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Abstract The characterization of self-diffusion in MgO

grain boundaries is a materials science problem of general

interest, being relevant to the stability and reactivity of

MgO layers in artificial nanostructures as well as to the

understanding of mass transport and morphological evo-

lution in polycrystalline metal oxides which are employed

in many technological applications. In addition, atomic

transport in MgO is a key factor to describe the rheology of

the Earth’s lower mantle. In this work, we tackle the

problem using a classical molecular dynamics model and

finite-temperature simulations. To this purpose, we first

design a stable grain boundary structure, which is meant to

be representative of general internal interfaces in nano-

crystalline MgO. The Mg and O self-diffusion coefficients

along this grain boundary are then determined as a function

of temperature by calculating the mean-square ionic dis-

placement in the boundary region. Two different diffusion

regimes at low and high temperature are identified,

allowing to obtain the relevant activation enthalpies for

migration from the temperature dependance of the diffu-

sion coefficients. Our results prove that Mg diffusion along

MgO grain boundaries is sufficiently fast to explain the

recently reported development of MgO hollow structures

during repeated hydrogen sorption cycles in Mg/MgO

nanoparticles.

Introduction

Polycrystalline metal-oxide materials are employed in

many technological applications such as structural ceram-

ics, solid oxide fuel cells, gas sensors, thermal barrier

coatings, high-Tc superconductors, and semiconductor

photoanodes, just to name a few. Grain boundaries (GBs)

in these materials can be both beneficial and detrimental to

the desired properties and have been intensively studied

[1]. In addition, the presence of GBs influences the

microstructure stability during operation at elevated tem-

perature by providing short-circuit paths for mass transport

and morphological evolution via atomic diffusion [2]. In

terms of GB structure and properties, the model system

magnesium oxide (MgO) has been characterized by several

experimental techniques [3–5] and theoretical calculations

based on both interatomic potentials and density functional

theory [6–9]. Measurements and theoretical calculations of

atomic diffusion in MgO GBs are important in order to

address materials-related phenomena spanning a huge

spatial range, from the planetary size down to the nano-

scale. Indeed, diffusion in MgO under high pressure (both

volume and boundary) controls the rheology of the Earth’s

lower mantle, which contains (Mg, Fe)O ferro-periclase

minerals, and therefore represents an important subject in

geophysical research [9–12]. At the other extreme, the

interplay between the diffusion of Mg2þ cations and O2�

anions across nm-thick MgO layers induces the formation

of peculiar nano objects [13–16].
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In recent experiments involving oxidation of Mg nano-

particles, a net flow of Mg vacancies toward the nanopar-

ticle core was observed, and the proposed explanation was

the faster diffusion of Mg cations with respect to O anions

across the growing oxide skin. Interestingly, such a

‘‘nanoscale equivalent’’ of the Kirkendall effect [14]

resulted in partly or completely hollow MgO cages,

depending on the experimental conditions [13]. Slightly

different experiments also showed the progressive devel-

opment of hollow MgO structures, once Mg/MgO core/

shell nanoparticles were subjected to hydrogen gas

absorption/desorption cycles [15, 16]. Noteworthy, all such

phenomena take place at low homologous temperatures for

the MgO system, and on relatively short timescales. Under

such conditions, however, lattice diffusion is not suffi-

ciently fast to explain the formation of these exotic struc-

tures. In fact, by taking literature data for the MgO system

[10, 11, 17], it can be estimated that lattice self-diffusion

could not even account for Mg transport across the thin

MgO shell (�5 nm) surrounding the nanoparticles. On the

other hand, since the shell generally exhibits a nanocrys-

talline microstructure, with grain size �10 nm [18], other

diffusion routes can be active. In particular, GB diffusion

might become possible, thanks to the high volume fraction

of interfacial fast diffusion paths.

