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Abstract: Developing solid-state hydrogen storage mate-
rials is as pressing as ever, which requires a comprehen-
sive understanding of the dehydrogenation chemistry of
a solid-state hydride. Transition state search and kinetics
calculations are essential to understanding and designing
high-performance solid-state hydrogen storage materials
by filling in the knowledge gap that current experimen-
tal techniques cannot measure. However, the ab initio
analysis of these processes is computationally expensive
and time-consuming. Searching for descriptors to accu-
rately predict the energy barrier is urgently needed, to
accelerate the prediction of hydrogen storage material
properties and identify the opportunities and challenges
in this field. Herein, we develop a data-driven model to
describe and predict the dehydrogenation barriers of a
typical solid-state hydrogen storage material, magnesium
hydride (MgH,), based on the combination of the crystal
Hamilton population orbital of Mg—H bond and the
distance between atomic hydrogen. By deriving the
distance energy ratio, this model elucidates the key
chemistry of the reaction kinetics. All the parameters in
this model can be directly calculated with significantly
less computational cost than conventional transition
state search, so that the dehydrogenation performance
of hydrogen storage materials can be predicted effi-
ciently. Finally, we found that this model leads to
excellent agreement with typical experimental measure-
ments reported to date and provides clear design guide-
lines on how to propel the performance of MgH, closer
to the target set by the United States Department of

\Energy (US-DOE). )

1. Introduction

Utilizing hydrogen energy is the key to the sustainable
future.!' In recent years, solid-state hydrogen storage has
emerged as a prominent research focus driven by its
emphasis on safety and efficiency, as hydrogen storage
research continues to advance.*®! Magnesium hydride
(MgH,) has become a key research object in the hydrogen
storage industry due to its excellent hydrogen storage
capacity and reversibility."®! MgH, exhibits a high theoret-
ical hydrogen storage capacity of 7.66 wt%, and the
abundance of Mg on the Earth makes MgH, an optimal
choice for sustainable hydrogen storage. Moreover, Mg is an
inexpensive element, enhancing the cost-effectiveness of
MgH, and positioning it as an excellent candidate for
commercial applications. Due to these unique features, this
material is regarded as one of the most promising candidates
for solid-state hydrogen fuel cells.”

However, significant improvements are still needed for
Mg-based solid hydrogen storage materials before they can
be broadly used in industry, with their sluggish dehydrogen-
ation kinetics and thermodynamics as the key bottlenecks.
At present, scientists have developed a variety of methods
such as nanofabrication,'” alloying," and catalyst doping!'?!
to facilitate the dehydrogenation process of MgH,. With the
advancement of relevant science and technology, ab initio
calculations (primarily based on density functional theory,
DFT) have been employed to calculate the dehydrogenation
barriers and reaction enthalpies of MgH,, to accelerate the
design and understanding of Mg-based solid hydrogen
storage materials.

The hydrogen storage and release properties of hydrides
will be dominated by the dehydrogenation kinetics when the
crystalline phase structure change of the material itself is not
considered. According to the Arrhenius formula,™ the
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dehydrogenation barrier of a solid-state hydride is an
important indicator to evaluate the difficulty in the dehydro-
genation process of a hydrogen storage material. The break-
ing and formation of chemical bonds are ubiquitous in this
process, and the energy barrier is crucial to determine the
underlying mechanism. Therefore, finding the physical and
chemical determinants of dehydrogenation barriers has
always been a primary objective. Recently, combined with
DFT calculations, ab initio molecular dynamics (AIMD),
and electronic structure analyses, an interesting “burst
effect” was identified during dehydrogenation on a most
common MgH,(110) surface, showing that the surface-layer
dehydrogenation of MgH, is the key bottleneck due to the
most sluggish dehydrogenation kinetics over a MgH,
structure."*'7 Similarly, it was concluded by experiments
that surface modification of Mg/MgH, is crucial for accel-
erating the recombination of hydrogen.'®"”! Promoting sur-
face dehydrogenation by engineering strategies can lead to a
significant improvement in the overall hydrogen release
performance of MgH,.”**! Therefore, understanding the
dehydrogenation behavior in the surface and near-surface
layers is essential in designing a more efficient MgH, for
hydrogen storage, while the dehydrogenation and hydrogen
diffusion in the inner layers are more facile.

