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Hydrogen energy holds tremendous promise as a new clean energy option. It is a convenient, safe, versatile
fuel source that can be easily converted to the desired form of energy without releasing harmful emissions.
Hydrogen storage, which spans both hydrogen production and hydrogen applications, plays a critical role in
initiating a hydrogen economy. Apart from the traditional methods used for hydrogen storage, Mg metal has
been considered to be the most suitable candidate for application as a safe hydrogen storage material.
However, Mg still has several technical problems that must be solved before such an attractive light
metal can be considered for use in real applications. This review article aims to present and discuss the
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Scientific Research (KISR) to develop and implement new categories of MgH,-based nanocomposites.
DOI: 10.1039/c9ra002872 Comparisons between different catalytic agents used to enhance MgH, properties are presented and

rsc.li/rsc-advances discussed in terms of structure, morphology, thermal stability, and kinetics.
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According to the environmental and health point of view,
fossil fuels emit carbon dioxide and other harmful air pollut-
ants such as SO, and NO, when burned.>* The uncontrolled
growth of fossil fuel consumption and their corresponding
harmful gases and released emissions has led to a wide variety
» of public health and environmental costs at the global level.**

Fig. 1 summarizes the worldwide CO, emission in the period

between 1971 to 2015 in terms of the quantity (a) and the fuel

sources (b)." Taking oil as an example, the amount of CO,

o released from burning oil increased almost linearly from 14 000
l{nwerszty, Japan. He has pub-  \rein 1971 to 22 500 Mt in 2000 (Fig. 1). As the oil consumption
lzsh‘ed more tha‘n 2,84 PE” increased dramatically in the period between 2000 to 2015, the
reviewed papers in highly-cited o104 released CO, emissions jumped in 2015 to 32 294 Mt, as

—— - i
. ’\\\
international scientific journals presented in Fig. 1.* Although primary energy sources, which

and more than ,200 papers in the p r('Jceed'lngs' of international are not infinitely available, may not be sufficient to provide the
conferences. He zs‘ also the auth({r of six sczen‘tlﬁlc b o’oks. He has amount of energy demanded in worldwide in the near future
completed 12 projects as the project leader/principle investigator. 4 ... production and consumption are expected to rise with the

More ijecently, he was awardec? five US patelnts Jor hydrogen storage apid growth of the population worldwide.
materials and surface protective nanocoatings.

Prof. Dr M. Sherif EI-
Eskandarany became a Principal
Research Scientist at KISR in
2007. Before this, he worked as
a First-Under-Secretary at the
Ministry of Higher Education and
Scientific Research in Egypt, and
as a Full Professor at the Institute
for Materials Research, Tohoku

U

\

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 9907-9930 | 9907


http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra00287a&domain=pdf&date_stamp=2019-03-28
http://orcid.org/0000-0003-1851-7553
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra00287a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009018

Open Access Article. Published on 29 March 2019. Downloaded on 1/21/2026 5:26:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

B0

am}(a)
500
200
1500
1000
500
0l91| 1915 190 198 199 19% 00 205 20 2015
Bl coal Eoil Naturalgas  [Other 32 294 Mt of CO,
Fig.1 (a) Worldwide CO, emissions (Mt of CO,) from fuel combustion

in the period between 1971 to 2015. The fuel shares of the CO,
emissions from 2015 are shown in (b).!

2. Introduction

As discussed in the previous section, the energy sector is facing
a big challenge to move towards a sustainable and clean energy
future. Thus, maintaining the current linear consumption of
fossil fuels is unrealistic. The depletion of fossil fuels is the key
driver to finding alternative solutions to fuel our energy
systems.® Versatile carbon-free energy carriers with a high-
energy-density, such as hydrogen, are considered to be an
alternative to fossil fuels. Accordingly, employing renewable
and sustainable energy sources such as solar, wind and
geothermal energies for developing clean and efficient energy
systems has become one of the hottest research topics in the
world and is attracting many scientists and researchers.

2.1 Hydrogen energy

Since the last decade, hydrogen has been widely proposed as
a promising future alternative to replace fossil fuels and deliver
the clean energy required in almost all sectors.” The relevance of
hydrogen as an energy carrier is attributed to its unique prop-
erties of being convenient, safe, versatile,®® easy to produce
from renewable energy systems, and its ability to be converted
to a desirable form of energy.’*'! In addition, hydrogen has
become a favorite energy carrier as it has a very high calori-
metric value, with a lower heating value of 120 MJ kg '
compared to petrol, which is approximately a third of this at 43
MJ kg~ .12

However, hydrogen energy shows advanced properties and
characteristics when compared with other sources of primary
energy; the key advantage of hydrogen is that CO, is not
produced when it is burned. Thus, hydrogen satisfies all
concerns over air pollution and global warming, and the tran-
sition to use hydrogen as a fuel could be started well before the
oil reserves are depleted.

2.2 Potential applications of hydrogen energy

Hydrogen fuel cells (FCs) have a wide range of potential appli-
cations, as they operate from a few watts up to gigawatts.
Moreover, hydrogen has the potential to run a fuel-cell (FC)
engine with greater efficiency than an internal combustion
engine."”'* The same amount of hydrogen will take a FC-car at
least twice as far as a car running on gasoline. Hydrogen micro-
FCs have great potential for powering portable electronics such
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as laptops and mobile phones,* indeed, the superior energy
density of a hydrogen polymer electrolyte membrane (PEM)
micro-fuel cell could open up new pathways for manufacturing
longer battery lifetimes.'® For mobile applications, fuel cells
could provide auxiliary power for electrical units such as air
conditioning and refrigerators,'” as well as electric cars®® and
vehicle powertrain applications.*

2.3 Hydrogen storage

The idea of hydrogen economy is based on the assumption that
hydrogen gas can be produced by decomposing water using
inexpensive primary sources of energy, such as solar energy,
wind energy, tidal energy, or biomass decomposition.”® Recent
studies have highlighted the fact that hydrogen fuel costs are
reasonable and can therefore be considered as an ideal candi-
date to replace fossil fuels as an energy carrier.”* In fact,
hydrogen storage is considered to be one of the most crucial
factors for hydrogen economy, and one that governs the future
utilization of hydrogen energy for real applications.*

2.3.1 Traditional techniques for hydrogen storage.
Hydrogen can be stored in gaseous, liquid or solid states. The
physical storing of hydrogen, which refers to pressurizing the
gas under 350-700 bar into thick-wall cylinders made of high
strength carbon fiber reinforced polymer (CFRP)* is the most
common hydrogen storage approach. Obviously, using such
pressurized hydrogen gas tanks as a source of fuel in vehicles is
not safe and intensive research must be dedicated to improving
the structural and mechanical properties of the materials used
in the manufacture of the tanks.*® Moreover, compressed
hydrogen gas systems have low volumetric hydrogen storage
densities.*

