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Abstract: The goal of finding efficient and safe hydrogen storage material motivated researchers to
develop several materials to fulfil the demand of the U.S. Department of Energy (DOE). In the past
few years, several metal hydrides, complex hydrides such as borohydrides and alanates, have been
researched and found efficient due to their high gravimetric and volumetric density. However, the
development of these materials is still limited by their high thermodynamic stability and sluggish
kinetics. One of the methods to improve the kinetics is to use catalysts. Among the known catalysts
for this purpose, transition metals and their compounds are known as the leading contender. The
present article reviews the d-block transition metals including Ni, Co, V, Ti, Fe and Nb as catalysts
to boost up the kinetics of several hydride systems. Various binary and ternary metal oxides,
halides and their combinations, porous structured hybrid designs and metal-based Mxenes have
been discussed as catalysts to enhance the de/rehydrogenation kinetics and cycling performance of
hydrogen storage systems.
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1. Introduction

The search for clean and abundant energy sources to compete with fossil fuels brings
us to hydrogen as a next-generation energy carrier. Hydrogen is a promising alternative
energy carrier as a long-term solution with the only product as water and not CO,. To
establish hydrogen infrastructure, its efficient storage is warranted. There are several
technologies available in the market for hydrogen storage, but these technologies are still
not good in terms of cost and handling, which are critical issues. To guide the technological
and scientific community, the U.S. Department of Energy (DOE) set targets for onboard
hydrogen storage to achieve the required capacity by the year. For example, 5.5 wt%
gravimetric capacity or a 40 g Hy /L volumetric capacity is the target by the end of 2025,
whereas it is set to be 6.5 wt% gravimetric capacity or a 55 g Hp /L volumetric capacity as
ultimate target [1]. The technologies involved in hydrogen storage are liquefied hydrogen
storage, gaseous hydrogen storage and solid-state hydrogen storage as shown in Figure 1.
Hydrogen in the liquid state requires more than twice the space in comparison to gasoline
to run the car up to 300 miles. In the gaseous state, hydrogen is even more complicated to
handle, with the cost more than 4-5 times of the gasoline storage [2]. Hydrogen storage
in the compressed state needs heavy and large cylinders with special coatings which add
more cost to the method. In addition, the safety risks due to high pressure cannot be
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avoided. Thus, both techniques, i.e., compressed hydrogen gas and low-temperature
liquefied hydrogen gas, have their own disadvantages and are unrealistic for commercial
use. Consequently, researchers have been attracted by solid-state hydrogen storage in
materials due to its high gravimetric and volumetric capacities, ease of handling and safety.
In the last few years, researchers have been more focused to achieve the DOE targets
and to understand the hydrogen de/adsorption properties of physically and chemically
bounded hydrogen in solid materials. The mechanism of solid-state hydrogen storage
materials can be classified based on the state of hydrogen in the materials, i.e., physisorption
(physically bounded hydrogen) and chemisorption (chemically bounded hydrogen). In
physisorption, molecular hydrogen is adsorbed onto the surface of the material by the
weak van der Waals interactions. Due to the weak interaction of the nonpolar hydrogen
molecule with the adsorbent surface, it is easy to desorb hydrogen at high temperature. To
avoid this quick release of hydrogen, cryogenic temperatures (~77 K) are usually applied
for the hydrogen storage process [3]. However, room temperature hydrogen desorption
for storage and onboard vehicular applications is desired and difficult to achieve. As
we can see in Figure 2, physisorption systems commonly attract attention due to their
porous structures and high surface area. For example, carbon-related materials and carbon
nanotubes (CNTs) were investigated because of their high surface area and high capacity up
to 6.5 wt%, but due to desorption at low temperature, these are not suitable practically [4].
Zeolites and metal organic frameworks (MOFs) [5,6] and organic polymers [7,8] have been
investigated due to their good porosity and high surface area (low density) which is helpful
to increase hydrogen storage capacity. However, the requirement of cryogenic temperature
makes them unsuitable for commercial use. On the other hand, in chemisorption, strong
chemical interaction occurs between the atomic hydrogen and the solid material (high
interaction energy 100-200 k] mol~1). Hydrogen is stored by strong bonding with the solid
material and is released at specified conditions through a chemical reaction. As shown
in Figure 2, chemisorption systems include two broad categories, i.e., metal hydrides and
complex hydrides.

Hydrogen storage Techniques

Gaseous hydrogen storage Solid state hydrogen storage

Liquefied hydrogen storage

Figure 1. Different hydrogen storage methods.
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Figure 2. Solid-state hydrogen storage mechanisms, related materials and their advantages and disadvantages.

Metal hydrides are commonly in the form of MH, where M = metal, H is hydrogen
atom and x is the number of hydrogen atoms. To form metal hydride, hydrogen reacts with
the metal (or metal alloy) and transfers the H- (hydride ion) as per Equation (1).

M + %Hz & MHy )

Typical metal hydrides (interstitial hydrides) such as LaNis, TiCrMn, VTiCr, TiFe
and vanadium-based hydrogen storage alloys have been studied for a long time and are
reversible under moderate conditions [9-13]. However, due to the lower (up to 2 wt%)
gravimetric capacity of such conventional metal hydrides, they are restricted to use in
stationary applications only, such as hydrogen tanks and compressors. On the other hand,
light metal hydrides (LiH, NaH and MgH;) and complex hydrides such as borohydrides
and alanates (for e.g., LiBH,, NaBHy, NaAlH,, LiAlH4, NagAlHg and Mg,FeHg) have high
gravimetric capacities (7-18.6 wt%). Regardless of the high gravimetric capacity, these
materials possess serious thermodynamic and kinetic issues that create problems such as
high stability (requiring high operating temperature) and slow reaction rate (causing slow
charging/discharging). The research on metal/complex hydrides has been carried out for
a long time. However, the material selection and design of metal hydrides are still impor-
tant to optimize the thermodynamics and kinetics. To solve the thermodynamics issues,
several approaches are described by many researchers. One of them is nanosizing (<10 nm)
as well as nanoconfinement (support on matrix) [14]. Nanosizing greatly influences the
size of particles (generally by using the high-energy ball milling technique) and nanocon-
finement is where the nanoparticles are supported on the porous catalyst. These techniques
not only improve the thermodynamics and reversibility of the system but are also helpful
to enhance the rate of reaction. However, high sensitivity towards oxidation and less
cyclic stability (due to agglomeration, which loses the benefits of nanostructure) are the
main disadvantages of such techniques [14]. Thus, people investigated other techniques to
improve the thermodynamics of the hydrogen systems such as insertion of a third element
as described well by Jain et al. in 2018 [15]. On the other hand, many metal/complex
hydrides have high gravimetric capacity but due to the complex nature and existence
of multiple phases after dehydrogenation they often face kinetic and reversibility issues.
Several noble metal catalysts have been employed to resolve these issues; however, the
high cost and lower abundancy of such catalysts make them irrelevant [16-20]. Therefore,



Reactions 2021, 2

336

the choice of d-block elements is appropriate due to their abundance on earth, feasible cost
and high activity, which make them a suitable candidate to improve the sluggish kinetics
of hydrogen storage materials [21-23]. There are many factors which affect the kinetics of
the hydrogen storage system. To understand the problems related to kinetics in detail, we
will move towards the next section of this article.

2. Basic Understanding of Kinetics and a Light on the Kinetics of Metal Hydride

Kinetics is not easy to understand and is something which defines the rate of hydrogen
absorption and desorption by the metal. It is clearly different from the thermodynamics of
the hydride materials. Thermodynamics can be understood by two factors: enthalpy of
formation (AH) and entropy of hydride (AS), whereas kinetics can be understood by the
activation energy (E;) of the reaction. There are two equations which can help to calculate
the activation of reaction (E,;) as mentioned below, (2) and (3):

(1). Arrhenius equation:

k= Aexpl- 2] @
(2). Kissinger equation:
B, _, AR E
In (T;%) = In( E, ) RT," (©)]

where E;= activation energy, k= rate constant, A= frequency factor, R = gas constant
(83145 ] mol~! K1), T = temperature, B = heating rate and T, = peak temperature.