Although the accuracy and efficiency of transition state
search methods from nudged elastic band (NEB)?* to
climbing-image NEB (CI-NEB)™! and their derivatives!
have been improved, they are relatively time-consuming for
locating an energy barrier. Besides, NEBs can only capture
one transition state for each calculation. Though other
transition state search methods (e.g., the Dimer method®")
and AIMD simulations (e.g., metadynamics®™ and high-
temperature MD simulations) can sample the potential
energy surface in a wider range, their ultra-high computa-
tional cost is the critical bottleneck for solid-state hydrogen
storage materials. Therefore, it is particularly important to
develop a strategy to directly predict the dehydrogenation
barrier, e.g., by correlating much less computationally
expensive properties with the energy barrier. This will not
only help identify the basic determinants of the dehydrogen-
ation performance of a solid-state hydride, but also pave an
avenue to effectively design high-performance materials.
Intuitively speaking, the energy barrier should be a function
of the geometric and electronic characteristics of the
reaction domains, where the direct cause of energy barrier is
the energy change during the processes of breaking and
forming chemical bonds.

Herein, we studied the chemical, structural, and elec-
tronic properties of the dehydrogenation processes of MgH,,
with the goal of unraveling the determinants of the
dehydrogenation barrier change of different surface struc-
tures. Due to the “burst effect” of MgH,
dehydrogenation,!*""! we aim to build a model to precisely
describe MgH, dehydrogenation for the surface and near-
surface domains. Through a data-driven strategy, the
correlation between dehydrogenation energy barrier and
dehydrogenation descriptors has been progressively im-
proved through the gradual incorporation of the crystal
orbital Hamiltonian population (COHP),**! distribution
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characteristics of H vacancies, atomic H displacement, and
metal doping. Among them, COHP is a “bond-weighted”
density of states between a pair of adjacent atoms. A COHP
diagram indicates the bonding and antibonding contribu-
tions to the band-structure energy. The ICOHP is the
integrated value of COHP below the Fermi level, which can
be understood as the energy contribution of bonding
electrons shared between two atoms, and can accurately
reflect the magnitude of bond strength.’'* In this study, we
report the first direct model that unravels the essential
insights into the properties of MgH, dehydrogenation.
Moreover, descriptors can help screen potential materials,
requiring only experimental verification of candidate struc-
tures to select novel doped materials. This approach
significantly reduces the material design cycle and research
costs. Finally, the computed values from this model agree
with the temperature variation observed in many typical
experimental measurements reported to date, and provide
new design guidelines on how to propel the performance of
MgH, closer to the target set by the United States Depart-
ment of Energy (US-DOE).

2. Results and Discussion
2.1. Foundation of the Model

Identifying the key descriptors requires prior data of MgH,
dehydrogenation, including those from multiple dehydro-
genation paths and structures. These data have been
obtained from the calculations at the same level of accuracy
in our current and previous studies, including the energy
barrier changes for the sequential dehydrogenation of
MgH,(110). The important factors influencing the dehydro-
genation of MgH, include structural changes and electronic
distribution, as shown in Figure 1a.