Cryo-compressed hydrogen storage (CcH,) and liquid
hydrogen (LH,) storage are alternative mature approaches in
which hydrogen is liquidized at —253 °C and compressed into
vessels that can be pressurized to 250-350 atm. Accordingly, the
size of the liquid hydrogen requires larger tanks, which are
about three times larger than currently used gasoline tanks.>®
Moreover, liquid hydrogen requires well-insulated and expen-
sive cryogenic storage vessels to prevent boil-off, maximize the
dormancy and to maintain the temperature below 20 K.*”
Unfortunately, the gas-liquid transformation process is
extremely expensive, consuming approximately about 25-30%
of the energy content of the stored hydrogen.>® Thus, employing
these traditional storage approaches in real future applications
may be difficult owing to the high cost and safety issues.*

At the beginning of this century, a new approach for
hydrogen storage was developed by Aceves and his team.** This
approach, the so-called cryogenic pressure vessel, attempted to
combine the existing classic storage technologies (cryogenic
and high pressure) to capture the advantages of both methods.
The idea behind this cryo-compressed storage system was based
on the design of a high-pressure (~350 bar) cryogenic pressure
vessel and operation of the system at a low temperature (<20 K).
Based on this, hydrogen could be stored at a significantly higher
density than compressed hydrogen gas and probably an even
higher density than liquid hydrogen.*® This new technology has

This journal is © The Royal Society of Chemistry 2019
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received significant attention as the higher pressure can be
attained in the vessel before the vent valve is activated. It is
expected that this technology could reduce the boil off from
liquid cryogenic hydrogen.*

2.3.2 Solid state hydrogen storage

Nanomaterials for hosting hydrogen. In contrast to the tradi-
tional methods used for hydrogen storage, nanomaterials, such
as single-walled carbon nanotubes (SWCNTs)* and multi-
walled carbon nanotubes (MWCNTSs)** have received signifi-
cant attention as a potential synthetic nano-media for solid-
state hydrogen storage. It was reported that the storage
capacity of hydrogen molecules that underwent physisorption
at the SWCNTs bundles reached 8 wt% under 77 K.** The
superior properties of SWCNTs, exemplified by their chemical
stability, large surface area, hollowness, and light mass, were
attributed to be responsible for the high storage capacity.*

Metal-organic framework (MOF) systems have shown bene-
ficial properties for storing hydrogen by either physisorption or
chemisorption processes.>* However, these materials, with their
extremely large specific surface areas and ultra-porous proper-
ties, can reach very high gravimetric hydrogen storage capac-
ities; they typically possess a very low density and, therefore,
a poor volumetric hydrogen storage capacity.** Likewise, MOF
materials and complex hydrides such as amides, alanates and
borohydrides do not often offer reversible hydrogen release, or
require high temperatures.

Metal hydrides. The possibility of the formation of a metal
hydride through the chemisorption concept was first reported
in 1868 by T. Graham, when he discovered that metallic palla-
dium (Pd) wires were readily charged by hydrogen.** Since then,
it has been demonstrated by many researchers that hydrogen
can be chemically stored in a wide spectrum of metals, metal
alloys and intermetallic compounds in their solid state through
the absorption process. More than 50 metallic elements of the
periodic table can absorb hydrogen in different quantities and
the possible choice of hydrogen storage materials are, therefore,
enormous."*

Some solid-state metal hydrides possess excellent hydroge-
nation properties; such as high volumetric capacities, the
capability to absorb hydrogen at a low pressure and tempera-
ture, reversibility, and hydrogen releasing through endothermic
processes at moderate temperatures.’” Moreover, certain metal
hydrides have a higher hydrogen storage density (6.5 H atoms
per cm?® for MgH,) than hydrogen gas (0.99 H atoms per cm?) or
liquid hydrogen (4.2 H atoms per cm®).** Hence, metal hydride
storage is a safe, volume-efficient storage approach that can be
employed for onboard vehicle applications. Many scientific and
engineering studies have been carried out in order to develop
the absorption/desorption of hydrogen in metals for fuel cell
applications.®® In general, metal, intermetallic compounds and
alloys can be separated based on their hydrogenation/
dehydrogenation temperatures into two major groups as
follows:

e Low-temperature metal hydrides, which release hydrogen
under normal atmospheric pressure around room temperature,
but have a hydrogen capacity that is restricted to be less than
2.15 wt% H, (e.g., FeTiH, s and LaNis;Hg), and;
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e High-temperature metal hydrides that possess a high
hydrogen storage capacity by weight, but require high temper-
atures for hydrogen absorption/desorption. For example,
commercial Mg can reversibly store about 7.6 wt%. The prob-
lems are the high operating temperature (300 °C) and the slow
hydrogenation/dehydrogenation kinetics.

3. Magnesium hydride

Metallic Mg and Mg-based materials have been considering as
the most important candidate hydrogen storage materials for
use in real applications.*?** The worldwide interest in Mg is
attributed to its natural abundance, low cost, light weight, and
its high gravimetric (7.60 wt%) and volumetric (110 g 17"
hydrogen storage capacities. Recently, it has been reported that
waste Mg-based alloys such as Mg-Al** and Mg-Gd*® were
successfully used as feedstock materials to produce a good
quality of MgH,. More recently, the formation of Mg,FeHg
powders, starting from MgH, and plain carbon steel powders,
that were used as precursors has been demonstrated by
Polanski et al.** They claimed that magnesium iron hydride can
be industrially manufactured at high yields using steel scrap,
which can reduce the cost of the manufacturing process.

3.1 Traditional approaches for synthesizing bulk MgH,

Theoretically, MgH, can be prepared by a direct reaction
between Mg metal and hydrogen gas at normal pressure (~1
bar) and low temperature (~50 °C).*> Unfortunately, in practice,
this reaction cannot be achieved in such modest conditions
owing to the poor hydrogenation kinetics.** In order to achieve
a successful forward reaction with fast uptake kinetics, both the
pressure and temperature must be increased to 70 bar and
350 °C, respectively.*® These conditions are essential in order to
supply the system with the pressure drive and thermal energy
required to enhance the hydrogenation kinetics. Moreover, the
heat treatment of Mg is very important to break down the oxide
layer of MgO coating the Mg and hence allowing hydrogen
atoms to diffuse into the fresh/clean surface of Mg.