Unfortunately, only few experimental data for MgO GB

self-diffusion are available to support and quantitatively

check this hypothesis [12]. Therefore, a theoretical model

of grain boundary structures in MgO coupled to atomistic

simulations could help the understanding of the diffusion

process. The atomistic simulation of diffusion in solid-state

systems is complicated by the fact that it requires a very

large sample, and accurate statistical analysis, to provide

meaningful results; moreover, very long simulation times

are required to detect the slow diffusivity of Mg. For the

above reasons, a fully quantum-mechanical description of

the interatomic forces and atomic dynamics is out of reach,

and the empirical molecular dynamics (MD) approach

seems more suitable to capture the entire physical process.

Therefore, in this study, we designed a stable MgO

symmetric tilt grain boundary, characterized by a high tilt

angle, and hence high excess energy, in order to be rep-

resentative of the generally random grain boundaries likely

present in such a constrained nanostructure [19]. In such

high-angle, high-energy grain boundary, diffusion should

be enhanced up to liquid-like values [20] and could be

more easily detected and characterized. We directly cal-

culate the diffusive behavior of the anion and cation as a

function of temperature. Diffusion coefficients are obtained

by extracting the slope of the mean-squared displacement

as a function of the simulation time, by averaging over a

number of diffusing ions in the GB plane, and over a

number of similar MD simulations. At variance with the

only previous studies [6, 7], which focused on the diffusive

behavior of single Mg and O ions within a frozen structure,

by looking at the profile of the migration barriers at van-

ishing temperature, in the present work we attempted to

characterize the self-diffusion by direct simulations of all

the active degrees of freedom, as a function of temperature.

The obvious disadvantage of such a direct approach is the

much longer computer simulation times, due to the fact that

the diffusion barriers are much higher than the thermal

energy available at any temperature. However, the quality

of the statistical sampling of the diffusion paths, and

therefore of the results, is also considerably improved.

Computational methods

Magnesium oxide has a rocksalt lattice structure, bound by

ionic attraction between the Mg2þ cation and the O2�

anion. The description of the atomic interactions in oxide

crystals such as MgO, by means of empirical forces derived

from a potential function, can be performed at two different

levels of sophistication: (a) by a rigid-ion model, in which

a formal charge is assigned to each ion and the polarization

of the ions is completely neglected; or (b) by the so-called

‘‘shell’’ model, in which each atom is described by a

negatively charged spherical shell, which can be displaced

with respect to a positively charged core [21–23]. In

practical terms, the rigid-ion model describes the ions as

simple point-like charges bound together by electrostatic

attraction. On the other hand, the shell model can describe

to a good extent the ion polarization by introducing a shell

representing the electronic cloud, dynamically linked to the

positive ion core by a harmonic spring potential. In MgO,

the cation polarization is small enough to be neglected, and

therefore the Mg ion is described as rigid in both models.

Electrostatic interactions between ions, in either model, are

described by a infinitely ranged 1=r Coulombic term, with

formal charges of ?2 and �2, respectively, for Mg and O

ions. The use of formal ionic charges has been already shown

to represent correctly the dynamic features of atoms in most

oxide compounds. Here, we used the Ewald summation

technique to compute the conditionally convergent Madelung

sum (although in recent years other techniques have demon-

strated comparable levels of numerical accuracy while

potentially offering a better efficiency), by setting the real

space cut-off value at rc ¼ 5:5 Å and a relative error on the

Coulomb sum (real plus reciprocal space part) less than 10�5.

Short-range repulsion was described by a Buckingham

pair potential [24]:

Vbuck
ij ðrijÞ ¼ Aij exp � rij

qij

 !
� Cij

r6
ij

; ð1Þ
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where rij is the distance between the atoms i and j, and Aij,

qij, and Cij are potential parameters specific to each ion

pair. The cut-off for the Buckingham potential was set to

5.5 Å. In Table 1, we report the parametrization of the

potential [25]. Notice that if the electronic spring-like

interaction is taken into account (shell model), the

parameters change with respect to the rigid-ion model.

