this prediction, as it shows that Mg and H nominally form
only the stoichiometric MgH2 compound.

Arrhenius analysis was applied to the predicted MD dif-
fusivities, and the results are shown in Figs. 3(a) and 3(b)
for hydrogen diffusion in Mg and MgHX respectively. Here
“‖” and “⊥” represent diffusion parallel and normal to the
basal plane (the xz plane for Mg and the yz plane for MgHX ).
In Fig. 3(a), we omit the XH = 0.1 case because predicted
diffusivity is not representative of Mg due to the formation
of significant amounts of H-rich clusters, as seen in Fig. 1(b).

(a) MgX1.7 at T = 600 K (b) MgX1.7 at T = 800 K

t = 10.2 ns
x [010]

z [011]

red balls: Mg, blue balls: H

(c) MgX1.95 at T = 800 K

FIG. 2. The xz plane-projected configurations obtained at time 10.2 ns for three MgHX cases: (a) T = 600 K, XH = 1.7, (b) T = 800 K,
XH = 1.7, and (c) T = 800 K, XH = 1.95.
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FIG. 3. Hydrogen Arrhenius plots for (a) Mg and (b) MgHX .

As described above, our goal is to calculate diffusivities in
dilute Mg-H solution and MgH2 only, as we expect that un-
der experimental conditions any nondilute Mg-H solutions
will be unstable and should thus rapidly transform to dilute
solution + MgH2. Although final structure obtained for XH =
0.01 also results in H-rich clusters, we include it in Fig. 3(a)
for comparison purposes. In Fig. 3(b), we include both low-
and high-temperature data regardless of lattice distortions.
However, we did not include those temperatures for which lat-
tice distortions are seen in our fitting of the data to analytical
expressions, as will be described below.

The results in Fig. 3 reveal several insights. First, diffusiv-
ities overall decrease with increasing hydrogen composition
for both Mg and MgHX . Second, the ‖ and ⊥ diffusivities
are similar for MgH1.7 but not for Mg and MgH1.95. Third,
for Mg, the results at the lowest H composition (XH = 0,
effectively infinite dilution of H in Mg) fall better on a single
Arrhenius equation than those at higher compositions. For
MgHX at higher hydrogen compositions, different Arrhenius
equations appear to be required to describe the low- and high-
temperature regimes. This behavior is realistic and has been
observed in both experiments [8–12] and simulations [20] of
H diffusion in Pd. It occurs as a result of the wide range of
diffusion paths having different energy barriers, as will be
discussed below. At low temperatures, only low barrier paths
are operative. When the temperature increases, diffusion paths
with increasingly higher barriers become activated, resulting
in an increase of the overall energy barrier.

III. ANALYTICAL EXPRESSIONS

Analytical expressions of diffusivities D as functions of
temperature and composition are developed based on the Ar-
rhenius equation:

D = D0exp
(
− Q

kBT

)
, (1)

where D0 and Q are, respectively, preexponential factor and
activation energy barrier, and kB and T are, respectively, the
Boltzmann constant and temperature. D0 and Q are assumed

to depend on composition as

A(XH) = A(XH,0) + A(XH,1) − A(XH,0)

1 + aexp[−γ (XH − XH,0)]
, (2)

where A represents D0 or Q; XH,0 is the stoichiometric com-
position approximated in our simulations (i.e., XH,0 = 0 for
Mg and XH,0 = 1.95 for MgH2), A(XH,0) and A(XH,1) are the
A values at the stoichiometric composition XH,0 and another
reference composition XH,1, respectively; and a and γ are two
additional parameters. Note that XH,1 is implicit in Eq. (2), but
can be thought of as XH,1 ∼ 0.0047 in Mg and XH,1 ∼ 1.70
in MgHX . With appropriate sign and magnitude of α and γ ,
Eq. (2) will asymptotically and monotonically change from
A(XH,0) at XH,0 to A(XH,1) at XH,1. Parameters used in Eq. (2)
are fitted to the MD diffusivities, and the fitted parameters are
listed in Table II. The lines shown in Fig. 3 are created using
these parameters. Clearly, the fitted lines represent the MD
data very well.