In the classic methods used for preparing bulk MgH,, the
absorption process is achieved through two consecutive stages
of physisorption followed by dissociation of the hydrogen
molecules that are diffused throughout the hydride layer and
nucleation of the hydride. In contrast to this, the dehydroge-
nation process starts with nucleation of the Mg metallic phase,
and then the diffusion of hydrogen atoms throughout the Mg
and hydride phase. Thus, the liberated hydrogen atoms are
recombined at the Mg surface to form hydrogen molecules.*
The rate-limiting process for desorption is the diffusion of the
hydrogen through the hydride material.*?

3.2 Synthesizing nanocrystalline MgH, powders by reactive
ball milling

In spite of the traditional approaches used for the gas-solid
reaction at relatively high temperatures, Calka et al.** and El-
Eskandarany et al.*® proposed a solid state approach called
reactive ball milling (RBM), used for the preparation of different
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families of metal nitrides and hydrides at ambient temperature.
This mechanically-induced gas-solid reaction can be success-
fully achieved using either high- or low-energy ball milling
methods. In both approaches, the starting metallic powders
milled under a selected reactive gas atmosphere to produce
dramatic lattice imperfections such as twinning and disloca-
tions. These defects are caused by plastic deformation coupled
with shear and impact forces that are generated by the ball-
milling media.*®* The powders are, therefore, disintegrated
into smaller particles with a large surface area, in which very
clean or fresh oxygen-free active surfaces of the powders are
created. Moreover, these defects, which are intensively located
at the grain boundaries lead to separation of the micro-scale Mg
grains into finer grains capable of the absorption of hydrogen
atoms at the first atomically clean surfaces to form MgH,
powders.*

3.2.1 High-energy reactive ball milling. Planetary ball mills
are the most popular type of mills used in scientific research for
synthesizing MgH, nanopowders. In this type of mill, the ball
milling media (Fig. 2) has a considerably high energy, as the
milling stock and balls are thrown off the inner wall of the vial
(Fig. 3c) and the effective centrifugal force reaches up to 20
times gravitational acceleration." The centrifugal forces caused
by the rotation of the supporting disc and the autonomous
turning of the vial act on the milling charge (balls and powders).
As the turning direction of the supporting disc (Fig. 3c) and the
vial are opposite to each other, the centrifugal forces are alter-
nately synchronized and opposite. Therefore, the milling media
and the charged powders alternatively roll on the inner wall of
the vial, and are lifted and thrown off across the bowl at high
speed, as schematically presented in Fig. 2.

In a typical experimental procedure, a certain amount of Mg
(usually in the range between 3 to 10 g based on the volume of
the vial) is balanced inside an inert gas atmosphere (argon or
helium) in a glove box and sealed together with a certain
number of balls (e.g., 20-50 hardened steel balls) into a hard-
ened steel vial (Fig. 3a and b), using, for example, a gas-
temperature-monitoring system (GST). With the GST system,
it becomes possible to monitor the progress of the gas—solid
reaction taking place during the RBM process, as shown in
Fig. 3c and d. The temperature and pressure changes in the
system during the milling process can be also used to realize the
completion of the reaction and the expected end-product

Rotation of the
supporting disc
4

\\ Centrifugal
force

Rotation of the milling vials
—

Powders

Balls |

Fig. 2 Schematic diagram showing the ball-powder-ball collisions in
a planetary high-energy ball mill.
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Fig. 3 Photographs taken from KISR-EBRC/NAM Lab, Kuwait,
showing: (a) the vial and milling media (balls); and (b) the set up per-
formed to charge the vial with 50 bar of hydrogen gas. The photograph
in (c) presents the complete set up of the GST (supplied by Evico-
magnetic, Germany) system prior to the start of the RBM experiment
for preparing MgH, powders, using a Planetary Ball Mill P400 (provided
by Retsch, Germany). The GST system allow us to monitor the progress
of the RBM process, as demonstrated by temperature and pressure
versus the milling time (d).

during the different stages of milling (Fig. 3d). The ball-to-
powder weight ratio is usually selected to be in the range of
between 10 : 1 and 50 : 1. The vial is then evacuated to the level
of 10-3 bar before introducing H, gas to fill the vial with
a pressure of 5-50 bar (Fig. 3b). The milling process is started by
mounting the vial on a high-energy ball mill operated at
ambient temperature.

3.2.2 Low-energy reactive ball milling. A tumbling mill is
a cylindrical shell (Fig. 4a—c) that rotates about a horizontal axis
(Fig. 4d).

Hydrogen gas is pressurized into the vial (Fig. 4c) together
with the Mg powders and ball milling media, using a ball-to-
powder weight ratio in the range between 30 : 1 to 100 : 1. The
Mg powder particles meet the abrasive and impacting force
(Fig. 4e), which reduce the particle size and create fresh-powder
surfaces (Fig. 4f) ready to react with the hydrogen milling
atmosphere. The useful kinetic energy generated in the
tumbling mill can be applied to the Mg powder particles
(Fig. 4e) by the following means: (i) collision between the balls
and the powders; (ii) pressure loading of powders pinned
between milling media or between the milling media and the
liner; (iii) impact of the falling milling media; (iv) shear and
abrasion caused by the dragging of particles between moving
milling media; and (v) shock-wave transmitted through crop
load by falling milling media.

This journal is © The Royal Society of Chemistry 2019
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Fig.4 Photos taken from the KISR-EBRC/NAM Lab, Kuwait display the
set-up of a lab-scale roller mill (1000 M in volume) showing: (a) the
milling tools including the balls (milling media and vial); (b) charging of
Mg powders in the vial inside an inert gas atmosphere glove box; (c)
evacuation set-up and pressurization of hydrogen gas in the vial; and
(d) ball milling process using a roller mill. The schematic presentations
show the ball positions and movement inside the vial of the tumbler
ball mill in the dynamic mode (e), and a typical ball-powder-ball
collision for a low energy tumbling ball mill is presented in (f).

One advantage of this type of mill is that a large amount of
powder (100 to 500 g or more based on the mill capacity)'” can
be fabricated during each milling run. Thus, it is suitable for
pilot and/or industrial scale MgH, production. In addition, the
low-energy ball mill produces homogeneous and uniform
powders when compared with the high-energy ball mill.
Furthermore, such tumbling mills are cheaper than high-energy
mills and are simply operated with low maintenance require-
ments. However, this kind of low-energy mill requires a long
milling time (more than 300 h) to complete the gas-solid
reaction and to obtain nanocrystalline MgH, powders.