In addition, a positive correlation is found between the
Mg—H bonding strength and the dehydrogenation barrier.'
Therefore, the integral value of the crystal orbital Hamilton
population (ICOHP) is recognized as one of the main
considerations in model construction. During H, formation,
the cleavage of Mg—H bonds and H-H bond formation are
the main reasons for forming dehydrogenation barriers.
Therefore, in addition to the Mg—H bonding strengths, the
timing of the H-H bond formation should also be consid-
ered. The formation of H-H bonds can prevent the increase
in the energy generated by bond-breaking, i.e., the increase
in energy barriers. Moreover, the farther away the two
atomic H are, the lower the collision probability would be,
and therefore the required activation energy for the reaction
will increase. Because of this, there is also a positive
correlation between the distance of the two atomic H and
the dehydrogenation barrier. Changes in H-H distance and
bond strengths during the ten previously analyzed dehydro-
genation reactions!"!! exhibit a consistent trend with the
variation in the dehydrogenation barrier, and both factors
are easily obtainable. In addition to these two factors,
differences in the numbers and types of atoms in the
neighboring environment can also affect the reaction energy

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85UB017 SUOWIWOD aAIEe.D a|qeal|dde sy Aq peusenof ale sopiLe YO ‘8sn Jo saini Joj Areid18uluQ A8|IAA UO (SUONIPUOD-PUR-SLBY/LLI0D A | 1M Ale.q 1 Bul|Uo//:Sdny) SUONIPUOD pue sWis | 8Y) 89S *[7202/90/80] Uo Akeiqiauljuo A1 ‘Ueder sueiyood Ag TSTOZEZ0Z ©1Ue/Z00T OT/I0p/W0d Ao IM ARid1jeut|uo//:sdny woJy pepeoumod ‘0 ‘€LLETEST



GDCh
~~

An dte

Research Articles Gitore

— Total
8 —— H(1s)-Mg(3s)
—— H(7s)-Mg(2p)

_302A 4
A 4 & G -
GOt ———— -
@
| =
L
| 4 -4
-8
{ ]
I 0.2 0.0 0.2 0.4

Neighborhood environment

-COHP (arb. units)

5 Descriptor Core features

= T i

8 : Coefficient M Nodal increment
5 . : !
sE,=D=k(exdXx S)+b

S i I T

2 R

©

>

S Neighborhood Atomic H Mg-H bond
o environment distance strength

Figure 1. The composition of descriptors for the kinetics of MgH, dehydrogenation. (a) A typical example of MgH, dehydrogenation and its
bonding state distribution. White and orange spheres represent H and Mg, respectively. (b) Descriptors that may affect the MgH, dehydrogenation
kinetics, where E, represents the dehydrogenation energy barrier of MgH,, and D represents the descriptor of energy barrier. ¢, d, and S represent
the parameters composed of the neighboring environment, H—H distance, and Mg—H bonding strength, respectively. M represents the part of the

model that contains basic parameters (i.e., ¢, d, and S). k and b are the

barrier. Therefore, through the consideration of these three
factors, a foundation of the model can be established, as
illustrated in Figure 1b.

Next, we build the formula of M as the function of the
descriptors with parameter refinements. The initial expres-
sion of M is shown in Eq. 1:

M=¢xdy yxS €))

where ¢ is the pre-factor generated due to different
neighboring environments, d  is the distance between the
atomic H participating in H, formation, and § is the Mg-H
bonding strength variable composed from —ICOHP. As
bond breaking is an endothermic process, the timing of
bond cleavage will affect the energy barrier. Due to the
proximity of two hydrogen atoms to each other during the
dehydrogenation process of MgH,, the Mg—H bonds on the
two sides will break first. The Mg—H bonds on the two sides
are defined as the “outside” of the Mg—H bonds, while the
Mg—H bonds between the two atomic H are referred to be

coefficients and intercepts that linearly connect with M and D, respectively.

the “inside” of Mg—H bonds (note: definitions of “inside”

and “outside” of a reaction are illustrated in Figure S1).