In Table II, we fit the parameters to different temperature
regimes. We emphasize that our analytical expressions pertain
to composition ranges of 0.0 � XH � 0.000 41 for hcp Mg
and 1.7 � XH � 2.0 for rutile MgHX . Going beyond these
composition ranges is not necessary because the Mg-H phase
diagram [28] only shows near-perfect stoichiometric Mg and
MgH2 phases. Nevertheless, Eq. (2) is designed to enable
D0 and Q to asymptotically approach their boundary values.
Consequently, D0 and Q will remain near the boundary values
even when the value of XH extends beyond these composition
ranges. For instance, Table II shows that the ‖ diffusion barrier
in Mg changes from Q = 0.2264 eV at XH = 0.0 to near Q =
0.1149 eV at XH = 0.0047, but Q will always be bounded to
0.1149 eV by Eq. (2) even if XH far exceeds 0.0047. Moreover,
our analytical expressions, defined by Eqs. (1) and (2) and the
fitted parameters in Table II do not distinguish the ‖ and ⊥
diffusion for the Mg case at XH = 0.000 41, and for the MgHX

cases at XH = 1.70 and at XH = 1.95 and 14 < (kBT )−1 <

16.25. These choices are consistent with the MD data shown
in Fig. 3. Equations (1) and (2), therefore, provide robust
diffusivities as functions of temperature and composition for
implementation in mesoscale continuum models to simulate
(de)hydrogenation kinetics of MgHX systems.
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TABLE II. Parameters used in Eq. (2) for activation energy barrier Q (in eV) and preexponential factor D0 (in Å2/ps) for different
temperature ranges (K).

Material Temperature A Mode A(XH,0) A(XH,1) XH,0 a γ

Mg 400–700 D0 ‖ 17.6316 0.8669 0.00 104 38723
0.0 � XH � 0.00041 ⊥ 15.6831

Q ‖ 0.2264 0.1149 33672
⊥ 0.1977

MgH2 600–714 D0 ‖ 0.000054264 3.3041 1.95 106 –100
1.7 � XH � 2.0 ⊥ 0.0025973

Q ‖ 0.1680 0.5729
⊥ 0.4535

714–800 D0 ‖ 109.3774 3.3041
⊥

Q ‖ 1.0618 0.5729
⊥

According to Table II, our ‖ and ⊥ hydrogen diffusion
energy barriers in Mg are 0.23 and 0.20 eV, respectively,
which are in good agreement with the DFT calculations by
Ismer et al. [15]. Our ‖ and ⊥ hydrogen diffusion energy
barriers in MgH1.95 are 0.17 and 0.45 eV, respectively, be-
tween 600 and 714 K, and are both equal to 1.06 eV between
714 and 800 K. On the other hand, the hydrogen diffusion
barrier in MgH2 computed with DFT is spread over a wide
range: 0.38–0.63 eV from van de Walle and co-workers (Park
et al. [17]), 0.37–1.12 eV by Sander et al. [16], and 0.79–
1.1 eV by German and Gebauer [19]. These variations can
be attributed in part to differences in assumed defect charge
state. As a result, direct comparison with DFT in the case of
MgH2 is challenging. Nevertheless, we attempted to make a
head-to-head comparison between empirical potential and our
DFT calculations using nudged elastic band methods [24–26]
and the same configurations. Details of our DFT methods
are described in the Supplemental Material [30] (also see
[25,31–33]). For hydrogen diffusion between octahedral and
tetrahedral interstitial sites in Mg, we found that the empir-
ical potential gives a barrier of 0.20 eV, matching our DFT
value of 0.20 eV. However, for hydrogen vacancy diffusion
in MgH1.92, the empirical potential gives an energy barrier
of 1.00 eV, whereas DFT gives a barrier of 0.47 eV if we
make a neutral vacancy pair defect assumption. Note that
this value also differs from that of German and Gebauer [19]
where our empirical potential is actually in better agreement,
which may be due to the different vacancy identity and the
specific choice of jump path. Overall, we conclude that it is
not clear what charge should be used for comparison of the
DFT simulations with our MD potential, which is instead
fitted to the experimental data; nonetheless, our computed
diffusion barrier appears to lie within the expected range of
available data.