3.3 Disadvantages of MgH,

Unfortunately, and in spite of the attractive properties of MgH,
there are certain major drawback issues restricting the imple-
mentation of this attractive solid-state hydrogen storage mate-
rial in real applications.**** MgH, in its pure form is very stable,
possessing a large negative heat of formation (AHp,, =
—75 kJ mol™* H,)* and it shows slow kinetics of dehydroge-
nation at temperatures less than 400 °C.”* In addition, Mg metal
is very sensitive to the surrounding atmosphere, particularly to
oxygen. Coating the powder with MgO and Mg(OH), films
during materials handling usually hinders the hydrogen atoms

This journal is © The Royal Society of Chemistry 2019
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from penetrating the hard ceramic coating to react with Mg
surfaces. Removal of these films requires a strict activation
process of Mg under the application of a high hydrogen pres-
sure (above 35 bar) and high temperature (~350 °C).”
Furthermore, the low thermal conductivity of the MgH, system
(0.4 W mK™* (ref. 52)) is considered to be a serious problem as
heat transfer is a very important factor that is required for both
the hydrogenation and dehydrogenation processes.

4. Worldwide scenarios for improving
the behavior of MgH,

4.1 Alloying elements

One practical solution proposed for enhancing the
hydrogenation/dehydrogenation properties of MgH, is to melt
pure bulk Mg with selected alloying elements such as Ni, Pd,
and Nd to obtain less stable binary, ternary or multicomponent
Mg-based alloy systems with a lower heat of formation (AHg,,).
In many cases, the synthesized Mg-based alloy systems do not
show attractive storage properties when compared with pure
MgH,. For example, alloying Mg with Ni to form binary Mg,Ni
lowers the AHj, of the metal hydride phase (Mg,NiHg) to
—64.5 k] mol ™" instead of —74.5 k] mol™" for pure MgH,.
However, the system shows a dramatic degradation in the
hydrogen storage capacity (3.5 wt%) with no significant
decrease in the decomposition temperature.*®

At the beginning of this century, Yamada et al.** proposed
the Mg-rich (90 at%) systems of Mg-Pd, Mg-Nd and Mg-Pd-Nd
to replace the traditional Mg,Ni alloy. They reported that Mg-
based systems containing Pd at 300 °C demonstrate pressure-
composition-temperature (PCT) curves with three plateau-like
regions and a hydrogen absorbency of 5 wt%. They pointed
out that the hydrogenation/dehydrogenation of the Mg-Nd
system was influenced by the catalytic effect of the formed
NdH, s and NdH; phases which assisted the hydriding and
dehydriding of the Mg matrix. For the Mg-Pd system, they re-
ported that the disproportional reaction of MgsPd to form
MgsPd, and MgH, retarded the overall reaction kinetics. In
spite of their efforts dedicated to developing a new Mg-based
alloy system with advanced kinetic behavior, their proposed
MggoPd,;Nd, alloy required 50 min to absorb about 4 wt% H, at
300 °C. In addition, achieving a complete dehydrogenation
process for this system required 150 min at the same operating
temperature.**

4.2 Doping with catalysts

Since the mid of 1990's, enormous efforts have been devoted to
improving the hydrogenation/dehydrogenation behaviors of
MgH,, using a wide variety of catalysts. In this section, we will
present typical examples of several attempts that have recently
been reported to improve the kinetics of MgH, for hydrogena-
tion and subsequent dehydrogenation.

4.2.1 Doping with metal and metal alloys catalytic agents.
Owing to their superior capability for hydrogen splitting
(dissociation) and re-combination, transition metal (TM)
groups have received significant attention, particularly in 1990's

RSC Adv., 2019, 9, 9907-9930 | 9911
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and 2000's. However, the effect of pure metals, such as Ti, Zr, V,
Nb, Fe, Co, Ni, Pd, Pt, on the kinetic reactions of MgH, have
been intensively studied for the past 20 years, and are still
receiving great attention. Liang et al.> reported results obtained
from doping MgH, powders with 5 wt% of Ti, V, Mn, Fe and Ni.
In their work, the as-received MgH, powders were individually
milled using a high-energy ball mill under an argon atmosphere
for 20 h. They pointed out that elemental Ti and V showed better
catalytic effects for hydrogen absorption and desorption
compared to Ni. Since then, many researchers have reported
attractive results upon using a wide range of pure metals.

Zaluska et al. reported the earliest study on the doping of
MgH, powders with 3-d elements, when they selected Pd, Ti,
Fe, V, Zr, and Mn for catalyzing MgH, powders, either individ-
ually or as a catalytic mixture.*® The catalyzed MgH, powders
were prepared by high-energy ball milling composite powders
in the time range of 15 min to 20 h. Based on their findings,
elemental V and Zr, as well as a composite of Mn/Zr, were
determined to be the most effective agents used to improve the
kinetic behavior of MgH,. Some typical MgH,/TM composite
systems with their corresponding characteristics are listed in
Table 1.

Intermetallic compounds and alloys have received a signifi-
cant amount of attention since 1979 when Karty et al. reported
their beneficial effect on the hydrogenation and dehydrogena-
tion of Mg upon doping MgH, with a Mg,Cu eutectic alloy.® The
enhancement achieved in the kinetic reaction of MgH, was
attributed to the dominant role of Mg,Cu, which consisted of
minimizing the oxide inhibition by providing a clean unoxi-
dized external surface at which the hydrogen gas could readily
adsorb, dissociate, and diffuse into the interior where hydride
formation occurs; essentially the reverse process to that occur-
ring in dehydriding.®® Since then Mg has been doped with alloys
of different concentrations, including Mg,Ni,***> Mg(La,Mg;)-
LaNis,* Mg-FeTi,* Mg-ZrFe, 4Cr,6,* LaNis,* ZrCrNi,*” and Ti-
V based bcc alloys.®®

Dehouche et al. demonstrated a detailed and useful study on
the doping effect of activated Zr;qo_,Ni, alloy powders on the
uptake/release kinetics of MgH, powders.* They pointed out
that catalyzing MgH, with activated ZrNi alloys led to