Therefore, S can be considered in the following four parts:

i) Due to the preferential breakage of the bonds outside the
atomic motion direction of the reaction, the average
value of -ICOHP for all Mg—H bonds from only outside
the reaction direction is considered (Eq. 2):

S _ou + S _ou
Sout — Z Hl1_out . z H2_out (2)

ii) Consider only the average -ICOHP of the Mg—H bonds
inside the reaction direction (Eq. 3):

_ ZSHl_in + Z SHZ_in

Sin n

®)

iii) Consider the average -ICOHP of all Mg—H bonding
involved in the reaction (Eq. 4):
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Z SHl_in + Z SHl_out =+ Z SHZ_in + Z SHZ_ou!
n

Sawz = (4)

iv) For each atomic H, only one Mg-H bond with the
strongest strength is considered, and the average value
is taken in Eq. 5:

max (S _ous St _in) + MaX(Sp2_ours Sra_in)

. )

Smax =

The starting data for model construction uses the DFT-
calculated results of sequential dehydrogenation." The
energetics consider the correction of zero-point energies to
ensure that the transition state energy is precisely mapped
into the descriptor. Related structures of the reactions are
shown in Figure 2a. Next, the initial parameters of the model
and energy barrier are obtained by counting the distance of
atomic H before the reaction and the corresponding
-ICOHP in the reaction direction (Table S1). Note that
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neglecting the neighborhood coefficient would lead to a
weak correlation between the model and energy barrier
(Figure S2 and Table S2). The -ICOHP values of the MgH,
initial reaction structure are higher for the desorption of
second-layer hydrogen compared to those of the third layer.
When the descriptors are calculated without considering
neighborhood coefficients, the energy barrier for the
desorption of second-layer hydrogen is higher than that for
the desorption of the third-layer hydrogen. However, DFT
calculations reveal that energy barriers for the desorption of
the second- and third-layer hydrogen should be similar.
Therefore, to establish a linear correlation between the
descriptor and dehydrogenation barrier, neighborhood co-
efficients need to be considered.

To explore potential correlations more effectively, the
neighborhood coefficients of dehydrogenation in the second
and third layers are adjusted (Figure 2b-e and Tables S1,
S3). Interestingly, the dehydrogenation barrier has a signifi-
cant linear relationship with M only when the average value
of outer bond strength is used as S. Nevertheless, other
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Figure 2. The initial exploration of the descriptors for MgH, dehydrogenation barrier. (a) MgH, dehydrogenation structures for constructing the
initial model. White and orange spheres represent H and Mg, respectively. Blue spheres and dashed circles represent the atomic H involved in the
reaction and H vacancy, respectively. (b—e) Correlation analysis of the initial model considering neighboring environments. Correlations between
the energy barriers and model values using (b) S, (€) Sim (d) Sy and (€) S,.q. respectively.
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representations of bond strength may also have the potential
to accurately describe the energy barriers. The presence of
H vacancies and the type of atoms are the important factors
affecting the electronic distribution in MgH,. Therefore, it is
necessary to augment the descriptor’s neighborhood coef-
ficients by introducing more dehydrogenation data with
varying H vacancy types and electronegativities.
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2.2. Effects of H Vacancy

Next, five new sets of dehydrogenation data are added to
further explore the relationship between H vacancies and
dehydrogenation energy barriers (Table S4 and Figure S3).
The considered structures are shown in Figure 3a. In
addition, the region of neighboring positions where the
presence of a hydrogen vacancy can affect dehydrogenation
is also defined, and the types of H vacancies are classified
(Figure 3b). Based on the neighborhood coefficient of the
first assignment (Table S1), the coefficient is adjusted by the
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Figure 3. Exploration of the region where H vacancies capable of influencing the MgH, dehydrogenation barrier are located and model correlation
analysis to modify the neighborhood coefficients of H defect. (a) Optimized structures of MgH, dehydrogenation to explore the effects of H
defects. White and orange spheres represent H and Mg, respectively. Blue spheres represent the atomic H involved in the reaction. (b) Schematic
illustration of the neighborhood range of atomic H occupation and H defect that affect the dehydrogenation. White and orange spheres represent
H and Mg, respectively. Red, green, and purple spheres represent the first, second, and third layers of atomic H, respectively. (c—f) Correlations
between energy barriers and model values using (c) S, (d) Sin (€) Sae and (f) S,ae respectively.
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change of H vacancies. To adjust properly, equal neighbor-
hood coefficients should be given to both types of H
vacancies when their numbers are equal. For a specific type
of H vacancies, if its number increases monotonically, the
neighborhood coefficient should change monotonically. The
linear correlation between the model and the energy barrier
after adjusting the neighborhood coefficient should be more
significant. After the dehydrogenation paths are analyzed,
the number of H vacancies for each path is counted.
Subsequently, we summarize the neighborhood coefficient
formula for H vacancies.