IV. DISCUSSIONS

Molecular statics (MS) energy minimization simulations
were performed to gain further insights into the MD results
shown in Fig. 3. As mentioned above, the XH = 0.000 41 Mg
case corresponds to five hydrogen atoms in the simulation
volume. Visualization of atomic configurations indicates that

in most cases, these five H atoms reorganize to form two pairs
of H dimeric clusters and one isolated H atom within the
Mg matrix by the end of the MD simulations. Because dimer
diffusion differs from single-atom diffusion, this accounts for
the different Arrhenius plots between XH = 0.0 and XH =
0.000 41 as shown in Fig. 3(a). To further confirm this, we
performed nudged elastic band method [24–26] calculations
for several possible jump paths. For a single H atom in Mg,
our results indicate that the lowest-energy barriers for ‖ and
⊥ diffusion are 0.20 and 0.12 eV, respectively. The higher ‖
diffusion barrier than ⊥ diffusion barrier is consistent with
Table II. The 0.20 eV ‖ barrier is close to the corresponding
value of 0.2264 eV listed in Table II. The 0.12 eV ⊥ barrier
can also be viewed as supported by the corresponding value
of 0.1977 eV listed in Table II because the ⊥ diffusion cannot
proceed consecutively without parallel hops considering that
H occupies tetrahedral sites. For H dimer diffusion in Mg,
we find it difficult to apply the nudged elastic band method
due to the concerted motion of the two atoms. Instead, we
performed MD simulations to output configurations every
0.005 ps during both ‖ and ⊥ jumping events. For each of
these configurations, we then performed a separate molecular
statics simulation with the coordinate of the primary jump
direction of one of the H atoms and all three coordinates of the
Mg atoms far away from the hydrogen atoms fixed. From the
resulting energies, we obtained energy barriers of 0.109 and
0.190 eV, respectively, for ‖ and ⊥ diffusion of a H dimer in
Mg. Lower-energy barriers for the dimer diffusion compared
to single-atom diffusion are consistent with Fig. 3(a) and the
0.1149 eV listed for the dimer diffusion in Table II. Although
this phenomenon is somewhat counterintuitive, concerted mo-
tion of dimers can be much faster than single-atom diffusion
as has been observed both experimentally and theoretically
[34,35]. In addition to concerted motion, we can also envision
a small barrier when a dimer diffuses through lattice inter-
stices pivoting alternatively on one of its two atoms.

For the higher H compositions, the numerous possible lo-
cal hydrogen environments require a statistical approach for
directly calculating the diffusion barriers. There are 3808 and
4368 H atoms in our MgH1.7 and MgH1.95 systems. We first
performed 3-ns MD simulations in which the temperature was
uniformly reduced from 600 to 10 K to anneal the MgH1.7
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FIG. 4. Hydrogen distribution with respect to energy barriers for (a) ‖ and (b) ⊥ diffusion within MgHX .

and MgH1.95 systems. Following our previous approach [22],
automated molecular statics simulations were then performed
on the final configurations of the MD simulations to calcu-
late diffusion energy barriers for all of the 3808 H atoms
in MgH1.7 and all of the 4368 H atoms in MgH1.95. With
this approach, six independent simulations are required to
determine possible barriers for a H atom moving in each of the
six directions ±x, ±y, ±z. In each of these simulations, the H
atom is displaced consecutively in small steps in the specified
direction, and an energy minimization is performed to relax
the system under the constraint that the moving H atom cannot
relax in the moving direction but can relax on the plane normal
to the moving direction. This way, the molecular statics simu-
lations automatically detect the minimum energy path without
knowing the initial and final locations of the jumping atom.
Six directions ensure that the minimum energy path has a
positive alignment with at least one of the directions. From
the relaxed energy profile, the barrier can be identified. In the
case where the barriers (either ‖ or ⊥ diffusion) obtained from
the six simulations are not equal, the lowest-energy barrier is
always taken as the unique barrier for that H atom. The results
are summarized in Figs. 4(a) and 4(b) for ‖ and ⊥ diffusion,
respectively. In Fig. 4, energy barriers are truncated at 2.0 eV
and the y axis represents the fraction of H atoms with respect
to all H atoms in the system.