View Article Online

Review

a remarkable increase in the kinetic behavior of MgH,. Their
results have shown that the best kinetic properties of MgH,
were obtained upon doping with 10 wt% of eutectoid Zr,,Nis3,
however, mixing with different compositions (ZrgNi;; and
Zr,Ni;o) also led to a significant improvement, but not as great
as that observed for the eutectoid composition.®® They found
that when MgH,/0.2 mol% Zr,Ni,, is ground with activated
carbon, a further kinetic improvement was attained. Table 2
lists selected intermetallic compounds and alloys that have
been efficiently used as catalytic agents to enhance the kinetic
behavior of MgH,. Further information on different interme-
tallic compound catalytic agents has been previously reported
in several different comprehensive review articles.?®>>2748:4957
4.2.2 Doping with refractory materials. Refractory mate-
rials are a group of inorganic non-metallic materials that
possess extraordinary high values of hardness and compressive
strength. Metals oxides, metal-carbides, -nitrides, and -hydrides
are some typical examples. These chemically stable hard
materials can withstand high temperatures without changes
occurring to their crystal structures and their chemical/physical
properties. Accordingly, these properties make them desirable
materials for many industrial applications, such as chemical
reactors, surface protective coating, and cutting tools. Since the
1990's, hard refractory powders have been used as heteroge-
neous catalysts to enhance the hydrogenation/dehydrogenation
kinetics of MgH,. A brief review showing their roles in
improving the behavior of MgH, is detailed in this section.
Metal oxides possess a strong catalytic effect, leading to
improvement of the hydrogenation/dehydrogenation kinetics of
MgH,. One of the earliest works was reported by Oelerich et al.”?
who prepared different systems of nanocrystalline Sc,03, TiO,,
V,0s, Cr,03, Mn,03, Fe;0,4, CuO, Al,O3, and SiO, powders using
high-energy ball milling. The nanocrystalline oxide powders
(5 wt%) were obtained after 20 h of milling, and were individ-
ually mixed with MgH, powders and then high-energy ball
milled for a further 100 h under an Ar atmosphere. The results
showed that all of the nanocrystalline oxides used in their study
had a remarkable effect in improving the absorption/desorption
kinetics of MgH,.” They reported that composite materials
containing Fe;0, showed the fastest absorption kinetics at

Table 1 Effect of pure metal additives on the hydrogenation and dehydrogenation characteristics of MgH, powders®

Catalyst Hydrogenation/dehydrogenation Apparent activation energy

used Dose Doping approach properties (kJ mol ™) Ref.

NPs-Fe 10 wt% Ar-HEBM/4 h Absorption: 10 bar/350 °C: 5.1 wt%/9.1 86 57
min

NPs-Co 10 wt% Ar-HEBM/4 h Absorption: 10 bar/350 °C: 4.3 wt%/7.7 75 58
min

NPs-Ni 10 wt% Ar-HEBM/4 h Absorption: 10 bar/350 °C: 5 wt%/6.1 min 72 58

NPs-Cu 10 wt% Ar- HEBM/4 h Absorption: 10 bar/350 °C: 4.6 wt%/15.3 76 58
min

Zr 1 at% H,-RBM/300 rpm/20 h + annealing Absorption: 5.5 wt%/4000 s/300 °C. 40 59

at 100 °C/40 bar H,/24 h

Absorption of nanocomposite: 3.5 wt%

H,/6000 s/100 °C. Dehydrogenation:
5.5 wt% H,/2000 s/350 °C

“ HEBM: high-energy ball milling; RBM: reactive ball milling; NA: not available.
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Table 2 Doping effects of intermetallic compounds and alloys on the hydrogenation and dehydrogenation behavior of MgH, powders®

Hydrogenation/dehydrogenation
properties

Catalyst used Dose Doping approach

Apparent activation

energy (k] mol™") Ref.

LaNi; 5 Wt% H,-HEBM/40 h

2700 s.

1800 s

Mg, Ni 5 mol% Ar-HEBM/3 h
60 min

Tig.4Cro15Mng 15Vo 3 20 wt% Ar-HEBM/3 h

Absorption: 20 bar/285 °C: 5.1 wt%/

Absorption: 20 bar/220 °C: 5.5 wt%/
30 min.

Absorption: 20 bar/350 °C: 6.5 wt%/

NA 63
Desorption: 285 °C: 5.1 wt%/

NA 62
Desorption: 220 °C: 5.5 wt%/

71.2 68

300 min

ZrCrNi 10 wt% Ar-HEBM

Absorption: 5 bar/300 °C: 5.8 wt%/
30 min.

NA 67

Desorption: 0.1 bar/300 °C:

5.8 wt%/45 min

TiAl 14 wt% H,-RBM/4 h

Absorption: 1 bar/100 °C: 4 wt%/30 min. 65

70

Desorption: 0.1 bar/240 °C: 4 wt%/7 min

Tig.05CTo.20V0.75 10 wt% H,-RBM/4 h

Absorption: 1 bar/25 °C: 3 wt%/75 min.

Desorption: 0.01 bar/240 °C: 5.5 wt%/

5 min

FeTi 5 wt% Ar-HEBM/8 h

Absorption: 30 bar/300 °C: 5.8 wt%/800 s.

NA 72

Desorption: 1.58 bar/300 °C: 2.57 wt%/
110 min

FeTiMn 40 wt% Ar-HEBM/40 h

Absorption: 40 bar/80 °C: 4 wt%/3600 s.

NA 72

Desorption: 3 bar/240 °C: 2.57 wt%/
7200 min

¢ HEBM: high-energy ball milling; RBM: reactive ball milling; NA: not available.

300 °C, followed by V,0s, Mn,03, Cr,0;, and TiO,. In 2007,
Aguey-Zinsou et al. ball-milled MgH, with 17 wt% Nb,Os for
200 h, using a high-energy ball mill.”*

Based on their results, pure MgH, revealed fast hydrogen
sorption kinetics (Table 3) after a long milling time (700-1000 h)
with Nb,Os. They attributed this remarkable improvement to
a so called “process control agent” in which Nb,Os plays three
roles, a lubricant, dispersing and cracking agent.” Properties
related to the selected MgH,/metal oxides composite systems
are shown in Table 3.

5. Kuwait Institute for Scientific
Research

Kuwait Institute for Scientific Research (KISR, http://
www.kisr.edu.kw/en/) is an independent, national institute of
scientific excellence, and was established in 1967. Since then,
KISR's role and responsibilities have expanded greatly to
include the advancement of the national industry and the
undertaking of studies to address key challenges, such as the
preservation of the environment, sustainable management of
Kuwait's natural resources, responsible management of water
and energy, and development of innovative methods of agri-
culture. Today, KISR is home to over 580 researchers and
engineers and over 100 laboratories, housed at nine locations.
As an outcome of KISR's Transformation Project in 2010, the
Energy and Building Research Center (EBRC, http:/
www.kisr.edu.kw/en/facilities/energy-building/?research=1),
has emerged and is the center's focus is on research and tech-
nology themes within the energy and building sectors. In the

This journal is © The Royal Society of Chemistry 2019

energy research sector, EBRC intends to support and facilitate
the process for the transition to advanced and diversified
sustainable energy generation, energy storage technologies
through collaborative research, development, and knowledge
transfer.

The building research sector addresses issues related to
construction materials and existing and new infrastructure.

The Nanotechnology and Advanced Materials (NAM)
Program (http://www.kisr.edu.kw/en/program/22/) is one of the
EBRC's five programs. The program was established in 2010 in
order to improve the performance and cost effectiveness of
materials and devices required by the industrial sector through
innovative solutions based on nanotechnology. Since then, the
program has taken responsibility for supporting the most
important and crucial problems in Kuwait, these are energy,
water, petroleum, and oil.

