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Abstract: The slow hydrogenation/dehydrogenation kinetics and high thermodynamic stability of
the Mg—H bond are the two major limitations for the large-scale utilization of MgHj. In this review,
we introduce the catalytic mechanism of 3d and 4d transition metal (TM) on the hydrogen sorption
properties of Mg/MgH,. The relative contribution of interatomic interactions to the thermodynamic
stability of the TM-substituted MgH, system is discussed. A synergy effect between the electronega-
tivity and the radius of the TM element is proposed to explain the charge transfer process between
TM and H in the TM-substituted MgH), system. The catalytic mechanism of TM nearby the surface
of Mg is more complicated than that in the volume of Mg, as the surface-doped TM can experience
more options for doping sites, leading to the hindrance effect and causing various contributions of
the d band center to the dissociation of hydrogen molecules and the diffusion of hydrogen atoms
nearby the surface of Mg. In terms of the catalytic mechanism of TM for hydrogen sorption kinetics
of Mg/MgH,, we particularly focused on the “hydrogen pump” effect existing in the Mg-TM-H
system. Other mechanisms, such as a possible catalytic mechanism of TM for the hydrogen sorption
properties of nano-sized freestanding Mg/MgH,, were also presented.

Keywords: x rule; radius effect; charge transfer; d band center; “hydrogen pump”

1. Introduction

Along with the rapid growth of the world’s population and economic globalization,
global energy demand is increasing day by day, leading to a shortage of traditional fossil
energy resources. At the same time, greenhouse gases emitted by the use of traditional fossil
fuels lead to environmental degradation issues such as the greenhouse effect and acid rain.
In this context, mankind urgently needs to develop renewable, clean, and efficient green
new energy sources to replace traditional ones to alleviate and solve the dual crisis of the
exhaustion of fossil fuels and the deterioration of the human living environment [1-3]. As a
kind of clean energy, hydrogen has received notable attention; however, for the broader and
more conventional usage of hydrogen energy, a few limitations in its production, storage,
and distribution need to be overcome [4,5]. In particular, lowering costs and developing
good de/hydrogenation kinetics, high hydrogen storage density, and a hydrogen storage
approach with a moderate operating temperature are the bottlenecks for the practical
application of hydrogen energy [6,7]. The storage of hydrogen currently relies mainly on
gaseous storage and liquefaction storage. For gaseous storage, bulky and high-pressure-
resistant steel cylinders are required (the pressure in the cylinder usually reaches about
15 MPa), and the actual weight of hydrogen stored in the cylinder is only 1-2% of the
cylinder’s weight, which greatly reduces the gravimetric hydrogen storage capacity [4].
Although newly developed lightweight carbon-fiber composite materials can withstand
pressures of 35-70 MPa, reaching a gravimetric hydrogen storage density of 3.0-6.0 wt%,
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high-compression energy consumption, the high cost of hydrogen storage tanks, and safety
issues such as hydrogen leakage and blasting still limit the large-scale application of gaseous
hydrogen storage [8]. The density of liquid hydrogen is 70.8 kg m~3, showing excellent
volumetric hydrogen storage capacity. However, it is difficult for liquid hydrogen to meet
practical hydrogen storage applications, because 30% of the chemical energy of hydrogen
must be consumed in the hydrogen liquefaction process, and the thermal insulation device
is expensive and complicated [8,9]. Solid-state hydrogen storage is a method that uses
specific materials to physically /chemically interact with hydrogen and fix the hydrogen
in the material [10]. Solid-state hydrogen storage has attracted much attention due to it
having the highest volumetric density (higher than that of liquid hydrogen) and relative
safety when properly used, despite its limitation on thermodynamic and kinetic properties
that are associated with de/hydrogenation reaction [3,11,12]. Furthermore, compared with
the use of H; in high-pressure cylinders or liquid form, solid-state hydride systems with
the same weight and size characteristics and the same mileage without refueling (usually,
300-400 km) can store more H, [13].

The hydrogen storage properties of some representative hydrogen storage alloys are
summarized in Figure 1. Complex hydrides such as LiBH4 and NaAlHy, consisting of
metal cations and hydrogen-containing complex anions with hydrogen atoms presented
in a complex form and covalently bonded to central atoms such as boron or aluminum,
have high gravimetric and volumetric hydrogen capacity and are most promising to fulfill
capacity requirements among all hydrogen storage materials. However, most complex hy-
dride compounds do not possess favorable hydrogen desorption thermodynamics and/or
kinetics and high temperatures are required to desorb hydrogen, often with impurities.
Furthermore, in addition to poor reversibility, the desorption of hydrogen from complex
hydride occurs through multi-step reactions, which lead to a formation of multi-phase in-
termediates that is is unfavorable for onboard applications [5,12,14]. Sorbent materials such
as metal-organic frameworks (MOFs) and carbon nanotubes (CNTs) possess nano/micro
pores and high surface area, which allows the physical adsorption of hydrogen molecules
on the surface via van der Waals force without dissociation [15,16]. However, the weak
van der Waals force, with adsorption enthalpy of 4-10 k] mol~! H; and binding energy in
the range of 0.04 to 0.1 eV, restrains the hydrogen adsorption in these materials at room
temperature, and thus, a low temperature is needed to reach a high hydrogen storage
capacity [16-18]. Chemical hydrides such as NH3BH3, containing covalently bound hy-
drogen atoms in solid or liquid form, have a high density of hydrogen [12]. Particularly,
chemical hydrogen storage may be a good option if systems involve liquids that may be
easily dispensed using infrastructure that is similar to today’s gasoline refueling stations.
However, the spent chemical hydrides cannot be reconstituted simply at a modest tem-
perature and hydrogen pressure; thus, they would have to be regenerated off-board the
vehicle [19]. Investigations into liquid organic hydrogen carriers such as cyclohexane,
methylcyclohexane, and decaline have also been conducted, but the high hydrogen release
temperature and the required noble-metal catalysts are significant drawbacks [20,21].

MgH, is one of the most promising materials for hydrogen storage applications
due to its high gravimetric and volumetric capacities (7.65 wt% and 110 kg H, m~3,
respectively) [22]. Furthermore, Mg exists in abundance and is the eighth-most common
element in the Earth’s crust, accounting for ~2.35% of its composition [23]. Rutile MgH,
(Figure 2a), the lattice parameters of which are a = b = 4.501 A and ¢ = 3.010 A, has a
tetragonal symmetry (P4, /mnm, Group No.136) with occupation of Mg and H atoms on
the Wyckoff positions (0, 0, 0) and (0.304, 0.304, 0), respectively [22]. As shown in Figure 2a,
in the crystal structure of MgH,, each H atom has three first-coordination Mg atoms and
each Mg atom has six first-coordination H atoms, i.e., each Mg atom is located in an
octahedron made up of six H atoms. In MgH,, Mg is not as fully ionized as Mg?*; thus, the
remaining charge of Mg contributes to the covalent bonding of the MgH, system [6,24-28].
In the density of states (DOS) of MgH), the conduction band is mainly contributed by the
Mg(3s) and Mg(2p) orbitals (Figure 2c), indicating a strong Mg-H ionic bonding interaction.
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Additionally, some Mg-H covalent bonding interactions arise from a few Mg(3s) and
Mg(2p) orbitals hybridizing with H(1s) orbitals in the valence band: (1) the bonding peak
between Er and —3.0 eV is mainly contributed by the valence electrons of H(1s), Mg(2p)
and a few Mg(3s) orbitals [29]; (2) the bonding peak between —4.0 and —3.0 eV results from
the interaction between H(1s) and Mg(3s) as well as a few Mg(2p) electrons [29]; (3) the
bonding peak between —7.0 and —4.0 eV is the bonding of valence electrons of H(1s) and
Mg(3s) [29].
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Figure 1. (a) Potential high-capacity hydrides. Reproduced with permission [16]. Copyright 2015,
John Wiley and Sons. (b) Gravimetric hydrogen capacity and sorption temperature of various
hydrogen storage materials. Reproduced with permission [5]. Copyright 2017, Elsevier.
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Figure 2. (a) Rutile crystal structure (B-phase) of MgH,. (b) MgH, supercell. (c) Total and par-
tial DOS of (b) MgH,; supercell model. (b,c) Reproduced with permission [29]. Copyright 2006,
Springer Nature.
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Despite the high hydrogen storage capacity, there are several major impediments in

the practical utilization of MgH, for hydrogen storage, as described below.

1.

P (bar)

In terms of de/hydrogenation thermodynamics, a mixture of ionic and covalent bond-
ing in the MgH, matrix is responsible for the high stability of MgH, [30], thereby lead-
ing to a very low room-temperature plateau pressure [31] and a high dehydrogenation
enthalpy of up to 75 k] mol~! Hy, which is much larger than the practical require-
ments for metal hydrides of 2040 k] mol~! H, [32-35]. Thus, a high temperature is
needed for the hydrogen desorption of MgH,. As can be seen from Figure 3, thermo-
dynamically, the dehydrogenation of MgH, occurs only at temperatures higher than
500 K. Experimentally, under standard hydrogen pressure (1 bar), temperatures higher
than 573 K will be required to realize the dehydrogenation reaction of MgH, [36].
For feeding fuel cells, magnesium hydride should be heated above 560 K to release
hydrogen above 0.1 MPa [37]. This is significantly higher than the temperature range
required by practical applications, as shown in Figure 1b. Furthermore, the absence of
d electrons in Mg, which can facilitate the dissociation of hydrogen molecules into H
atoms, results in the high dissociation energy of 432 k] mol~! H, [38,39].
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Figure 3. The variation of plateau pressure as a function of temperature for magnesium hydride.
Reproduced with permission [33]. Copyright 2016, Springer Nature.

2.

For the kinetics issue, from calculation results of the hydrogenation process, the
activation energy barriers for the H, dissociation on clean Mg(0001) is 1.42 eV
(137 k] mol~! Hy) [40], and the adsorption energies for H, molecules over the clean
Mg(0001) is —0.114 eV (—11 k] mol~! Hy) [41]. The surface penetration is often the
rate-limiting step for H atom diffusion, as the energy barrier can reach 0.69 eV (67 k]
mol~! H) for clean Mg(0001) [40]. The activation energy for the diffusion of a hydro-
gen atom in the rutile MgHj is also very high—up to 2.21 eV (213 k] mol~! H) [42].
The high energy barrier is also observed for dehydrogenation of MgH,. For example,
the experimental energy barriers of pure MgH, materials are observed to be around
161-188 k] mol~! [36,43-46]; hence, hydrogen sorption kinetics in the Mg/MgH,
system are sluggish below 573 K [37,47,48], and as a result, a much lower desorption
plateau than the absorption plateau in the pressure-composition—temperature (PCT)
curves of MgH) is observed, exhibiting a high hysteresis [34].

Thermodynamically, the reaction of metallic Mg with hydrogen should proceed at
notably low pressure (<1 bar) and low temperatures (below 323 K) [33,49,50], as can be
seen in Figure 3. In practice, however, the reaction between metallic Mg and hydrogen
is not observed at low temperatures even at 100 bar hydrogen pressure [49]. Due to
slow kinetics, the conversion from magnesium to magnesium hydride is very difficult
below 623 K, even when the magnesium is prepared into very fine powder [3]. Thus,
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conventionally, the hydrogenation of Mg without any additives requires temperatures
and pressures as high as 623 K and 70 bar H; [51]. This phenomenon arises from the
fact that an oxide passivation layer can be easily formed on Mg, even when Mg is
stored in a globe box [37,52], which induces a extremely high activation energy barrier
(2.34-2.94 eV or 226-284 k] mol~!) to the dissociative adsorption of hydrogen [53]
and may hinder the penetration of H atom, thereby decreasing the hydrogen storage
capacity in Mg [12,54-57] due to the weak nature of the interactions between H, and
magnesium oxide clusters (the hydrogen physisorption induced by the electrostatic
field, which is produced by the polarity of the Mg—O bond due to the charge transfer
from the magnesium atoms to the oxygen ones) [18]. Hence, Mg requires initial activa-
tion to absorb hydrogen in order to induce the passivation film cracks so that bare Mg
surfaces are accessible to hydrogen [58]. However, even after activation, the sorption
kinetics can still be rather sluggish [3]; for example, the complete hydrogenation of
pure magnesium at 673 K takes several hours [4].

The low thermal conductivity of MgH, (0.4 W mK~1! [59,60]) is a serious problem,
since heat transfer can significantly influence the de/hydrogenation processes.

It has already been proved that a gas of free electrons is very important for the
adsorption and desorption of hydrogen, hence their high rates in metals [61-63].
Thus, the fact that MgH, is a semiconductor with the relatively large energy gap of
4.16 eV [64-67] explains the high stability of MgH, as well as its sluggish hydrogen
sorption kinetics [68], as a low concentration of free-charge carriers in semiconductors
leads to a higher barrier compared to metals [63].

As is known, in metals, increased hydrogen concentration leads to more sites be-
ing occupied by hydrogen atoms, which makes some migration paths unavailable
and therefore results in a decreased hydrogen diffusion coefficient [42]. For Mg,
the diffusion coefficient or diffusivity (D) of hydrogen in MgH, can be as low as
10718 m2 s~ 1 at 573 K [31,69,70], which is at least three orders of magnitude less than
that in Mg [38,71,72]. Thus, as the hydrogenation reaction progresses, a hydride layer,
which grows on the metal surface, limits the ability of hydrogen atoms to diffuse
into the volume [73]. On the one hand, the low diffusion coefficients of H, in the
MgH, /Mg system is another explanation for the sluggish kinetics [38]; on the other
hand, it can serve as one of the factors leading to the incomplete hydrogenation of
bulk Mg, as the growth of hydride colonies/grains leads to a decrease in the total
effective cross-section area for hydrogen diffusion into the magnesium phase. After
the impingement of the hydride colonies/grains, the growth of hydride is limited by
hydrogen diffusion through the hydride, and maximum capacity is reached [74]. The
issue of incomplete hydrogenation of bulk Mg is also believed to be related to the
strain energy inhibiting the growth of MgH, as MgH,-Mg interfaces grow into the
last small MgHj;-surrounded Mg islands [71]. Thus, for mechanical milled Mg, before
the actual hydrogenation data acquisition, each sample must go through several
hydrogenation/dehydrogenation cycles to eliminate residual stress caused during
mechanical milling [75].

The lower the dehydrogenation enthalpy (AH), the higher the overall efficiency of
filling hydrogen energy (Figure 4). Taking into account the filling of hydrogen energy
and the overall efficiency of the application equipment, in practical applications, the
dehydrogenation enthalpy of the most suitable hydrogen storage material should be
20-30 k] mol~! Hj [64,76], which is coincident with the practical requirements for
metal hydrides in terms of the thermodynamics as mentioned above.
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Figure 4. Theoretically required cooling load (kW) as a function of refueling time (min) for absorbing
5 kg of Hj into storage materials of various AH. Reproduced with permission [76]. Copyright 2010,
Royal Society of Chemistry.

To overcome this challenge, numerous modification methods such as catalyst dop-
ing [50,77-86], alloying [87-97], and nano-structuring [47,98-100] have been applied to
alleviate the unfavorable thermodynamic and kinetic barriers of MgH, Among all of the
reported modified MgH, systems, the system doped with transition metal (TM)-based
additives shows better hydrogen storage properties [101]. It has been widely established
that TMs and their compounds/oxides are quite effective in reducing the hydrogen storage
temperatures for MgH, [32,102-111] and have been proved to be another effective strat-
egy for improving the hydrogen sorption kinetic performances of MgH, [109,111-120],
although such improved kinetics may sacrifice some portion of storage capacity due to
considerable dead mass in a total composite [12]. The oxidation resistance of MgH; can also
be improved by reasonable TM-based additives (e.g., CeO,) and effective processing to cir-
cumvent the need for MgH, to be used only in a rigorous oxygen-free environment, which
consumes substantial resources to maintain and is impractical in large-scale and long-life
applications [121]. Doping of TMs with f electrons can improve the hydrogen sorption
properties of MgH), in a three-fold way: (1) the large size of lanthanide dopants enhance the
unit cell volume and hence increase the Mg-H bond length, reducing the Mg-H correlation
and decreasing the desorption temperature [122]; (2) the presence of localized f orbitals of
lanthanide across Fermi energy makes the lanthanide-doped MgH) cell show more metallic
behavior [122]; (3) the substitutional atoms of TMs with f electrons in MgH, allows for
the destabilization of the Mg—H bond as a result of the interaction between the valence
electron of H and the unsaturated f electron shells of TMs [123]. However, as shown in
Table 1, the volumetric and gravimetric capacity would decrease with the doping of TMs
with f electrons in MgH); due to an increase in both volume and mass [122,124]. Thus, in
this review, we interpreted mechanisms related only to TMs with d electrons, which have
smaller atomic radiuses and relative atomic masses compared to TMs with f electrons.



Catalysts 2023, 13, 519

7 of 68

Table 1. Lattice parameters, unit cell volume, specific capacity, and formation energy of pure MgH,
and doped MgH), calculated from the density functional theory (DFT) study. Reprinted /adapted
with permission from Refs. [122,124]. Copyright 2016, Elsevier.

Volumetric Gravimetric Formation
Material a[A] c[A] Vo [A3] ! (Tl\g m (TM) ® Capacity Capacity Energy
[pmi [g Hy L1] [wt%] [1J mol 1 Hy]

MgH, 4.5180 3.021 61.67 150, for Mg 24, for Mg 109 7.66 —67.72
MgisLaH3, 4.6180 3.1374 66.91 195 139 101 6.02 —64.06
Mg;5CeH3; 4.5894 3.1239 65.80 185 140 102 6.00 —60.55
Mg15PrHz)p 4.5885 3.1173 65.63 185 141 103 6.00 —60.97
MgisNdHj3, — 4.5865 3.1139 65.50 185 144 103 5.96 —61.97
Mgi5GdHsz,  4.5430 3.0987 63.95 180 157 105 5.82 —72.63
Mgi5DyHs,  4.6509 2.9493 63.79 175 163 106 5.77 —70.68

@) These data represent the empirical radius of Mg and TM dopant elements from reference [125]. ®) These data
represent the standard atomic weight of Mg and TM dopant elements from reference [126].