After modifying the neighborhood coefficients based on
previous analysis (Table S5), a relationship between the
dehydrogenation barrier and the model for modifying the
neighborhood coefficients is established (Figure 3c—f and
Table S6). Note that it is difficult to achieve a significant
correlation with a high R* when using the average value of
the outer bond strength as S, regardless of how the
neighborhood coefficient is adjusted. Moreover, we ob-
served that the model exhibits a significant correlation with
the energy barrier when using the average value of all
bonding strengths and the two strongest bonds on either
side of the reaction direction as S, and the vacancy
neighborhood coefficient satisfies Eqs. 6-7:

@u=1+0.125k,—0.125k,, k,< 2 (6)

@u= 1+ 0.125k,+0.125k,, k, > 2 )

Where k; and k, respectively represent the number of
bridge H and sub-bridge H vacancies in the initial structure
under different dehydrogenation paths. When there are two
bridge H vacancies in the dehydrogenation reaction region,
the presence of both bridge H vacancies and sub-bridge H
vacancies will increase the coefficient for vacancy neighbor-
hood. However, if there is a bridge H presenting in the
reaction region, the coefficient for the vacancy neighbor-
hood will diminish with the increase of sub-bridge H
vacancies. This implies that the presence of bridging H will
determine whether sub-bridge H vacancies would promote
or hinder dehydrogenation.

2.3. Distance Between Two Atomic H

Our analysis reveals that the two H atoms can be viewed as
“the endpoints of a spring”, whereas the strength of the
Mg—H bond represents the magnitude of the pulling force
exerted on both ends (Figure S4). At the macro level, force
and energy are mainly calculated around changes in the
spring length as the Hooke’s law shown in Eq. 8. Therefore,
dy_y should be approximated by the distance difference, Ax.
It is known that the distance between the two atoms in H,
(dyp) is 0.75 A. Consequently, distance information (dj.p) is
transformed by taking the difference between the atom
spacing of H in MgH, and that of H in H,. This attempt
yields remarkable findings, whereby the correlation analysis
of various § models demonstrates a significant improvement

Angew. Chem. Int. Ed. 2024, 202320151 (6 of 11)

Research Articles

Angewandte

intemationaldition’y) Chemie

(Figure 4a-d and Table S7). As such, the atomic distance
information is modified using Eq. 9:

F = kAx (8

d=dy y —dpy, )

2.4. Metal Doping

Previous studies have demonstrated the key role of electro-
negativity around the reaction domain in determining the
dehydrogenation barriers of MgH,.”"! Furthermore, over the
course of almost a decade of experiments and calculations
have demonstrated that the doping of transition metals can
notably decrease the dehydrogenation temperature, hasten
reaction kinetics, and greatly enhance the performance of
hydrogen charging and discharging cycles."**>" Herein, we
further analyze the variation of dehydrogenation energy
barriers when transition metal (TM) atoms are doped at the
Mg site of MgH,. Given the pronounced disparity in the
-ICOHP values between Mg—H and TM—H bonds (i.e., the
bonding between TMs and H), coupled with the fact that the
TM-H content is minimal in the experimental doped system
and the primary reaction involves the rupture of Mg—H
bonds, we are currently disregarding any dehydrogenation
processes that do not involve Mg—H bonds. Ten 3d TM-
doped MgH, models are constructed to analyze their
electronegativity and neighborhood information, with the
atomic H involved in the dehydrogenation process outlined
in Figure 5a.

