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Magnesium hydride (MgH2) is a promising material for solid hydrogen storage due to its superior hydrogen

storage capacity. However, its commercial application is inhibited by the sluggish dehydrogenation kinetics

resulting from the complex hydrogen migration and desorption processes. Herein, we study the sequential

MgH2 dehydrogenation mechanism by analyzing the kinetic and structural changes during the layer-by-

layer hydrogen desorption process. Our results obtained by spin-polarized density functional theory

calculations with van der Waals corrections (DFT-D3) unveiled an interesting “burst effect” during MgH2

dehydrogenation. We found that the initial dehydrogenation barriers (2.52 and 2.53 eV) are much higher

than the subsequent reaction barriers (0.12–1.51 eV). The Mg–H bond analyses by the crystal orbital

Hamilton population method indicate that the Mg–H bond strength decreases along the

dehydrogenation process. Therefore, the subsequent H migration and hydrogen desorption become

significantly easier, showing a “burst effect”. Electronic structure analyses using the electron localization

function show that the H vacancy still has a high degree of electronic localization when the first layer of

atomic H exists. Furthermore, ab initio molecular dynamics simulations were performed to analyze the

kinetic characteristics of MgH2 after surface dehydrogenation to provide more evidence. This identified

burst effect provides a theoretical basis for the dehydrogenation kinetics of MgH2 and proposes

important guidelines for modifying MgH2-based hydrogen storage materials: promoting the initial

dehydrogenation by structural engineering could be the key to facilitating the hydrogen desorption of

MgH2.
1 Introduction

Hydrogen energy has become the focus of energy research in
recent years due to its abundant resources and zero pollution.1,2

However, the application of hydrogen energy has been limited
by its storage and transportation. Currently, hydrogen can be
stored by three methods: high-pressure gaseous hydrogen
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storage, low-temperature liquid hydrogen storage, and solid-
state hydrogen storage among which solid-state materials
generally have the highest safety and hydrogen storage density.3

In recent years, various hydrogen storage materials have
emerged, such as lightweight metal hydrides4–6 and carbon-
based hydrogen materials.7,8 MgH2, as a type of metal hydride,
has been widely studied due to its low cost and high hydrogen
storage capacity.9–12 However, its high dehydrogenation
enthalpy (76 kJ mol−1) has hampered its industrial applica-
tions.13,14 Experimental results indicated some effective
methods, including generating MgH2 nanoparticles directly by
direct or doped mechanical milling,15–19 activating the material
by alloying,20,21 and lowering the activation barriers by doping
catalysts.22–25 Liang et al.15 proposed a strategy to lower the
hydrogen desorption barrier to 62 kJ mol−1 by mechanical
milling of MgH2 with V. In terms of alloying and doping cata-
lysts, Vajo and co-workers20 reported that the dehydrogenation
energy barrier was reduced to 36.4 kJ mol−1 on a MgH2/Si
system. Yu et al.25 calculated that the dehydrogenation barrier of
a MgH2/BCC (Ti0.4Cr0.15Mn0.15V0.3 alloy) mixture was 71.2 �
5 kJ mol−1.

In mechanism interpretation and materials design, many
studies employed vacancy engineering. Dai et al.26,27 used rst
J. Mater. Chem. A
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principles calculations to analyze the dehydrogenation proper-
ties of Al-, Ti-, Mn-, and Ni-doped Mg vacancies on MgH2 (110)
and (001). German et al.28,29 studied the effects of Zr- and Nb-
doping and vacancies on the hydrogen desorption properties
of MgH2 (001) and (110); they found that doping and vacancy
engineering can promote hydrogen desorption. Similarly, by
analyzing the structure aer doping and hole formation, near-
surface vacancies were found to have a predominant effect on
lowering the hydrogen desorption temperature.30 However,
there are very few studies focusing on the vacancy concentra-
tion. Chen et al.31 analyzed the formation of surface H vacancies
on MgH2 (110), (100), (101), and (001) and found that dehy-
drogenation is even easier with an increase in the H vacancy
concentration. However, to the best of our knowledge, there was
no kinetic-based analysis of the formation process of H vacan-
cies and the effects of vacancy concentrations on hydrogen
desorption. Though some previous studies analyzed how
dehydrogenation behaves on MgH2−x with partial holes or
doped partial holes,26–31 the actual situation should be much
more complicated – we should consider not only the reduction
of surface H, but also the reduction of internal H. The lack of
a complete landscape of MgH2 dehydrogenation still severely
restricts the development of hydrogen storage materials.