The results in Fig. 4 indicate that unlike Mg, MgHX diffu-
sion energy barriers are distributed over a large energy range.
Reducing these ranges to a single barrier observed from MD
simulations is not practical. However, Fig. 4 does provide
better understanding of the observations in Fig. 3. First, Fig. 4
indicates that energy barriers shift to high values for MgH1.95

as compared to MgH1.70. This is consistent with the MD
results in Fig. 3(b) showing that at high temperatures, MgH1.95

has a higher energy barrier than MgH1.70. Figure 4 also shows
that fractions of H atoms with low-energy barriers (say, below
1.0 eV) are significantly lower in MgH1.95 than in MgH1.70,
consistent with observations in Fig. 3(b) that MgH1.95 has
significantly lower diffusivity. Figure 3(b) shows that at low
temperatures, the ‖ diffusion has a significantly lower-energy
barrier than the ⊥ diffusion in MgH1.95. This relates to Fig. 4
in which a broad distribution of the MgH1.95 energy barrier

occurs below 0.8 eV for the ‖ diffusion but not for the ⊥
diffusion. Figure 3(b) also indicates that at high temperatures,
the ‖ diffusion and the ⊥ diffusion in MgH1.95 have a similar
energy barrier around 1.1 eV. This is consistent with Fig. 4
in which a similar peak energy barrier can be found for ‖
and ⊥ diffusion in MgH1.95 (around 1.0 eV or slightly above).
We point out that our molecular statics calculations of energy
barriers are obtained from a snapshot of MD configuration and
our jump paths might also be constrained. Hence, it is unlikely
to include all possible jump mechanisms encountered during
MD simulations. In this sense, the correlation between MD
and MS simulations is satisfactory.

The distributions can also explain the non-Arrhenius be-
havior for high H compositions in Fig. 3. In a broad
distribution, as T increases, the fraction of “accessible” dif-
fusing H atoms in the distribution also increases. Because
these newly accessible atoms have a higher barrier, this in-
creases the effective barrier in MD. It is interesting that the
distribution in Fig. 4(a) is notably bimodal. In principle, the
barrier to hydrogen diffusion is relatively small when there is
a nearest-neighbor vacancy. It is expected to increase when
there are no nearest-neighbor vacancies, but some second-
nearest-neighbor vacancies exist. Whereas actual diffusion
processes in MgHX are more complex, it is not surprising
that the barrier distribution exhibits a bimodal feature. This
feature suggests simultaneous “faster” and “slower” diffusion
channels. However, it is reasonable to assume that as long
as a percolating network of “faster” diffusion channels is
present, only the lower-energy range of barriers in the first
peak of the distribution (<1.2 eV) would be sampled in MD
or experiments, at least when the temperature is not too high.

Our simulation results indicate that diffusivities are sensi-
tive to temperature, local composition, and ‖ or ⊥ measure-
ments. This explains why there is a relatively large scatter
for experimentally measured diffusion parameters even when
they are measured in the same temperature range. It is thus
critical that comparison between simulation results and ex-
perimental data be made using the same temperature range,
sample composition, and measurement orientation. Simula-
tions must also account for statistics due to the existence of
a variety of local jump paths.
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V. CONCLUSIONS

Time-averaged MD simulations have been performed to
study diffusivities of hydrogen in magnesium and magnesium
hydride as a function of both composition and temperature.
The following insights into the hydrogen diffusion kinetics in
the Mg-H systems have been achieved:

(1) H diffusivities in Mg and MgH2 are sensitive to H
composition. Simulations of (de)hydrogenation kinetics must
account for this H composition dependence.

(2) Our MD hydrogen diffusion energy barriers in Mg
and MgH1.95 are in reasonable agreement with the available
experimental values. Moreover, we predict that in both Mg
and MgHX , higher hydrogen compositions show reduced dif-
fusivity.

(3) Although exceptions exist depending on temperatures
and compositions, hydrogen diffusivities parallel and normal
to the basal planes of Mg and MgH2 are overall close. For
Mg, this can be understood because hydrogen cannot jump
consecutively in the normal direction without parallel jumps.

(4) Analytical expressions have been derived to capture
well all MD diffusivities obtained at a variety of tempera-
tures and compositions for both Mg and MgHX , facilitating
parametrization of higher-length-scale continuum models.

(5) Insights from molecular-statics-calculated diffusion
energy barriers can in general explain the statistically
averaged energy barriers obtained from MD simulations, in-
cluding the non-Arrhenius behavior in magnesium hydride.
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