Indeed, in the rigid-ion model, the Mg–O interaction

parameter takes also into account the dipole effect due to

the charge distribution around the ions. In the case of the

shell model, a fractional mass equal to 0.20 atomic mass

units was assigned to the shell, while the core–shell spring

harmonic constant k was set to 15.74 eV/Å2.

To assess the reliability of the two models, we computed

some structural properties of a bulk MgO crystal of 8000

atoms in the rocksalt structure. Classical MD simulations at

constant temperature and pressure (or {NPT}-ensemble)

with the above interaction potentials were carried out with

the MD code DL_POLY4 [26–28]. All MD simulations

were performed using periodic boundary conditions to

represent an infinite system. The bulk modulus, at

T = 0 K, was obtained by fitting the energy versus volume

curve, for different values of the anion–cation distance.

The lattice parameter a0 at T = 0 K was derived by min-

imizing the crystal potential energy. The volume as a

function of temperature at zero pressure was obtained by

averaging {NPT} runs over 50 ps of MD simulation. By

fitting the V versus T curve, we also obtained the thermal

expansion coefficient k. Table 2 shows a comparison

between theoretical values of the above quantities,

obtained with both potential models, and the corresponding

experimental values, where available. It can be seen that, as

far as basic bulk properties are considered, there is no

significant quantitative improvement in using the shell

model above the rigid-ion model, since the errors on the

computed quantities are of the same order of magnitude.

Therefore, we decided to retain the rigid-ion model in the

foregoing MD simulations of GB diffusion since, on the

contrary, the computational cost of shell model MD sim-

ulations is much larger than that for the rigid-ion model.

In the following, the atomic system containing the grain

boundary structure is described. The entire system was

composed by 154000 Mg and O ions. To mimic an infinite

system, periodic boundary conditions were applied in all

directions. The atomic mass of both elements were fixed to

their experimental values. Nosé–Hoover thermostats were

used to perform MD simulations at constant temperature

and constant pressure. A 1 fs time step was largely suffi-

cient to integrate the equations of motions during the ion

diffusion (with energy conservation better than

DE=E� 10�5), even at the higher temperatures.

Grain boundary structure

Our goal was to determine whether diffusion of Mg along

MgO grain boundaries is sufficiently fast to explain the

formation of hollow MgO structures during hydrogen

sorption cycles in Mg-based materials [15]. The nano-

crystalline shell should likely include a range of many

different GBs, with values of the inclination and tilt angles

rather randomly distributed. Since the nanostructure is not

annealed, it is likely that a large fraction of such GBs

would be of high angle, and with a large excess energy

stored because of the accumulation of interfacial stress [29,

30]. Therefore, we adopted a single high-angle symmetric

tilt grain boundary (STGB) around the [110] polar axis, as

being representative of the variety of typical internal

interfaces in nanocrystalline MgO. It is worth noting that in

MgO, the [110] symmetric tilt GBs are observed to be the

majority of low-angle misorientations, while at larger

misorientations, random asymmetric GBs are more often

observed, with one of the planes being {100} [31].

As shown in Fig. 1, we built a (113)(113) STGB in the

rocksalt structure, obtained by rotating one half of an MgO

bulk crystal by 180 � about the [113] direction (here taken

as the z axis of the computational supercell); the x axis is

parallel to a ½1�10� direction, and the y axis to a ½33�2�
direction. Note that the same STGB can be equivalently

obtained by symmetrically tilting the two halves of the

crystal by h ¼ �70:53 � about the ½1�10� axis. However, the

Table 1 Parameters for the Buckingham interatomic potential [25]

A q C

Shell model

Mg–O 821.60 0.3248 0.00

O–O 22764.0 0.1490 20.37

Rigid-ion model

Mg–O 1295.55 0.3000 0.00

O–O 22764.0 0.1490 27.88

In the case of shell model, shell fractional mass and core–shell spring

harmonic constant kare also used: 0.20 and 15.74, respectively.