The issue of kinetics in hydrogen storage materials has been investigated for a long
time by continuous inventions of different techniques such as (nanosizing) ball milling and
nanoconfinement, use of catalyst and thin films [24-27]. The problem of kinetics occurs
because of the complexity of these hydride materials. These complex structures made
of different elements have a different-sized ionic radius which creates highly directional
bonding in these hydride materials [28]. Due to this, a diffusion barrier may form which
will enhance the very slow rate of reaction for hydrogen uptake and release [15]. Moreover,
other than complexity, many other reasons that may affect the kinetics of hydrogen absorp-
tion and desorption will be discussed later. Light metal hydrides such as Li, Na and Mg
have high capacity (in comparison with the other metal hydrides) due to their light weight,
abundance and recyclability of parent metal/materials [29]. These metals/materials are
connected with hydrogen via different bonds including ionic, polar covalent and metallic.
Due to the high strength and stability in ionic and covalent bonds, the metal hydride does
not easily show good reversibility. However, in the case of metallic bonding, it is possible
to alter the strength by providing the required high temperature and other properties of hy-
drogen storage materials. There are several issues one needs to understand with the metal
hydride reaction system. Firstly, hydrogen absorption is an exothermic reaction, i.e., intake
of hydrogen by metal hydride evolves some heat during the reaction. That simply indicates
that during the absorption process, the generated heat increases the operating temperature.
If this heat does not dissipate in a timely manner, the absorption rate is reduced. On the
other hand, in the case of desorption, the rate is affected by the desorption of hydrogen by
the metal hydride system due to the endothermic reaction [30]. It is easy to understand that
stronger bonding between hydrogen and metal enhances the requirement of temperature
to desorb hydrogen [31,32]. Many factors are involved that affect the kinetics of metal
hydride; one of them is the hydrogen dissociation that happens on the outer surface of the
metal. For a specific temperature and pressure, the hydrogen absorption/desorption rate
is influenced by the intrinsic properties of the material. The metal-hydrogen interaction
through several steps is explained in the next section. Mg-based materials that are not only
cheap and abundant, but also have large mass and volume densities for hydrogen storage,
are useful for understanding the kinetic problem. Mg-based materials often have sluggish
kinetics due to the surface oxidation in the air, resulting in the formation of oxides and
hydroxides which creates a barrier to diffuse hydrogen. Usually, the activation process
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is employed to break the oxide layer on the surface of the material which provides the
absorption of hydrogen [33]. For example, TiFe alloy is superior because of its low cost and
abundancy but it requires activation to remove the cover of the oxide layer [11,34,35]. As
discussed above, Mg-based materials require high temperature because their kinetics is
slow with hydrogen and requires activation before absorption of hydrogen. Addition of
a tiny amount of catalyst dramatically increases the rate of dissociation of Hy molecule
to H atom [33]. Another reason for slow kinetics is illustrated through the diffusion co-
efficient of MgH, (1.5 x 1071 m?/s), which is smaller than Mg (4 x 10713 m?/s). After
the formation of the hydride layer (MgH)>), it prevents the diffusion of hydrogen further
into the metal. After this, hydrogen is not absorbed from the upper layer, but it absorbs
through the interface of Mg-MgH,, which limits the kinetics. To overcome this problem,
many researchers have suggested the use of small particles in place of bulk magnesium to
accomplish easy absorption and desorption of H atom from the stable nanocluster [36-38].
Researchers have proposed many steps to illustrate the absorption and desorption steps
for hydrogen storage materials as described in the next section.

3. Mechanism of Hydrogen Absorption/Desorption and Need of Catalyst

The mechanism of hydrogen absorption and desorption can be understood through
several steps as shown in Figure 3. The hydride phase is formed from the metal/gas
interface to the center as shown in Figure 3 (left). Initially, hydrogen forms a solid solution
(« phase) when a small amount of hydrogen occupies the interstitial sites of the host metal
M as shown in the figure. When the hydrogen content is increased further, 3-phase is
formed with the saturation of the solid solution and hydride phase is formed.

a Phase

B Phase

5 step

4 step

3 step

Figure 3. Hydrogen absorption steps (left) and desorption (right) by a metal /hydride.

In the case of absorption, hydrogen gas is absorbed by the solid material by following
these steps [15,39]:
(1). Physisorption;
(2). Chemisorption;
(3). Surface penetration;
(4). Diffusion through hydride layer to the metal /hydride interface;
(5). Formation of hydride at interface of metal hydride.

In the case of desorption, reverse steps are followed as shown in Figure 3 (right) after
chemical reaction. These steps are as follows:
(1). Hydride decomposition;
(2). Diffusion of hydrogen atom through metal;
(3). Surface penetration;
(4). Recombination of hydrogen atom into molecule;
(5). Desorption to the gas phase.

These steps indicate that in the desorption process, hydrogen diffuses through the
metal phase and the diffusion coefficient is higher than that of the hydride phase (ab-
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sorption case). After that, hydrogen recombines instead of dissociating and in this re-
combination step, the hydrogen atom does not need to cross any energy barrier. This is
the simple reason for why it does not face a high kinetic barrier in dehydrogenation (in
comparison to hydrogenation). However, due to the exothermic nature of hydrogenation
(such as hydrogen absorption by Mg), it is thermodynamically possible. To understand the
hydrogenation steps, let us take an example of MgH,. Mg absorbs hydrogen by simply
following the equation and the model shown in Figure 4 [40]:

Mg +H, < MgH; 4)

H, molecule Q
Q Recombinative
desorption { .
Jdes

jads
Dissociative
adsorption

.

{

Figure 4. Conceptual schematic of our hydrogen-dynamic model. j.4s, jges, and jgir denote the
fluxes of hydrogen dissociative adsorption, recombinative desorption and diffusion, respectively [40].
(Reprinted with permission from Elsevier).

Dissociation of the hydrogen molecule into the hydrogen atom in the absorption
process and recombination in the case of desorption are the first steps of hydrogen
ab/desorption by Mg. The second step is the transportation between the surface and
bulk regions/surface penetration of magnesium metal. It follows with the diffusion in the
bulk of magnesium as the third step and then the fourth step is hydriding and dehydriding
reactions, becoming MgH, /Mg. The rate-limiting step is the one with the largest energy
barrier between the dissociation and diffusion and could be any of them. Physisorption
of H, molecule onto the metal surface only requires a small amount of activation energy
and consequently it is not often considered as the rate-limiting step. For hydrogen ab-
sorption, steps 2, 3, 4 and 5 could be rate-limiting steps and thus will be elucidated here.
Physisorption (step 1) is usually a fast process and hence it is not a rate-limiting step.
However, concentration of hydrogen is an important parameter which affects the metal
surface and is directly proportional to the applied hydrogen pressure. When nucleation
plays an important role at the initial stage towards the hydride formation, then steps 3 and
5 could be a rate-limiting step, which happens rarely. In most of the cases, diffusion of
hydrogen through the hydride to the interface with the metallic phase is a rate-limiting step.
Similar steps can be considered as rate-limiting steps for hydrogen dehydrogenation, such
as steps 1, 2 and 3 (see Figure 3 (right)) [14,41]. There is a phenomenon called “hydrogen
spillover” that also happens on the surface of metal while hydrogen dissociates into atom
and tries to insert itself into bulk from the catalyzed surface. During this process, some
barriers still exist to stop or slow down the process of hydrogen migration to bulk, thus
realizing the hydrogen spillover effect. However, it is often difficult to analyze such effects



Reactions 2021, 2

339

easily. Many people used spillover agents (carbonaceous allotropes, activated carbon
and carbon nanotubes) to improve the kinetics due to spillover effect [42—44]. Efrat Ruse
et al. investigated the Mg de/hydriding kinetics by using a spillover catalyst and found that
nanometric Pd/CNT was superior to microsized Pd/AC for accelerating Mg de/hydriding
kinetics [42]. So, how should one decide which element or catalyst should be added to
improve the kinetics of hydrogen de/absorption materials? It is still a difficult question,
which motivates researchers to develop more catalysts. To design the optimum catalyst,
Sabatier explained that the absorption energy or bonding between catalyst and adsorbed gas
(hydrogen) should have an intermediate strength that is neither too strong nor too weak [45].
This leads to a volcano plot between rate and bond strength as illustrated in Figure 5.

A

Sabatier
optimum

Rate

limited by limited by

desorption activation
of product of reactant
>
Skrng Bond Strength Weak

Figure 5. Schematic representation of the qualitative Sabatier principle [45]. (Reprinted with permis-
sion from Springer).

Sergio Trasatti proved such a volcano plot for hydrogen evolution reaction experi-
mentally (see Equation (5)), i.e., the M-H bond strength is directly related to the rate of
electrolytic evolution of hydrogen (see Figure 6) [46].