2. Formation of Mg-TM Alloy and Mg-TM-H System

Figure 5 shows a general enthalpy diagram illustrating the destabilization of a strongly
bound hydride through the addition of a reactive additive. The hydride, AHj, is effectively
destabilized due to the formation of AB,, which leads to a reduction of the dehydrogena-
tion enthalpy. In the case of destabilization due to the formation of binary intermetallic
compounds, two kinds of reactions can be distinguished [127]: (1) processes in which MgH,
reacts with a metal/semimetal during dehydrogenation, forming a binary compound, and
(2) routes in which MgH), reacts with an Mg-containing intermetallic compound produc-
ing another intermetallic after dehydrogenation. Obviously, the second type of reaction
could only take place in Mg-metal systems where magnesium forms at least two binary
compounds or alloys with a metal [127]. The reaction shown in Figure 5 occurs when
element A is Mg and element B is a TM such as Cu and Cd. No ternary hydrides have been
reported in the literature for the Mg—Cu system; however, Mg and Cu can form the Mg,Cu
alloy, which decomposes to MgH; and MgCu, under 30 MPa hydrogen pressure according
to an irreversible disproportionation reaction represented by (1) with a hydride forma-
tion enthalpy and entropy of reaction of —73.5 k] mol~! H, and —146 ] K~! mol~! H,,
respectively [34,128,129]:

2Mg,Cu + 3Hp; — 3MgH, + MgCu, (1)

Cadmium is the only element exhibiting unlimited solubility in Mg in the solid
state [34,130]. Below 526 K, an ordered MgCd a” phase is formed from the disordered
Mg-Cd solid solution [130,131]. Mg-rich alloys can form another a’’/ ordered-phase
MgsCd [130]. Thus the Mg-Cd system is the only Mg-based system exhibiting order—
disorder transformation in the temperature range relevant for the hydrogenation reac-
tion [130], which may lead to an abrupt change of hydrogen diffusivity in the vicinity of
transformation temperature according to the previous study on the ordering of NisMn
and diffusivity of hydrogen in the alloy [132], although no effect of the order-disorder
transformation in the Mg3;Cd and MgCd phases on the kinetics of hydrogenation was
observed in the work of Skripnyuk and Rabkin [130]. Based on the presence of XRD peaks
in the MgCd phase and the pure Cd in the hydrogenated alloy, as well as the presence
of a Cd-rich phase on the surface of MgH, grains in the SEM micrographs, Skripnyuk
and Rabkin [130] confirmed that the solubility of Cd in the MgH, hydride is negligible,
and as a result, during hydrogenation, Cd is rejected from the hydrogenated phase and
accumulates in the remaining unreacted Mg—Cd alloy, changing its composition toward
higher Cd contents by forming the pockets of MgCd and other Cd-rich phases on/between
the MgH, grains through the following reaction:

Mg,Cd +3H, — 3MgH, + Cdg,ca @)
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where CdMg3Cd stands for the Cd atom dissolved in the unreacted Mg3;Cd alloy. Some
other reported possible reactions in the Mg—TM system are listed in Table 2. A similar
reaction occurs when element A is Mg and element B is a rare-earth (RE) metal, because
Mg and RE metals can form Mg-rich intermetallics (e.g., REMg,, RE;Mg17, REsMgy, etc.),
which, independent of their composition and structure, interact with hydrogen gas to
yield a homogeneous mixture of MgH; and rare-earth hydrides according to the following
reaction [31]:

RExMg, + (1.5x + y)Hy — yMgH, + xREH; 3)

Table 2. Thermodynamic parameters of MgH, destabilized by different metals. Reprinted /adapted
with permission from Ref. [127]. Copyright 2014, Elsevier.

System Reaction Overall Dehydriding Enthalpy AH [k] mol~1 H,]
MgH; + Ag <+ AgMg + H, 39.1
Mg-Ag 2MgH, + AgMg «+ AgMg3 + 2H, 69.8
3MgH, + AgMg «+ AgMg, + 3H) 69.1
Mg—Cu MgH; + 2Cu < MgCu, + Hy 41.0
3MgH, + Cd <> MgsCd + 3H; 68.6
Mg-Cd MgH, + Cd < MgCd + Hj 62.3
MgH, + 3Cd <> MgCds3 + Hj 57.0
2MgH, + MgCd < Mg3;Cd + 2H, 652 0r71
Mg-Pd 3MgH, + 2MgPd «++ MgsPd, + 3H, 90.17

The products of reaction (3) allow reversible desorption up to 5.5-6 wt% H (depending
on the amount of the rare-earth metal), according to the following scheme [31]:

yMgH, + xREH3 <+ yMg + xREH, + [y + x(3 — z)/2]Hj, z = 2.6-2.8 <+ ReMg>» + Hy (4)

—  A+H, Dehydrogenated state
AH large,
T(1 bar) high

Stabilized (alloy) state
c AB;: + H2 AH smaller,
7(1 bar) lower

Enthalpy

Y Y AH:+xB Hydrogenated state

Figure 5. Generalized enthalpy diagram illustrating destabilization through alloy formation upon
dehydrogenation. Reproduced with permission [133]. Copyright 2007, Elsevier.

Among Mg-TM-H ternary hydrides, the numerous groups of hydrogen-rich hy-
drides of Mg with early transition metals (ETM; elements on the left side of the peri-
odic table, from group 4 to group 7) are special. Due to the immiscibility of Mg with
these ETMs (see Table 3), the experimental synthesis of these Mg—-ETM-H systems, such
as systems Mg-Ti-H [134,135], Mg-V-H [135,136], Mg—Cr-H [137], Mg-Mn-H [138,139],
Mg-Zr-H [135,140-143], Mg-Nb-H [135,140,141,144,145], Mg-Mo-H [140],
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Mg-Hf-H [135,141,143], and Mg-Ta-H [135,141], require the gigapascal hydrogen pressure
thermal technique (Figure 6). These compounds tend to collapse after hydrogen desorption
because their structural stability is maintained by hydrogen atoms, which act as a glue
connecting Mg and TM metals [134,142,145-147] since Mg cannot form a binary alloy with
any ETM, as can be seen from Table 3. Thus, the remaining hydrogen atoms in these Mg—
TM-H systems are needed to realize partial reversibility, which makes the cycle stability of
releasing and restoring hydrogen poor [135,142,146]. A viable solution for the high hydro-
gen pressure issue for Mg-ETM-Hydrides may be found in the recent DFT calculations
for Mg, TMX,; (X=C,N,O,FE P, S, or CI;, TM = Ti, Nb or V; n = 7 or 6) with Ca;Ge type
symmetry, which showed that the relatively light nonmetal elements as a “gel”, keeping the
structure of Mg, TMX; stable during (de)hydrogenation, not only realize the reversibility
of Mg-TM-Hydrides but also maintain the hydrogen storage capacity, e.g., Mg VO, shows
reasonable dehydrogenation temperature (170-246 K) and high hydrogen storage capacity
(5.81 mass%) [146]. In addition, the formation energies of Mg TMO,H;4 and MgeTMS,Hy4
are in the range of —20 to —40 kJ mol ! H, [146]. In Table 2, the formation enthalpy AH of
Mg7SCH16 [148], Mg7TiH16 [147—149], Mg6TiH16 [147], Mg7VH16 [147,148], Mg6VH16 [147],
MgyZnH;¢ [149], Mgy YH; 4 [148], Mgy ZrH6 [148], MgzNbH;4 [147,148], MgeNbH ;6 [147],
MgyPdH;4 [149], and MgyCdHje [149] are calculated by following formulas [147-149]:

AH = Etot(Mg7TMH;6) — 7Et0t(Mg) — Etot (TM) — 8Eot(Hp) ©)

AH = Etot(MgéTMH16) - 6Etot(Mg) — Eiot(TM) — 8Eiot(H2) (6)

where Eot(MgyTMHyg), Etot(MgeTMHjg), Etot(Mg), Etot(TM), Etot(Hy) are the total energies
of Mg;TMH;4, MgsTMH;4, Mg-TM, and H, systems in their stable crystal structures as
calculated from the first principles, respectively. MgoFeHg can be formed by mechanical
milling of Mg and Fe under hydrogen atmosphere [34,128]. Synthesis of Mg,FeHj is quite
difficult, since Mg and Fe cannot form any intermetallics [128]. Similar to the Mg—Fe
system, the Mg,CoHs and MgzCoHs hydride can also be formed from Mg and Co in the
presence of hydrogen; however, synthesizing these hydrides is not easy due to the absence
of stable precursors such as Mg,Co or MgsCo to produce a single hydride phase, since the
only stable intermetallic formed by Mg and Co is MgCo, [128,150,151]. It is important to
highlight that the formation of Mg,FeHg and Mg,CoHs consists of two steps that always
involve MgH; as a precursor [34]:

—4
2Mg +TM + %Hz — 2MgH, + TM + XTHZ — Mg,TMHy, (for Fe, Co, x =6, 5) (7)

These Mg-TM-H ternary hydrides with H as glue are quite sensitive to experimental
conditions, such as the sample preparation method, the particle size, temperature, and
hydrogen pressure. For example, for core—shell-structured Mg@Co prepared by the reaction
of Mg powder in THF (tetrahydrofuran) solution with TMCl,, when Mg powder is prepared
by ball-milling, the Mg—Co-H ternary hydride is not observed in XRD patterns (Figure 7a),
while when Mg powder is prepared by an Arc Plasma Evaporation apparatus, Mg,CoHs
is observed after hydrogenation, and the thermodynamically unstable “Mg,Co” phase
is observed after dehydrogenation (Figure 7b). In addition, the Mg3zCoHs phase was
reported to be synthesized at a temperature between 690 and 710 K under 2 MPa hydrogen
pressure [152], while in the work of Lu et al. [117], the formation of the Mgz CoHjs phase was
observed at 573 K under 2.8 MPa after 10 cycles of hydrogenation (at 573 K under 2.8 MPa
hydrogen pressure) and dehydrogenation (under vacuum at 598 K for 2 h) of the core—
shell-structured ternary Mg@Co@V composite, which was ascribed by the authors [117]
to the fact that the Co particles were of nanoscale size, possibly decreasing the formation
temperature of the Mgz;CoHs phase.
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Figure 6. Illustration and photograph of the ultra-high-pressure cell assembly. Reproduced with
permission [142]. Copyright 2007, American Chemical Society.
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Figure 7. (a) The XRD profiles for the core-shell-structured Mg@Co samples in varying states (as
prepared, hydrogenated, and dehydrogenated after 5 cycles). Reproduced with permission [102].
Copyright 2014, Royal Society of Chemistry. (b) XRD patterns of the core—shell-structured Mg@Co
composites at different states (as-prepared, hydrogenated, and dehydrogenated after 10 cycles).
Reproduced with permission [117]. Copyright 2017, Elsevier.
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Table 3. Mg—-TM alloy and Mg-TM-H system under thermodynamic equilibrium conditions.

Miscible or Mg-TM . Hydride of Mg.—TM Mg-TM-H Ternary Mg-TM-H Ternary Hydride .
™ N Intermetallic Intermetallic Hydride Ref.
ot Compound Compound Chemical Formula Structure AH (@ k) mol—1 H,]
face-centered cubic (FCC) unit y -
Sc yes yes no yes Mg7ScHy4 cell with Cay Ge space group —54.54 [31,148,153]
. —48.54;
MeTiH FCC unit cell 48
T no no no yes g7 TiH16 with CayGe space group e00s [128,147-149,154]
. FCC unit cell
Mg Tift16 with Ca;Ge space group —288
FCC unit cell —39.38;
Mgz VHe with CayGe space group —40.3 -
\Y% no no no yes H [128,136,147,148,155]
Me, VH FCC unit cell 263
86 V16 with Ca;Ge space group -
cubic F-centered substructure
with an additional superstructure
Meg VHy related to the Cay Ge-type
structure
Cr no no no yes Mg3CrHy -
Mn no (@) _(@ _(a) yes MgzgMnHy space group P63 /mimc -
Fe no no no yes Mg, FeHg - —77.9
. . . Mgy C0H5 - —82 - 5
Co yes yes not reported yes MegsCoHz R 70 [117,128,150,151]
Ni yes yes for Mgy Ni, yes yes MgpNiHy - —645 [34,128,160]
Cu yes yes for Mgy Cu, no not reported - - - [34,128,129,161]
FCC unit cell
— 2 2
Zn yes yes for MgZn, no yes Mgy ZnHyq with Cay Ge space group 29.74 [128,149,162]
FCC unit cell o
Y yes yes no yes Mgy YHyg with CayGe space group —53.33 [31,148,163]
FCC unit cell
Mgz 2t with CayGe space group —5250
MgZZr3Hy monoclinic structure - [128,140-
Zr ne ne ne ves Mezeotd monoclinic i 143,148,164,165]
8412159 structure
Mg 82Zrp 18Hx FCC structure —73.0+0.8
Mg4_5ZrHX FCC structure -
FCC unit cell —47.72;
Mg7NbH6 with CayGe space group —51.1
FCC unit cell £ 147
Nb no no no yes MggNbH; with CayGe space group —251 (128, lii’gl'i(i/(l; 5147,
Mgy NbHy - o
MgNb, Hs g Monoclinic structure
Mg oNbHy4 4 FCC structure
MgNbyH_y C-centered monoclinic structure
Mo no no no yes MgzMoHg hexagonal structure - [140,167]
Te not reported not reported - not reported - - -
Ru no no no yes Mgz RuHg space group Crcm - [168,169]
MgRhH; _. space group P4/mmm .
Rh yes yes for Mgy Rh, yes yes 1-x 170-172
B2ty MgyRhH; | TipNi-type structure () 772l
FCC unit cell Y 73
Pd yes yes for Mg Pd, no yes Mgy PdHyg with Cay Ge space group —30.24 [128,149,173]
for AgMg, no; o e
Ag yes yes for AgMg3, no not reported - — - [127,128,174-176]
cd yes yes no yes Mg;CdH, 4 FCC unit cell ~27.75 [130,131,149]

with CayGe space group

@ The complete Mg-Mn phase diagram has not been determined, except for the Mg-rich region (0 to 3.7 at% Mn),
which indicates that Mn is almost immiscible with Mg. Thus, the Mg—-Mn intermetallic compound and thereby
the hydride of the Mg-Mn intermetallic compound can not be determined. ® Hydrogen occupies octahedral
and tetrahedral voids in the Ti; Ni-type arrangement of magnesium and rhodium atoms. Retrieval of hydrogen
by desorption destabilizes the structure and leads to a binary metal compound of composition Mg,Rh which
crystallizes with the TipPd-type structure. ) AH represents the formation enthalpy of Mg-TM-H ternary hydride.

3. The Micro-Catalytic Mechanism of TM Dopants on the Hydrogen Desorption
Properties of MgH,

3.1. The Change Trends of Interactions (Ionic and Covalent) in TM-doped MgH,

A significant amount of theoretical research is concerned with the nature of the in-
teraction between TMs and MgH, matrix in TM-doped MgH, systems. Ab initio elec-
tronic structure calculations of the Mgi5TMHs3;, (TM = entire 3d TM series) conducted
by Mamula and coworkers [28] showed well-matched observed trends of TM—nnH dis-
tances (Figure 8b), which agrees with the trends of the average TM-H distances in the
Mg11TM;,Hyg cluster models along the whole 3d metal series [177], and Bader excess charge
(BEC) (Figure 8c), which is defined as the difference between the charge contained in a
Bader atom and its atomic charge and can be considered as the exact measure of the ion
charge in the crystal lattice. Based on the results that the TM—nnnH1 distances have the
opposite trend, the authors [28] revealed the screening and compensation of the nnnH1
shell towards the TM-introduced perturbation of the host MgH, lattice, which resulted
in considerably less pronounced changes in the more distant coordination nnnH2 shell.
This conclusion can be evidenced by the results shown in Figure 8c that only the value of
Pb3 in the third coordination is approximately the same as in MgH)j, indicating the more
prominent influence exerted by the TM dopant on its nearest two coordinations than on
other neighbor atoms. As is also shown in Figure 8c, compared with the Mg-H bond, the
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TM-H bond is more covalent with the more localized charge in the TM-H bonding region,
which leads to the depleted region between the nnH atoms in the TM first coordination and
thereby prevents the H-H bonding formed in the rest of the MgH, matrix further away
from the TM atom [28]. Furthermore, it can be seen that p},; obeys the opposite trend to
that of the BEC of TM and nnH, suggesting that the decrease in ionic charge on TM and
nnH is accompanied by an increase in covalent charge on the TM-nnH bond. Figure 8d
demonstrates that generally, the stability of Mgi5TMH3, follows the observed TM-H dis-
tances and BEC trends, which is especially pronounced at the beginning and the end of the
TM series, but is deviated for Mn, Fe, Co, and Ni. The potential cause is attributed by the
authors [28] to the possible excluded magnetic contribution to the stability of compounds
caused by the non-polarized-spin manner of all calculations for doped systems. In fact,
the spin polarization can exert strong influence on the stability of the Mg-TM-H system,
originating from the considerably wider d band and much lower particular peaks than
in the non-polarized spin case, which are caused by the high un-symmetric distribution
(spin splitting) of the partial DOSs of spin-up and spin-down electrons of TM atoms, such
as in Mn (Figure 9a,b [178]) and Co (Figure 9¢,d [179]). Furthermore, spin polarization
in Mg-TM-H system also changes the position of the Fermi level and the width of the
energy gap [179], thereby affecting hydrogen sorption properties. In addition to the mag-
netic contribution of TM to the stability of compounds, the deviation of the stability of
Mgi15TMHj3; (TM = Mn, Fe, Co, and Ni) from the observed TM-H distances and BEC trends
may also be explained by the contribution of other interatomic interactions other than
TM-H interactions, such as nnnMg-nnH interactions, since the spin polarization shows
little influence in Ni-doped MgH, systems, as neither Mg,Ni nor its hydride presents
magnetic properties [178,180,181].