Numerical values are expressed in native DlPoly units

Table 2 Calculated values of lattice parameter a0, density d, bulk

modulus B, and thermal expansion coefficient k, for bulk MgO in the

rocksalt structure

a0 (Å) d ðg/cm3Þ B (GPa) km ðK�1Þ

Expt. 4.21 3.51 160.3 1.340E-5

Rigid ion 4.21 3.55 231.5 9.330E-6

Shell mod. 4.22 3.52 194.4 9.497E-6
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exact symmetrical cut of the crystal at a {113} plane,

followed by a rotation as described, would bring two Mg

planes immediately in contact, with the result of a strong

Coulomb repulsion which would destabilize the structure.

Therefore, one Mg plane was removed from one of the two

half-crystals, in such a way that the GB plane could be

formed by two planes of opposite charge.

Due to the periodic boundary conditions, two (initially

identical) STGBs were obtained. The GB area was

A ¼ 7382:972 Å2, and the total length along z was

LZ ¼ 200:140 Å. The number of ions in the region about

the GB plane, and potentially involved in the diffusion

process, was about 5500. The GB supercell was first

equilibrated at room temperature T = 300 K and atmo-

spheric pressure, P = 1 atm., for 500 ps. Subsequently, at

each temperature of study, the system was equilibrated for

at least 0.5 ns, and all the physical quantities were com-

puted by averaging over the next 0.1 ns (105 MD time

steps).

Results and discussions

The interface region has a density lower than the bulk

system and therefore diffusion should be favored in the GB

plane. As it can be seen in Fig. 1, the ordered structure of

the GB covers 4–6 atomic planes, and is characterized by

the presence of widely spaced major grooves along the x

direction, and of tighter and smaller (minor) grooves along

the y direction. The atomic structure of the opposite

charged planes of the present GB is not qualitatively dif-

ferent from the wide-grooved structure of the ab initio

study by McKenna and Shluger of a (310)(310) tilt GB

about the [100] axis [8]. We performed a series of relax-

ations at T ¼ 0 K, starting from the ordered geometric

structure and translating the GB in the xy plane by fractions

of the planar unit cell while simultaneously allowing the z

displacement to minimize the excess energy. Although

non-exhaustive, this limited search for the energy mini-

mum confirmed that, similar to the study in Ref. [8], no

translation should exist in the GB plane. The calculated GB

excess energy per unit area is EGB ¼ 2:14 J/m2, similar to

the 1:95 J/m2 of that study.

During the finite-temperature equilibration, some

defects were formed due to the energy release and the

consequent increase of temperature in the region near

the interface. Such defects were ions (cations or anions)

that, attracted by the oppositely charged surface, moved

in the middle of the groove close to the oppositely

charged ion, and deformed the lattice structure around

their neighbors.

We observed the motion of a single Mg cation in the

interface plane, to understand which kind of diffusive

events drive the ions in that region. The simulation was

performed under constant-ðNRTÞ conditions, in which the

Rzz component of the stress tensor perpendicular to the GB

plane is unconstrained, and permits the system relaxation

along the z axis under constant Rzz ¼ 0 stress and constant

temperature T . Even after quite long MD simulations, the

very low diffusivity allowed to observe only a few jumps

of the Mg cation between neighbor sites in the groove.

Figure 2 shows a plot of the trajectory of the Mg atom over

a time of 0.5 ns, jumping across four neighboring major

grooves along x (horizontal direction in the figure), and just

one jump across the minor grooves along y.

Fig. 1 Groove structure of the (113)(113) symmetric tilt grain

boundary after the equilibration at T ¼ 300 K. Schematic of the

interface in the xz plane (top) and y z plane (bottom); red spheres are

oxygen anions, white spheres are magnesium cations. The crystallo-

graphic directions corresponding to the x, y, and z axes are indicated

with reference to the bottom image (Color figure online)

Fig. 2 Magnesium trajectory at the MgO interface in a ðNRTÞ
ensemble (T ¼ 2500 K). The trajectory of the cation (green) moves

along the groove (x direction) near to the anion (yellow dot). In the

picture, some defects are visible in the first interface layer (Color

figure online)
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The Mg and O diffusion coefficient D at each temper-

ature was determined from the time evolution of the mean-

squared displacement (MSD), using the Einstein relation:

lim
t!1
hðxðtÞ � x0Þ2i ¼ 6Dt ; ð2Þ

where the h. . .i means ensemble averaging, and the limit to

infinite time is to be intended as the extrapolation of the

straight slope of the MSD plotted versus t. Note that we

retain the factor 6 (bulk) instead of 4 (surface diffusion),

since in the following the possibility of atoms diffusing

from the GB into the bulk will also be considered.