H"+e  — H, (5)

Such a model could help to design more effective catalysts and it has been investigated
by many researchers [47,48]. However, experimental evidence showed the reverse of the
volcano plot in the case of Mg hydride for hydrogen storage due to several reasons.
These include the formation of intermediate magnesium/catalyst phases [49,50], and
transportation of atomic hydrogen to the Mg phase by intermediate catalytic phase [51,52]
or restricting hydrogen diffusion elsewhere from the catalytic site. Pozzo et al. [53] proposed
an inverse volcano plot (Figure 7), combining the effects of hydrogen dissociation and
hydrogen diffusion energy barriers mentioned on the y-axis in the figure which is strongly
related to the x-axis, i.e., d band center. From the figure, it could be analyzed that Ni and Pd
have good catalytic activities but experimentally Ti and V have been found to have good
catalytic activity like Ni and Pd [53]. Moreover, we could observe that Ni, Fe and Rh are
sitting near the peak of the inverse volcano plot and have the lowest energy barriers, thus
the most active catalyst. Therefore, one still needs to analyze and understand the catalytic
behavior to develop the effective catalyst for hydrogen de/absorption. Coming towards
the second step of hydrogen de/adsorption, i.e., surface penetration, there is an oxide layer
(creating MgO/Mg(OH);) on the surface of Mg/MgH, due to the small traces of O,/H;0O.
However, this oxide layer could be caused to vanish during several cycles or by using the
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efficient catalyst doping. The catalyst could provide active sites to the hydride surface and
create a clear path to transport Hy from surface to bulk Mg/MgH,. The process is usually
known as the gateway effect as recently discussed by Biasetti et al. [54]. They mentioned
that the combined effect of nanosizing and addition of transition metal (TM) as catalyst
could improve the kinetics via gateway effect. TM successfully generates an interface
of Mg/TM and MgH,/TM that could act as a gateway or spillover mechanism during
the de/hydrogenation reactions for Mg/MgH, [55,56]. Addition of catalyst is not only
helpful in providing the path to allow H; to penetrate into the surface but also helps in
accelerating the hydrogen rate in the next step. Due to the partial hydride formation layer,
the hydrogen diffusion rate becomes slow in the case of MgH,. For de/hydrogenation it is
believed that nanosized catalytic components could alter the sluggish kinetics involved in
the hydrogen diffusion step. This mechanism is often famed as the “hydrogen pathway”
effect. Friedrichs et al. proposed a “pathway model” through MgH, /Nb,Os nanopowder
system by lowering the oxidation state of Nb,Os which could help form a pathway to
facilitate hydrogen transportation into the sample [57]. There are two important factors
to consider here, reduction in particle size and grain size. The reduction of particle size
could reduce the diffusion distance which is helpful to enhance hydrogen absorption.
However, reducing the grain size may help to obtain more grain boundaries. A greater
number of grain boundaries itself could act as a pathway to transport hydrogen, which
directly helps to control the slow process of diffusion and enhance the rate of reaction [58].
Moving towards the last step of hydrogen absorption, i.e., nucleation and growth of MgH,
phase, it is still not clear if this is a rate-controlling step or not. Many studies have strongly
recommended Johnson-Mehl-Avrami-Kolmogorov (JMAK), which is a suitable nucleation
and growth model for many catalyzed MgH, systems [59,60]. Other diffusion models
include “Jander diffusion model” which has been used to fit the kinetics of catalyzed
MgH, systems [41,61,62]. Interestingly, Mooij et al. explained the nucleation and growth
mechanisms of nano MgH, by using the JMAK model and claimed that the absorption and
desorption mechanisms are not exactly reverse to each other, i.e., asymmetry exists between
desorption and absorption [63]. They showed that the energy barrier for nucleation of Mg
is smaller than that for the nucleation of MgH,.
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on pure Mg and metal-doped Mg surfaces as a function of the d-band center positions [53]. (Reprinted
with permission from Elsevier).

In summary; it can be understood that improving the hydrogen de/absorption kinetics
means reducing the activation barrier involved with the rate-limiting steps. There are many
techniques and methods to improve kinetics reported by different groups such as nanoscaling,
nanoconfinement, use of catalyst, doping and alloying [24-27,64]. However, in our perspective,
alloying is basically a way to alter the thermodynamics of the system and does not affect
the kinetics directly. Alloying is one of the best strategies to improve the thermodynamics
and to destabilize the hydrogen storage systems [65,66]. The remaining two strategies,
i.e., nanosizing and use of catalyst, are both effective techniques. However, our focus in
this review is on the use of catalyst, especially d-block elements as catalyst to improve the
kinetics of metal hydrides. The role of catalyst in reducing the activation barrier can be seen
in Figure 8, where the black color curve shows the activation energy for the non-catalyzed
sample, which is reduced for the catalyzed sample (shown by the red curve). The next section
sheds light on the role of transition metals and their alloys as catalyst for hydrides.

Kinetic Ea (without catalyst)

Barrier

Energy

Figure 8. Representation of the kinetic barrier of the reaction and lowering the activation energy (Ea)
using catalyst [15].
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4. D-block (Transition Metal) Elements as Catalyst

It is well known that many different materials, alloys, complex hydrides and compos-
ites have been used for the purpose of hydrogen storage [11,15,24,26,67-72]. Even if surface
oxidation can be fixed by sample activation and other related methods, it takes a long
time to desorb/absorb hydrogen by hydride materials and hence this makes it almost
impossible for practical usage. Besides, the use of nanosizing technique is also not practical
as it is not easy to prepare such small particles when it comes to preparing material in
tons. Due to the above reasons, use of catalyst is the most decent choice to enhance the
kinetics of these hydrides. Usually d-block elements have the presence of vacant d-orbital,
thus they have the ability to exhibit variable valencies [73]. Induced vacancies may help to
absorb hydrogen in blank space and release them when needed at certain temperatures
and pressures. The d-block elements have a tendency to form complex compounds and
have been used in various applications related to energy harvesting, storage and trans-
portation [73,74]. In this section, the use of d-block elements and their alloys for improving
the kinetics of hydride materials will be reviewed one by one.

4.1. Transition Unary Metals as Catalyst

Unary catalyst is the single metal catalyst, and many transition metal unary catalysts
show good performance in improving the hydrogen storage properties of MgH,. Transition
metals including Ni, Ti, Fe, Zr, Nb, V, Cr, Co, Mo, Rh, Pd, Cu, Ag and their nano forms
have been developed to improve the hydrogen storage properties of MgH, [53,72,75-88].
In 2005, Haneda et al. mixed Ni nanoparticles as catalyst with MgH, by adopting a ball
milling technique [89]. They confirmed that the desorption peak was found at 270 °C on
addition of Ni nanoparticles into the MgH, which is much lower than the pure MgH,.
Superior catalytic effect of Ni was confirmed in terms of several parameters such as particle
size and amount of catalyst. Later, in 2010, Yang et al. studied the effect of fine Ni particles
(90-200 nm) on hydrogen desorption of MgH, [90]. MgH, mixed with 2 at% Ni particles
started hydrogen desorption rapidly at 200 °C and around 6.5 wt% hydrogen was released
up to 340 °C temperature. In this study, they concluded that site density of the catalyst over
the MgH), particle was the key factor to enhance the efficiency of the catalyst and improve
the sorption kinetics of MgHy,. Later, Liu et al. also reported their investigation on doping
Ni in Mg/MgH, system by synthesizing Mg-Ni nanocomposite by the coprecipitation
method. According to the results, Mg-Ni nanocomposite revealed quite fast hydrogen
absorption, 85% of its maximum capacity was achieved at lower temperature at 125 °C
within 45 s. They also calculated activation energy of Mg-Ni nanocomposite as 57.4 k] /mol
Hj. It was concluded that the nano size of Mg, formation of gama-MgH, phase and Mg,Ni
formation after de/hydrogenation cycles were the main factors to obtain the superior
hydrogen sorption properties of Mg-Ni [91]. In 2018, Sun et al. investigated the properties
of Ni nanobelts as catalyst with the aim of improving the hydrogen storage properties
of magnesium [92]. Hydrogen was observed to release at 174 °C temperature and they
also calculated activation energy 69.2 & 2.5 k] mol™! H, which was found to be lower in
comparison to the reported values for pure Mg/H,; reaction. This was considered to be
evidence of the catalytic properties of the Ni nanobelts. More recently, Yang et al. put their
efforts towards improving the kinetics of MgH, via doping with a flake Ni nanocatalyst [93].
They claimed 6.7 wt% of hydrogen release at 300 °C within 3 min starting from 180 °C
by MgH; + 5 wt% Ni composites. They also checked the absorption, which was started
below 50 °C after complete dehydrogenation and found that 4.6 wt% of hydrogen was
absorbed by the composite at 125 °C within 20 min at 3MPa hydrogen pressure. They put
forth Ni nanoflakes as a catalyst which covered MgH, and acted as a “hydrogen pump” to
accelerate the rates of hydrogen absorption and desorption. Besides MgH), several other
hydrogen storage materials were explored to observe the effect of transition metals on
their hydrogen storage properties. In 2015, our group investigated the effect of different
nanometals (Ni, Co, Nb) as catalyst on the absorption—desorption properties of KSiHj3 [78].
Among them, nano Ni was found to be the most effective catalyst, having minimum
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activation energy 106 k] mol~! compared with the others. Recently, the effect of Fe was
also found to be exciting for the improvement of the sorption properties of KSiHs [24].
Pozzo et al. verified the superior catalytic properties by DFT calculations of Ni and Fe
from d-block elements and announced Ni and Fe as the most active catalysts [53]. Recently,
Gasnier et al. designed a catalyst containing d-block elements combined with N-doped
graphene-rich aerogels to improve the sorption kinetics of LiBH, [94]. Obviously, carbon-
or graphene-rich components could help to spread nanomaterials homogeneously and to
avoid any kind of agglomeration. The presence of metallic nanoparticles such as Ni and Co
helped to shift desorption at lower temperature. It was mentioned that the presence of Ni is
more favorable (70%) than the Co (30%), as Ni could desorb 6.5 wt% and Co releases 1 wt%
of hydrogen at temperature 325 °C and 226 °C, respectively. Meng et al. also mentioned
that Ni nanoparticles play a crucial role in lowering the onset temperature (around 180 °C)
of LiBH, and reported porous Ni@C derived from bimetallic metal organic frameworks
(MOF) catalyst as shown in Figure 9 [95].