5.1 Research activities devoted to enhancing the hydrogen
storage properties of Mg

Since the establishment of the NAM Program it has been
focused on the fabrication, characterization and implementa-
tion of new solid-hydrogen storage nanocomposite MgH,
families. Fig. 5 shows three independent routes used for
preparing nanocrystalline MgH, nanopowders.

In the first and second routes, high- and low-energy RBM
under hydrogen pressure (Fig. 3 and 4) are employed to obtain
v- and B-MgH, phases after milling for 6-200 h. In the third
route, the starting Mg-rods are subjected to severe plastic
deformation, using the cold rolling (CR) process (Fig. 5). The
cold rolled products obtained after 150-300 passes are charged

RSC Adv., 2019, 9, 9907-9930 | 9913
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Table 3 Doping effects of selected metal oxides on the hydrogenation and dehydrogenation behavior of MgH, powders

Hydrogenation/dehydrogenation
properties

Apparent activation

Catalyst used Dose Doping approach energy (k] mol ™)

Nb,O4 17 wt% Ar-HEBM/ZrO, milling tools/200 h Absorption: 300 °C: 6 wt%/120 s. NA 73
Desorption: 300 °C: 6 wt%/300 s 10 cycles

Absorption: 10 bar/300 °C: 5.2 wt%/78 s.  NA 73
Desorption: 0.1 kPa/300 °C: 6 wt%/300 s

Absorption: 5 bar/300 °C: 5.8 wt%/ NA 75
30 min. Desorption: 0.1 bar/300 °C:

5.8 wt%/350 min

Absorption: 1 bar/100 °C: 4 wt%/30 min. 65 76
Desorption: 0.1 bar/240 °C: 4 wt%/7 min

Absorption: 20 bar/350 °C: 3.8 wt%/ NA 77
2 min. Desorption: 1 bar/350 °C: 4.4 wt%/

8.5 min

Absorption: 12 bar/320 °C: 4.22 wt%/ NA 78
10 min

Absorption: 10 bar/300 °C: 6.4 wt%/ NA 79
5 min. Desorption: 0.25 bar/300 °C:
6.4 wt%/20 min

Absorption: 15 bar/290 °C: 6.2 wt%/
2.5 min 25 cycles

Absorption: 10 bar/300 °C: 4.75 wt%/ NA 81
8 min. Desorption: 0.3 bar/300 °C: 6 wt%/

25 min

5 Wt% Ar-HEBM/24 h MgH, + 20 min Nb,Oj

10 wt% Ar-HEBM

14 wt%  H,-RBM/4 h

TiO, 20wt%  H,-RBM/1 h/8 bar

Fe,O3 10 wt% H,-RBM/10 bar

Cr,0; 1.2 wt%  Ar-HEBM

Fe;O,@graphene 5 wt% 90.53 80

La,0; 12 wt%  Ar-HEBM/20 h

using high-energy RBM and milled for 100 h to obtain MgH,
powders (Fig. 5). The obtained MgH, powders are subjected to
further grain refining, using the cold rolling process for 50-100
passes. The end-product powders obtained through each

preparation route are doped with 5-10 wt% of one catalytic
agent and then milled under hydrogen for 50 h. The catalytic
systems used here can be classified into five groups based on
their nature (Fig. 5), namely: (i) metal oxide and metal carbides;
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Materials

(@)
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Fig. 5 (a) Flowchart diagram presenting two approaches employed in KISR for preparing nanocrystalline MgH, powders, using high- and low-
energy RBM techniques under hydrogen gas pressure. The chart elucidates the two approaches (cold rolling and catalyzation) utilized to improve
the hydrogen storage behavior of MgH,. Some of the routine characterization techniques for MgH,-based materials, including FC testing are
presented in (a). The figure presents the ways of handling the materials inside an atmosphere control glove box (b), and onsite photos of some of
the equipment used for characterization are presented in (c-g).
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(ii) metal/metal oxide nanocomposite; (iii) metal/metal carbides
nanocomposite; (iv) intermetallic compounds and alloys; and
(v) metallic glasses and metastable materials.

5.1.1 Novel approach for doping MgH, with pure metals. In
parallel to the worldwide efforts being paid to enhancing the
behavior of MgH, by using a long list of metallic catalysts,
researchers have recently developed a new cost effective method
called the in situ catalyzation approach.®” In this method, Ni-
balls were used as milling media during the RBM of Mg
under 50 bar of H,.

After high-energy ball milling for 6 h, Ni shots (approxi-
mately 65 nm in size) worn out from the Ni-balls were
embedded into the MgH, matrix, as shown in Fig. 6a.
Increasing the RBM time (12.5-25 h) led to a monotonical
decrease in the Ni particle size and an improvement in the Ni
particles distribution in the MgH, matrix (Fig. 6d and g).

Towards the end of the processing time (50 h) nano-Ni
powders (~5 nm) were homogeneously embedded into the
matrix to form uniform nanocomposite powders with an Ni
concentration of 5.5 wt% =+ 0.21, as displayed in Fig. 6k and L.
MgH,/5.5 wt% Ni nanocomposite powders obtained after
a short RBM time (25 h) revealed low values for the decompo-
sition temperature (218 °C), at which the apparent activation
energy (E,) was 75 k] mol ".* In addition, the hydrogenation
(Fig. 7a)/dehydrogenation (Fig. 7b) kinetics measured for
a sample at moderate temperature (275 °C) for 25 h were found
to be 2.5 min and 8 min to uptake and release 5.8 wt% H,,

STEM-BFI MgKa1 » NiKa

25 h RBM 12.5 h RBM 6 h RBM

50 h RBM

Fig.6 (a, d, gandj) STEM-BFIs; (b, e, hand k) Mg-Ka,;_»; and (c, f, i and
1) Ni-Le; for the powders obtained after different stages of RBM, using
a milling media of Ni-balls.®*
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respectively. The authors claimed that this fast kinetic behavior
was attributed to the formation of a homogeneous nano-
composite system, in which nano-powders were adhered to all
MgH, powders without exception.®® The synthesized nano-
composite was able to perform 100 continuous cycle-life times
of hydrogen charging/discharging at 275 °C within 56 h without
failure or degradation, as elucidated in Fig. 7c.