Herein, rst principles calculations were employed to
comprehensively study the dehydrogenation processes of
MgH2, including H migration and hydrogen desorption.
According to previous studies,32 MgH2 (110) was the most stable
and widely studied surface. Therefore, all MgH2 surfaces in this
study were modeled as stable (110) slabs. Then, the bonding
strengths of Mg–H during dehydrogenation were calculated
using the crystal orbital Hamilton population (COHP)
method.33,34 Aer this, electron localization functions (ELFs)
were calculated to analyze the effects of dehydrogenation on the
electron localization of subsequent structures. Finally, ab initio
molecular dynamics (AIMD) simulations were employed to
support the conclusions more quantitatively. We identied the
main dehydrogenation steps that make MgH2 (110) dehydro-
genation difficult and explained the formation of an interesting
burst effect, which provides optimization guidelines to promote
the dehydrogenation of MgH2-based materials in the future.
2 Computational and modeling
methods

Density functional theory (DFT) calculations were performed
using the Vienna ab initio simulation package (VASP) with the
projector augmented wave (PAW)method.35 Because the Perdew–
Burke–Ernzerhof (PBE) functional was found to be relatively
accurate for describing the adsorption and desorption of
hydrogen based on previous benchmarking studies,36 the PBE
within the generalized gradient approximation (GGA) framework
was employed in this study.37–39 Van der Waals corrections were
considered by using the DFT-D3 method in all the DFT calcula-
tions.40 Spin polarization was also considered.41 A 500 eV energy
cutoff of the plane wave basis set was used to describe the valence
electrons and a (4� 4� 1) G-centered k-point grid was employed
J. Mater. Chem. A
for structural relaxation (Fig. S1†). The simple harmonic oscil-
lator (zero-point energy) and entropic change at 700 K were
considered. Because the commercial MgH2 dehydrogenation
temperature is generally above 625 K,42–44 700 K was selected as
the entropy reference temperature. The climbing-image nudged
elastic band (Cl-NEB) method developed by Henkelman et al.45,46

was employed to locate the transition states of the dehydroge-
nation reactions. The COHPmethod33,34 was employed to analyze
the bonding information using the LOBSTER package.47,48 For
the MgH2 surface, we chose a large (4 � 1) surface unit cell,
where a vacuum layer of more than 12 �A was applied to the z-
direction. In this study, we used the Gibbs free energy for anal-
ysis (by considering the entropic change and zero-point energy).
The Gibbs free energies were calculated as follows:

G ¼ Ee + EZPE + DTS (1)

where G represents the Gibbs free energy, Ee represents the DFT
calculated energy, EZPE represents the zero-point energy, and
DTS represents the entropic change.

To determine the most favorable termination of MgH2

(110),32 we calculated the surface formation energies (s) of three
typical MgH2 (110) surfaces (Table S1†); the structure with the
lowest energy (Fig. 1a and S1b†) was selected as the structure
used in the subsequent study. Herein, s was calculated using
the following equation:

s ¼
�
Erel þ Eslab � Nslab

Nbulk

� Ebulk

�
� 1

A
; (2)

where Erel is the energy change in the relaxation process, Eslab is
the energy of the unrelaxed slab model, Ebulk is the molecular
conventional cell energy, A is the exposed surface area, Nslab is
the number of atoms in the slab model, and Nbulk is the number
of protocell atoms. The AIMD simulation module embedded in
the VASP code was employed with a time step of 1 fs, using the
NVT ensemble with the Nose–Hoover thermostat. Geometries
were considered relaxed when all the forces of each atom fell
below 0.05 eV �A−1. Aer AIMD simulations, we used the post-
processing program VASPKIT49 to obtain the mean square
displacement (MSD) of the atom. The diffusion coefficient D
was calculated from the MSD of H using:50

D ¼ lim
t/N

�
1

2dt

D
½~rðtÞ�2

E�
; (3)

where d is the dimension (d¼ 3),~r(t)2 is MSD and t is simulation
time. Previous studies51 found that the activation energy (Ea) can
be obtained from the diffusivity diagram with temperature:

D ¼ A exp

��Ea

kBT

�
; (4)

where kB is Boltzmann's constant, T is environmental temper-
ature, and A is the prefactor.
3 Results and discussion

During dehydrogenation, hydrogen may desorb from the bulk
layer by layer. To better explain this, we labelled the bridging H
This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Structure and energy changes of the first-layer atomic H during
dehydrogenation. White and orange spheres represent H and Mg,
respectively. Blue spheres represent the atomic H involved in the
reaction.
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in the upper three layers as red (rst layer bridge H, FBH), green
(second layer bridge H atom, SBH), and blue (third layer bridge
H atom, TBH), respectively. The most favorable reaction path
was determined by using the nal state with the lowest energy.
To distinguish the Mg–H bonds, we numbered them for the
bonding analysis. We dened the bond position with A–B as
shown in Fig. 1b, where A is the number of layers and B
increases from le to right and from front to back. Based on the
analysis, the dehydrogenation process can be divided into eight
stages. Each layer was divided into several processes according
to the independent dehydrogenation processes or continuous
dehydrogenation. The dehydrogenation of the atomic H in the
rst layer includes Processes 1 and 2. The dehydrogenation of
the atomic H in the second and third layers includes Processes
3–6 and 7 and 8, respectively. The atomic H involved in each
process is labelled in blue, as shown in Fig. 1c. And the nal
structure of the dehydrogenation process was selected as
a distinct lamellar structure, and then the lowest energy, i.e., the
most stable structure, was selected.
3.1 The rst layer

According to previous studies on surface dehydrogenation,
double BH dehydrogenation was found to be a plausible reac-
tion pathway.32,52–54 Therefore, we chose this dehydrogenation
path as the initial step. Then, the dehydrogenation path was
calculated using the CI-NEB method (Fig. 2). For the dehydro-
genation of FBH, the energy barrier in Process 2 (2.53 eV) is
similar to that in Process 1 (2.52 eV). The layered structure of
MgH2 is also basically unchanged. These values are consistent
with those in previous studies (e.g., 2.37,32 2.21,55 and 2.08 eV56).
Fig. 1 (a) Front and top views of the MgH2 (110) surface. White and ora
spheres represent the first, second, and third layers of atomic H, respe
direction of the arrow represents the increase of A and B. (c) The atomi

This journal is © The Royal Society of Chemistry 2022
However, there is no obvious relationship between the dehy-
drogenation energy barrier and the quantity of surface H
vacancies.

3.2 The second layer

Different from the rst-layer dehydrogenation, the second-layer
H need to migrate to the stable site in the rst layer before
desorption (Fig. 3). The hydrogen desorption barriers of the
second layer (1.06–1.51 eV) are much lower than those of the
nge spheres represent H and Mg, respectively. Red, green, and purple
ctively. (b) Directional displays of the bonding position number. The
c H involved in the eight dehydrogenation processes (blue spheres).

J. Mater. Chem. A
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Fig. 3 (a and b) Structural changes of the second-layer atomic H during the dehydrogenation in Processes (a) 3 and (b) 4. White and orange
spheres represent H and Mg, respectively. Blue spheres represent the atomic H involved in the reaction. (c and d) Energy changes of the second-
layer atomic H during the dehydrogenation in Processes (c) 3 and (d) 4.

Fig. 4 (a and b) Top view of the initial structures of Processes (a) 5 and (b) 6. (c and d) The energy changes of the second-layer atomic H during
the dehydrogenation in Processes (c) 5 and (d) 6. White and orange spheres represent H and Mg, respectively. Blue spheres represent the atomic
H involved in the reaction.