The DFT investigation conducted by Chen et al. [182] toward the alloying effect of
TM on the electronic structure of a MgH, cluster containing 33 magnesium atoms and
64 hydrogen atoms demonstrated almost TM-independent atomic ionicities of H(1), H(2),
Mg(1), and Mg(2) around TM (Figure 10a,b), indicating that the effect of the substitution
of TM for Mg (or alloyed by TM) on the atomic ionicity may be limited in a small area
around TM. The fact that in MgH,, Mg-H covalent bonding predominates over the covalent
bonding of Mg-Mg and H-H has been proved by atomic bond order BOap analysis, which
is used to evaluate the strength of the covalent bond between two atoms A and B and can be
calculated by the Mulliken population analysis according to the following equation [182]:

BOap = an Z Z X! XL S 8

1 m'eBmeA

where w;,,, and w;,,, are the coefficients of the atomic orbitals m and m’ in the molecular
orbital /, 5,1, is an overlap matrix element between two atomic orbitals m’ and m, and n; is
the occupied charge of the molecular orbital /. As can be seen from Figure 10c the covalent
bonds between TM and H atoms (H(1)) and H(2)) are stronger than between TM and Mg
atoms (Mg(1), Mg(2), Mg(3), and Mg(4)), similar to those for pure MgH,. Comparing
Figure 10c,d, one can see that BOwig1)-H1) and BOyg(2)-n(2) have an inverse trend to
BOrMm-p(1) and BO1v_p(2) [182]. According to the results demonstrated in Figures 8b,c
and 10, the following propositions can be made: (1) the variation of TM—nnH interatomic
distance is more significant than that of TM—nnnMg; (2) the variation of ionicities of TM and
nnH is more significant than that of nnnMg; (3) the variation of TM—-nnH covalent bond is
more significant than that of both nnnMg-nnH and TM-nnnMg. Therefore, the influence of
TM on the interatomic interaction in TM-doped MgH), is mainly reflected in the TM—nnH
ionic bond (bigger variation in TM—nnH bond length, TM ionicity, and nnH ionicity), the
TM-nnH covalent bond (bigger variation in TM—-nnH bond length, py,1, and TM—-nnH bond
order), the nnnMg-nnH ionic bond (nnnMg-nnH length varies significantly as a result
of the big variation in TM-nnH bond length and the small variation in TM—-nnnMg bond
length, ionicity of nnH varies more than that of nnnMg), the nnnMg-nnH covalent bond
(nnnMg-nnH length varies significantly or nnnMg-nnH bond order varies significantly in
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some TM-doped MgH; as shown in Figure 10d), and the TM-nnnMg ionic bond (ionicity
of TM varies significantly despite the small variation in both the TM-nnnMg distance and

the ionicity of Mg), all of which control AH(Mg—TM)p;s, which is defined as the hydride
formation enthalpy difference between AH for MgH; and AH for Mg-TM-H system.
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Figure 8. (a) Nearest (nn) and next-nearest neighbor (nnn) atoms of TM, with their coordination
polyhedra, side perspective view (left), and top view (right). (b) Relaxed interatomic distances in
TM-doped MgH, (Mg15TMHj3; system) obtained using Abinit PAW formalism. The nearest neighbor
H (nnH) atoms forming the first coordination octahedron are marked as two top and bottom H2 and
four coplanar H4 atoms. nnnMg are the nearest and the next nearest Mg atom, while nnnH1 and
nnnH?2 stand for the next-nearest neighbor H atom. Corresponding experimental and calculated
values for pure MgH, are given on the left. Dashed lines represent the Mg-nnH (H2 and H4) average
relaxed distance in pure MgH; compound. (¢) Top—BEC on TM and nnH atoms for MgH, (left) and
entire MgH,:TM series. Positive values correspond to charge depletion. Bottom—charge densities
(op) at the specific bonding critical points (bCPs) between TM and nnH atoms (b1), nnH, and nnnMg
(b2) and nnnMg and nnnH (b3), corresponding to the first, second, and third coordination of TM. The
corresponding pp, value in MgHj is given for comparison on the left. (d) Enthalpy of formation of
Mg15TMHj3;. The values come from Table 2, from the work of Mamula and coresearchers. (e) Bond
distances obtained from Mg;5sTMHs, structures relaxation (calculated) and by summing Pauling
crystal and Shannon-Prewitt (SP) effective ionic (X;), averaged, and single-bond (SB) covalent radii
(Zc). 2.08 A and 1.30 A are used as H™ effective ionic radii. (a—e) Reproduced with permission [28].
Copyright 2014, Elsevier.

This proposition can be supported by more current evidence. Figure 11 shows that the
strong interaction between Ti and H3 leads to the weakening of the interaction between Mg2
and H3. DFT calculations performed by Zhang et al. [183] showed that the Nb atom dopped
into MgH, interacted with H atom ionic-covalently, leading to lower structural stability and
the enhancement of dehydrogenation kinetics in MgH;. Although the first-principles study
performed by Abdellaoui et al. [22] on MggH1,, MgsLiH;,, and MgsBLiH;, showed that the
stability and also the desorption temperature of the hydride systems depend on the charge
quantity received by the hydrogen, such that when the charge received by H decreases, the
stability and decomposition temperature decrease, the results presented in Figure 8c,d and
Table 4 do not suggest the same correlation. Thus, to evaluate the stability of TM-substituted
MgH),, the four interactions proposed above are still needed. Unfortunately, the relative
contributions of these four interactions on AH(Mg-TM)p;¢s may vary in different Mg-TM-
H systems. Mamula and coresearchers [28] compared trends of bond distances obtained
from Mg;5TMHj3; structure relaxation (calculated) and by summing Pauling crystal and
Shannon-Prewitt (SP) effective ionic (X;), averaged, and single-bond (SB) covalent radii (X.),
found that the calculated distance trend is much better-matched by the distances obtained
from the SB covalent radii (systemic deviation is about 0.2 A), indicating a considerable
covalent contribution to the TM—nnH bonding (Figure 8e). It was also reported that the
enhanced overlap of the electron cloud between the H atom and the substitutional atom
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(Ni, Cu) is accompanied by the weakened electron cloud overlap between the H atom
and the other two neighboring Mg atoms [184]. Khatabi et al. [26] observed in the DOS
of Mgi15TMH3; (TM = Sc, Ti, V, Cz, Y, Zr, Nb, Mo) that the TM only created a bond with
Mg atoms as the result of the hybridization of s and d orbitals of Mg and TM, respectively
(Figure 12), and noted that as long as the difference of the electronegativity of TM and Mg
increased, the stability of the Mg;5TMHs, system decreased for TM in the same row of the
periodic table of elements. The authors [26] explained this effect by the fact that the increase
of the Mg—-TM bond strength allows weakening of the Mg-H bond and thereby results in
a decrease in system stability, which suggests that the TM-Mg interactions (covalent and
ionic), including TM-nnnMg interactions, contribute to the main part of AH(Mg-TM)p;s.
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(b) the total and partial densities of states. The small blue, the medium green, and the large red balls
denote H, Mg, and Mn atoms, respectively. (a,b) Reproduced with permission [178]. Copyright 2011,
Elsevier. (c) (Left) original unit cell of MgHj, (right) 2 x 2 x 2 primitive supercell used in MgH,-TM
(Mg15TMH3,) calculations. (d) Orbital momentum decomposition (I =0, 1, 2 correspond to columns
1,2, and 3, respectively) of spin-polarized MgH,—Co atomic densities of states: Co (top), Co nearest
neighbor Mg (second row), and the two non-equivalent Co nearest neighbor H atoms (the two bottom
rows). (c,d) Reproduced with permission [179]. Copyright 2009, Elsevier.

Table 4. The charge density of elements, electronegativity of TM, and heat of formation for single
substituted Mg-based hydrides Mg15TMHj3; [26].

Systems MgHz Mg155CH32 Mg15TiH32 Mg15VH32 Mg15CrH32
Mg 1.509+ Mg 1.436+ Mg 1.419+ Mg 1.416+ Mg 1.438+
Charges Sc 1.712+ Ti 1.622+ \% 1.521+ Cr 1.365+
H 0.754— H 0.746— H 0.733— H 0.723— H 0.703—
Heat of formation
[k] mol ! Hy] —62.57 —58.63 —51.27 —43.42 —38.79
Electronegativity Mg 1.31 Sc 1.36 Ti 1.54 v 1.63 Cr 1.66
(Pauling scale) H 2.20
Systems MgH2 Mg15YH32 Mg15ZI'H32 MngNbH32 Mg15MOH32
Mg 1.509+ Mg 1.402+ Mg 1.362+ Mg 1.359+ Mg 1.368+
Charges Y 2.039+ Zr 2.001+ Nb 1.856+ Mo 1.682+
H 0.754— H 0.738— H 0.753— H 0.741— H 0.735—
Heat of formation
[k] mol—! Hy] —62.57 —51.07 —47.64 —40.96 —35.96
Electronegativity Mg 1.31 Y 1.22 Zr 1.33 Nb 1.60 Mo 2.16
(Pauling scale) H 2.20




Catalysts 2023, 13, 519

17 of 68

—*—H(2) \.
'\ —a—Mg(1) \
12 N —5—Mg(2) \ J12
R [
09 ] Kmim K= i&—x—x—ﬁ—& x=k~E>§ 5K Joo
2 N e
.E 08 . i o6
M- M(cen) ) .
1 —Mg(1) :
2—Mg(2) . e
w " Mg = Sc Ti V CroMaFe Co NiCuZn = ¥ Zr Nb Mo P4 Ag =
2"“ H(2) Alloying element
(b)
05
—O—M-H(1
_;_M,H:z; 03 ——Mg(t)-H(1) 103
04f —o—M-Mg(1) 04 —0—Mg(2)H(2)
‘ —v—MMg(2) ‘ ~4—Mg(1)}Mg(2)
o MMg(3) . ——H(1)-H(2)
—>—M-Mgd) R 02 / / 102
03| - 03 5 — / 2
g \0\ /6 E ~o—0"" ™o- -C..,Q,..—-*./ R 0—0—0
5 A \/ @ 0 — i / Nyt
02 © \& / 02 o 01 " 104
g d ° . 5
@ / Y i
/
o ¢ VAR I 00F & a—b—b—b—t—baap s a—bbd 4 4 10D
o000 q{ 1%
° E/c;H == g;._.:_!uc\c_,.,c BZﬁ./juAl K
ool B B/:—> = ] Db '57@ 00 o * H—x—h—x—x o —x o
T T T T T T T T T T T T T T T T T T T
UL o e s s e S B S S B Sy s e ey e e B} M - S Ti VCMFCNG GZ - Y Zr NbMoPd Ag -
Mg — Sc Ti V CrMrFe Co Ni CuZn — Y Zr No Mo Pd Ay - .
Alloying element Alloying element
() (d)

Figure 10. (a) The unit cell marked in cluster model of an alloyed magnesium hydride Mg(M)H,
containing 32 magnesium atoms, 1 M atom, and 64 hydrogen atoms with the substitution of the
central Mg atom in the cluster by an M atom. As noted above, H(1) and H(2) represent nnH, and
Mg(1) and Mg(2) represent nnnMg. (b) Ionicities (net charges according to the Mulliken population
analysis) of the central atom M and its adjacent H(1), H(2), Mg(1), and Mg(2) atoms vary with alloying
element M in Mg(M)H;. (c) Bond order between the central atom M and its adjacent atoms varies
with alloying element M. (d) Bond orders BO of the adjacent atomic pairs of Mg(1)-H(1), Mg(2)-H(2),
Mg(1)-Mg(2), and H(1)-H(2) to M vary with the alloying element M. In this figure, M is the transition
metal (TM) element mentioned in the text. (a—d) Reproduced with permission [182]. Copyright
2003, Elsevier.

Unlike the investigation results of Khatabi et al. [26], the electronic structures of Ni
and Y co-doped MgH, from the first-principles investigation of Sun et al. [27] show that
the hybridization of dopants with Mg and H atom together weaken the Mg-H interaction.
In the calculation of AH(Mg-TM)p;¢s for MgH, and Mg(TM)H; clusters, Chen et al. [182]
considered only the contribution of covalent interactions of TM—nnH, ionic interactions of
TM-nnH (ionicity difference of TM and nnH), and covalent interactions of nnnMg-nnH
and nnnMg-nnnH. The reason for not considering the contribution of ionic interaction of
nnnMg-nnH was explained by Chen et al. [182] by taking into account the poor variation
of ionicities of nnnMg and nnH with TM (Figure 10b). However, the ionic interaction
also depends on the distance between two ions. Unfortunately, Chen et al. [182] did
not provide the variation of nnnMg-nnH distance in Mg(TM)H,, clusters, and thus, the
contribution of the ionic interaction of nnnMg-nnH to AH(Mg-TM)p;¢f remains uncertain.
For evaluating the nnnMg-nnH interaction (covalent and ionic), the nnnMg-nnH distance
is an important parameter, since the BCP charge between nnnMg and nnH (Figure 8c) and
the ionicities of nnnMg (Figure 10b) vary indistinctively with TM. For example, DFT studies
showed that the distance between Mg and H is larger than that of Ti and H in ordered
Mg 75Tig25H, [185], which agrees with the theoretical investigation of the bonding nature
of Mg;TMH;4 (TM = Sc, Ti, V, Y, Zr, Nb), showing stronger covalent bonding between
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TM and H than between Mg and H [148]. In fact, the Mg—-H bond length has been widely
used to express the Mg—H bond strength, that is, the increase in the Mg—H bond length,
which is in general caused by the presence of the TM support, allowing a strong interaction
between TM and MgH), because of the strong interaction of d electrons with the hydrogen
anti-bonding orbital, corresponds to the decrease in the Mg-H bond strength and thereby
the reduction of the energy necessary to remove the hydrogen atoms surrounding Mg
atoms [30,77,146,185-194].

MgH,

[001)
[001]

(@) (b)

Figure 11. Charge distribution on the (110) plane of the (a) MgH; and (b) MgH,-Ti. The sym-
metrically nonequivalent atoms are denoted by numbers 1-3, respectively. (a,b) Reproduced with
permission [195]. Copyright 2003, Elsevier.