Since the analysis scope does not cover TM—H bonds,
selecting an appropriate dehydrogenation path for doped
structures is necessary. The initial and final structures of this
path are shown in Table S8 and Figure S5. Utilizing this
dehydrogenation path, the overall electronegativity near the
reaction area can be modified while disregarding the
influence of the TM—H bonds on the analyzed structure. It
is worth noting that the previously mentioned electro-
negativity applies not only to a single TM atom but also to
single-atom catalysts that represent the overall environment
of the graphene substrate (Figure S6), also known as the
system electronegativity (Eq. 10):2'*

6
X = (xXc+yXy— Xy) x 2 (10)

ny

where x and y represent the number of carbon and nitrogen
atoms of the catalytic active center, respectively. X, Xy,
and X, represent the electronegativity of carbon, nitrogen,
and the embedded single-atom metal, respectively. 6, and n,
represent the number of electrons present in the d orbital
and the maximum number of electrons that can exist,
respectively. The primary influencing factor for the doped
MgH, systems is the type of the metal atom, and the H
vacancy information has already been corrected. Therefore,
the electronegativity information for H will be disregarded
in the subsequent model analyses.
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Figure 4. Model correlation analysis to modify the distance information. (a—d) Correlation between energy barriers and model values using (a) S,

(b) Sin (€) Saver and (d) S, respectively.

From the analyzed structures, it is observed that the
bond strength during the dehydrogenation process with TM
dopants changes minimally. However, the size of the
dehydrogenation barrier undergoes significant transforma-
tions (Table S9). On the one hand, this occurs because the
reactive atomic H is situated far from the TM atom,
resulting in a minimal change in the bonding strength. On
the other hand, the atomic distance information and electro-
negativity exert dual influences, leading to considerable
disparities in their respective dehydrogenation energy
barriers. Remarkably, the results indicate that the dehydro-
genation barrier of doped 3d TM atoms can fill in the voids
of the calculated outcomes, thereby ensuring a seamless
distribution of data points.

After several modifications and fitting procedures, the
following electronegativity description information is de-
signed, focusing on the region of the dehydrogenation
reaction (wherein the value without TM doping is set to 1).
The formula for the electronegativity neighborhood coef-
ficient is given by Eq. 11:

B My X Xy
e = N X rag + Mg X g an
where the electronegativity neighborhood coefficients are
expressed as follows: X, and X7, represent the electro-
negativity of Mg and TM, respectively. n,, npy, and ny,
represent the number of metal atoms, Mg, and TM atoms in
the reaction center. It is noteworthy that the design

Angew. Chem. Int. Ed. 2024, 202320151 (7 of 11)

philosophy of ¢, is rooted in the impact of electronegativity
on catalysis in heterojunction structures, making the descrip-
tor applicable not only to doped systems but also to the
systems with interface catalysis. In Eq. 11, five metal atoms
adjacent to the surface of the dehydrogenation reaction are
considered, and their positions are illustrated in Figure Sa.
After modifying the description information of electro-
negativity, several reliable models are obtained with signifi-
cant correlations (Figure Sb—e and Table S10). Specifically,
the model utilizing the average value of all bond strengths
and the two strongest bonds on either side of the reaction
direction achieves high R* values (0.92 and 0.95, respec-
tively).

The above-constructed dehydrogenation barrier descrip-
tors yield an optimal linear relationship with the dehydro-
genation barrier over the MgH, surface. A descriptor that
can more accurately depict the dehydrogenation barrier is
formed following a simple linear refinement. The final
composition of the dehydrogenation model is shown in
Egs. 12-15 and Figure 5f:

D,y = 1.83M,,,, — 1.66 (12)

Mmax =@ X Qe X d X Sma)r (13)
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Figure 5. Construction of electronic neighborhood coefficients for the MgH, dehydrogenation barrier descriptors. (a) Structural information of
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Dy = 1.83(1 + 0.125k, — 0.125k,) % Dy = 1.83(1 + 0.125k, + 0.125k,) %