J. Mater. Chem. A This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) The third-layer H migration energy changes in Process 7. (b) Structure changes of the third-layer H migration in Process 7. White and
orange spheres represent H and Mg, respectively. Blue spheres represent the atomic H involved in the reaction.
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rst layer (2.52–2.53 eV) through the same desorption path.
Because a H vacancy appears at the SBH position when the
second layer atomic H desorbs, similarly, the H migration
barriers in Processes 3 and 4 are also higher than those of the
rst layer. Among them, the initial H migration barrier is the
smallest (0.12 eV), which is almost identical to the results ob-
tained by Du et al. (0.14 eV).57 Note that there is only one FBH
vacancy in their previous study, while our FBH vacancy
concentration is 100%, indicating that the migration barrier of
SBH is independent of the number of FBH vacancies. However,
the subsequent migration barrier of SBH is much greater than
0.12 eV, indicating that the SBH migration barrier to BH is
related to the vacancy at SBH. Note that the surface H vacancy
concentration is 100%, while the second layer has no H vacancy;
the surface of MgH2 is equivalent to that shown in Fig. S2a.†
Because the surface without SBH has a higher surface formation
energy (Table S1†), SBH will migrate to the FBH position and
form a more stable structure. Aer that, H vacancies appear in
the second layer, but themigration energy barrier is still smaller
than the dehydrogenation barrier.

To maintain the structural stabilities, the atomic H at the
SBH and FBH positions react to achieve hydrogen desorption
This journal is © The Royal Society of Chemistry 2022
when 50% of the SBH vacancies appear. The number of H
migration steps will be reduced because dehydrogenation does
not require two atomic H at the FBH position. Similarly, the
dehydrogenation sequence of SBH in Processes 5 and 6 will be
changed to form a stable nal structure (Fig. 1c). Fig. 1c illus-
trates that hydrogen desorption barriers in the second layer
(1.06–1.51 eV) are smaller than those of the rst layer (Fig. 4c
and d). Moreover, the H migration barrier is also smaller than
the desorption barriers in Processes 4 and 5. Therefore, it can be
concluded that when the atomic H in the rst layer can
successfully desorb, the migration and desorption of the
hydrogen in the second layer can happen much more easily,
which is an interesting “burst effect” in MgH2 dehydrogenation.
3.3 The third layer

Aer dehydrogenation of the two layers above, there is no atomic
H in the second layer. Therefore, atomic H in the third layer need
to migrate to the second layer before desorption. As a result, all
SBHs can migrate to the second layer, and the migration barriers
are 0.42–1.23 eV (Fig. 5a and b). According to the calculations, the
H migration barrier of the third layer exceeds the previously
calculated dehydrogenation barrier of this layer. Previous studies
J. Mater. Chem. A
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Fig. 6 (a) Energy changes of the third-layer atomic H during the dehydrogenation in Process 8. (b) Structural changes of the third-layer atomic H
during Process 8. White and orange spheres represent H and Mg, respectively. Blue spheres represent the atomic H involved in the reaction.

Fig. 7 Comparison of the three-layer atomic H migration and dehy-
drogenation energy barriers.
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proposed that for the H migration from the third to second layer,
there are two different migration paths (0.45 and 0.66 eV).57 The
changes in the H vacancy in the second and third layers lead to
a uctuation in the height of the migration barrier.

According to the dehydrogenation of the above two layers,
there are two dehydrogenation paths (FBH–FBH and SBH–FBH)
for the atomic H migrating to the second layer. However,
neither of the two dehydrogenation paths is applicable
(Fig. S3†). Therefore, the two atomic H at the SBH position will
directly combine (Fig. 6b) to form a feasible reaction path.
Based on the calculations, the dehydrogenation barrier changes
slightly (0.21 eV) with the desorption of H (Fig. 6a). All reaction
barriers in this part are still lower than the hydrogen desorption
barrier in the rst layer.

3.4 Comparison of the three layers

Subsequently, the dehydrogenation kinetics and reaction
barriers of the atomic H of the three layers were calculated
(Table S2†). Note that the zero-point energy corrections and
entropy were considered for all our calculations (Tables S3–S5†).
Aer tallying all reaction energy barriers into violin diagrams
(Fig. 7), only the desorption of the atomic H in the rst layer has
a relatively high energy barrier, while the H migration energy
barriers in the second and third layers are smaller than the
J. Mater. Chem. A
dehydrogenation energy barriers. Due to the low energy barrier
in the subsequent H migration and desorption processes, once
the surface atomic H acquires sufficient energy, the atomic H
close to the surface will continuously desorb from MgH2 (110).
This journal is © The Royal Society of Chemistry 2022
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3.5 Electronic analysis