3.2. The Main Factors Affecting the Change Trends of Interactions (Ionic and Covalent) in
TM-doped MgH,

The discussion in Section 3.1 raised two factors that may influence the interatomic inter-
actions in TM-doped MgHy: the d electrons and electronegativity of the TM. A distinct peak
was observed near the Fermi level (Er) in the calculated DOS (Figure 13) of a Mg(Nb)O-MgH,
system, which was considered by the authors [30] to mainly originate from the contribution
of the Nb(4d) orbital. In addition, the contribution of the Nb atoms to the DOS in the vicinity
of the Er means that the Nb atoms are activation centers, which allows them to somewhat
capture the electrons belonging to MgH, and consequently induce the charge transfer [190]. In
fact, partial substitution of Mg in MgH; by a TM atom leads to the appearance of a narrow
d band in the middle of the gap with the Fermi level within and thereby the increase in the
bonding electron numbers N(Ep) at Er (a clear state density peak near Fermi level appears)
as well as the decrease in the HOMO-LUMO gap near Er, which makes it possible for the
TM-MgH), system to obtain metallic characteristics [184,196-199] and reduce the structural
stability of MgH, [29]. A crucial influence on the strength and length of TM-H bonds
in Mg15TMHj, was reported to be exerted by the areas and directions of accumulation
and depletion of the charge density p, which depends on the 3d orbital nature, such as
the splitting of the 3d states in the octahedral crystal field, the position of 3d states in the
DOS, and the Fermi level shift among the split 3d states, and is calculated as the difference
between the charge obtained self-consistently (SCF) and the superposition of the atomic
charges [28]. For example, the different Cu—nnH bond lengths and nature in Mg;5TMH,
was found to be related to the difference between the bCP positions along the Cu-H2 and
the Cu-H4 direction originating from the specific charge distribution of the Cu d-states split
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in the crystal field of its first coordination [28]. As shown in Figure 14, for TM = Sc, which
has only one 34 electron, the 3d band is almost empty, and Er is at the bottom edge of the
band. When the d band fills the 3d states of TM dopants together with a Fermi level shift
towards lower energies down to the energy gap for Ti to Ni, typical impurity levels are
formed and finally reach the top of the valence band for the almost fully occupied 3d bands
of Cu and Zn [28,198]. For a more detailed description of the change trend of the 34 orbital
nature, one can refer to reference [28], which suggests that the influence of d electrons on
interactions in TM-doped MgH), is quite complicated.
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Figure 12. Total and partial density of state (T-DOS and P-DOS) of the systems. (a) Mg;5ScH3;.
(b) Mg15TiHz;. (¢) Mg15VHs;. (d) Mg15CrHzp. (e) MgisYHs,. (f) Mgi5ZrHs;. (g) MgisNbHap.
(h) Mg15MoH3;. (a—h) Reproduced with permission [26]. Copyright 2016, Elsevier.
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permission [28]. Copyright 2014, Elsevier.
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Based on the Mg—TM (TM = Ti, Nb, V, Co, Mo, or Ni) core-shell-like nanostructures,
the electron transfer process in the Mg multi-valence TM system during dehydrogenation
was proposed by Cui et al. [102] as containing the following steps: (1) formation of TM-H
bonds and nucleation of Mg as a result of the diffusion of 2H™ on the interface between
MgH,, the TM-based catalyst into the shell, and the simultaneous transfer of two electrons
from the TM (the valence of TM changes) to Mg2+ ; (2) diffusion of H™ across the nano-shell
of the TM-based catalyst onto the surface; (3) the break of the TM-H bond as a result of the
transfer of two electrons from two H™ to TM2* (the valence of TM is changed back), leading
to the formation of H? and thereby the recombination of these two H? into a Hy molecule
on the surface of the TM-based catalyst. This redox-like mechanism, in which the multi-
valence TM serves as a medium for electron transfer, suggests that the electronegativity (x)
of a TM, which is a measure of the capacity of an atom to entice a bonding pair of electrons,
should be the key factor to influence the catalytic effect. Cui et al. [102] revealed that
metals bind more strongly with H as x decreases, which is in accord with the statements
of other researchers [200]. This is due to the fact that, for a variation of electronegativity
higher than 1.67, the ionic component of the bond predominates, while for a variation of
electronegativity of less than 1.67, the covalent component of the bond predominates [26,65];
i.e., the larger the difference of electronegativity between the TM atom and H atom, the
stronger the TM-H bonding. However, Cui et al. [102] considered the break of the TM-H
bonds to be the control step, which is in conflict with their results (Figure 15), because if
the breaking of the TM-H bonds is the control step, then as the x of TM decreases, the
TM-H bonds will become stronger, the breaking of the TM-H bonds will become more
difficult, and the hydrogen release rate will thereby decrease. Thus, the control step should
be the breaking of the Mg—H bonds [102], which means that compared with the variation
of the breaking rate of the TM-H bonds, the variation of the breaking rate of the Mg-H
bonds caused by the variation of TM exert more influence on the overall hydrogen release
rate. In this way, the results of Cui et al. [102] can be explained as follows: (1) as the x
of TM decreases, the x-difference between TM and H increases and thereby the TM-H
bond strength increases, which decreases the Mg—H bond strength, and thus, the activation
energy for dehydrogenation decreases (Figure 15b); (2) Cui et al. [102] believed that the
lower the formation enthalpy of TM hydrides, the stronger the interaction between TMs
and hydrogen; thus, the activation energy for dehydrogenation increases with the increase
in the formation enthalpy of TM hydrides (Figure 15c).
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Figure 15. (a) Comparison in dehydrogenation average kinetics within 5 minutes of Mg-TM samples
at 225, 250, and 275 °C. (b) Plot of E4 (activation energy for dehydrogenation) in Mg-TM systems
vs. x of TM. (b) Plot of Ep in Mg-TM systems vs. formation enthalpy of TM hydrides (TMHy).
(a—c) Reproduced with permission [102]. Copyright 2014, Royal Society of Chemistry.

3.3. Qualitative Analysis of the Effect of x(TM) on the Strength of Mg—H and TM-H Bond

Compared with the “ rule”, the regularity of the influence of d electrons on interac-
tions in TM-doped MgH), is not that strong. According to the work of Khatabi et al. [26]
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mentioned in Section 3.1 and the work of Cui et al. [102] mentioned in Section 3.2, the
general “x rule” can be defined as follows: the increased x-difference between TM and
Mg and the increased x-difference between TM and H enhance TM-Mg and TM-H bond
strength, respectively, and thereby weaken Mg-H bond strength. Since there is no consen-
sus on whether the control step is the breaking of TM-H bonds or Mg-H bonds, the effect
of x(TM) on the overall hydrogen release rate in the TM-doped MgH, should be described
for two cases. If the breaking of TM—-H bonds is the control step, the overall hydrogen
release rate will increase only with the decrease of x-difference between TM and H, while if
the breaking of Mg—H bonds is the control step, both the x-difference between TM and Mg
and the y-difference between TM and H should be considered to estimate the overall hy-
drogen release rate. Consider TMs in the fourth and fifth periods as an example (Figure 16):
(1) when the x of TM is in zone A, then as the x of TM increases, both x(H)—x(TM) and
x(Mg)—x(TM) decrease; (2) when the x of TM is in zone B, then as the x of TM increases,
x(H)—x(TM) decreases and x(TM)—x(Mg) increases; (3) when the x of TM is in zone C,
then as the x of TM increases, both x(TM)—x(H) and x(TM)—x(Mg) increases. It seems
that when the x of TM is located in zone A and zone C, the Mg-H bond strength changes
monotonously with the increase of the x of TM, but it should be noted that, to date, there
are no studies showing that the simultaneously decreased/increased TM-H and TM-Mg
bond strength will always increase/decrease the Mg-H bond strength. All of these issues
make the qualitative analysis of the stability of the Mg-TM-H system a complex problem.

1.22 A 131 B 220 C 2.28

Y

\ 4

Mg H Rh X
Figure 16. Electronegativity (Pauling scale) of d-TM.

The effect of x(TM) on the change trend of charge densities of TM and H in TM-doped
MgH; is an important topic for study, despite the difference in results showing that the
Mg-H interaction in MgH, is mainly determined by the ionicity of Mg and H (Figure 17)
and that the charge densities of TM and H play a more dominant role for evaluating the
ionic interaction of TM-H, Mg-H, and TM-Mg since the variation of charge densities of Mg
with TM in TM-doped MgH), is neglegible (as discussed in Section 3.1). For TM-substituted
MgH, (Table 5), the Bader population analysis showed that as x(TM) increases, the charge
density of H and TM almost monotonically decreases. The reason for this phenomenon
may be as follows [128]: as x(TM) increases, the TM receives more electron charge from Mg
atoms, and consequently, the charge density on hydrogen atoms decreases, which results
in less available electron charge for hydrogen atoms to use for binding in the structure,
and thereby, the hydrogen binding becomes weaker. Based on this and the discussion in
Section 3.1, the “) rule” of charge transfer in the TM-substituted MgH, can be proposed as
the following: the charge transfer caused by the variation of x(TM) occurs mainly between
the central TM, nnH, and nnnMg, and as x(TM) increases, the positive charge density of
TM and the negative charge density of hydrogen atoms decrease.

Table 4 shows that the variation of charge density of TM and H with TM does not fully
agree with the “ rule”. We believe that this phenomenon can be explained based on the
effect related to the radius of TM. For convenience, we arranged the data in Table 4 into
Figure 18 and propose a “radius effect” on the change trend of charge density of TM and H
as described below.
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Figure 17. Hydrogen desorption energy AEq (eV per Hj) as a function of average electron num-
bers around Mg and H atoms of MgH, nanowires and the bulk MgH) crystal. Reproduced with
permission [201]. Copyright 2016, Royal Society of Chemistry.

Table 5. Calculated charge density on hydrogen, Mg, and X (X =V, Nb, Fe, Ni, and Pd) together with
the electronegativity of additives. Reprinted /adapted with permission from Ref. [128]. Copyright
2016, Royal Society of Chemistry.

. Charge Density
X (in MgXHy) Radius of X [pm] @ Electronegativity of X ®
H Mg X
Mg 150 1.31 -1 +2 -

v 135 1.63 —0.88 +2 +1.50
Nb 145 1.6 -0.82 +2 +1.30
Fe 140 1.83 —-0.72 +2 +0.88
Co 135 1.88 —0.65 +2 +0.60
Ni 135 1.91 —0.63 +2 +0.50
Pd 140 2.20 —0.58 +2 +0.30

(@ These data represent the empirical radius of Mg and TM dopants from reference [125]; ® These data represent
the electronegativity (Pauling scale) of Mg and TM dopants from reference [202,203].
v 21
180 [ ]
sl Y
170 19 - Nb
Se 18+
T 160 n
5 / <t . Mo
~ Z.r = Sc\.
150 16 F T
Nb Mo
4 /' 15 F av
140 \/C-r \
I 14+
! u Cr
N 1 1 V L ! 1 1.3 1 1 1 1 1 1

130

Figure 18. Cont.



Catalysts 2023, 13, 519

24 of 68

0.76

0.75

0.74

= 0.73

0.72

0.71

0.70

-30

\ 35t Mo
Sc Nb .40 b Nb/'

45

.50 F \/.
.A

=
\
——
Z
(=]
AH [kJ mol™" H,]
:
N
<

-60 Sc

1 L L 1 1 -65 1 L L 1 L L

© ()

Figure 18. (a) The empirical radius (r) and electronegativities (x, Pauling scale) of TM elements.
The empirical radiuses of TM elements come from reference [125]. The electronegativity (Pauling
scale) of TM dopant elements come from reference [202,203]. Charge densities of (b) TM and (c) H in
Mg15TMH3; are presented in Table 4. (d) Heat of formation of Mg5TMHj; is presented in Table 4.

1.  When TM has a radius below 140 pm (including 140 pm), such as in Ti, V, and Cr, the
“x rule” plays the dominant role for electron transfer, and thus, in Figure 18, H—(Ti) >
H—(V) > H—(Cr) and Ti+ > V+ > Cr+.

2. When the TM has a radius of 140 < r < 155 pm, such as in Zr, Nb, and Mo, the “radius
effect” plays the dominant role for electron transfer. The increased driving force for
electron transfer from TM to nnH induced by the increased TM radius is larger than
other driving forces for electron transfer between TM, nnH, and nnnMg, which leads
to an increase in the negative charge density of H and the positive charge density
of TM with increases in TM radius. In Figure 18, r(Zr) > r(Nb), and thus H—(Zr) >
H—(Nb) and Zr+ > Nb+. r(Nb) = (Mo) = 145 pm, and thus, the charge density varies
according to the “ rule”; i.e., H—(Nb) > H—(Mo) and Nb+ > Mo+.

3. When the TM has a radius of 155 < r < 160 pm, such as in Sc, the lattice begins to expand,
which offsets the effect of the increase in the radius from Zr to Sc, and thus, the charge
density varies according to the “x rule”; i.e.,, H—(Zr) > H—(Sc) and Zr+ > Sc+.

4. From Scto Y, the “radius effect” can be ignored, because the degree of lattice expansion
is much greater than that of the increase in radius, which causes an increase in the
interatomic distance and thereby hinders the electron transfer between TM, nnH,
and nnnMg.

Thus, even if x(TM) decreases, the negative charge density on H is still reduced.
However, both the lattice expansion and the decreased x(TM) hinder the electron transfer
from nnnMg to TM, and thus, the positive charge density on TM increases. In fact, the r(TM)
located at the boundary of the two radius intervals proposed above can be considered to
belong to either the lower radius interval or the upper radius interval, which does not
affect the interpretation of the data. Based on this proposal, the change trend of the charge
density of TM and H in Table 5 can be completely explained: for V, Fe, Co, Ni, and Pd
with radius r < 140 pm, the charge densities of TM and H are controlled by the “x rule”,
which leads to the decrease in the charge densities of TM and H with the increase in x(TM),
while for Nb, Fe, and Pd with a radius in the range of 140-155 pm, the charge densities
of TM and H are controlled by the “radius effect”, which gives rise to the larger charge
densities of TM and H in MgNbH, than those in MgFeH, and MgPdH,. However, it
should be noted that the proposal fails to completely explain the BEC of TM in Figure 8c
and the ionicity of TM in Figure 10b, because according to the proposal, the relationship
of Ti+ > Mn+ > V+ > Zn+ > Cr+ > Fe+ > Co+ > Cu+ > Ni+ >Pd+, Zr+ > Nb+ > Mo+ >
(Ti+, Mn+, Cr+, Fe+, Pd+), Zr+ > Sc+ > Ag+ and Y+ > (Sc+, Ag+) should be obtained from
Figure 19. In addition, the ionicity of nnH varies with TM more obviously in Figure 8c
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than in Figure 10b, and the change trends of ionicity of TM do not exactly match in Figures
8c and 10b. These differences between the proposition and results of charge densities of
TM and H in Figures 8c and 10b may be attributed to the difference in doping content and
d-electron of TM, since the proposal is based on Table 4, which only presents results for
ETMs with few d-electrons.

Y
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~ /.7r
150 [ |
Mg Nb Mo
[
/ Cr Fe
140 | n ] mpd
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Figure 19. The empirical radiuses (r) and electronegativities (), Pauling scale) of Mg and TM elements.
The empirical radius of Mg and TM elements come from reference [125], and the electronegativity
(Pauling scale) of Mg and TM elements come from reference [202,203].

For TM-adsorbed MgH),, such as point-contact TM@Mg (Figure 20a), the TM@Mg of
the core—shell structure (Figure 20a), and TM/MgH, film, a different, simpler mechanism
can be expected. As can be seen from Table 6, compared with the TM atoms that substitute
Mg atoms, TM atoms that are adsorbed on the surface of MgH; more weakly interact
with adjacent atoms. Bader charge distribution analyses performed by Wang et al. [32]
demonstrate that the electron redistribution in NbTi clusters increases the ability of the
Nb atom to donate electron to H atom, which is believed by the authors [32] to facilitate
the break of Mg-H bonding. Note that the NbTi-MgH, interface demonstrated in the mi-
crostructure of the milled NbTiC-containing MgH, sample (Figure 20b) and the calculation
model (Figure 20c) in the work of Wang et al. [32] is similar to the TM-MgH), interface
demonstrated in TM@MgH,; core-shell-like structure (Figure 20a); thus, it can be proposed
that for TM-adsorbed MgH), the charge transfer between surface-adsorbed TM and the
surface H controls the overall charge transfer process, and as x(TM) decreases, the electrons
transferred from TM to the surface H increase, which leads to the weakening of the surface
Mg-H bond. Although this proposal can also explain the results for the dehydrogenation
properties of the core (MgH;)-shell (TM)-like structure demonstrated in Figure 15, it is
different from the proposal originating from Table 5 that as x™ increases, the TM receives
more electron charge from Mg atoms, and consequently, the charge density on hydrogen
atoms decreases, which indicates that the charge transfer between TM and Mg controls the
overall charge transfer process. As the authors [32] did not give an explanation for how the
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increase in the ability of Nb atoms to donate electron to H atoms can facilitate the break of
Mg-H bonding, we offer two explanatory propositions for this phenomenon:

1.  The increase of the ability of Nb to donate electron to H leads to the increase in
positive and negative charge densities of TM and H, respectively, thereby leading
to the increase in TM-H bond strength and decrease in Mg—H bond strength. This
proposition agrees with the general “x rule” defined in this section.

2. By analogy with the proposal originating from Table 5, TM atoms contribute more

electron charge to H atoms, and consequently, the charge density on Mg atoms
decreases, which results in less available electron charge for Mg atoms for binding
in the structure and thereby, weaker Mg binding. This agrees with the “x rule” of
charge transfer in the TM-substituted MgH,, that as x(TM) increases, the positive
charge density on TM and the negative charge density on hydrogen atoms decreases,
while the positive charge density on Mg increases. The above qualitative analysis
shows that the contribution of the “x rule” to the charge transfer trend between TM,
H, and Mg, and thereby to the interactions in the Mg-TM-H system, is the same for
TM-substituted and adsorbed MgH,. However, further investigations are required to
verify this proposal, as theoretical study on the charge density on TM, H, and Mg in
TM-adsorbed MgH, systems remains rare.
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Figure 20. (a) A section schematic diagram of the TM@Mg core-shell structure and point-contact
TM@Mg. Reproduced with permission [102]. Copyright 2014, Royal Society of Chemistry. (b) High-
resolution transmission electron microscopy (HRTEM) of NbTiC-MgH, composite. (c) The optimized
geometrical structures of MgH, adsorbed on (110) surfaces of NbTi, with Mg atoms in orange, H
atoms in pink, Nb atoms in green, and Ti atoms in blue. (b,c) Reproduced with permission [32].
Copyright 2019, Royal Society of Chemistry.

Table 6. The binding energy of substitution of TMs at the first, second, and third layer and on-surface
adsorption (in eV) at Mg (0001) surface with the substituted Mg placed on the new surface. Eon
represents binding energy for TMs adsorption on the Mg surface; E;, E;, and E3 represent TMs
substituting one Mg atom from the first, second, and third layer, respectively. Reprinted /adapted
with permission from Ref. [204]. Copyright 2014, Elsevier.