My X Xygg n, X Xy
—————— X (dy_yg — dy, ) X T X (dy_y —dy,) %
Ny X 1y +nMgXMg ( i Hz) (14) Ny X +nMgXMg ( o HZ) (15)
max(SHl_oum SHl_in) ;max(SHZ_ouhSHZ_in) —1.66 kl <2 max(SHl_out’ SHl_in) ;max(SHZ_auMSHZ_in) —1.66 kl > 2
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2.4. Model Validation and Applications

Afterward, three sets of out-of-sample dehydrogenation
data are used to validate the model (Table S11 and Fig-
ure S7). The initial structure and the desorbed atomic H are
shown in Figure 6a. The energy barriers, bond strengths, H
vacancies, and descriptor values for these three dehydrogen-
ation pathways are provided in Table S12. The results after
inserting the test points into the descriptor are shown in
Figure 6b. Notably, Tests 1-3 can be well-integrated into the
descriptor, with the error margin as low as 0.04, 0.11, and
0.09 eV, respectively. Furthermore, the further inclusion of
test data results in an improved correlation outcome
compared to the previous results, achieving an R* of ~0.95.
Figure 6c¢ presents the accuracy of the descriptor by illustrat-
ing the prediction errors for all calculated data. As depicted,
most of the prediction errors fall within 0.15eV; the
maximum error does not exceed 0.2eV. These results
demonstrate the strength and efficacy of the descriptor in
capturing the complex dynamics of solid-state hydride
dehydrogenation. The extended validation further supports
its potential as a valuable tool for comprehending and
anticipating dehydrogenation performance across various
material systems.
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The above results clearly show that the developed model
not only closely matches the theoretical calculations but also
aligns with the experimental conclusions from metal-doped
MgH, materials. The energy barriers predicted by the
descriptors show a high consistency with the onset dehydro-
genation temperatures observed in some typical experiments
reported to date (Figure 6d and Table S13).* Modifying
the surface of MgH, can reduce the energy barrier for
dehydrogenation, resulting in accelerated formation and
growth of Mg nuclei on the surface for more efficient
dehydrogenation and lower reaction temperature.[**! Com-
bining Egs. 12-15, Figure 6d demonstrates a clear negative
correlation between the electronegativity of doped metals
and dehydrogenation temperature. This finding is highly
consistent with recent experimental studies.[”**! In addition,
the metal doping ratio has a significant impact on the
dehydrogenation temperature and the predicted energy
barrier.

Currently, in the research of Mg-based hydrogen storage
materials, only a few have been able to meet the on-board
hydrogen storage temperature range (—40-60°C) required
by the US-DOE for light-duty fuel cell vehicles.[*”’ However,
high-temperature proton exchange membrane (HT-PEM)
fuel cells can operate between 100 to 200°C.”" According to

—
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Figure 6. Validating the accuracy of the derived model. (a) Structures of MgH, dehydrogenation for model validation. White and orange spheres
represent H and Mg, respectively. Blue spheres and dashed circles represent the atomic H involved in the reaction and H vacancy, respectively. (b)
Correlation between the values calculated from DFT + CI-NEB versus our model for 28 dehydrogenation barriers. (c) Statistical histograms of the
prediction errors for out-of-sample data. The blue and yellow bars represent the number of errors present in the data used to train and test the
model, respectively. (d) Correlation between onset dehydrogenation temperature and dehydrogenation barrier. (e) The derived contour plot predicts
the dehydrogenation energy barrier of metal-doped MgH, as a function of S,,,, and ¢. The two white dashed lines represent the targets of the high-
temperature proton exchange membrane (HT-PEM) and the US Department of Energy (US-DOE), respectively.
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our analysis, doping Mn and Ni may potentially meet the
working temperature conditions, as their predicted energy
barriers are lower than 1.81eV. Since a small amount of
TM-doping may lead to small changes in the surface atomic
H distances (Table S9), the values of ¢ and S, can be
obtained through the relationship between experimental
temperature and the descriptors, along with the model
(Figure 6e). According to the electronegativity, it is pre-
dicted that various 4d and 5d metal dopants may lead to
good dehydrogenation performance. However, from our
theoretical predictions, we have not yet identified which
element can achieve a dehydrogenation temperature below
60°C through doping. Nevertheless, in experiments, a
significant reduction in dehydrogenation temperature can be
achieved through appropriate engineering technologies and
the rational control of the dopant amount. Crucially,
although the most promising solid-state hydrogen storage
materials among doped metals have not yet fully met the
objectives of the US-DOE, further application of this model
to forecast performance enhancements through various
forms of catalysis and nanotechnology will provide a swift
approach to achieving the US-DOE’s goals.