The above calculations indicate that the dehydrogenation of
atomic H in the rst layer is rather special during the whole
dehydrogenation. Inspired by this, we employed the COHP
method33,34 to analyze the electronics and energetics of various
Mg–H bonds. The integrated crystal orbital Hamilton pop-
ulation (ICOHP) of the Mg–H bonds involved in the H2

desorption process were calculated (Tables S6–S21†). The
−ICOHPs of each bond (Fig. 8a–d) were calculated to analyze
the change of Mg–H bond strength more clearly. As can be seen
in Fig. 8a, the strengths of the Mg–H bonds in the rst layer
change slightly aer dehydrogenation. The strengths of Bonds
1–6 and 1–7 increase with the decreasing intensity of Bonds 1–5
and 1–8. This may be responsible for the similar dehydroge-
nation barriers of Processes 2 and 1. With dehydrogenation, the
strengths of most of the Mg–H bonds decreased. Reduction of
Mg–H bond strengths will lead to the continuous reduction of
the energy required for H migration and desorption, thus
leading to the burst effect of MgH2 dehydrogenation.

It can be found from the curve during the desorption of
atomic H in the second layer that an −ICOHP value of about 0.7
appears in the BH bond that has been formed (the value of
Processes 1 and 2 is �0.9), making H desorb from Mg more
easily (Fig. 8b and c). Aer that, the bonding strength in the
third layer of Process 4 began to decrease. Therefore, the
subsequent H migration still maintains a low energy barrier.
For the atomic H of the second layer in the third stage of
dehydrogenation (Process 8), the bonding strength decreases
with the continuous dehydrogenation of MgH2. The bonding
Fig. 8 The ICOHP of Mg–H bonds. The inset graphs show the differenc
small). (a–d) Comparison of the Mg–H bonding strengths of (a) Processes

This journal is © The Royal Society of Chemistry 2022
strength of the new Mg–H bond formed aer migration is also
lower than that of the initial bond at the same position. To
determine the Mg–H bonds related to the reaction region, we
compared all bond strengths before and aer the dehydroge-
nation of the rst layer (Fig. S4†). When the FBHs were all
desorbed, the majority of the rst and second layers showed
a decrease in the Mg–H bond strength. In contrast, the third
layer remained largely unchanged. Therefore, the change of
Mg–H bond strength in the reaction region reects the change
of the dehydrogenation energy barrier to a certain extent. The
Mg–H bonds two or more layers away from the reaction region
are less related to the reaction energy barrier. However, the
energy barrier does not always decrease, indicating that the
dehydrogenation energy barrier is not only related to −ICOHP,
but also affected by the ambient environment. Moreover, the
energy barrier change caused by the bond strength and the
neighborhood environment may be the reason why nano MgH2

and ball-milled MgH2 can quickly solve the dehydrogenation
problem.58–61

Based on the analysis above, the dehydrogenation perfor-
mance of MgH2 was signicantly improved aer the desorption
of surface atomic H. To further explain the electronic changes
aer dehydrogenation, we analyzed four sets of ELFs of MgH2

formed by two BHs reactions (Fig. 9a and b). The red color
corresponds to a high degree of electron localization, while the
blue color corresponds to a low electron density in this region.
From the ELF results, the electron localization of near-surface H
is relatively high (Fig. 9a). However, when the initial surface H
desorbs from the MgH2 surface (Fig. 9b) the electron
e in the bond strength of the desorption process (sorted from large to
1 and 2, (b) Processes 3 and 4, (c) Processes 5 and 6, and (d) Process 8.

J. Mater. Chem. A
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Fig. 9 The calculated ELFs of MgH2. (a) ELF before the dehydrogenation in Processes 1 and 2 (the first layer). (b) ELF before the dehydrogenation
in Processes 3 and 4 (the second layer).
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localization of H migrated from the second-layer atomic H
decreased at the same position. Interestingly, when a pair of
surface atomic H desorb and form the H vacancies, there is still
a considerable electron localization region at the vacancies
Fig. 10 (a) AIMD simulations on MgH2 (110) before and after surface H l
(100%) surface H loss at 500 K. White and orange spheres represent H
temperatures when the H vacancy concentration is 100%. (c) The H mig

J. Mater. Chem. A
(Fig. 9a). Because of this, the electron localization of another
pair of atomic H is hardly changed. Aer the loss of surface H,
the phenomenon disappears. Therefore, this phenomenon
forces the dehydrogenation of the rst layer atomic H to
oss. Yellow dots are the selected points of MgH2 before (0%) and after
and Mg, respectively. (b) The MSD changes of atomic H at different
ration barriers estimated by AIMD simulations.