™ Eon [eV atom—1]  E{[eVatom—1] E;[eVatom~1] E;[eVatom—1]
Sc —2.260 —3.326 —3.532 —3.463
Ti —2.050 —4.019 —4.030 —3.905
\% —3.648 —5.824 —5.856 —5.735
Cr —0.871 —1.389 —1.135 —1.081
Mn —0.395 —-1.711 —1.279 —1.264
Fe —2.279 —3.445 —3.104 —3.042
Co —2.824 —4.432 —3.612 —3.485
Ni —3.692 —4.998 —4.128 —4.032
Cu —2.570 —3.154 —2.497 —2.454
Zn —0.513 —0.641 —0.354 —0.302
Y —2.613 —3.558 —3.664 —3.481
Zr —2.998 —4.997 —5411 —5.313
Nb —2.310 —5.033 —5.292 —5.136
Mo —4.618 —7.712 —7.604 —7.557
Tc —5.894 —8.724 —8.395 —8.397
Ru —4.756 —7.061 —6.651 —6.667
Rh —4.850 —6.685 —6.055 —6.015
Ag —2.199 —2.437 —2.171 —2.152
Pd —3.780 —4.781 —4.240 —4.176

Cd —0.480 —0.386 —0.290 -0.271
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4. The Micro-Catalytic Mechanism of TM Dopants on the Hydrogen Adsorption
Properties of Mg

Surface doping of TM atoms in the form of adsorption (Figure 21a) and substitution
(capped (Figure 21b) or not capped (Figure 21c) by the kicked-out Mg atom) can improve
the hydriding performance of Mg for hydrogen storage. However, due to hydrogen
molecular dissociation on the surface, hydrogen atom penetration through the surface, and
hydrogen atom subsurface diffusion, the TM catalytic mechanism for surface doping is
more complicated than that for volume doping; the underlying mechanism is still unclear.
As shown in Figure 21c, the dissociation of molecular hydrogen on the surface of TM-doped
Mg goes through an initial state (IS), transition state (TS), and final state (FS). In the IS, there
are no overlaps between the molecular hydrogen orbitals and orbitals of the TM-doped
Mg surface. In the TS, instead, when molecular hydrogen dissociates on the TM-doped
Mg surface, there are overlaps between TM-doped Mg surface and molecular hydrogen
orbitals, especially between TM d orbitals and molecular hydrogen orbitals [187,204]. This
overlap between the H, molecule and the TM atom is a quasi-molecular interaction called
Kubas bonding that has an interaction energy that is often above 0.5 eV (48 k] mol ! Hy). It
occurs as a result of molecular polarization and multiple o-bonding instances between the
H; molecule and the d orbitals of the TM atoms, as described in the paragraph that follows.

The electrons in the H, bonding (¢) orbital can be transferred to the unfilled d orbitals
of the TM via overlapping Hy ¢ and TM filled d orbitals; meanwhile, the d electrons of
TM can be transferred to the antibonding orbital (6*) of H, via the overlapping effect
between H; ¢* and TM unfilled d orbitals. These two overlapping effects make the TM
act as a bridge to transfer electrons from the bonding orbital of molecular hydrogen to its
anti-bonding orbital. The overall effect is called the bridging effect of the d orbital, which
causes the H, bonding orbital to be weakened and the energy barrier of H, dissociation
to be reduced (Figure 22) [16,18,64,110,187,205]. Thus, the adsorbed hydrogen atoms can
spill over onto the surface of Mg particles according to the reverse “spillover” mechanism
(Figure 23) [36,53,206-209]. For example, theoretical calculations have shown that the
activation barrier for the hydrogen dissociation on the V-doped Mg(0001) surface is only
0.20 eV (19 k] mol~! Hy) [210].

Figure 21. Cont.
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Side view

Figure 21. (a) Top view of four on-surface adsorption sites on the Mg(0001) surface. Dark blue balls
denote Mg atoms, and red balls represent the four different adsorption sites. (b) Hy (gray white balls)
dissociation over the Fe-doped Mg(0001) surface when Fe (light blue ball) is in the subsurface (capped
by a kicked-out Mg atom) as viewed from the side position. (a,b) Reproduced with permission [204].
Copyright 2014, Elsevier. (c) Hy (dark red) dissociation over the Ag-doped Mg surface as viewed
from the side position at IS, TS, and FS. The Mg, Ag, and H atoms are represented, respectively, by
light grey, dark grey, and black colors. The TM is exposed to the surface, not capped by a kicked-out
Mg atom. Reproduced with permission [211]. Copyright 2008, Elsevier.

Chen et al. [187] used a DFT calculation to compare the effect of atomic Fe in forms
of adsorption and substitution (not capped by the kicked-out Mg atom) on the hydriding
reaction of Mg(0001) surface; their findings follow.

1.  The H-H bond lengths for the H, molecule on the atomic-Fe-substituted and the atomic-
Fe-adsorbed Mg(0001) were 0.763 and 0.767 A, respectively, which are both higher than
that of a typical Hy molecule (0.754 A), and the H, molecule was more strongly attracted
on the atomic-Fe-adsorbed Mg(0001) than on the atomic-Fe-substituted Mg(0001), as
shown in Figure 24a,b.

2. The adsorbed Fe had a better catalytic performance for H, dissociation. The activation
energy barriers for H, dissociation on the atomic-Fe-substituted and the atomic-Fe-
adsorbed Mg(0001) were 1.76 and 0.37 eV (170 and 36 k] mol ! Hy), respectively. The
H-H bond lengths at the TS were calculated to be 1.651 A and 2.438 A on the atomic-
Fe-substituted and the atomic-Fe-adsorbed Mg(0001), respectively. This suggests that
the stronger the attraction of Hj by the surface, the smaller the activation energy of
Hj dissociation and the longer the H-H bond length in the TS.

3. During H; dissociation, the H-H bond length in the TS could be affected by the
bridging effect of Fe d orbitals, Fe-H ionic interaction, and Mg-H interaction (ionic +
covalent) between H, and Mg atoms adjacent to the Fe atom. In the case of atomic-Fe-
adsorbed Mg(0001), a partial density of states (PDOS) calculation showed that during
H, dissociation, compared with the overlapping of H s orbital with the Fe s and Fe p
orbitals (which contribute 18.4% of the total electrons participating in the dissociation
process), the Fe d orbitals contributed 81.6% of the total electrons participating in
the dissociation process, overlapping with the H s orbital at higher energy levels
of —2.79 and 0.35 eV, suggesting that the Fe d orbital plays a dominant role in the
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Fe-H interaction during H, dissociation. Moreover, a Mulliken charge calculation
(also known as Mulliken population analysis), which estimates the ionic interaction
as a component of the interatomic interaction by the net charge difference between
two atoms [182], showed that the charge values of H atoms were —0.134 and —0.155,
while those of Mg atoms adjacent to Fe atom were 0.086, 0.071, and 0.045, implying
a Mg-H ionic interaction. However, the Mulliken charge of Fe atom is only 0.003.
The electrically neutral performance of the adsorbed Fe during H, dissociation was
ascribed by the authors [187] to the moderate x(Fe) (1.83, Pauling scale) as comparied
with x(Mg) (1.31, Pauling scale) and x(H) (2.20, Pauling scale) and the fact that
electrons can be transferred from Mg atoms to H atoms through the Fe atom “bridge”
as a result of the “) rule”. Unlike that of the adsorbed Fe, the substituted Fe exerted
no obvious influence on H, dissociation (no obvious overlapping effect between the
H s orbital and the Fe s, Fe p, Fe d orbitals), while there were overlaps between the
H s orbital and the Mg s and Mg p orbitals during H, dissociation due to the steric
hindrance effect, which was related to the radius of the Fe atom being smaller than
that of the Mg atom. On the one hand, this hindrance effect inhibited the attraction
of Fe electrons by the H atom, destroying the “x rule” and thereby leading to more
electrons transferred from Mg to Fe than electrons transferred from Fe to H atom.
Consequently, the Mulliken charge value of Fe became —0.138, which suggests that the
Fe-H interaction was screened. On the other hand, this hindrance effect led to a larger
contact surface between the H atom and Mg atom, and as a result, more electrons were
transferred from Mg to H, which explains the large Mulliken charges of Mg and H
in the atomic-Fe-substituted Mg(0001) compared to those of the atomic-Fe-adsorbed
Mg(0001), as shown in Figure 24c,d;

Compared with the adsorbed Fe, the substituted Fe was more favorable for the surface
penetration of H atom from the fcc site (A site) to the octahedral interstice (B site)
but is unfavorable for the bulk diffusion from the tetrahedral interstice (C site) to
the octahedral interstice (D site) (Figure 24e,f) due to the difference in the orbital
overlapping between H s and Fe s orbitals.

Figure 22. Deformation charge density distributions for the TS of H; dissociation on atomic-Fe-
adsorbed Mg(0001). The red and blue indicate electron enrichment and depletion regions, respectively.
Here, d, is the filled d orbital, which contributes the electrons during dissociation; dyy is the
unfilled d orbital, which accepts the electrons during dissociation. Reproduced with permission [187].
Copyright 2019, Elsevier.
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Figure 23. Schematic representation of the steps involved in the formation of localized MgH,
nanodomains from the hydrogenation of Mg nanofilms catalyzed by Pd NPs. (a) Deposition of
size-selected Pd NPs on a pristine Mg nanofilm. (b) Samples deliberately air-exposed before hydro-
genation, leading to the formation of a very thin protective MgO/Mg(OH); layer on the surface of
the film. (c) Exposure of the sample to hydrogen, leading to dissociation of the hydrogen molecule
to atoms on the Pd NP surface. (d) (i) Atomic hydrogen diffuses through the Pd NPs and reacts
with the Mg nanofilm, forming MgH, and surface protrusions under the Pd NPs; ii) these localized
protrusions rupture the surrounding MgO/Mg(OH), layer, permitting hydrogen atoms to spill
over the Pd NPs and tunnel through the cracks to react with the underlying fresh Mg nanofilm.

(a—d) Reproduced with permission [53]. Copyright 2016, Elsevier.
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Figure 24. (a) Schematic images of H; molecule adsorption on the atomic-Fe-substituted (left) and
the atomic-Fe-adsorbed (right) Mg(0001). The green, brown, and white balls represent Mg, Fe,
and H atoms, respectively. (b) Charge density distributions for the atomic-Fe-substituted (left)
and the atomic-Fe-adsorbed (right) Mg(0001) after H, adsorption. (¢) Deformation charge density
distributions and Mulliken charges for the TS of H; dissociation on the atomic-Fe-adsorbed Mg (0001).
(d) Deformation charge density distributions and Mulliken charges for the TS of H, dissociation on
the Fe-substituted Mg(0001). (e) Minimum energy paths (MEPs) for the H atom diffusion on the
atomic-Fe-substituted and atomic-Fe-adsorbed Mg(0001). (f) Diffusion routes of the H atom on the
atomic-Fe-substituted and atomic-Fe-adsorbed Mg(0001). (a—f) Reproduced with permission [187].
Copyright 2019, Elsevier.
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In addition to considering the orbital overlapping between H s and Fe s orbitals, the
difference in Figure 24e may be explained through another mechanism: (1) In the case of Fe
substitution, the A site is located above the Fe atom; thus, the hydrogen diffusion energy
barrier from the A site to the B site is small, benefiting from the downward component force
of the Fe atom on the H atom located at the A site. Meanwhile, the C site is located directly
below the Fe atom, so hydrogen diffusion from the C site to the D site is difficult. (2) In
the case of Fe adsorption, the A site is located below the Fe atom, so hydrogen diffusion
from the A site to the B site is difficult. Although the C site is located directly below the
surface Mg atom, the attraction of the H atom located at the C site by the surface Mg atom
can be expected to be weaker than that of the H atom located by the substituted Fe atom,
since the adsorbed Fe atom may pull the electronic cloud of the surface Mg atom to itself
to weaken the Mg-H interaction just like the Ti atom does to the adjacent H atoms, as
shown in Figure 11. Thus, hydrogen diffusion from the C site to the D site in the case of
Fe adsorption proceeds more easily than in the case of Fe substitution. This reveals the
competitive phenomenon between surface dissociation of H and surface diffusion of H
atoms depending on the doping sites of TM on the surface of Mg.

The TM-dependent competition between the surface dissociation of H, and the surface
diffusion of H atoms has been reported by Pozzo et al. [211], who studied (Figure 25a)
hydrogen molecule dissociation and subsequent atomic hydrogen diffusion on TM (Tj, V,
Zr, Fe, Ru, Co, Rh, Ni, Pd, Cu, Ag)-doped Mg(0001) surfaces by replacing one of the four
surface Mg atoms with one TM atom (not capped by the kicked-out Mg atom). They found
that TMs on the left of the periodic table strongly bind hydrogen, eliminating the barrier of
hydrogen molecule dissociation on the surface but leading to the hard diffusion of atomic
hydrogen. On the contrary, TMs on the right of the periodic table did not bind hydrogen,
leading to the easy diffusion of atomic hydrogen but a high barrier to hydrogen molecule
dissociation. Mg surfaces doped by Fe, Ni, and Rh had both reduced dissociation barriers
and low diffusion barriers. Similar results (Figure 25b) were reported by Wang et al. [204]
The authors [204,211], without considering the hindrance effect of adjacent Mg atoms
as mentioned in Chen et al. [187], attributed these results to the 4 band center positions
of TM dopants, which control the binding ability of hydrogen to TMs and thereby the
processes of hydrogen molecule dissociation and diffusion of atomic hydrogen with the
following equation:

Eo
Ea= [ _dE(E—Er)pa(E) ©)

where pq(E) represents the projection of the electronic density of states onto d type spherical
harmonics, Ep represents the Fermi energy, and Ej represents the cutoff energy, which
usually sits at 7 eV above Eg. Based on the ‘d band center” mechanism, Figure 25a fits on
an ‘inverse volcano plot” around Ep, which is in good agreement with the DFT calculation
results of the TM-H chemical bond energy as a function of the d band center in the expanded
MgTM alloy, as shown in Figure 25¢, in which two regimes are present. One of these regimes
is linear and displays increasing bond strength, going from low- to half-filling of the 4 band.
The other regime displays decreasing bond strength as a consequence of the repulsive
contribution originating from the coupling of the H (1s)-TM (d) anti-bonding state, which
remains unoccupied until MgMnHj (Figure 25d) [212]. Another common characteristic of
Figure 25a,c is that for the ETMs, the Fermi level lies in the strongly bonding levels near
the bottom of the d band, while for the late transition metals (LTMs) the Fermi level is in
the top of or above the d band.
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Figure 25. (a) Activation energy barrier for hydrogen dissociation (black) and diffusion (red) of
hydrogen on pure Mg and TM-doped Mg(0001) surfaces (TM is not capped by the kicked-out Mg
atom) as a function of the d band center positions. Reproduced with permission [211]. Copyright
2008, Elsevier. (b) Minimum energy paths for the dissociation of the H, molecule and subsequent
diffusion of one of the two H atoms on a pure Mg(0001) surface and on a (Ti, V, Fe, Co, and Ni)-doped
Mg(0001) surface when TMs in the first layer are not capped by the kicked-out Mg atom. Reproduced
with permission [204]. Copyright 2014, Elsevier. (c) Chemical bond energy of hydrogen atoms in the
expanded Mg-TM alloy as a function of the d band center, where magnetic effects have been excluded.
(d) The local density of states projected onto the renormalized hydrogen 1s states as a function of
the energy relative to the Fermi level, where gray states are occupied. Two effects are present: an
attractive down-shift in the occupied bonding (1s—d) state and a repulsive contribution scaling with
the gradual filling of the anti-bonding (1s-d)* state from MgMnHj to MgZnHs. E,_;)- is the
onset of occupancy of the anti-bonding state. (¢,d) Reproduced with permission [212]. Copyright
2004, Elsevier.
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Compared with Figure 25¢, Figure 25a shows the following differences:

1.  In the same period as the filling of d band, the d band center moves towards low
energy as in Figure 25¢, except for Fe—Co. In Pozzo et al. [211], Fe is considered to be
the only required dopant for magnetic calculations (while Co is also magnetic, when
used as a dopant of the Mg surface, Pozzo et al. [211] show that it can be treated as
non-magnetic). Moreover, as mentioned in Section 3.1, spin-polarized calculations
reveal the splitting of the d band, which may cause the shifting of the d band center.

2. For TMs in the same group, there is a deviation between the locations of the 4d band
center and the 3d band center, especially for TMs with a nearly filled d band (e.g.,
Ni—Pd, Cu—Ag). This is most likely related to differences in the radiuses of TMs.

3. The top of the volcano is not located at the Fermi level, and on the right side of the top
of the volcano, the dissociation activation energy of hydrogen does not decrease as the
d band center moves toward the top of the volcano. This may be due to the difference
in doping sites (surface doping in Figure 25a and volume doping in Figure 25c) or
doping amount in the two cases.

It should also be noted that the hindrance effect reported for the atomic-Fe-substituted
Mg(0001) (not capped by the kicked-out Mg atom) in the work of Chen et al. [187] is not
observed in Figure 25a due to the good correlation of the barrier values with the d band
center position, implying that the effects of the d orbital electrons are not screened by
surface Mg atoms. Despite this debate surrounding the hindrance effect in the atomic-
TM-substituted Mg(0001) with a TM that is not capped by the kicked-out Mg atom, one
can believe that the hindrance effect exists when the TM is in the subsurface of Mg(0001).
For example, in the work of Wang et al. [204], effects of some of the d orbital electrons of
the TM atom substituted in the subsurface were reported to be screened by surface Mg
atoms due to the low correlation of the barrier values with 4 band center position (Table 7).
We believe that this hindrance effect leads to the transformation of partial direct TM-H
interaction to indirect TM-H interaction, which occurs through the surface Mg atom as
an intermediary, such as via (1) another Kubas interaction, wherein the polarization of
Hj, molecules by the electric field produced by a positively charged metal ion facilitates
Hj; dissociation [16,17,213], the electronegativity difference of x(TM)—x(Mg) leads to the
transfer of the electrons from the surface Mg to the subsurface TM, and as a result, the
surface Mg creates a positive electric field, which facilitates the hydrogen dissociation due
to the polarization of H, molecules; or (2) TM-Mg orbital hybridization (Figure 26), which
may pull the electronic cloud of the surface Mg atom to TM to weaken the interaction
between H; and the surface Mg, leading to a more difficult H, dissociation.

Table 7. The d band center position with respect to the Fermi energy (Eq), the activation energy
barrier for the dissociation of Hj (Egjss), and the activation energy barrier for the diffusion of atomic
H (Eg4ifr) when the TM atom is placed in the subsurface of Mg(0001) (TM is capped by the kicked-out
Mg atom) [204].