More recently, Ti balls have been used as milling tools for
RBM of Mg under a hydrogen (50 bar) atmosphere.*® Similarly to
the Ni-balls, Ti shoots were worn out from the Ti-balls and
embedded in the MgH, matrix to form uniform nanocomposite
MgH,/5.3 wt% Ti powders after 50 h (Fig. 8a). The measured
decomposition temperature and calculated E, of this nano-
composite system obtained after 50 h of milling were 230 °C and
72 kJ mol ™, respectively.* The hydrogenation kinetics for the
sample obtained after 50 h of RBM (end product) were investi-
gated under 10 bar of H, at applied temperatures of 100, 125,
150 and 175 °C, as presented in Fig. 8b. The sample showed
outstanding hydrogenation behavior at a very low temperature
(100 °C), demonstrated by the short time required to absorb
4.9 wt% H, in 3 min (Fig. 8b). At 175 °C, a better storage capacity
and kinetics were attained, as indicated by the short time
required (3 min) to uptake 5.2 H,, as shown in Fig. 8b.

The dehydrogenation kinetic behaviors for the sample ob-
tained after 50 h of RBM time were investigated at different
temperatures in a range between 175 °C and 250 °C (Fig. 8c).
This sample possessed moderate dehydrogenation kinetics in
a low temperature range (175 to 225 °C), indicated by the short
time (4 min) necessary to release —2.1 and —3 wt% hydrogen,
respectively, as displayed in Fig. 8c. Obviously, the kinetics of
the sample were enhanced by increasing the dehydrogenation
time to 7 min, the hydrogen release increased with the
increasing applied temperature from —3.7 wt% (175 °C) to
—4.9 wt% (200 and 225 °C), respectively. The two samples
measured at 225 °C and 250 °C reached to saturation values of
—5.1 and —5.5 wt% H,, respectively after 10 min, as indicated in
Fig. 8c.

5.1.2 Catalyzation with metal oxide nanopowders. Efforts
have been made in part to enhance the behavior of MgH, by
doping with Nb,Os nanopowders. In the experiments, the as-
prepared MgH, powders obtained after 200 h of RBM were
doped, first with 2.5, 5, and 10 wt% of the Nb,0O5 nanopowders,
and were then subjected to HBM under hydrogen for 50 h.** The
hydrogenation/dehydrogenation kinetics were examined for
pure MgH,, and the MgH,/x wt% Nb,Os (x; 2.5, 5, 10) powders
in a temperature range between 200-250 °C, as displayed in
Fig. 9.

The absorption kinetics investigated at 200, 225 and 250 °C
for the pure MgH, nanocrystalline powders obtained after 200 h
of RBM time (Fig. 9a) were faster when compared with the
powders obtained after a short milling time.** After this long
milling run, the powders were subjected to dramatic grain
refining associated with severe lattice imperfections. This led to
drastic powder disintegration and the formation of ultrafine
grains ranging between 5 and 8 nm in diameter.**

These favorable morphological properties led to an
enhancement in the uptake kinetics, even at a relatively low

RSC Adv., 2019, 9, 9907-9930 | 9915
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Fig. 8 (a) Field emission-high resolution transmission electron
microscopy (FE-HRTEM) image of MgH, powder containing about
5 wt% Ti metallic particles after 50 h of RBM, using a milling media of
Ti-balls. The hydrogenation and dehydrogenation kinetics measured
at different temperatures for a 50 h sample are presented in (b) and (c),
respectively.*®

temperature of 200 °C. For example, at this temperature the
sample absorbed about 3.5 wt% H, within 500 s and
approached 6.3 wt% H, after about 2500 s, as shown in Fig. 9a.

9916 | RSC Adv., 2019, 9, 9907-9930

When these values are compared with those obtained at 225 °C
(4.9 wt% H,/500 s and 6.8 wt% H,/2500 s) and 250 °C (5.49 wt%
H,/500 s and 6.81 wt% H,/2500 s), it can be seen that a small
increase in the applied temperature led to a significant
improvement in the kinetics of hydrogen absorption for the
nanocrystalline MgH, powders (Fig. 9a).

Nanocrystalline MgH, powders obtained after 200 h of RBM
possessed slow desorption kinetics at 200 °C and 225 °C,
however, they showed moderate kinetics at 250 °C, indicated by
the release of 6.51 wt% H, after 7500 s, as presented in Fig. 9b.

Doping MgH, with very small amount of Nb,O5 powders and
then milling for 50 h led to a significant improvement in the
absorption kinetics, exemplified by the ability of the powder to
uptake about 4.5, 5.3, and 5.8 wt% H, at 200, 225, and 250 °C,
respectively (Fig. 9c). At 250 °C, nanocomposite MgH,/2.5 wt%
Nb,O;5 reached a saturated value of 6.1 wt% H, after 600 s, as
shown in Fig. 9c. The corresponding desorption kinetics
showed an outstanding improvement, as suggested by the short
time (800 s) required to desorb 6.1 wt% H, at 250 °C (Fig. 9d).
Further comparison between the hydrogen storage properties of
the starting synthetic MgH, and MgH,/x wt% Nb,Os (x; 2.5, 5,
10) are presented in Table 4. The improvement achieved in the
kinetic behavior of the MgH, powders upon milling with Nb,O5
powders was attributed to the micro-cracking effect induced by
the hard spherical Nb,O5 powders. Moreover, it is believed that
it can act as effective catalyst in its recombination with
hydrogen molecules and accelerate the promotion of the gas-
solid reaction.®*

5.1.3 Catalyzation with metal/metal oxide nanocomposite
powders. This work aimed to study the synergetic effect of two
different types of catalysts (Ni and Nb,Os) on enhancing the
hydrogen storage properties of nanocrystalline MgH,

This journal is © The Royal Society of Chemistry 2019
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MgH, powders .8

powders.*” The as prepared MgH, was doped with 5 wt% Ni and
5 wt% Nb,O5 and underwent high energy ball milling (HEBM)
under H, for 50 h. The results showed that the hydrogenation/
dehydrogenation kinetics of MgH, were enhanced by using the
binary Ni/Nb,O5 system, as implied by the shorter time required
for absorption when compared with the MgH,/5 Nb,O5 system.
This can be attributed to the elemental Ni additive, which is well
known as a hydrogen splitting element. The cycle-life-time of
the nanocomposite MgH,/5Ni/5Nb,O5 powders is displayed in
Fig. 10. This ternary nanocomposite system shows excellent
storage properties, demonstrated by a high cyclic stability even
after approximately 94 h (~180 cycles) with no obvious degra-
dation in the hydrogen storage capacity, which exhibited almost
constant absorption and desorption values of +5.44 and
—5.46 wt% H,, respectively, as displayed in Fig. 10.