Porous Carbon

Mixed with LiBH,

(Ar atm) Ni@C BM and premelt 7

H, spillover

Ni nanoparticles

Ni@C-1

Figure 9. The schematic illustration of the products derived from MOF-5 and Ni(II)-MOEF-5s and application in LiBHy4
hydrogen release [95]. (Reprinted with permission from Elsevier).

High specific surface area and pore size distribution were found to play the key roles
to boost up the kinetics and 11 wt% H; was released at 375 °C by LiBH4/Ni@C-1. Iron
(Fe), which is the most common metal element in life, has been broadly exercised for many
applications for a long time. In 1999, Zaluska et al. studied the catalytic effect of Pd and Fe
on magnesium surface for hydrogen storage [85]. They stated that by using a small amount
of catalyst (palladium or iron) the need for activation can be eliminated because the catalyst
offsets the negative impact of surface oxidation. They also suggested the use of other
catalysts such as V and Zr and a mixture of Mn and Zr for the improvement of sorption con-
ditions of Mg. In 2012, Montone et al. studied the hydrogenation of 5 wt% Fe-added MgH,
and doped MgH, nanocomposite was cycled under maximum hydrogen pressure up to 47
de/absorption cycles at 300 °C [96]. They concluded that the rate-limiting step was affected
during hydrogen de/absorption, due to the morphological and structural growth of the ma-
terial; however, the maximum storage capacity was mostly unaffected. Recently, Gattia et al.
reported reduced activation energy of MgH, + 5 wt% Fe sample, which was found to be the
main reason for the improvement of the sorption kinetics [97]. In 2020, Antiqueira et al. also
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reported extremely fast kinetics of MgH), catalyzed by Fe [98]. They claimed that 10 h and
24 h nanocomposites showed fast kinetics under mild conditions: 300-350 °C temperature
under 10 bar H; for absorption and 0.13 bar H; for desorption. Besides Ni and Fe, there
are many unary metal catalysts such as Ti, Nb, V, Co, Mo and Zr [99]. In 2004, Wang et al.
revealed that NaAlH, endures the kinetics and cycling properties when transition metal,
especially Ti, is added as a catalyst to it. The 4 mol% Ti-doped NaAlH, was recharged at
120 °C under 12 MPa hydrogen within 8-10 h; however, hydrogen capacity faded with the
number of increasing cycles and was found as 2.8 wt% after eight cycles. They investigated
and proposed that the improved kinetics was possible due to the localized surface of the
catalytic species containing Ti [100]. Chaudhuri et al. also confirmed that the Ti atoms and
local arrangement of Ti atoms have an important catalytic role to play in the chemisorption
of the molecular hydrogen process [101]. Blomqvist et al. studied the dehydrogenation
from 3d-(TM) transition-metals (Sc, Ti, V, Cr, Mn, Fe, Co, Ni and Cu)-doped NaAlH, [102].
They came up with two important findings related to bond length (TM-Al) and binding
energy (TM-NaAlH,). The shortening of the TM—Al bond has an impact on lowering the
hydrogen binding energy due to the common inclination towards formation of new phase
and thus the kinetics is improved in this process. They concluded that the binding energy
in TM-doped NaAlH4 was lower than that of undoped NaAlH,. They also suggested that
Fe and Cr as a catalyst are better than Ti for efficient hydrogen desorption [102]. Huang
et al. reported the influence of transition metals (TMs) and reported a significant improve-
ment in this sequence (Pd > Co > Zr > Ni > Nb > Hf > Ti > Mn > Fe > V > Cu > Cr) on the
de/hydriding critical point of NaAlH, [103]. Moreover, Cui el al. proposed Mg-TM core
shell nanostructures (where TM: Ti, Nb, V, Co, Mo or Ni) prepared by a wet-chemical
method [104]. They have reported Mg-TM dehydrogenation curves for all samples below
225 °C as shown in Figure 10. The reported performance was arranged in higher rank
order (superior catalyst) as Mg-Ti > Mg-Nb > Mg-Ni > Mg-V > Mg-Co > Mg-Mo. Recently,
Dmytro Korablov et al. also proposed Mg-25%TM (where TM = Ti, Nb or V) composites
and their kinetic studies [105]. They suggested that 0.75 Mg-0.25 V composite showed
extraordinarily fast kinetics of hydrogen absorption at room temperature as shown in
Figure 11. Pd was also reported as a superior catalyst by many researchers [106]. Liu et al.
used Pd nanoparticles with Mg, i.e., Mg-Pd that could absorb up to 3 wt% hydrogen in 2 h
at the lowest temperature 50 °C [107]. However, due to the cost of Pd, it is recommended
to preferentially design the abundant and cost-effective metal catalyst for the long term.
Apart from the hydride/complex hydrides, transition metal (catalyst) mixed metal organic
frameworks (TM-MOFs), due to a large specific surface area, are also effective for hydrogen
storage application [108-111]. The Co, Fe, Ni, Cu, Pd and Nb metals have been reported
as efficient catalysts to improve the catalytic properties of MOFs. Recently, Wang et al.
manifested the synergistic and catalytic effect of Mg-TM/ZIF-67 (TM = Ni, Cu, Pd, Nb)
nanocomposites to achieve excellent hydrogen storage properties [87]. The calculated
dehydrogenation activation energy was reduced up to 75.8 k] mol~! H; for Mg-Nb /ZIF-67
nanocomposite and thus Nb was found to be the most effective catalyst for hydrogen
storage performance. It was claimed that the core-shell structure was helpful to suppress
the activation barrier of Mg and blocked the grain growth of the particle. Therefore, this
kind of single metal catalyst is also helpful along with the combinatorial designed structure
to inhibit the lattice expansion and this could enhance the retention rate of the hydrogen
absorption desorption cycle [87]. In summary, it could be understood that different d-block
elements are effective due to the above discussed reasons depending on the systems. How-
ever costly elements such as Pd should be avoided while designing the efficient catalyst.
The interesting and cost-effective elements include Ni, Co, V, Ti, Fe and Nb, which were
commonly used as the unary catalyst to enhance the sluggish kinetics of various hydrogen
storage systems.
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Figure 11. Dependences of the degree of transformation of Mg into its hydride on hydrogenation time
during RT absorption with Ti, Nb or V additives [105]. (Reprinted with permission from Elsevier).