This journal is © The Royal Society of Chemistry 2022
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maintain a high energy barrier. Aer all surface atomic H
desorb, the degree of electron localization in this region drops
sharply, resulting in a burst effect.
3.6 AIMD simulations

It can be clearly seen from the change in the energy barrier that
dehydrogenation becomes much easier aer MgH2 (110) loses
surface hydrogen. To further conrm whether its dehydrogena-
tion kinetics have improved aer initial dehydrogenation, we
employed AIMD simulations to compare MgH2 with and without
surface atomic H for 10 ps. Previous MD simulations found that
MgH2 dehydrogenates only when the temperatures are above 663
K.62 To compare the effects of different FBH vacancy concentra-
tions on MgH2, the calculated temperature should be lower than
the dehydrogenation temperature of MgH2. Therefore, we set
a temperature of 500 K in AIMD simulations, which can observe
obvious changes in diffusivity caused by the change in the H
vacancy concentration. The structures with 0%, 25%, 50%, 75%,
and 100% H vacancies were analyzed by changing the number of
atomic H on the MgH2 (110) surface. As expected, there is a large
difference in the mean square displacements (MSDs), as shown
in Fig. 10a. Atomic H will only tend to diffuse when the MSD
shows an obvious linear growth aer a slight relaxation. If the
relaxation and stabilization stages of molecules are neglected,
only theMgH2 without surface atomicH has an obvious increase.
It means that aer the loss of all the surface atomicH, the atomic
H of MgH2 is inclined to diffuse, and therefore, the dehydroge-
nation kinetics can be signicantly improved. By comparing the
structures at 0, 3333, 6666, and 10 000 fs during AIMD simula-
tions (Fig. 10a and S5a–c†), we found that the structures of MgH2

(110) with BH are stable at 500 K. For the structure aer surfaceH
desorption, Mg and H are stabilized aer a period of diffusion. It
is worth noting that the SBH of the second layer migrates to the
FBH position at 9000 fs, which is consistent with the predicted H
migration mode of the second-layer atomic H.

Subsequently, we analyzed the diffusion trend of H in MgH2

at 500, 600, 700, and 800 K (Fig. 10b) based on the Arrhenius
equation and estimated its activation energy. The simulation
object is a structure with a surface H vacancy rate of 100%,
obtained from the above AIMD simulations. First, we estimated
the diffusivity according to RMSDs at different temperatures
(Fig. S6†). The tting interval is the part that has a linear upward
trend without obvious uctuation, which does not include the
relaxation stage. Then, the energy barrier was predicted using
diffusivity and temperature (Fig. 10c). The H migration barrier
in this structured state is 0.131 eV, similar to the value calcu-
lated by the CI-NEB method (0.12 eV). These provide further
evidence of the burst effect in MgH2 dehydrogenation.
4 Conclusion

In summary, we have analyzed the layer-by-layer dehydrogena-
tion (i.e., hydrogen desorption and atomic H migration) of
a MgH2 (110) model. The dehydrogenation barrier continuously
changes with the formation of H2 and diffusion of atomic H.
Importantly, the initial H2 desorption energy barriers are 2.52–
This journal is © The Royal Society of Chemistry 2022
2.53 eV, signicantly higher than the subsequent H2 desorption
and H migration energy barriers. We found that for a stable
MgH2 (110) surface, surface H desorption is the most sluggish
step in MgH2 dehydrogenation because the H vacancy formed
by rst layer dehydrogenation has higher electron localization.
AIMD simulations suggested that atomic H in the bulk diffuses
only aer the complete desorption of surface H. In addition, we
found that the Mg–H bond strength continuously reduces with
the progress of dehydrogenation, which accelerates H migra-
tion and desorption from subsequent layers. This phenom-
enon, which we assigned as the “burst effect”, provides
a solution to the slow dehydrogenation kinetics of MgH2 and
offers essential guidance for designing novel MgH2-based
composites for efficient hydrogen storage: promoting the initial
dehydrogenation of MgH2 by surface engineering (e.g.,
doping)52,63,64 could be the key to facilitating hydrogen
desorption.
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