Surface Eq [eV] Egiss [eV] Egi¢e [eV]
Pure Mg - 0.92 0.19
Zn-doped Mg —1.04 0.63 0.18
Ni-doped Mg —0.89 0.65 0.16
Fe-doped Mg -0.73 0.59 0.12
Co-doped Mg —0.52 0.61 0.14
Mn-doped Mg —0.14 0.60 0.10
V-doped Mg 0.06 0.77 0.10
Ti-doped Mg 0.16 0.71 0.08

Sc-doped Mg 0.43 0.82 0.04
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Figure 26. Projected densities of states for H, dissociating over a pure Mg(0001) surface as a function
of the energy relative to the Fermi level for the (a) IS, (b) TS, and (c) FS. The same is shown for the
Fe-doped Mg(0001) surface (Fe is placed in the subsurface) for the (d) IS, (e) TS, and (f) FS. The dashed
vertical line shows the position of the d band center in (d). (a—f) Reproduced with permission [204].
Copyright 2014, Elsevier.

In order to facilitate the analysis of the influence of x(TM), r(TM), and d band center
on Eg;es, in Figure 27, we demonstrate x(TM), d band center, and the E ;55 data from Table 7
(for (TM), one can refer to Figure 19). As shown in Figure 27, the change trend of E g;4 is
consistent with that of x(TM) except for Sc. However, it is not the case that, except for Sc,
E4iss increases/decreases with the increase/decrease of x(TM) in Figure 27, because for
Zn—Co, r(Zn) = r(Co), and Egjss decreases with the increase of the x(TM), while for Ni—Co,
r(Ni) = 7(Co), and E 4;ss decreases with the decrease of the x(TM). The same phenomenon
can also be observed for the dependence of Eg;ss on the d band center. For example, for
Ni—Co and Zn—V, r(Ni) = r(Co) = r(Zn) = r(V), the decreases in x(TM) are 0.03 and 0.02
respectively, which are approximately equal, and the increase of the d band center leads to
the decrease of E 455 for Ni—Co but the increase of E ;s for Zn—V. Thus, other factors that
might influence the H; dissociation and thereby the diffusion of atomic H when a TM atom
is placed in the subsurface of Mg(0001) should also be considered.

For example, based on Figure 25c, one can propose that in different d band center
areas, the effect of the increase of d band center on Eg;s; may be different; that is, in some
d band center areas, the TM-Mg orbital hybridization plays the dominant role, while in
other d band center areas, the TM-H, orbital hybridization plays the dominant role. In
fact, even if the TM-Mg(TM-H,) orbital hybridization plays the dominant role in some d
band center areas, the effect of the increase of the d band center on E4;ss may be different
in different d band center areas. Furthermore, as suggested by Wang et al. [204], magnetic
(spin-polarized) calculations must be used for Mg(0001) surfaces doped by Fe and Co,
which may influence the calculated d band center position and E 455 and thereby the change
trend of E ;s with the d band center in Table 7 (Ni is also a magnetic element, but when it
was located at the Mg surface, the system was found to be non-magnetic). Table 7 is also
noteworthy in that Egi does not strictly decrease with the increase of Eg;. In addition
to being explained by the above-mentioned factors that influence H, dissociation, this
phenomenon can also be explained by TM s-H s orbital overlapping. Chen et al. [187]
believed that, compared with Fe s or Fe p orbitals, the Fe d orbitals can play the dominant
role in overlapping with the H s orbital for H, dissociation, but they ascribed the beneficial
effect of Fe on the H diffusion to the orbital overlapping between H s and Fe s orbitals.
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Figure 27. Electronegativity (Pauling scale) of TM and Eg;ss depending on the d band center of
TM-doped Mg. E4;ss and d band center come from Table 7, the electronegativity (Pauling scale) of TM
come from reference [202,203].

5. “Hydrogen Pump”
5.1. Mg—TM Intermetallic Compound or Mg—TM-H Ternary Hydrides as “Hydrogen Pump”

The Mg-Ni system in Figure 15 is different from other Mg—TM systems; this was
attributed by the authors [102] to the formation of Mg,NiHy, which reveals another mecha-
nism for TMs to improve the hydrogen sorption properties of Mg (MgH5): a “hydrogen
pump” that significantly facilitates hydrogen diffusion. The “hydrogen pump” initial-
izes during dehydrogenation and requires the release of hydrogen from the “hydrogen
pump” prior to MgH, [214]; thus, a typical “hydrogen pump” is in the intermediate hy-
dride phase with higher hydrogenation enthalpy than MgH,, such as Mg, NiHy, which
has an enthalpy of formation of —64 k] mol ! H, [34,102,214-225], and Mgs;CoHs, which
has a hydride formation enthalpy of —70 k] mol~! H, [117]. The pump works via an
expansion-strain—de/absorption mechanism [205], since the de/hydrogenation process
can be initiated via volume expansion and microstrain caused by the reversible conversion
of Mg, TM,; /Mg, TM,;H,, which can influence the neighboring Mg core [226,227]. For
example, in the process of H; absorption in the Mg-Mg,Ni system (Figure 28), after disso-
ciation of H, molecules, the homogenously distributed Mg, Ni particles capture and absorb
H atoms to form Mg,Ni hydrides, leading to microstructural changes such as volume
expansion and micro strain, which affects the attached Mg neighbor and hence triggers
its hydrogen absorption [205]. Volume expansion from Mg,Ni to Mg, NiHy leads to the
volume expansion of the attached Mg lattice, which causes new defects in the attached Mg
lattice. These new defects allow for a dispelling of the accumulated elastic strain caused
by the approximately 20% lattice expansion from the initial Mg metal to the rutile-type
tetragonal phase of MgH,, making the nucleation and growth of MgH, fast and easy. Once
the absorption of Mg is initiated, further hydrogen absorption proceeds through the same
mechanism inside the Mg matrix [205], since from Mg to MgH,, the volume expansion
occurs as mentioned above. Note that only marginal Mg,NiH} is required in the composite
to cause a sufficient synergetic effect for hydrogen absorption [205]. When the surface of
Mg particles is covered by a large amount of MgH), the hydrogenation of Mg will stop.
Thus, the optimal “hydrogen pump” effect can be expected only when the amount of
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Mg, Ni distributed on the surface of the Mg particle is small. The dehydrogenation process
is the opposite, and thus, the dehydrogenation of MgH, starts as a result of a clamping
effect related to the volume compression that results from the transition of Mgp,NiH, to
Mg, Ni. The clamping effect will be discussed in Section 6.

* @8 (1) H, dissociation

(2) H-diffusion

(3) MgH, nucleation

Figure 28. Schematic representation of a Mg-Mg,Ni system showing the role of MgoNiHy to enhance
hydrogen absorption kinetics in Mg. The H, molecules, Mg, NiHy, Mg, and MgH), are represented,
respectively, by blue, green, orange, and grey colors. Reproduced with permission [37]. Copyright
2019, Royal Society of Chemistry.

Theoretical studies have demonstrated that the Mg-ETM-H system of the Ca;Ge
structure (Figure 29) type (space group: Fm3m), such as Mg;TMH; (TM = Sc, Ti, V, Zn,
Y, Zr, Nb, Pd, Cd), MggNbH;¢, MgsTiH;s, and MggVH;, are less stable than MgH; and
have better hydrogen-releasing properties compared to MgH, [147-149,228]. This implies
that a H-stabilized ternary hydride could serve as a “hydrogen pump”. For H-stabilized
ternary hydrides, the “hydrogen pump” mechanism is informed by Lin et al. [229] and
Lu et al. [207]. The DFT calculation conducted by Lin et al. [229] on the catalytic effect
of CeH,/CeO, (x =2,2.25,2.5,2.75 and 3) on the hydrogen storage properties of MgHj
suggests that the “hydrogen pump” effect arises from the lowest formation energies (in
absolute value) of Vy (hydrogen vacancy) at the CeH 75—CeO; interface. Lu et al. [207]
calculated the defect formation energy of H atoms depending on the hydrogen pressure at
the tetrahedral (Figure 30a) and octahedral (Figure 30b) site of a H-stabilized MgsPt lattice,
which was formed during the hydrogenation process of the core-shell-nanostructured
Mg@Pt composite. The calculation results (Figure 30c) showed a tendency towards a lower
defect formation energy (in absolute value) from the H atom with decreasing hydrogen
partial pressure. Based on these results, the authors [207] described the catalytic mecha-
nism of MgsPt as a “hydrogen pump” during the hydrogen desorption process: escape
of the H atoms in Mg3Pt from the interstitial tetrahedral and octahedral sites at low hy-
drogen pressure is followed by H atoms/ions in MgH, passing through the MgH,-MgsPt
interface and entering Mg3Pt to stabilize it, which continuously proceeds until MgHj is
completely dehydrogenated. A similar “hydrogen pump” mechanism can also be observed
for Mg-Fe-H hydrides. Normally, Mg and Fe are immiscible, but the ternary hydride
Mg,FeH with a formation enthalpy of —77.9 k] mol~! H, can be formed in the presence
of hydrogen [34]. During the dehydrogenation process, while Mg,FeHg has a lower forma-
tion enthalpy than does MgH), the d electrons orbital from Fe causes hydrogen to first be
released from MgyFeHg, which transforms into Mg and Fe, since Mg and Fe cannot form
any intermetallics. After complete dehydrogenation of Mg,FeHg, MgH) starts to release
hydrogen, which can diffuse into the Fe nanoparticles to form Mg,FeHg again [111,128].
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Figure 29. The high-pressure phase of Mg;TiH;4 crystal structure within an FCC structure anal-
ogous to the CayGe type with a unit cell of 96 atoms. Pink (medium), black (big), blue (small)
spheres represent Mg, Ti, and H atoms, respectively. Reproduced with permission [228]. Copyright

2013, Elsevier.
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Figure 30. DFT calculation results for the Mg@Pt composite. (a) Interstitial hydrogen atom in the
tetrahedral sites of MgzPt. (b) Interstitial hydrogen atom in the octahedral sites of MgsPt. (c) Defect
formation energy of H-atom dependence on hydrogen pressure at the tetrahedral and octahedral
sites. (a—c) Reproduced with permission [207]. Copyright 2019, Royal Society of Chemistry.
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5.2. ETM or ETM Dihydride as “Hydrogen Pump”

A large number of studies have demonstrated that the surfaces of metallic Ti and V
are very favorable for the dissociation and recombination of H, molecules by a spill-over
effect and /or a hydrogen pump effect [230-234]. In one study, the vanadium was believed
to work as a “hydrogen pump” by chemisorbing hydrogen atoms and transferring them to
the Mg-V interface, which provides active nucleation sites for magnesium hydride [235].
In this case, the “hydrogen pump” mechanism of ETM for the hydrogenation of Mg
can be also considered to be of an expansion—strain—de/absorption type. In the case of
niobium-based additives, the improvement of hydrogen storage properties of the MgH,
system after HEBM (high-energy ball milling) experiments has been explained by the
formation of intermediate phases (NbHy) that could act as a gateway for the hydrogen,
favoring the desorption kinetics of MgH», because the nano-interfaces between the phases
of NbHx-MgH), possess high diffusivity pathways for the hydrogen [236,237]. Based on
the fact that the Nb-H bond is weaker than the Mg—H bond [200], it has been proposed
that MgH, begins to dehydrogenate after the complete dehydrogenation of NbH. Here, the
interfaces at the Nb-MgH, boundaries with high interfacial energy can act as fast hydrogen
diffusion paths to accelerate the dehydrogenation process of MgHy,; that is, the released
hydrogen from MgH, diffuses into the Nb through the interface of MgH,-Nb to form NbH,
and then, NbH releases hydrogen again and transforms into Nb. Finally, via Nb/NbH
hydrogenation/dehydrogenation cycling, MgH, completely changes into Mg [200].

While TiH,, with a formation enthalpy of AH ~ —130 k] mol ! H, [238], has even less
favorable thermodynamics compared to MgH,, during the dehydrogenation process, TiH,
releases hydrogen prior to MgH, and provides the hydrogen diffusion paths to accelerate
the hydrogen desorption process of MgH, [239]. Indeed, for the Na,Ti3Oy-nanotube-
catalyzed MgHo,, the TiH; that is formed during the hydrogen cycles is believed to serve
as a “hydrogen pump” to promote the de/hydrogenation rate [43]. This may be due to
the rapid diffusion of atomic hydrogen in TiH, [238,240]. In fact, hydrogen atoms can
diffuse extremely fast in ETMH, (ETM =Y, Ti, Zr, V, and Nb) hydrides, having a diffusion
coefficient that is five orders of magnitude higher than that of MgH, [37]. Moreover, the
TM (TM = Sc, Ti, V, and Cr) dihydrides are reported to be metallic (Figure 31) [25], which
may lead to the fast H, desorption kinetics due to the abundant gas of free electrons.
Recently, Rizo-Acosta et al. [37] found that compared with other MgH,-ETMH, (ETM = Sc,
Ti, Zr, V, and Nb) nanocomposites, the hydrogen desorption kinetics of the MgH,-YHj3
nanocomposite is almost as sluggish as those of RBM (reactive ball-milling)-made MgHo,.
The slow kinetics were attributed by the authors [37] to the fact that YH3 hydride, being
a semiconductor with no available electronic states at the Fermi level, has poor catalytic
activity towards the recombination of hydrogen atoms into molecules at the YHj3 surface or
YH3-MgH), interfaces, which led to a high content of retained MgH, in desorption sweeps
(Figure 32). Unlike YH3, metallic hydrides from other ETMs (ScHy, TiH,, ZrH,, VH, and
NbH) are characterized by partially occupied d bands near the Fermi level [37,241,242] that
facilitate Hy-surface reactions [37]. The irreversible hydrogen content stored in the form
of thermodynamically stable ETMH,, displayed in grey at the bottom of Figure 32, can be
explained by the exothermic reaction between hydrogen and TMs in groups below group
VI, which leads to higher hydrogen solubility and therefore more stable metallic hydrides,
and the endothermic reaction between hydrogen and the group VI-VIII transition and
noble metals, which leads to lower hydrogen solubility [182].
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Figure 31. DOS of TMH, for TM = Sc, Ti, V, and Cr. For CrH,, the nonmagnetic DOS is given.
Reproduced with permission [25]. Copyright 2009, American Physical Society.
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Figure 32. H content in MgH,-ETMH, nanocomposites for subsequent desorption (full symbols)
and absorption (empty symbols) sweeps. Hatched areas stand for retained MgH, and unreacted
Mg at each sorption sweep, respectively. The irreversible hydrogen content stored in the form
of thermodynamically stable ETMHy is displayed in grey at the bottom. The white area located
between the upper and lower hatched ones gives the reversible capacity Crey. Reproduced with
permission [37]. Copyright 2019, Royal Society of Chemistry.

6. Other Mechanisms

The nature of the H-H interaction in interstitial hydrides is elastic and therefore in-
trinsically long-ranged [243]. A net H-H attraction can result from the lattice dilatation,
which is induced by an interstitial H atom, is constant throughout the whole crystal, and
favors the absorption of further H atoms [243]. In metal with elastically free surfaces, two
hydrogen atoms exhibit an effective attractive interaction that leads to high desorption
temperatures [244,245], while if the lattice is not free to expand (stress relaxation is reduced)
upon H absorption, the elastic contribution to the reduction of the H-H interaction energy
increases, and the H-H interaction might even become repulsive, resulting in an increased
(i.e., less negative) AH [243,246]. Thus, clamping, which would induce a repulsive H-H
interaction (instead of the usual attractive interaction) via the elastic constraints imposed
by the material capping the magnesium [244,245], can be used to tune the hydride forma-
tion enthalpy and consequently the equilibrium/plateau hydrogen pressure to the levels
required for specific applications according to the van’t Hoff equation [20]:

°d © ©
o Pl _ AHO a5 00
p RT R

where O represents the reference state of 1 bar, and R is the gas constant. The elastic
model suggested by Pasquini et al. [243] shows that the elastic constraint in 3-D core—shell
NPs, where the core is a hydride-forming metal, can exert a remarkable effect on the
thermodynamic stability of the core in its hydride phase, which decreases with increasing
stiffness and thickness of the shell and with decreasing NP size, inducing a change in its
formation enthalpy on the order of 20-30% if a suitable morphology and proper elastic
parameters coexist. Baldi et al. [245] believed that for Mg thin films capped with different
TMs, two behaviors are clearly distinguishable:
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1. Mg-alloy-forming TM elements, such as Ni and Pd, alloy between Mg and the top
layer, leading to a strong clamping effect on the thermodynamic properties of Mg.
This results in a much higher hydrogen plateau pressure (increased hydride for-
mation enthalpy) than that measured for Mg films of equal thickness capped with
Mg-immiscible elements such as Ti, Nb, and V. This is consistent with the finding
that alloying at the interface between the Mg film and the clamping layer (Pd or Ni)
adds to the elastic clamping, making it difficult to separate the two contributions to
hydride destabilization [243,247,248].

2. Mg-immiscible elements effectively behave like “scissors” and lead to “quasifree” Mg
layers with elastically disconnected interfaces. However, based on the assumption
that MgH, and TiH; form immiscible phases, the DFT calculation performed by Hao
and Sholl [249] indicated that among the low surface-energy faces of MgH, (Mg)
and TiH, (Figure 33), strong epitaxial interfaces with favorable interface formation
energy (an important feature for elastic clamping) can be formed; the strain induced
by these interfaces in MgH, and Mg can exert a significant influence on the hydrogen
desorption enthalpy of MgH,.

-

TiH,(111)/Mg(0001)
(a) (b)

Figure 33. (a) Interface structure of TiH,(111)-MgH,(110). (b) Interface structure of TiH,(111)-
Mg(0001). (a,b) Reproduced with permission [249]. Copyright 2011, American Chemical Society.