Furthermore, the model is primarily constructed from
fundamental geometric distributions and elemental proper-
ties, ensuring its capability for formula expansion. By
computing the kinetic energy barriers and bond states of
various metal hydrides and recalibrating the coefficients and
intercepts of our model, we can swiftly develop a descriptor
model adept at forecasting the kinetic performance of metal
hydrides across diverse structures, even including interstitial
and complex hydrides. Subsequently, the model will swiftly
predict and elucidate the influence of vacancies and doping
on the hydrogen storage capacity of materials, thereby
shortening the research cycle for understanding the mecha-
nisms of hydrogen storage materials and speeding up the
process of their modification and selection.

3. Conclusion

In summary, we have developed a data-driven model (Fig-
ure 5f) with the descriptors capable of accurately describing
the dehydrogenation barriers of MgH,. As shown in Fig-
ure S8, by progressively considering the Mg-H bond
strength, H vacancy, atomic H distance, and metal doping,
the accuracy of energy barrier predictions is enhanced. It
was found that the average value of the strongest Mg—H
bond strength of the -ICOHP of reactive atomic H provides
the best description for the dehydrogenation barriers. This
indicates that the dehydrogenation energy barrier is mainly
determined by the region where atomic H has the strongest
bonding with Mg.

Furthermore, the neighborhood coefficients of H vacan-
cies were designed using the number of various types of H
vacancies during the descriptor search. This not only
improves the accuracy of the descriptor but also further
reveals the mechanism by which the number of H vacancies
on the two surfaces affects the energy barrier. Additionally,
the descriptor range was expanded by doping TM atoms and
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proposing the electronegativity neighborhood coefficient.
This coefficient shows a strong and positive correlation
between the electronegative environment around the reac-
tion and the dehydrogenation barrier.

Finally, three sets of out-of-sample data were compared
with the predictions using the descriptors, with the errors of
only 0.04, 0.11, and 0.09 eV, respectively. Moreover, it is
noteworthy that the descriptor-based predictions of the
constructed model not only closely match the outcomes of
DFT, but also exhibit a striking resemblance to the temper-
ature variations of MgH, dehydrogenation observed in the
experiments involving metal doping. This leads us to
conjecture that certain 4d and 5d transition metals, owing to
their elevated electronegativity, may endeavor to further
diminish the dehydrogenation temperature to align with the
temperature standards set by the US-DOE. This model can
accurately predict the dehydrogenation barriers of MgH,
surface through the knowledge of Mg—H bond strengths.
The effective descriptors, as the independent variables of
the model, can expedite the analysis of MgH, dehydrogen-
ation kinetics and reveal the primary influencing factors of
surface dehydrogenation, which in turn can help design
MgH,-based materials with improved performance. Further-
more, the model’s variables are not tied to Mg-based
materials, enabling the formula to be adapted to various
metal hydrides through rapid recalibration. We anticipate
that this research will facilitate the discovery of novel metal
hydride composite materials and solid-state hydrogen stor-
age solutions.

Code Availability

For readers’ convenience, the codes using the model to
predict the dehydrogenation barriers are available via:
https://github.com/Weijie-Yang/MgH?2.
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