4.2. D-block Binary Metal Catalyst (Metal-Metal, Metal Oxides, Metal Halides, etc.)

Transition metals are good catalysts, not only in their elemental form, but also in
compound form. Several compounds such as metal oxides, halides and carbides have been
used to improve the sorption kinetics of almost all the families of hydrides, which will be
reviewed in this section. Recently, several reports have been published seeking to improve
the hydrogen sorption properties of MgH, by using binary transition metals as catalysts
such as NiCu [112], ZrH; [113], HfCl4 [114], NbyOs [115], [116], Mn3Oy4 [117], FeCo [118],
TiO, [119], Ti3C; [120], FeCls [121], Nb(V) ethoxide [122], ZrCo [123], Fe;O3 [124], YH, [125],
TiH, [54] and many more. Zhang et al. used NiCu catalyst with different molar ratios and
found that among them 5h milled MgH,; /Ni-50%Cu system desorbed hydrogen at 205.8 °C,
which is 96.9 °C lower than the pure MgH, as shown in Figure 12 [112]. Many researchers
predicted the effect of these transition metal catalysts by theoretical calculations in order
to support and find the possible reason for such improvements observed in experimental
studies. Zhang et al. proposed that 10 wt% ZrCo-nanosheets-added MgH, could desorb
around 6.3 wt% Hpj within 5 min at 300 °C and absorb 4.4 wt% H; under 3 MPa hydrogen
pressure in 10 min even at 120 °C [123]. Theoretical calculations performed for this study
revealed the stable adsorption configurations of MgH, molecule on ZrCo (110) surface.
They concluded that the ss orbital overlap of Mg and H bond was weakened, which
was suggested to be a boon for enhancing the sorption kinetics of MgH, (see Figure 13).
Chen et al. proposed and confirmed by experimental means as well as DFT calculations
that ZrH; nanocatalyst homogeneously spread on the surface of MgH, (see Figure 14),
which exhibited fast kinetics due to the lattice distortion between ZrH, and MgH, /Mg
phases [113]. They claimed that ZrH,-MgH, was able to absorb 5.90 wt% hydrogen at
65 °C under 65 bar H; back pressure within 100 min. Rehydrogenation pressure was
decreased down to 6 bars; however, ZrHy-MgH, could still absorb 3.96 wt% hydrogen
at 65 °C within 120 min, which confirms the excellent hydrogen absorption properties
of catalyzed MgH,. Iron and Co mixed binary catalysts in the form of nanosheets were
investigated for their catalytic effectiveness and sorption properties of catalyzed MgH,
system by Yang et al. [118]. The nanocatalyst FeCo with MgH; desorbed 6 wt% hydro-
gen within 9.5 min at 300 °C. In the case of absorption, FeCo-MgH, started taking up
hydrogen at room temperature and absorbed a total 5.4 wt% hydrogen while heating
up to 200 °C temperature. They found reduced activation energies for dehydrogenation
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(65.3 4 4.7 k] mol ') and rehydrogenation (53.4 + 1.0 k] mol~!) for this system. In 2014,
Cai et al. mentioned the benefits of combining d-block element Co (electron-rich) with
boron (electron-deficient) and used this combination to catalyze LiBHy4 [125]. The electronic
structure of CoB, its morphology and specific surface area have been suggested to play
the main role in improving the sorption properties of LiBHy (see Figure 15). The best
kinetics was shown by the mulberry-like CoB-catalyzed LiBHy4, which desorbed 10.4 wt%
hydrogen within 1 h at 350 °C. Many halides and oxides were also investigated as efficient
catalysts. Iron chloride was considered to be an excellent catalyst for MgH, and reduced
desorption temperature up to 90 °C lower than the pure MgHj. M. Ismail [121] reported
10 wt% FeCls-doped MgH,; system which displayed a faster dehydrogenation rate than the
pristine MgH,. Iron oxides (Fe;O3) were found capable of increasing the rate of hydrogen
absorption and desorption of MgH,. Song et al. [124] demonstrated the increased rate of hy-
drogen charging and discharging by the addition of Fe;O3 catalyst to Mg (MgHj-forming
mechanical milling). They also confirmed that the chemisorption of hydrogen molecule
was the rate-determining step in the case of charging of Mg-10Fe;O3. Apart from these,
Nb,Os has secured its own place, being an excellent catalyst for many hydrogen storage
systems. Recently, Gi et al. shed light on the effective factors of Nb,Os catalyst for Mg [116].
It was revealed that metastable amorphous Nb,Os was easily converted to the reduced
state and could provide more catalytic active sites for the reaction. Later, Zhang et al. also
demonstrated synthesis of NbyOs hollow spheres (0-Nb,;Os) and showed high catalytic
activity on MgH, for hydrogen storage application [115]. The enhanced catalytic activity
could be seen by fast hydrogen desorption, i.e., a total 5.5 wt% within 5 min at 300 °C.
Rafi-ud-din et al. reported Nb,Os, TiO, and Cr,O3 nanoparticles as catalyst to improve
the hydrogen sorption properties of NaAlH, [126]. Among them, Cr,O3 was not found
to be that much more effective in terms of enhancing dehydriding/rehydriding kinetics
and reducing the dehydrogenation temperature; however, the other two oxide-added
systems showed kinetic improvement, i.e., 5 mol% TiO,-mixed NaAlH, (onset desorption
temperature 100 °C) and 5 mol% Nb,Os-added NaAlH, (onset desorption temperature
80 °C). It was explained that Cr,O3 acted as a surface catalyst and stayed stable in the
agglomerated form during the milling and cycling process as well; thus, it was shown to
have very limited catalytic activity. On the other hand, hydrogen cycling has confirmed
the reduction of TiO, and Nb,Os, which promoted the formation of the oxygen-deficient
reduced niobium and titanium oxide species. These oxygen-deficient reduced species
contributed to enhancing the kinetics by facilitating the diffusion of hydrogen through the
barriers during de/hydrogenation [126]. The catalytic enhancement by Nb,Os and TiO,
was also attributed to their reduced particle size with high dispersion. In 2016, Khan et al.
also studied Nb,Os-doped NaAlH, and found the reduced desorption temperature rang-
ing from 285 °C (pure NaAlHy) to 250 °C for doped NaAlH, [127]. They mentioned the
four regions of the cycle at 100 °C, 125 °C, 150 °C and 175 °C; the amount of hydrogen
desorbed was up to 1.2 wt%. The hydrogen desorption was increased in the second region
up to 4.0 wt% in just 30 min, and within 60 min a maximum of 4.5 wt% H; was released.
Rafi-ud-din et al. also reported d-block metal oxides such as Cr,O3 and Nb,Os in which
Nb,Os was found to be more effective than Cr,O3 [128]. In addition, 1 mol% and 2 mol%
doped LiAlHs samples showed lower desorption temperature with little reduction in
hydrogen capacity and approx. 6.9 wt% Hj was released at 193 °C. While talking about
oxides, TiO;, cannot be ignored as a superior catalyst to improve the sorption kinetics
of metal/complex hydride. In 2011, Ismail et al. reported a significant improvement in
kinetics by releasing 5.2 wt% hydrogen within 30 min at 100 °C from 5 wt% TiO;-mixed
LiAlHy [129]. Activation energy was reduced to 49 k] /mol for 5 wt% TiO,-added LiAlH,
in comparison to 114 k] /mol for pristine LiAlH,. The improved desorption was achieved
by the catalytic properties on the surface of TiO,. Recently, Berezovets et al. reported
nano-TiO, and some other Ti-related catalysts for Mg [119]. According to them, 5 mol%
TiO,-added Mg showed 5.7 wt% hydrogenation. Desorption was found to occur at a 90 °C
lower temperature than the pure MgH,. In 2017, our group also investigated the effect of
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TiF, on decomposition of MgH, and related compounds [130]. We investigated the fact
that 10 wt% TiFs-added MgH, started desorption around 150 °C temperature and thus
enhanced the sorption kinetics. We also investigated the mechanism of this enhancement
using XPS and it was revealed that Ti** was reduced to Ti** and Ti?* (lower oxidation
state) in this process. Other than Ti-based binary catalysts, Mn3O4 showed good catalytic
activities for MgH,. Zhang et al. stated that by adding 10 wt% MnzO4 nanoparticles,
the catalyzed MgH), started desorbing hydrogen at 200 °C and approx. 6.8 wt% H;, was
released within 8 min at 300 °C [117]. The same group also studied the effect of ZrMn,
nanoparticles on MgH, and prepared MgH, + 10 wt% nano-ZrMn, composite, which
released hydrogen at 181.9 °C [131]. Moreover, El-Eskandarany et al. [132] claimed MgH,
catalyzed with nano-LaNis, i.e., MgH; -7 wt% LaNis sample, could release 5.6 wt% Hp
within 37 min at 225 °C. In addition, the MgH,-LaNiz sample showed an extremely long
cycle-life (2000 h) at 225 °C with no degradation of its hydrogen storage capacity. As
discussed above, the development of binary transition metal catalysts is quite useful and
beneficial to enhance the catalytic effect on the sorption properties of various systems for
hydrogen storage.
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Figure 12. TPD curves of the as-milled MgH, and MgH, /Ni-50% Cu systems with a heating rate of
3 °C/min [112]. (Reprinted with permission from Elsevier).
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4.3. D-block Ternary Metal Catalysts and Miscellaneous Catalysts