Another key finding of the calculations is that, when the thickness of the TiH, substrate
is large enough that the lattice constant of TiH, can be fixed at its bulk value, the reaction
enthalpy can be reduced relative to that of bulk MgH, by 5-12 k] mol~! H,, with the
largest changes occurring for very thin MgH, films, while in systems where both the
MgH, (or Mg) and TiH, lattice constants are allowed to relax, the reaction enthalpy is
only reduced by ~4 k] mol~! Hj. This finding suggests that making the grain size/film
thickness ratio between MgH, and TiH; as small as possible will produce substantial
improvement in thermodynamics relative to bulk MgH, [249]. Despite the controversy
over the clapping effect in Mg thin films capped with different TMs, one can expect that in
a core(MgHy)@shell(TM) structure, the clapping effect always exists regardless of the TM
present. This is because, in all-sides clamped metal-hydrogen systems, the H-H interaction
becomes repulsive [245,250].
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Based on the above discussion and the finding that elastic contributions increase with
increasing coherency (i.e., evolving stress contributions are largest at coherent interfaces),
while at semi- or incoherent interfaces formed by plastic deformation, stress can be partially
released [246], it can be deduced that the clapping efficacy of a certain TM layer of the same
stiffness and thickness follows this degressive order: core(MgH;)@shell(TM) structure
when TM and Mg forming alloy, core(MgH;)@shell(TM) structure when TM immiscible
with Mg, MgH), film capped by TM layer when TM and Mg forming alloy, and MgH, film
capped by TM layer when TM immiscible with Mg. Based on one study on the hydrides
of ETMs as grain-growth inhibitors of Mg that tentatively attributed the grain-growth
inhibition effect of ETMH, to coherent coupling between Mg and ETMH, due to their
close molar volume [37], the coherency of interfaces can also be considered to be related
to the difference in molar volumes of Mg and TM dihydride. In addition, considering
the expansion-strain—de/absorption mechanism for Mg,Ni as a hydrogen pump during
the hydrogen absorption of Mg, the volume expansion from Mg,Ni to Mg,NiH; may
weaken the clamping effect of MgoNi. However, in another study, this factor could not be
considered for the clamping effect of Pd, since Mg,Pd could not absorb hydrogen [128].
Thus, one must first determine whether the Mg-TM alloy has a corresponding hydride
phase or even whether Mg-immiscible TM immiscible can form a TM-Mg-H ternary
hydride to estimate the clamping effect of a given TM. It is also worth mentioning here that
the repulsive H-H interaction in such systems may suppress the phase transition from Mg
to MgH, [250] as the accumulation of hydrogen in compressively stressed lattice regions is
restrained [246].

TM-enhanced hydrogen diffusion in MgH, may be explained by the mechanisms below.

1. The presence of large concentrations of TM impurities doped into MgH), can shift the
Fermi level depending on the position of the TM acceptor/donor levels in the band
gap, thereby influencing the formation energy and the concentration of the hydrogen
vacancies that govern hydrogen diffusion [251]. In addition, TM dopants in a MgH,
cell can influence the energy barrier in hydrogen vacancy diffusion. For example, the
DFT calculations carried out by German and Gebauer [252] showed that the energy
barrier in hydrogen vacancy diffusion is reduced by between 16% and 73% in Nb- and
Zr-doped bulk magnesium hydride compared with the pure bulk magnesium hydride.
This effect arises from the fact that TM impurities can influence the charge-neutrality
condition of wide-band-gap insulators such as pure MgH, in which free carriers
are not present, defects exist in charged states, and the Fermi level is pinned close
to a position in the gap where the formation energy of the dominant and negatively
charged native defect equals that of the dominant and positively charged defect [251].
Since the charge-neutrality condition, which determines the Fermi level, involves
the concentration of the cation and anion in the system, it is imperative to better
understand the charge transfer trends in TM-doped MgH, that were discussed in
Section 3.3.

2. The presence of TM catalysts increases the adhesion of the MgH,-Mg interfaces by
shortening the bonding distances with the nearest atoms (both H and Mg), which
causes changes in the nearest shells of coordination. This creates an empty space that
facilitates the displacement of the surrounding atoms, leading to a local destabilization
of the lattice that favors the diffusion of the H atoms toward the interface [253]. For
example, DFT calculation showed that Fe coordination that is higher than the Mg
coordination in the hydride creates a void in the second H-shell that is partially filled
by the nearest Mg atoms and thereby facilitates the diffusion of H atom from MgH,
to hcp Mg (Figure 34) [253]
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Figure 34. Snapshots of the MgH,-Mg interface without Fe catalyst and with Fe in POS1 (first Mg
layer in the MgH, side), POS2 (second Mg layer in the MgH), side), and POS3 (third Mg layer in
the MgH, side) at the end of ionic relaxation: panels (a), (b), (c), and (d), respectively. H atoms are
in green, Mg atoms are in light (MgH, side) and dark (Mg side) blue, and the Fe atom is in red.

(a—d) Reproduced with permission [253]. Copyright 2013, Elsevier.

3.

TM additives may change phase transformation process in magnesium during hydro-
genation and thus improve the hydrogen diffusion process (Figure 35). In pure Mg,
in the initial stage of hydrogenation (low hydrogen concentrations), the bcc (body-
centered cubic) structure of Mg is less stable than both the hcp (hexagonal closed
packed) and fcc structures, with the energy difference increasing as the hydrogen
concentration increases. Upon hydrogenation-induced phase transformation to the
rutile type (Figure 35 Schema 1) with hydrogen concentration close to 2 in MgH,,
the fcc stacking mode becomes more favorable [42]. The presence of TM layers or
TM particles at the surface of the Mg grains should help locally stabilize the bcc-Mg
arrangement (Figure 35 Schema 2), in which hydrogen diffusion is faster than in hcp-
and fcc-Mg arrangements due to the lower activation energy E, and the homogeneous
distribution of hydrogen atoms over tetrahedral sites [42]. The latter fact prevents
the so-called blocking layer effect, which is observed in other Mg lattices (hcp and
fcc), because hydrogen atoms prefer to occupy adjacent interstitial sites, forming
clusters [42,254-256]. It should be noted here that, with or without TM additives,
sufficiently high local hydrogen concentration should allow for the clustering of
MgH), aggregates, leading to a martensitic transformation involving the intermediate
fcc-MgH, structure that form sthe tetragonal bct (as found in the rutile MgHy) of the
Mg metal lattice [42].
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Figure 35. Scheme of hydrogen-induced structural phase transitions in Mg with and without TM
additives. Reproduced with permission [42]. Copyright 2015, Elsevier.

In general, the use of TM compounds makes it difficult to determine the catalytic
mechanism. TMs in TM-containing oxides are readily reduced to low-valence species
and even zero-valence metals by reacting with MgH, due to the powerful reducing ca-
pability of MgH, [51,86,186,192,220,257-264]. Thus, some researchers [51,86,186,258-260]
have proposed that metallic TM is the actual/key active catalytic species, while other
researchers [192,261] have proposed that the unreduced TM-containing oxides or partly re-
duced TMs with lower oxidation states constitute the primary catalytic phase. Furthermore,
Mg, TM,0; is believed to possess a significant role in the catalysis of TM-containing-oxide-
MgH), systems, and it has been widely reported that in TM-containing oxides loaded with
MgHj in situ, Mg,TM,/O; (possibly of more than one type) may form as a result of the
interaction between MgH, and TM-containing oxides [258,264-268]. While not considering
the reaction between MgH; and TM-containing oxides, Liu et al. [269] suggested that
oxygen vacancies are responsible for the decrease of hydrogen desorption temperature and
activation energy of ball-milled Mg-xCeO; (x = 0.7, 1.5, 3, and 6 mol.%). Since the possible
various products of the reaction between MgH, and a TM-containing oxide provide a
multivalent environment of TMs, another charge transfer mechanism can be suggested.
Compared with a single-valence TM atom, which affects the charge transfer between TM,
H, and Mg in Mg-TM-H systems primarily through the “x rule”, multivalence TMs were
reported to primarily act as intermediates during electron transfers between Mg?* and H™,
which facilitated the recombination of H, on compounded TM surfaces [270].

Cui et al. [270] coated a Ti-based multi-valence catalyst of ~10 nm thickness and
multiple valences in the form of Ti (0), TiH,(+2), TiCl3(+3), and TiO,(+4) on the surface
of ball-milled Mg powders (~1 pm in diameter) via the chemical reaction between Mg
powders and TiCl; in THF solution (Figure 36a—c). According to the change of valence
states demonstrated in Ti 2p photo-electron lines for the de/hydrogenated samples, the
authors [270] inferred that the electronic structure of Ti-based catalysts changes during the
de/hydrogenation process. They described the electron transfers in the dehydrogenation
process of the sample with the following steps (Figure 36d,e): (1) transformation of high
valence Ti (Ti**/#*) into low valence Ti (Ti%*) as a result of the transfer of e~ from H™ at the
interface between MgH, and Ti compounds; (2) weakening of the Mg—H bond, formation of
dissociative H, and initiation of the dehydrogenation reaction, followed by the nucleation
and growth of Mg along with H, molecule recombination. Conversely, the hydrogenation
process was described with the following steps (Figure 36d,e): (1) dissociation of H; into H,
which receives e~ from low valence Ti (Ti?*), leading to the formation of high valence Ti
(Ti%*/4+); (2) formation of Mg—H bonds and the initiation of the hydrogenation reaction,
followed by the nucleation and growth of MgH,. The authors [270] proposed that the
de/hydrogenation process of MgH, becomes easier due to the lower energy needed in the
above inferred catalytic process (Figure 36f).
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Figure 36. TEM micrographs of the samples as prepared by the chemical reaction between Mg
powders and TiClz in THF solution. (a) Bright field, (b) electron diffraction pattern, (c) HR-TEM
images. (d—f) The schematic diagram of the catalytic mechanism in de/hydrogenation of the samples.
(a—f) Reproduced with permission [270]. Copyright 2013, Royal Society of Chemistry.

”

While the above-described charge transfer mechanism does not involve the “x rule
for metallic TMs, Figure 37 shows that when the TM oxide is regarded as a “whole”, the
“x rule” can still predict the stability of MgH, without needing to consider the effect of
the possible reactions between MgH, and TM oxide on the stability of MgH,. Similar to
TM-containing oxides, an identical issue arises upon determining the catalytic mechanism
of TM fluorides. A study on the hydrogen storage properties of core—shell-structured
Mg-TMF, (TM =V, Nj, La, and Ce) nano-composites prepared by arc plasma method
indicated that the catalytic mechanism of TM fluorides involves oxidized TM nanoparticles
covering Mg (MgH)) particles due to the passivation of TM that is produced by the reaction
between TM fluorides and Mg during arc plasma evaporation [271]. It was also reported
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that adding TM fluorides into MgH) significantly accelerates the sorption kinetic process
through the following reaction [146]:

yMgH; + zTMyFy — yMgF; + xz2TMH, + (y — xzH>) (11)

Zheng et al. [272], based on the formation of TiH, and MgF; as observed by XRD in
dehydrogenated TiF3-doped MgHj;, believed that electronegative H atoms may interact
with Ti®*, Mg, and Fions. As a result, the initial Mg-H bonds in MgH, are jointly weakened
by the Ti and F ions of the TiF; and thus energetically favor the formation of the intra-H---H
pairings in MgHj.

350

O 340 milled MgH

e "y )2

- 4

c 0 Si0,

3 0

2 310

3 Fe,03

c 3001 Cry04

)]

o 290 /

F %0 g

T A3 —~, MgO
270- Nb30s

14 15 16 17 18 19 20 21 22
Electronegativity (Pauling units)

Figure 37. Correlation of the desorption temperature of hydrogen from MgH,, achieved upon
oxide addition during milling and the electronegativity of the oxide additives. Reproduced with
permission [273]. Copyright 2012, MDPI.

When multiple TMs are co-doped, one TM may affect the catalytic effect of another
TM, or a synergistic effect between these TMs may occur. The DFT calculation results
of Zhang et al. [184] indicate that the addition of Cu atoms increases the hybridization
between Nij (d) and H(s) orbitals, suggesting an enhancement of covalent bond interactions
between Ni and H after Cu doping. Based on the synergistic catalytic effect of Co/TiO,
nanocomposite on the hydrogen de/absorption properties of MgH,, Chen et al. [274]
suggested that during the dehydrogenation process, the nearly full d band electron structure
of Co causes Co to have a higher bond strength with H (Co-H) than Mg-H, thus facilitating
the destabilization process of MgHo. In this case, the electrons around Co that form as a
result of the migration of the thermally excited conduction band electrons of TiO, to the
surfaces of Co due to the higher Fermi level of TiO, facilitate the reduction of Mg?* to Mg,
while the holes around TiO, facilitate H™ interfacing between Mg/MgH; and Co/TiO; to
form Hj. In addition, when Ni and another TM are co-doped in MgH), a synergistic effect
of Mgy NiH, as a “hydrogen pump” with the TM can be observed.

Recently, Ma et al. [275], according to their observed microstructure and phase change,
proposed a dehydrogenation mechanism for hydrogenated MgH,-TMA-TM MOFs (TMA
= trimasic acid, TM = Fe, Ni) composite through the synergetic catalytic effects of in-
situ-formed nano-MgyNi and a-Fe derived from TMA-TM MOFs. In other words, the
phase change of Mg,NiH, /Mg, Ni worked as a “hydrogen pump” to provide fast delivery
channels for H atoms; meanwhile, #-Fe promoted the nucleation and growth of Mg on
the MgHj—-a-Fe interface by destabilizing the crystal structure of MgH, and reducing the
nucleation energy of Mg. Huang et al. [214] showed that in the context of the catalytic effect
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of NiTiO3 on the hydrogen desorption performance of MgH,, Ti in a MgH, matrix with
a multi-valence series (Ti%*, Ti**, Ti**) and formed Mg,NiH, can work like a “multistage
pump” (Figure 38). The mechanistic steps might be described as follows: (1) Mg, NiHy
completes the hydrogen release to form Mg,Ni in advance, compared with the hydrogen
release from MgHj; (2) H™ transfers an electron to Ti** to form H, while Mg?* obtains
electrons from Ti?* to form neutralMg, agreeing with the mechanism described in Figure 36;
(3) H atoms diffuse to Mg, Ni to release H, rather than diffuse to vacuum directly by the
solid—gas interface.
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Figure 38. Schematic diagram of the catalytic mechanism of Ti and Ni in MgH; hydrogen storage
system. Reproduced with permission [214]. Copyright 2018, American Chemical Society.

The surface morphology of TM-based catalyst can influence the catalytic effect. For
TiO; catalysts, {001} facets may provide more active sites than {101} facets. Compared with
{101} facets that expose both six-coordinated and five-coordinated Ti, {001} facets with low
coordination of surface atoms expose five-coordinate Ti completely, which provides large
numbers of active sites and therefore more options for electron transfer and interaction,
leading to greater chemical reaction activity [276,277].

According to the DFT calculations conducted by Zhang et al. [278] to understand the
catalytic effect of TiO; nanosheets on the hydrogen storage properties of MgH,, exposed
high-surface-energy {001} facets had an average surface energy of 0.90 ] m~2, which was
higher than the 0.44 | m~2 that was found for the {101} facets. Thus, a more reduced
activation energy of MgH, can be expected if a TM-based catalyst with exposed high-
surface-energy facets is doped. According to the work of Dai et al. [178,218], the influence
of the surface morphology of MgH; on the mechanisms that cause TM dopants to improve
the dehydrogenation properties of the MgH, surface should also not be negligible. They
confirmed a stronger influence of Mn on the Mg-H bonding interactions in the vicinity of
Mn on the MgH, (001) surface than on the MgH, (110) surface. This was caused by the Mn
atom not bonding with all its surrounding H atoms on the MgH, (110) surface.

Instead of an interstitial intermetallic hydride, Mg, NiH} is considered as a complex
hydride due to hydrogen atoms being placed in the vertices of [NiHy]*~ tetrahedra in
Mg, NiHy, forming strong bounds with the central nickel atom [31]. Therefore, in spite of
the much weaker Ni-H interaction in Mg,NiHy than that in pure MgH, [34] and the higher
affinity of Mg for hydrogen than Ni in binary metal hydrides [128], in Mg,NiHy, the interac-
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tion of Ni-H is stronger than Mg-H [128]. This implies that the TM-H interaction strength
in the Mg-TM-hydride is also related to the crystal structure of the Mg-TM-hydride. In
addition, as seen in Figure 39 in general, the larger the unit cell volume is, the less stable the
Mg-TM-H system is. The catalytic effect of different TMs may change to different degrees
during the hydrogen absorption and desorption cycles (Figure 40), which may be caused
by severe microstructural modifications, including migration of TM catalysts, formed upon
long-term cycling [37]. The “hydrogen spillover” effect of Mg, Ni(Cu) phases formed in
situ, which give rise to the enhanced hydrogen sorption kinetics of MgH, /Ni-50%Cu, was
reported by Zhang et al. [184], suggesting the important role of “hydrogen spillover” in
the hydrogen sorption kinetics of MgH,. However, although the “hydrogen spillover”
mechanism has been reported in many kinds of metal-doped hydrogen storage materi-
als [53,114,200,225,279-287], the study of the TM-depended influence of this mechanism
on the hydrogen sorption properties of the Mg-TM-H system is rarely reported.
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Figure 39. Calculated enthalpy difference AH(Mg, TM)py depends on the unit cell volume of
Mg(TM)H; cluster containing 32 magnesium atoms, 1 TM atom, and 64 hydrogen atoms. When solid
and open circles in figure overlap, the solid circle represents an element to the left of it, and the open
circle, to the right of it. Reproduced with permission [182]. Copyright 2003, Elsevier.