The classical MD approach also allowed us to study how

the diffusivity varies as a function of the distance from the

interface plane, by tracking the MSD for ions belonging to

different planes parallel to the GB. Such observation can be

linked to different regimes, according to Harrison’s clas-

sification of diffusion in grain boundaries [32]. The

ensemble average was calculated only for ions inside

a volume Vi ¼ fx ¼ ðx; y; zÞj ia0=2� jzj\ðiþ 1Þa0=2g;
where z ¼ 0 identifies the interface plane.

Since the mobility of the ions is very low in the oxide,

and given that the MgO melting temperature is very high

(T � 3125 K), we could safely increase the temperature to

get a good estimate of the diffusivity while still remaining

sufficiently far from melting, over a range of temperatures

spanning from 750 to 2250 K. In Fig. 3, the behavior of the

MSD as a function of time for different temperatures is

reported. The different lines in each figure give the MSD

separately for Mg and O ions in the two volumes V0 and

V1.

As stated above, the GB plane contains about 5500 ions,

half Mg and half O. At T ¼ 750 K, all MSD curves are

nearly flat, corresponding to a diffusion coefficient

D\10�14 m2=s, which is the lower limit to detect atomic

displacements (above the thermal noise) in an MD simu-

lation of about 1 ns duration. As expected, with increasing

temperature, the mobility increases progressively. At T ¼
1000 K, it is already possible to determine a diffusion

coefficient for Mg and O ions located in volume V0, i.e.,

having jzj � a0=2, while the mobility remains below the

thermal noise for atoms lying above or below the GB

plane. At T 	 2000 K, mobility of Mg and O ions can be

detected also in the region V1, i.e., where a0=2� jzj\a0

from the GB plane.

As expected, Fig. 3 shows that the slope of the MSD

versus time curves, proportional to the diffusion coefficient

D, increases with temperature and decreases with increas-

ing distance from the GB plane. The comparison between

the two ionic species reveals that Mg and O ions exhibit a

quite similar MSD versus time up to 1750 K, while at

higher temperatures O becomes progressively more

mobile. As seen in Fig. 3, the MSD of O anions is larger

than that of Mg cations by a factor of � 2 and � 8 at

T ¼ 2000 and 2250 K, respectively. Furthermore, at

T ¼ 2250 K, the MSD of O anions in region V1, i.e., at

larger distance from the GB plane, can be detected by MD

simulations and becomes larger than that of Mg cations in

region V0 about the GB plane.

The diffusion coefficient for both ions as a function of

temperature was calculated through a linear fit of the MSD

versus time curve, excluding the initial 5 ps of the MD

simulation. The results obtained for the atoms in V0 (closer

to the GB plane, the only ones for which a reliable tem-

perature dependence could be determined) are displayed in

Fig. 4. The temperature dependence of D suggests the

presence of two different regimes at low and high tem-

perature. The Arrhenius fit according to D ¼
D0 expð�E=kBTÞ is reported in Fig. 4 separately for the

low (dashed line)- and high (dotted line)-temperature

regimes. At low temperature, the fits yield the following

activation enthalpies for migration: Hm
Mg ¼ ð0:57�

0:10Þ eV and Hm
O ¼ ð0:49� 0:12Þ eV. At high tempera-

ture, the fit results are Hm
Mg ¼ ð1:25� 0:15Þ eV and Hm

O ¼
ð3:3� 0:6Þ eV (see equations in Fig. 4). These activation

enthalpies should be compared to literature data for lattice

and GB migration in MgO, a compilation of which is

reported in Table 3.