After unary and binary metal catalysts, many other combinations such as ternary,
quaternary and miscellaneous catalysts in the form of alloys and composites were also
developed. In this section, we have focused on the use of such miscellaneous catalysts to
improve the sorption kinetics of different hydrogen storage systems. As discussed for the
binary metal catalyst system above, the Ti-based catalyst has always fascinated researchers
due to its extremely good catalytic activity. Nafiseh Mahmoudi et al. synthesized nano-
sized particles and grain structures by addition of 5 at% (TiCrj 2Fe( ) in MgH; powder
using mechanical milling [133]. The 4 h mechanically milled catalyzed MgH, released
4 wt% hydrogen and reduced the decomposition temperature from 327 °C to 241 °C. As
shown in Figure 16a, Zhou et al. studied a series of Ti-based additives to improve the
hydrogen storage properties of MgH, [134]. A Ti-based ternary catalyst, TiVMn, showed
the minimum desorption temperature (see Figure 16b) as 216.7 °C. They emphasized
the difference between the dehydrogenation temperature of TiVMn-mixed MgH, and
milled MgH, which was significant, i.e., approx. 120 °C. Recently, Berezovets et al. [119]
reported the effect of Ti-based nanosized additives on the hydrogen storage properties of
MgH,. As shown in Figure 17, TisFe,Oy additive has the most significant effect among all.
Wang et al. [135] demonstrated the unary (Ti, Al, C), binary (TiAl, TizAl, Ti3Cy) and ternary
(Ti3AlCy) catalysts for improving the reversible hydrogen storage properties of MgHj. It
was noticed that the ternary Ti3AlC, catalyst was better than the other unary catalysts
in reducing the desorption temperature of MgH,. As shown in Figure 18, the hydrogen
desorption temperature for Ti3 AlC,-catalyst-mixed MgH; was 250 °C, which was 12-57 °C
lower than those of the 7 wt% unary and binary catalysts. However, the catalytic effect of
ternary TizAlC; was found to be lower in comparison to Ti3C, because of the unique 2D
layered structure of Ti3Cy, which helped it to maintain a large active surface area. Besides
Ti-based additives, other catalysts such as NiMnAl [136], NisFeMn [137], FeCoNi [138],
CuFeyO4 [139], MgAgZn [140], LaFeOj3 [141], ZrCrMn [141], ZrCrCu [142], ZrCrM [143],
ZrCrNi [144], Zry 4Tig ¢Co [145], MgNiO, [146] and SrTiO3 [147] have been reported for
a long time. We would like to focus on some of the effective ternary catalysts recently
used to improve the sorption kinetics of MgH,. Singh et al. [138] developed a ternary
catalyst, FeCoNi, supported on graphene to improve the hydrogen sorption properties of
MgH,. As can be seen in Figure 19i, they reported the earliest desorption temperature for
MgH,; + 5 wt% FeCoNi@GS as 100 °C, 25 °C lower than that of milled uncatalyzed (B.M)
MgH), and FeCoNi-catalyzed MgH,, respectively.

(a)* — (b) > —
- < As-received 5 "C/min
g o s . MgH,
b \ o & 400

1 ‘\ \TiH,-doped ‘e
g N\ MgH, . ¢
£ L % \ | 23562355 2424 237.7
g A -As-milled g T el T il T

3 N\ MgH, £
E .'.‘\ \ \ ﬁ .
2 4 EARRY
g '.:‘\ \ TiMn,-doped \ 106

5 ANy MgH, .

LNy MeH, \
TiAl-doped \u‘ .
o MgH, o o ¢
a 3} & ‘\'°
7 ,x& ‘,«s & S {\ . 4
& af o
150 200 250 300 350 400 450 t\.@b s\é’ < ‘,\f" K ‘}c‘ g‘f\ ‘,s}\ ,x«‘l?:}e\” @c\”
Temperature, “C v"'\é o
Figure 16. (a) TGA curves of as-received, as-milled, TiH,-doped, TiMn,-doped and TiAl-doped MgH, systems.

(b) Dehydrogenation temperatures of different Ti-based catalyst-doped systems, determined by TGA profiles at fractional
conversion « = 0.4 [134]. (Reprinted with permission from the American Chemical Society).



Reactions 2021, 2

351

] e
7 1 " .0
6 -
5 -
X 4-
T 34 .
@) Mg + 2.5 mol % nano Ti
9. <,>’ ® Mg + 2.5 mol % nano TiO,
4 Mg+ 0.5 mol % Ti Fe2003
14 " v Mg+ 1mol % TiFe,0,,
- 3 e & pure Mg
R e oot ppgi o afies -
0 60 120 180 240 300 360

Milling time, min

Figure 17. Hydrogen absorption by powder mixtures of Mg with Ti-based additives during reactive ball milling in

hydrogen [119]. (Reprinted with permission from Elsevier).

‘e -1 As-milled MgH, "
S 24 e TW%TIAC,
S 34 4 7Tw%Ti
~ 4 o +7 wt% Al
E 5 . +7 wt% graphite
] = +7 wt% TiAl
T 64 ¢ TweTiA
T * +TW%TIC,
-8 y T T T v T v T v T v 1
100 150 200 250 B 300 350 400
S Temperature ( C)
U320 + 310 304 307 (b)
0 B
5 280 277
o 250 8 262
m =
o204 '\ 'HN 1 B o <
Q.
QE, 200 ,
[ MgH, TiAIC, Ti Al Cc TiAl  Ti Al TiC,
MgH_-7 wt% M

Figure 18. (a) Volumetric release and (b) midpoint dehydrogenation temperature of MgH»-7 wt% M (M = TizAlC,, Ti, Al,
graphite, Ti3Cy, TiAl and TizAl) composites [135]. (Reprinted with permission from Elsevier).



Reactions 2021, 2

352

Rehydrogenation kinetics 290°C, 15 atm Hg Pressure

0
-1 5 @) "
Ao =
1 Ao \
— H A
® 2 (I) A% "

. Ae | ]
S A® \
= -3 A® -
° A [ ] \
[ 1 a n
£ 4 e .
[*] 0, . A \
2 TPD @ 5°C/min r\ .
T 5] (a)B.MMgH :
~ 51 @ gHy b) o~
T (b) MgHo+ 5wt.% FeCoNi 8

61 (c)MgH,+ 5wt.% FeCoNi@GS o
1 c
7

100 150 200 250 300 350 400
Temperature (°C)

Dehydrogenation kinetics 290°C, 1 atm Hj Pressure

7 (a) B.M MgH,
e . (b) MgH 2+ 5wt.% FeCoNi
- WWM N oL
o I ©) 61a " om_ e, (cMgHy+ Swt.% FeCoNI@GS
— 77."
F 5- X 54 - -\.\."I
S : 3 " T e
s 4 ® T4 a (iii) .
..I.. .. 'E i 2
g 34 ‘; ann" (") § 3 k
s 2 ' - ™ 21 AA
J L (b) MgHp+ 5wt.% FeCoNi 14 ‘A‘h
r (c)MgHy+ 5wt.% FeCoNi@GS o o
/ 9 [
T T T o T s e ————
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 0 5 10 15 20 25 30 35 40 45 50

Time(min.) Time(min.)

Figure 19. (i) TPD profile of (a) B.M MgH), (uncatalyzed sample); (b) MgH, + 5 wt% FeCoNi; (c) MgH) + 5 wt% FeCoNi@GS.
(ii) Rehydrogenation kinetics curve of (a) B.M MgHy; (b) MgH; + 5 wt% FeCoNi; (c) MgH; + 5 wt% FeCoNi@GS at 290 °C

at 15 atm. (iii) Dehydrogenation kinetics curve of (a) B.M MgH,; (b) MgH,; + 5 wt% FeCoNi; (c) MgH) + 5 wt% FeCoNi@GS
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The rehydrogenation reversibility of MgH; + 5 wt% FeCoNi@GS was also found
to be superior (see Figure 19ii). It was also found that MgH, + 5 wt% FeCoNi@GS
desorbed 6.14 wt% hydrogen (highest in comparison to others) within 8.5 min under
similar conditions (Figure 19iii). Other than ternary metals catalysts, oxides catalysts have
always been fascinating due to their extremely good performance with various hydrogen
storage systems. M. Ismail et al. achieved excellent dehydrogenation and hydrogenation
kinetics of MgH, by doping with CuFe,Oy catalyst [139]. They concluded that the 10 wt%
CuFe;O4-doped MgH; desorbed about 5.3 wt% Hjy within 10 min at 320 °C and 5.0 wt%
H, was absorbed at 250 °C in 30 min by the catalyzed sample. The same group reported
the study on LaFeOj3 synthesized through the ball milling technique [141]. They reported
that LaFeOs-catalyzed MgH; sample was able to desorb about 3.7 wt% of H; within
15 min at 320 °C. Zhang et al. reported the synergistic catalytic effects of Zr-based ternary
metal catalyst Zr( 4Tig ¢Co nanosheets and carbon nanotubes (see Figure 20) [145]. It was
found that MgH, + 10 wt% Zry4TipsCo/5 wt% CNTs composite quickly released 90%