For the benefit of nano-sized free-standing Mg/MgH) to more exposed atoms at the
surface, the surface energies of both Mg and MgH) increase with the larger surface energy
of MgH) rather than that of Mg [288,289]. Thus, MgH, destabilized more strongly than Mg,
leading to a decreased enthalpy for de/hydrogenation temperature [98,289-295] according
to van’t Hoff plot [296]:

Tq=AH/AS (12)
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where T is hydrogen desorption temperature, and AH and AS are the enthalpy and entropy
of hydrogen desorption, respectively. Indeed, several experiment reports have shown a
decrease in the enthalpy as low as 44.5-66 k] mol~! H, [297-300] and a significant decrease
in the hydrogen release temperature (from >573 K to 526 K) for Mg nanoparticles with sizes
below 4 nm [297,300,301]. However, theoretical calculations predicted that the reduced
reaction enthalpy of MgH, nanoparticles relative to the bulk material can be realized only
when the particles are smaller than 2 nm and containing <50 Mg atoms [27,302,303]. For
example, it was theoretically predicted that the AH can be reduced to 63 k] mol ! H; at the
size of 0.9 nm, and the corresponding T4 can be remarkably reduced to ~473 K if the AS
is considered as a constant of ~130.5 ] mol~! K~! [302], which is typical for a bulk MgH,
system [304]. Discrepancies between the theoretical and experimental results are usually
believed to originate from the complexity of the small nanoparticles, where thermodynamic
properties can be strongly affected by several parameters such as the surface state of the
studied material [31]. Regardless of this controversy, it can be confirmed that the significant
decrease of AH of MgH; occurs only when the particles are a few nanometers.
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Figure 40. Hydrogen sorption curves at 573 K of MgH,-ETMH, nanocomposite for different sorption
sweeps. Absorption and desorption hydrogen pressures are fixed to 0.8 and 0.03 MPa, respectively.
Sorption time is limited to 15 min. Reproduced with permission [37]. Copyright 2019, Royal Society
of Chemistry.

It should be also noted that despite such small particle sizes, the temperature at which hy-
drogen can be released is limited by the observed enthalpy/entropy compensation effect; i.e.,
the significant reduction of enthalpy is also accompanied by a decrease in entropy (Figure 41),
limiting the hydrogen release at low temperatures, which challenges the idea of reaching low
desorption temperatures via a nanosizing approach [20,133,300,305]. For instance, a signifi-
cant decrease of the AH (63.8 & 0.5 k] mol~! H,) and the AS (117.2 + 0.8 Jmol ! K~1) was
reported in MgH; nanoparticles with sizes of less than 3 nm by hydrogenation of Bu,Mg
inside the pores of a carbon scaffold. Although the AH was greatly decreased, the decrease
of the T4 was only 11 K because of the counter effect of the decreased AS [133]. AS also
increases with the concentration of dissociated H on the surface of Mg/MgH, particles; this
depends on the activity and efficiency of catalyst on Hj dissociation and hence, increases
with the decrease of activation energy for H, dissociation [296]. A first-principles study
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of the thermodynamic and electronic properties of Mg and MgH, nanowires showed that
the band gaps and the hydrogen desorption energies of MgH, nanowires are controlled
by the size of MgH, nanowires and that the surface effect and quantum size effect can
be induced as the size of MgH, nanowires decreases [201]. The surface effect is based on
the observation that the partial charge density distributions corresponding to the valence
band maximum (VBM) and the conduction band minimum (CBM) are mainly located on
H atoms and Mg atoms on the surface of the MgH, nanowire, respectively [201]. The
effect of sizes of MgH; nanowires on the band gaps and hydrogen desorption energy is
shown in Figures 42a and 42b, respectively. The extra surface electronic states lead to
smaller band gaps in the MgH, nanowires than those of the bulk MgH, crystal, while the
quantum size effect results from the increase of the band gaps of MgH, nanowires as the
diameters of MgH; nanowires decrease [201]. The above discussion suggests at least two
possible mechanisms for how TM exerts influence on the hydrogen sorption properties of
free-standing nano-sized MgHj: (1) the d band of TM atoms offsets part of the quantum
size effect to enhance the hydrogen desorption kinetics; (2) the TM catalyst influences the
activation energy for Hy dissociation and thereby the value of AS, controlling the value of
T4. However, whether TM-based materials can act as a (de)hydrogenation catalyst for very
small MgH, particles has not been confirmed. For example, to see whether the H-sorption
properties of MgH, particles that were milled for 700 h (MgH,”% "), most of which have a
nanometric size (Figure 43a,b), could be further improved, Aguey-Zinsou et al. [306] milled
MgH,”% " with 17 wt% of Nb,Os for 200 h, and observed no further improvement but only
a loss of capacity due to the 17 wt% of NbyOs (Figure 43c). Hence, further investigation
on possible catalytic mechanisms of TM for hydrogen sorption properties of free-standing
nano-sized MgHj is required.
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Figure 41. (a) Associated evolution of AH and AS versus the size of the magnesium nanoparticles.
The dot line is a guide to the eye. Reproduced with permission [305]. Copyright 2014, Royal Society
of Chemistry. (b) The curve of dehydrogenation temperature under 1 atm depended on grain
size/particle size. Reproduced with permission [296]. Copyright 2017, Elsevier.
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Figure 42. (a) Band structures of MgH, (1, D) nanowires, from left to right: MgH, (6, 0.63), MgH, (13,
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Fermi level is set to zero by the red horizontal line. n is the number of Mg atoms in the supercells
and D is the calculated diameter in nm. (b) Hydrogen desorption energy AEj (eV per Hy) of MgH,
nanowires. Red dashed lines represent the hydrogen desorption energy of the bulk MgH) crystal.
(a,b) Reproduced with permission [201]. Copyright 2016, ROYAL SOCIETY OF CHEMISTRY.
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Figure 43. (a) SEM backscattered electron image of MgHzmO h, (b) distribution of MgH2700 h particle
size determined by the analysis of the SEM image. (c) Absorption and desorption curves of MgH27OO h
and MgH,”% " + Nb,O5 milled together for 200 h. (a—c) Reproduced with permission [306]. Copyright
2006, Elsevier.
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Even now, it is difficult to find commercial magnesium hydride with a purity of
more than 90% (despite the official specifications given by manufacturers) [3]. It has
been also reported that even in a nominally fully hydrogenated bulk MgH, (hydrogen
absorption at 623 K and 2 MPa for 20 hours), small islands of the Mg phase are still retained
in the MgH, matrix (Figure 44a) [71]. Thus, the composition of magnesium hydride
usually involves magnesium hydride, magnesium metal, which is present in the core of
the particles (Figure 44b), and magnesium hydroxide contamination, which is usually
present in the form of an amorphous layer on the surface of the particles [3]. However, it
should be noted from Figure 44b that some Mg particles with small size are completely
hydrogenated. Furthermore, Song et al. [257], based on the investigation on the hydrogen
sorption properties of Mg by reactive mechanical grinding with Cr,O3, Al,O3, and CeO5,
found that the quantities of absorbed or desorbed hydrogen increase as the average particle
sizes decrease, implying that the decrease of the size of Mg particles to the nanoscale can
be expected to increase the Mg to MgH, reacted fraction. As a general trend, the smaller
crystal size is accompanied by the higher reacted fraction [37]. However, this trend may be
broken in the TMH,-Mg system, as shown in Figure 45, which shows a deviation for some
additives from a linear correlation between F and Lyign,; that is, F is higher than expected
for Zr-additive, whereas it is lower for V-additive. Rizo-Acosta et al. [37] believed that this
scales with the relative difference in molar volume between the nucleating MgH, phase
and ETMH, hydrides (this difference is the lowest for Zr-additive, 11%, while it is the
highest for V, 93%) and hence proposed that the nucleation of MgH, preferentially occurs
at ETMH,-Mg interfaces and a lower molar volume difference between the nucleating
MgH,; phase and ETMH, hydrides allows a lower energy barrier for nucleation.
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Figure 44. (a) A TEM image and selected area electron diffraction patterns from Mg and MgH,
phases in a nominally fully hydrogenated sample. Reproduced with permission [71]. Copyright
2015, Springer Nature. (b) Cross-section of commercially available magnesium hydride particles with
visible white magnesium cores. Reproduced with permission [3]. Copyright 2020, MDPI.
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Figure 45. Dependence of the Mg to MgH, reacted fraction, F, on the MgH, crystallite size L MgH, for
MgH,-ETMHy nanocomposites at the 20th absorption sweep. The dashed line is a guide to the eye.
Reproduced with permission [37]. Copyright 2019, Royal Society of Chemistry.

7. Conclusions and Perspectives

An understanding of the mechanism by which TMs with d electrons influence the
de/hydrogenation reaction of MgH, prove to be important to improve the process and to
identify more efficient additives. However, pinpointing this mechanism is difficult due
to series of practical issues, including variations in the amount of doped TM impurities,
details of the physical and chemical states of the reactants resulting from ambient conditions
(such as hydrogen partial pressure), and the synthesis process (such as duration and
details of the ball-milling process, and the condition of the initial sample) [251]. In this
paper, different mechanisms to explain the improved hydrogen sorption properties of
TM-doped Mg/MgH, were reviewed. It is clear that TM dopants exist in Mg/MgH, in the
following forms:

1. The Mg-TM-H ternary hydride is not formed when the Mg—-TM intermetallic is
formed (TM and Mg are miscible), which does not react with Hy and form corre-
sponding hydrides with MgH, forming and the alloying element precipitating in
the form of element or new Mg—TM intermetallic instead. Typical TMs of this kind
are Sc, Y, Cu, Ag, Cd, and Pd, which improve the hydrogen sorption properties of
Mg/MgH, mainly by changing the dehydrogenation reaction path of MgH, to reduce
the desorption energy and thereby the dehydrogenation temperature. Note from
Equation (4) that, in addition to changing the dehydrogenation reaction path of MgHj,
the hydride of RE element can also serve as the catalyst for dehydrogenation of MgH,.

2. The Mg-TM-H ternary hydride is formed when the Mg-TM intermetallic is formed (TM
and Mg are miscible), which reacts with H, and forms corresponding hydrides. A typical
TM of this kind is Ni, which catalyzes the hydrogen sorption properties of Mg/MgH,
mainly by the “hydrogen pump” mechanism of the Mg-TM-H ternary hydride.

3. The Mg-TM-H ternary hydride is formed with H as glue. In this case, these TMs
catalyze the hydrogen sorption properties of Mg/MgH, mainly by the “hydrogen
pump” mechanism of the Mg-TM-H ternary hydride: (i) When the Mg-TM inter-
metallic is not formed (TM and Mg are immiscible); typical TMs of this kind are Ti, V,
Cr, Mn, Fe, Zr, Nb, and Mo. ii) When the Mg-TM intermetallic is formed (TM and Mg
are miscible), but the stable precursor is absent to produce a single hydride phase. A
typical TM of this kind is Co. iii) The theoretical calculations on MgyScH16, Mg7YHj4,
Mg7;PdH;6, and MgyCdH;4 suggest the possibility to form the Mg-TM-H ternary
hydride when TM = Sc, Y, Pd, or Cd, which expands the possible catalytic mechanism
of these TMs in addition to the mechanism mentioned in case (1).
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4.  Mg-TM-H ternary hydride is not formed due to the absence of H as glue when the
Mg-TM intermetallic is not formed (TM and Mg are immiscible) and the gigapascal
hydrogen pressure thermal technique is not used. In this case, magnesium can be
only slightly doped by TM elements.

Regardless of the form in which TM dopants exist in Mg/MgH),, in the practical prepa-
ration process of TM-doped Mg/MgH),, there is always atomic TM doped in Mg/MgH,
in the forms of adsorption and substitution. In the case of atomic-TM substitution, the
influence of TM on the interatomic interaction in TM-doped MgH, is mainly reflected in the
TM-nnH ionic bond, the TM—nnH covalent bond, the nnnMg-nnH ionic bond, the nnnMg-
nnH covalent bond, and the TM-nnnMg ionic bond. However, the relative contributions
of these four interactions on AH(Mg-TM)p;ss may vary in different Mg—-TM-H systems.
Thus, the results obtained regarding the changing trend of thermodynamic stability and
interatomic bonding characteristics of TM-doped MgH, along TM series are not all the
same. It can be confirmed that the destabilization of MgH, by TM doping is related to the
specific interaction between the central TM atom and its immediate H neighbors (at least
six octahedron of H atoms around a TM atom), which forms a tightly bounded multiple
atom cluster with electronic distribution inside depending on the electronic structure of
the TM impurity. In general, the denser and more homogenous electronic structure of the
TM allows the stronger bonded TM-H clusters. In the cluster, vicinity bonds on atoms can
be weakened as a result of the charge localization inside the clusters around TM and the
strong bonding existing in them, and therefore the overall structure of the compound can
be less stable in proportion to the amount of charge located inside the clusters, which is
widely estimated by the d electron structure and the “x rule” of TM.

Compared with the “x rule”, the regularity of the influence of d electrons on inter-
atomic interactions in TM-doped MgH is not that strong; thus, our review proposed a
relationship between electronic distribution inside TM-H clusters and the “x rule” and
radius of doped TM elements, expanding the possible mechanism to explain the catalytic
effect of TM-based materials on the hydrogen sorption properties of Mg/MgH,. For
atomic-TM substitution, the general “ rule” can be defined as the following: the increased
x-difference between TM and Mg and the increased x-difference between TM and H en-
hance TM-Mg and TM-H bond strength, respectively, and thus a weakening of Mg-H
bond strength. Nevertheless, estimating the Mg-H bond strength through TM-Mg and
TM-H bond strength may be inaccurate, since the bond is directional. The “x rule” of
charge transfer in TM-substituted MgH, can be proposed as the following: the charge
transfer caused by the variation of x(TM) occurs mainly between the central TM, nnH, and
nnnMg, and as x(TM) increases, the positive charge density of TM and the negative charge
density of hydrogen atoms decrease. For a better explanation of the change trend of charge
density of TM and H, we proposed the “radius effect” of TM, but some results still can
not be explained. We suggest that the contribution of the “x rule” to the charge transfer
trend between TM, H, and Mg, and thus to the interactions in the Mg-TM-H system, is
the same for TM-substituted and adsorbed MgH,. However, further investigations are
required to determine this, since theoretical study of the charge density on TM, H, and Mg
in the TM-adsorbed MgH, system is rare.

It should be noted here that whether the TM atom is adsorbed on the surface of MgH,
or substitutes the Mg atom in the volume of MgH), tightly bonded H atoms with TM atoms
lead to the easy breaking of the Mg—H bond but the difficult breaking of the TM-H bond.
Obviously, a careful optimization including type, concentration, and spatial distribution
of TM impurities in the MgH, crystal lattice is necessary to achieve the hydride with
desired hydrogen sorption properties. The catalytic mechanism of TM near the surface
of Mg is more complicated than that in the volume of Mg because of the competitive
phenomenon between surface dissociation of H, and surface diffusion of H atoms, which
depends on the kind and the doping sites of TM on the surface of Mg. Although the ‘d band
center’ mechanism has been proposed to explain the influence of the kind of TM on this
competitive phenomenon, the hindrance effect, which is related to the doping sites of TM,
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leads to various possible contributions of the d band center to the dissociation of hydrogen
molecules and the diffusion of hydrogen atoms nearby the surface of Mg, making the ‘d
band center’ mechanism more complicated. Furthermore, different from the theoretical
calculation results shown in Figure 33a, experimentally, Ni, Fe, and Rh have not been
reported to be the most effective catalysts [20], which indicates the imperfection of the 4
band center model and further highlights the difficulty of creating accurate models to help
with the design of TM catalysts for the hydrogen/Mg reaction.

Compared with the thermodynamic stability of TM-doped Mg/MgH,, which is con-
trolled by multiple factors, the hydrogen sorption kinetics of TM-doped Mg/MgHo is
mainly affected by the “hydrogen pump” mechanism. When the TM content is increased,
an intervention between two competing factors, namely the speed up of the metal-hydride
transformation and the loss of reversible capacity, may be observed, because the thermody-
namic alteration comes at the cost of a reduced gravimetric capacity linked with the high
weight fraction of TM [238]. However, a small amount of TM doping makes it difficult to
change the thermodynamic stability of MgH,. Therefore, to change the thermodynamics
and kinetics at the same time, nano-sized Mg is required. The combination of freestanding
nano-MgH, and nanocatalysts is expected to be an effective approach to achieve MgH, with
enhanced hydrogen sorption properties but without losing significant H, capacity [307].
However, the fact that both nanostructuring and TM doping can facilitate one or multiple
steps of the hydrogenation process makes the hydrogenation mechanism of nano-catalyzed
Mg complicated. As a result, it is necessary to further investigate the relationship between
hydrogenation kinetics, various catalysts, and refined nanostructure. To reveal the kinetic
mechanism, a comparison of different kinetic models to analyze hydrogenation reactions
is a useful approach [75,308]. Moreover, the clamping effect appeared to be a promising
approach to realize the desired destabilization of Mg—H NPs in a detailed experimental
assessment of the effect with special emphasis on its temperature dependence, stability
upon cycling, and relation with the NPs size. The elastic model could be extended to NP
shapes other than spherical [243]. Furthermore, it should also be noted that the various
(even contradictory) trends of hydride stability with doped TM must be explained based on
a combination of chemical (ionic plus covalent) bond nature and possible hydrogenation-
induced lattice changes [182]. The close correlation of stability with unit cell volume would
arise only in the case of much larger strain energy, which reflects the actual geometrical
distribution of atoms rather than their chemical contributions [182]. More importantly,
the modified hydrogen sorption mechanism in newly developed TM-doped Mg/MgH,
systems should be determined in detail via reliable experimental and computational tools
so that the related thermodynamic and kinetic properties can be elucidated to ensure
technological reproducibility [12].
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