The migration enthalpies for Mg and O obtained by our

MD simulations in the low temperature range are very

close each other, suggesting that the two ions diffuse along

the same channel and experience similar jump barriers. The

values are significantly lower than �1 eV reported by

Harris et al. for both ions [6, 7]. Such a finding is consistent

with the fact that in Harris et al.’s simulations, the acti-

vation energies were determined from the trajectory of one

single ion, while the surrounding ones are frozen in their

‘‘stable’’ position during its motion. The coordinated

motion of ions around the diffusing ones represents one

improvement of our direct simulation method.

In the high-temperature regime, our results show that the

migration enthalpies of the two ions differ significantly.

The one for O is compatible, within the uncertainty, with

the 2.0–2.7 eV range determined both theoretically and

experimentally for O migration in bulk MgO, as reported in

Table 3. Differently, the one for Mg is about one half of the

typical values of 2.0–2.5 eV for Mg migration in bulk MgO

(Table 3). Although these estimates suffer from a rather

large uncertainty due to the restricted temperature range, it

may be suggested that, at elevated temperatures, diffusion

paths involving jumps into bulk-like sites become opera-

tive. The increase of the oxygen MSD to clearly non-zero

values also in region V1 at high temperature supports this

hypothesis. The high migration enthalpy for O can be

explained assuming that jumps to/from bulk-like sites
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represent the rate-limiting step of most diffusion paths

responsible for the strongly enhanced mobility of O anions.

In the case of Mg, it may be speculated that only a fraction

of diffusion paths involve jumps to/from bulk-like sites,

resulting in a migration enthalpy which is intermediate

between the ones for lattice and GB migration.

Assuming that the low temperature dependence of

DMgðTÞ can be extrapolated to T � 573K, we will now

estimate the time needed for the formation of MgO hollow

shells when Mg/MgO core/shell nanoparticles undergo

repeated hydrogen sorption cycles or are exposed to high

vacuum. Figure 5 depicts schematically the relevant

Fig. 3 Mean-squared displacements (in Å2) of ions averaged over volumes located at different distances from the interface plane: V0 and V1 are

volumes at short and long distances from the interface, respectively (Color figure online)

Fig. 4 Diffusion coefficient D as a function of temperature for (a) Mg and (b) O ions initially located in region V0 close to the GB. The lines

represent Arrhenius-like fits yielding the displayed equations for the temperature dependence DðTÞ

J Mater Sci (2015) 50:2502–2509 2507
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geometric parameters: for simplicity, the Mg core is rep-

resented as a sphere of radius R, and MgO as a spherical

shell with thickness DR, average grain size dG, and typical

GB width dB. The effective Mg diffusion coefficient in

MgO, which in general can be expressed as a combination

of self-diffusivities in the lattice ðDXL
MgÞ and along GBs

(denoted here simply as DMg), reduces to ðdB=dGÞDMg

because lattice self-diffusion in MgO can be neglected at

these temperatures. The radial outward diffusion flux can

be shown to depend on the core/shell geometry and on Mg

concentrations (number of atoms per unit volume) inside

ðcinÞ and outside ðcoutÞ the shell, according to [33]:

jðrÞ ¼ dBDMgðcin � coutÞ
dGDR

ðRþ DRÞR
r2

: ð3Þ

The inner concentration is taken as the one of bulk Mg, i.e.

cin � 4:3
 1028 atoms m�3, simply calculated using mass

density and molar weight data. For the outer concentration,

two cases shall be distinguished: during hydrogen absorp-

tion cycles, the outer material quickly transforms into

magnesium hydride MgH2, resulting in cout � 0:77cin on

account of the different density and molar weight of the

metal and the hydride. Differently, when the nanoparticles

are exposed to high vacuum, Mg atoms that reach the outer

shell surface evaporate quickly due to the high vapor

pressure of Mg, allowing us to assume that cout � 0.