hydrogen within 10 min at 300 °C. Moreover, after complete dehydrogenation, the same
sample could absorb 3.51 wt% hydrogen within 20 min under 3 MPa pressure at 125 °C
temperature. Ali et al. synthesized MgNiO, nanoflakes via the hydrothermal method and
investigated their catalytic roles on the hydrogen sorption performance of MgH, [146].
The enhanced absorption kinetics was found for the MgNiO,-nanoflakes-doped MgH,
sample with the capacity of hydrogen up to 6.1 wt% that could be reached within 10 min
at 200 °C. Yahya et al. studied the catalytic effects of SrTiO3; on the hydrogen storage
properties of MgH, [147]. The onset temperature was reduced by 55 °C in comparison to
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as-milled MgH, by the addition of 10 wt% SrTiO3. The composite MgH;-10 wt% SrTiOs
was able to absorb 4.3 wt% of hydrogen within 60 min. Besides MgH,, other systems
such as LiBHy, LiAlH, and NaAlH, were also improved in their hydrogenation proper-
ties by the addition of oxide catalysts. Nanosized catalyst NiFeO, was found suitable
to lower the onset and peak temperature by 226 °C and 260 °C with respect to pristine
LiBHy [148]. Approximately 5 wt% hydrogen was released at 300 °C within 20 min. First
principle calculation suggested the reduction of energy required to release H atom by
addition of d-block transition metals and hence promoted desorption of hydrogen [149].
Moreover, Wan et al. introduced MnFe;O4 nanoparticles to improve the catalytic activity
of NaAlH, [150]. Improved kinetics was shown for isothermal dehydrogenation from
7 mol% MnFe;O4-doped NaAlH, with slightly reduced capacity. The onset decompo-
sition temperatures for the 7 mol% MnFe;O4-doped NaAlH, were significantly reduced
to 95 °C, 152 °C and 327 °C for the three decomposition steps which were lowered by
84 °C, 88 °C and 84 °C, respectively, lower than that of undoped NaAlH,;. Huang et al.
demonstrated NaAlHy + 3 mol% NiFe,O4 having good cycle stability at only 150 °C with
a slight capacity loss after five cycles [151]. They revealed that the enhanced catalytic per-
formance of NaAlH, by the addition of 3 mol% NiFe,O4 might be due to the small-sized
particles. Nanosized particles might have provided active sites at the surface of NaAlHy,
resulting in the improved kinetics. In addition to this, other d-block bimetallic oxides were
also introduced to enhance the kinetics of LiAlH4 such as CoFe,O4 [152], NiFe,O4 [153]
and MgFe,;Oy4 [154]. Li et al. demonstrated 3 mol% nanosized NiFe,O4-doped LiAlH,
sample could desorb 7 wt% Hj within 91 s under 0.1 MPa pressure at 120 °C, which was
6.3 wt% higher than the pristine LiAIH, [153]. The same group investigated the catalytic
effects of CoFe;O4 nanoparticles and successfully achieved a lower onset temperature
of 65 °C, which was reduced by 90 °C in comparison to the as-received LiAlHy4 [152]. In
2019, Ali et al. checked the catalytic effects of MgFe,O4 in LiAlH4 and obtained faster
3.5 wt% Hj desorption within 30 min at 90 °C [154]. The synergistic effect of two metal
combinations and formation of active species were found to be the reasons responsible
for improving the dehydrogenation kinetics of LiAlH4. However, agglomeration remains
a challenge sometimes to represent the fast kinetics and low desorption temperature. Some
researchers tried to design d-block elemental catalysts decorated or mixed with graphene
to solve such related issues. Tan et al. mentioned that the desorption temperature for
20 wt% MWCNTs/0.4Ni (multiwalled carbon nanotubes/0.4Ni)-mixed LiAlH, could be
decreased to 80 °C, whereas 20 wt% MWCNTs/0.4-Co-doped LiAlH, could desorb hy-
drogen at 100 °C [155]. Hence, they confirmed the superiority of Ni metal over Co for the
dehydrogenation behavior of LiAlHy. In their point of view, carbon materials were also
helpful for the confinement of hydrides; therefore, these were able to provide a relatively
clear path for hydrogen diffusion. Moreover, the electron affinity of carbon materials
could affect the hydrogen removal energy in the dehydrogenation reaction [155]. Jiao
et al. designed the NiCo nanoalloy (4-6 nm) encapsulated in grapheme layers (NiCo@G)
to investigate the catalytic effect of catalyst on LiAlHy4 [156]. The 1 wt% NiCo@G-doped
LiAlH, sample started releasing hydrogen at 43 °C (onset temperature) and 7.3 wt% hy-
drogen was liberated below 200 °C with reduced activation energy 54.8 k] mol~!. Recently,
NiCo,04 nanorods anchored on rGO, i.e., NiCo,04@rGO, was synthesized by Xia et al.
and dehydrogenation of LiAlH4 was evaluated [157]. For the isothermal dehydrogenation,
7 wt% NiCo,04@rGO-mixed LiAlH, sample could release approx. 4 wt% hydrogen within
20 min at 150 °C. This catalyzed sample showed 21.9% and 37.1% reduced activation en-
ergy of the two-step dehydrogenation of pure LiAlH,. DFT calculations were performed
to investigate the mechanism of improved kinetics. They revealed that interfacial charge
transfer and dehybridization of Al-H cluster provided the weakness in Al-H bonding.
They also concluded that large surface area, mesoporous structure, cluster-surface interface
and synergistic effects were the responsible events in facilitating the dehydrogenation
of NiC0,04@rGO-mixed LiAlHy [157]. More recently, NiFe,O4 was supported on two-
dimensional hexagonal boron nitride (NiFe;O4@h-BN) to increase the catalytic activity of
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LiAlH, [158]. The onset desorption temperature for 7 wt% NiFe, O4@h-BN-doped LiAlH,
was observed to be 77.1 °C with 6.74 wt% hydrogen liberation. After dehydrogenation,
0.6 wt% H; was absorbed under 300 bar pressure at 300 °C temperature in 11 h by the
dehydrogenated product. Zhao et al. designed a catalyst containing core-shell structure
CoNi@C via hydrothermal and calcination reduction to improve the catalytic activity of
MgH), [159]. Prepared catalyst was found to efficiently desorb 5.83 wt% hydrogen within
1800 s started at 173 °C up to max 275 °C temperature and released 4.83 wt% Hy within
1800 s at the lowest temperature 100 °C. Meng et al. investigated the superiority of de-
signed 3D flower-like TiO,@C nanostructured catalyst towards MgH, [160]. They reported
that the hydrogen sorption kinetics of MgH, was enhanced by the flower-like TiO,@C cata-
lyst (6 wt% hydrogen desorption within 7 min). Liu et al. recently reported an interesting
design for a catalyst, i.e., NizFe was homogeneously loaded on reduced graphene oxide
(Ni3Fe/rGO) based on layered double hydroxide (LDH) precursor as shown in Figure 21
(upper panel) [161]. As shown in Figure 21a,b, MgH,-5 wt% NizFe/rGO composite could
absorb 6 wt% hydrogen within 80 s at 100 °C and 6.2 wt% hydrogen could be achieved
within 60 s at 125 °C. The mechanism was revealed for the catalysis and the proposed
synergistic effect was attributed to rGo as well as in situ formation of active species MgoNi
and Fe. In short, they happened to design such a catalyst with high efficiency based on
LDH precursors. Ding et al. reported two different catalysts, MgCNi3 [162] in 2019 and
MgCCoj 5Nij 5 [160] in 2020, to improve the sorption kinetics of MgH,. They called it anti-
perovskite material MgCNi3 [162]; it was doped with Mg and approx. 4.42 wt% hydrogen
was absorbed within 20 min at 423 K, whereas 4.81 wt% hydrogen was reversibly released
within 20 min at 593 K. They revealed the formation of MgyNiH4 hydride and carbon
material during hydrogenation of composite where Mg,NiH, induced dehydrogenation
and carbonaceous material inhibited the growth and agglomeration of MgH,. Later they
realized that addition of Co in the same composite could be beneficial to enhance the
sorption kinetics of MgH, due to the superior catalytic activity of Co. Then further, they
reported Mg/MgH,-MgCCo; 5Nij 5 composite releasing H, at 217 °C, 160 °C lower than
that of the MgH,, and it quickly absorbed 5.5 wt% hydrogen within 60 min at 150 °C
temperature [163]. Moreover, they reported good cycling performance of Mg/MgH»-
MgCCoq 5Nij 5 composite and emphasized the formation of active species MgCy.5Cos
and carbon materials during de/absorption, which was the main reason for having good
catalytic effects. Another multielement NiMng 3Al4 ¢Co141Fes ¢ alloy was introduced by
Meena et al. to enhance the dehydrogenation kinetics of MgH, [164]. They reported that
50 wt% NiMng 3Aly 0Co14 1Fes g-alloy-doped MgH, decreases desorption temperature by
about 80 °C compared to the as-milled MgH; sample at onset temperature 220 °C. Some
recent reports show that Mxenes-based materials have high potential to improve the kinetic
sorption of MgH, [165]. The Mxenes are basically a set of controlled spacious interlayers
that can adsorb a number of hydrogen atoms/molecules on the (like 2D materials) structure
by physisorption, chemisorption or Kubas interaction. It is believed that the unique 2D
structure and formation of active species play an important role in destabilizing the MgH,
for hydrogen storage application. In 2019, Li et al. [166] prepared Ti,C Mxene by selective
etching of Al layer from Ti AIC. The results showed that the starting dehydrogenation
temperature and activation energies of MgH,-5 wt%Ti,C were decreased by 37 °C and
36.5%, respectively. In 2020, Zhu et al. [167] reported a novel TizC, Mxene-based catalyst
(Ni@Ti-MX) (see Figure 22) which could enable Mg to absorb 5.4 wt% hydrogen in 25 s
at 125 °C temperature and release 5.2 wt% hydrogen in 15 min at 250 °C. The interesting
point about this catalyst was that it enabled the absorption of 4 wt% H; in 5 h even at room
temperature. Reduced kinetic energy barrier was found (56 + 4 and 73 & 3.5 k] /mol Hy
for hydrogenation and dehydrogenation, respectively) for improved kinetics of catalyzed
MgH,. The enhanced hydrogen sorption kinetics is basically attributed to the hybrid
design and coupling of many metals together. Furthermore, two kinds of Mxenes were
mixed: 2D vanadium carbide (V,C) and titanium carbide (Ti3Cy), in order to check the
synergistic effects on decomposition of MgH, (see Figure 23) [168]. According to this
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report, hydrogen atoms or molecules during the desorption process may pass through the
MgH, /V,C/Ti3C; triple-grain boundaries and through the Mg/ Ti3C;, interfaces during
the absorption process.
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Figure 20. Preparation and investigation of MgH,-Zr(4TigsCo nanosheets and carbon nan-
otubes [145]. (Reprinted with permission from Elsevier.)
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Figure 21. Synthesis procedure for the NizFe and NizFe/rGO. The strong electrostatic effect between
GO and LDH results in the formation of a load structure rather than a flower shape (upper panel).
Isothermal rehydrogenation curves of MgH;-5 wt% NizFe /rGO, MgH,-5 wt% NizFe, MgH»-5 wt%
Ni/rGO and MgH,-5 wt% Fe/rGO at 100 °C (a) and 125 °C (b) under 3.0 MPa hydrogen pres-
sure [161]. (Reprinted with permission from Elsevier.)
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Figure 22. Schematic illustrations of the synthetic strategy applied for the Ni@Ti-MX catalyst [167].
(Reprinted with permission from American Chemical Society.)