Finally, the time s such that the integrated total flux of Mg

atoms across the shell equals the initial number of Mg

atoms in the core can be derived from the equality:

jðRÞ4pR2s ¼ ð4p=3ÞR3cin, yielding

s � R2cinDRdG

3dBDMgðcin � coutÞðRþ DRÞ
ð4Þ

taking R � 200 nm, dB � 1 nm, dG � 10 nm, DR � 5 nm

[15, 18], and DMg(573 K) � 1:3
 10�15 m2 s�1 (as

derived from extrapolation of low-temperature diffusivity),

we obtain a rather short time s � 11 s for the case of

hydrogen absorption (or s � 2.5 s for high vacuum expo-

sure). Even if this simple estimate pertains to a specific GB

with rather wide channels, such a result indicates that, in

Mg/MgO core/shell nanoparticles, appreciable Mg trans-

port from Mg cores toward the MgO shell’s outer surface

may occur via diffusion along MgO GBs of the nano-

crystalline shell at experimental hydrogen sorption tem-

peratures, thus providing a possible explanation for the

observed formation of MgO hollow structures [15, 16].

Conclusions

By using a rigid-ion model of the atomic interaction in

MgO, we built a high-angle GB, representative of typical

high-energy, constrained interfaces which are likely

encountered in nanocrystalline MgO. Classical molecular

dynamics simulations with a simple potential model,

Table 3 Literature data, compared to the results of this work, for Mg

and O diffusion parameters in MgO lattice and GB

Parameter Value Exp/Theo References

Lattice (eV)

Hm
Mg 1.99 Theo [10]

Hm
Mg 2.50(7) Theo [11]

Hm
Ca 2.52 Exp [17]

Hm
O 2.00 Theo [10]

Hm
O 2.70(8) Theo [11]

Hm
O 2.66 Exp [17]

Grain boundary

Hm
Mg 1.05 eV Theoa [6]

Hm
O 1.01 eV Theoa [6]

Hm
Mg 0.57(10) eV Theo This work

Hm
O 0.49(12) eV Theo This work

DMg (2273 K) � 10�7 m2/s Expb [12]

DO (2273 K) � 5
 10�7 m2/s Expb [12]

Hm
X : migration enthalpy of X ions; DXðTÞ: diffusion coefficient of X

ions at temperature T . Exp/Theo indicates if the values are obtained

by experiments or theoretical calculations, respectively
a Lowest value among different paths
b Extrapolated to 0 GPa from high-pressure data at 15 and 25 GPa

Fig. 5 Schematic representation of an Mg/MgO core/shell nanopar-

ticle with a nanocrystalline shell. The GBs are depicted in dark gray.

The key morphological/phase parameters and the main equations used

to model outward Mg diffusion and formation of hollow structures are

reported (see text for detailed explanation)
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including Coulomb interaction between formal charges

plus a soft core short-range repulsion, were carried out over

a range of temperatures, to investigate the diffusivity of Mg

and O in and around the GB plane. The GB exhibits two

sets of grooves along perpendicular directions, with one set

being more open and widely spaced and the other being

thinner and more densely packed. Ionic diffusion in and

along such grooves is largely enhanced with respect to the

bulk values. By studying the MSD averaged over regions

located at different distances from the GB, we determined

the diffusion coefficient and obtained activation enthalpies

for anion and cation migration. Two different diffusion

regimes were identified at low and high temperature, the

former being characterized by low activation enthalpies

which suggest a coordinated motion of ions around the

diffusing one. In the high-temperature regime, O anions are

significantly more mobile than Mg cations, and the high

activation enthalpies for their motion indicate that atomic

jumps into bulk-like sites are permitted. The extrapolation

of Mg diffusivities down to temperatures typical for

hydrogen sorption cycles in Mg-based materials shows that

Mg diffusion along MgO GBs in Mg/MgO core/shell

nanoparticles may lead to the formation of MgO hollow

shells as recently observed experimentally.
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