V,CIV,AIC

H, desorption H, absorption

Figure 23. Schematic pictures showing the hydrogen desorption and absorption mechanisms of
MgH), with the addition of V,C/TizC; [168]. (Reprinted with permission from the American Chemi-
cal Society.)

Figure 24 shows the excellent cycling stability of MgH, /V,C/TizC, up to 10 cycles
with reversible capacity 6.3 wt% hydrogen. These catalysts were found to be good for
other complex hydrides also. As an example, the onset temperature was reduced for
40 wt% TizCp-Mxene-catalyzed LiBH, to 120 °C and a total 5.37 wt% H, was liberated
within 1 h at 350 °C with a decreased activation energy (70.3kJ mol~! Hy) [169]. The
two-dimensional layered titanium carbide (2D Mxene) was studied in order to facilitate
the surface functionalization and to study the catalytic activity of hydrogen de/adsorption
for NaAlH, [170]. The NaAlHy + 10 wt% Mxene/A-TiO, sample was found to be superior
(than the NaAlH,4) with the dehydrogenation temperature 90 °C. At isothermal condi-
tions (140 °C), NaAlH, + 10 wt% Mxene/A-TiO, sample could release more than 3 wt%
of hydrogen within 7 min, and a total of 4.8 wt% of hydrogen could be released within
200 min. The activation of Mxene/A-TiO, sample was attained by the synergistic effect of
homogeneously spread Ti-H and TiC originating from Mxene/A-TiO,. Apart from these
specific families, several other catalysts based on transition metals have been reported.
As an example, LiBH4-0.04(Li3BO3; + NbH) composite was designed to achieve good re-
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versibility and cyclic stability in comparison to pristine LiBH, [171]. Li et al. reported the
onset temperature as 190 °C and 8.2 wt% H; was released at 400 °C for this composite.
Moreover, the dehydrogenated product was able to absorb 7.9 wt% Hj in just 20 min under
50 bar at 500 °C in the rehydrogenation process. Excellent capacity retention of 7.2 wt%
was found for 30 cycles. In another work, Yuan et al. studied the carbon-coated titanium
dioxide supported on two-dimensional titanium carbide (C@TiO, /TizCy) [172]. The des-
orption temperature was reduced by 70 °C in comparison to the pristine NaAlH, sample.
Approximately 4 wt% Hy was liberated within 13 min at 140 °C temperature. The reduced
activation energies (E,) were found as 72.41 and 64.27 k] mol ! for the first two steps of
the catalyzed NaAlH, sample. More recently, Jiang et al. also demonstrated the superior
catalytic efficiency of Ti3Cy-doped NaH/ Al composite which could desorb 4.2 wt% H, at
110 °C within 4.5 min [173]. They reported one of the lowest initial desorption tempera-
tures, 76 °C, for Ti-doped NaAlH,. The activation energies of the first and second steps
were calculated as 92.5 kJ /mol and 58.1 kJ/mol, respectively, for TisC,-doped NaH/Al
composite, which were found to be lower than the uncatalyzed NaAlH,. It was revealed
that titanium acted as a fast channel pathway for hydrogen absorption and desorption.
Moreover, high-valence Ti was found to be the responsible event in Ti3Cy-doped NaH /Al
composite, showing better storage properties in comparison to TizC,-doped NaAlH, [173].
A balancing and coupling between nanoconfinement and catalysis were recently focused
on to improve the hydrogen sorption properties of NaAlHj,. Li et al. succeeded in a strategy
to combine the confinement and catalysis (catalyzed sample denoted as NaAlH,/Raney
Ni) to make possible NaAlH, desorption at nearly 100 °C [174]. The NaAlH4/Raney Ni
desorbed Hj at initial temperature 85 °C and finished at 260 °C with the lowest activation
energy ~20 k] mol~!. Dehydrogenated product NaH + Al could be able to regenerate
NaAlHj, at 150 °C and under 7 MPa hydrogen pressure. The absorbed hydrogen could be
released again at 70 °C upon second dehydrogenation. The remarkable performance was
attributed to the lowering of the diffusion path by nanoconfinement on porous support
and catalytic sites of Ni, which could ensure an effective route for improving the sorption
properties of complex hydride (NaAlHy4). Moreover, Chen et al. also developed a similar
strategy to balance the synergistic effect between the catalyst and nanoconfinement using
porous carbon scaffolds via the controllable etching of Co nanoparticles [175]. A 3.7 wt%
hydrogen was released at 164 °C (peak temperature) with a loading ratio as high as 67%.
The reversibility was achieved for 3.3 wt% hydrogen up to five cycles at 170 °C desorp-
tion temperature. By designing such a combination of Co-doped nanoporous carbon as
scaffolds, the formation of void space near the active Co nanoparticles could be achieved,
leading to the enhanced catalytic effects and achieving the superior hydrogen storage

performance of NaAlHj.
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Figure 24. Cycling hydrogen desorption curves of MgH,-2V,C/TizC; at 300 °C for up to 10 cycles [168]. (Reprinted with
permission from the American Chemical Society.)
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Thus, in summary, it can be understood that easy synthesized nanoparticles, hybrid
structure, selection of suitable metal, core-shell designs, metal catalysts supported on
a matrix which can provide high surface area and addition of graphene and carbon to
prohibit the agglomeration of material are the key factors in designing the suitable catalysts
for hydrogen storage application.

5. Summary and Future Perspective

Hydrogen storage is one of the biggest challenges in using hydrogen as a practical
energy carrier. For onboard hydrogen storage, many factors need consideration, such
as safety, affordability, handling and cost. The solid-state hydrogen storage technique
is beneficial from a safety point of view, uses mild operating temperature and pressure
and maintains a high capacity for storing hydrogen. Several metal hydrides and complex
hydrides are promising candidates for solid-state hydrogen storage due to their high gravi-
metric and volumetric density. However, sluggish sorption kinetics and low reversibility
put limitations on using them for hydrogen storage. The use of a suitable catalyst can
improve the kinetics of hydride materials. The d-block transition metals play an important
role as catalyst in the field of hydrogen storage. Thus, we discussed various types of d-
block elements and their related compounds as a suitable catalyst to improve the hydrogen
ab/desorption performances of various hydrogen storage systems. It can be concluded
that by the addition of unary (metal) and binary catalysts (metal oxides, metal halides)
and their combinations, hybrid designs containing porous structures, various metal-based
Mxenes and designed nanoconfined catalysts could be used to enhance the dehydrogena-
tion/rehydrogenation kinetics and cyclic performance of the abovementioned hydride
materials. Moreover, the addition of the catalyst significantly reduces the activation energy
of the composite in comparison to the pristine hydride materials. Reduced activation en-
ergy can lead to a decrease in the hydrogen desorption temperature. Several other factors
such as nanosizing, synergistic effects and formation of active species are responsible for
activating the catalyst and providing more nucleation sites at the surface of the material
along with providing the clear path to hydrogen diffusion resulting in the enhancement of
the early dehydrogenation. However, numerous efforts are still needed to achieve the DOE
goal in order to satisfy the thirst for suitable hydrogen storage material in terms of fast
desorption. This review paper is helpful for designing a new composite hydrogen system
by the addition of d-block metals and their derivatives as suitable catalysts to improve the
sorption properties for hydrogen storage material.
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