5.1.4 Catalyzation with metal carbide nanopowders. Micro-
milling media refers to abrasive hard material powders such as
TiC that produce ultrafine hydride powders when ball milled
with MgH, powders.*> We succeeded to prepare ultrafine
spherical TissCy5 particles (~15 nm in diameter; Fig. 11a), using
a mechanically induced self-propagating reaction.*® The sphe-
ricity and fineness of the TiC allowed these hard powders to be
embedded and occupy catalytic sites at the grain boundaries of
the Mg matrix, as presented in Fig. 11b. The Metal carbide
powder played a vital role in hindering Mg grains from growing
during practical use at a moderate temperature of 275 °C.*’
Accordingly, the end-product of the nanocomposite MgH,/
5 wt% TiC obtained after 50 h of ball milling revealed an
excellent absorption/desorption cyclability of 530 complete
cycles with no degradation, as shown in Fig. 11c.*® In addition,
during the repeat absorption/desorption cycles hard spherical
TiC powders penetrated into MgH, surfaces to form groves, as
shown in Fig. 11d. Formation of such grooves facilitated
excellent hydrogen diffusion paths.*” The as fabricated nano-
composite ~ MgH,/5TiC  powders  possessed  superior
hydrogenation/dehydrogenation characteristics, indicated by

This journal is © The Royal Society of Chemistry 2019

the low value of the activation energy (97.74 k] mol™'), and the
short time required to achieve complete absorption (6.6 min)
and desorption (8.4 min) of 5.5 wt% H, at a moderate temper-
ature of 275 °C under a hydrogen gas pressure ranging from
0 bar to 8 bar.*

5.1.5 Catalyzation with intermetallic compounds powders.
Among the different intermetallic alloys prepared by arc
melting, two binary alloy systems of Mn;¢Ti, 4 (ref. 88) and
ZrNi; (ref. 89) alloys showed a good potential for use as cata-
lysts. The end-product of the MgH,/7 Mn; ¢Ti, , nanocomposite
powders obtained after 50 h of RBM were aggregated to form
particles with an apparent particle size of about 250 nm in
diameter (Fig. 12a). These aggregates consisted of MgH,
(Fig. 12b) doped with nano-sized Mn;¢Ti,4 dispersoids
(Fig. 12c and d). At this final stage of ball milling, the Mn; ¢Ti, 4
particles possessed a lens-like morphology with particle size
distribution lying in the range between 8 and 32 nm in diam-
eter, as displayed in Fig. 12c and d, respectively. Owing to the
good distribution of the Mn; (Ti, 4 nano-lenses in the MgH,
matrix, the end product of this system revealed good
hydrogenation/dehydrogenation kinetics at a moderate
temperature of 275 °C.*® This is implied by the short time
required to absorb and desorb ~5.3 wt% H, within 2 (Fig. 13a
and b) and 7 min (Fig. 13c and d), respectively.

The formation of ultrafine nano-scaled powder particles
facilitated a good hydrogen diffusion cyclability, as suggested by
the long (1400 h) absorption/desorption cycle-life-time pre-
sented in Fig. 13e. However, a minor degradation (~0.3-0.4 wt%
H,) in the hydrogen storage capacity was observed between
400 h (300 cycles) and 1400 h (1000 cycles), as elucidated in
Fig. 13e. This minor degradation took place because the slight
grain growth came off in the Mg/Mn; ¢ Ti, 4 grains, as indicated
in Fig. 13f and g.*®

More recently, nanocomposite MgH,/10 wt% ZrNis powders
were fabricated in KISR by RBM the synthesized nanocrystalline
MgH, with 10 wt% of arc-melt ZrNi; powders for 50 h.** Fig. 14
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Catalyst used/dose Doping approach

Hydrogenation/dehydrogenation
properties

Apparent activation
energy (k] mol™")

Ref.

MgH,
H,-RBM/50 bar/200 h

Nb,O;
2.5 wt%

H,-RBM/50 bar/50 h

5 wt% H,-RBM/50 bar/50 h

10 wt% H,-RBM/50 bar/50 h
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Ni/Nb,O5
5 wt%/5 wt%
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H,-RBM/50 bar/50 h

(cc)

Absorption

200 °C: 6.3 wt%/10 bar/2500 s
225 °C: 6.4 wt%/10 bar/2500 s
250 °C: 6.5 Wt%/10 bar/2500 s
Desorption

225 °C: 6.4 wt%/0.02 bar/40000 s
250 °C: 6.5 wt%/0.02 bar/7500 s

Absorption

200 °C: 5.7 wt%/10 bar/1250 s
225 °C: 5.9 wt%/10 bar/1000 s
250 °C: 6.1 wt%/10 bar/600 s
Desorption

200 °C: 2.5 wt%/0.02 bar/1250 s
225 °C: 5.8 wt%/0.02 bar/1250 s
250 °C: 6.1 wt%/0.02 bar/800 s
Absorption

200 °C: 6.0 wt%/10 bar/1250 s
225 °C: 6.0 wt%/10 bar/800 s
250 °C: 6.0 wt%/10 bar/600 s
Desorption

200 °C: 3.7 wt%/0.02 bar/1250 s
225 °C: 6.0 wt%/0.02 bar/1000 s
250 °C: 6.0 wt%/0.02 bar/280 s
Absorption

200 °C: 4.8 wt%/10 bar/1400 s
225 °C: 5.0 wt%/10 bar/1200 s
250 °C: 5.4 wt%/10 bar/500 s
Desorption

200 °C: 3.3 wt%/0.02 bar/1250 s
225 °C: 5.3 wt%/0.02 bar/700 s
250 °C: 5.4 wt%/0.02 bar/280 s

Absorption

200 °C: 5.2 wt%/10 bar/250 s
225 °C: 5.2 wt%/10 bar/220 s
250 °C: 5.4 wt%/10 bar/190 s
Desorption

200 °C: 5.4 wt%/0.02 bar/2000 s
225 °C: 5.5 wt%/0.02 bar/500 s
250 °C: 5.5 wt%/0.02 bar/190 s

% HEBM: high-energy ball milling; RBM: reactive ball milling; NA: not available.

NA

104

NA

74

87

84

84

84

84

displays the temperature and time effects on the hydrogen
absorption (a and b) and the consequent desorption (c and d)
kinetics of the nanocomposite MgH,/10 wt% ZrNis powders
obtained after 50 h of ball milling time. The synthesized
nanocomposite powders showed a good potential for absorbing
hydrogen gas in a wide temperature range (50-275 °C) with
a different hydrogen capacity, as shown in Fig. 14a. After
0.5 min, the powders absorbed 4.6 wt% H, at 250 °C and 275 °C
(Fig. 14Db). In contrast, at this absorption time, the samples
examined at 150, 100, and 50 °C revealed a modest hydrogen gas
uptake that reached 0.8, 0.1, and 0.0 wt% H,, respectively
(Fig. 14b).

9918 | RSC Adv,, 2019, 9, 9907-9930

Increasing the hydrogen gas uptake time to 1 min led to
a magnificent improvement of the absorbed hydrogen gas
concentration, reaching 5.1 and 5.3 wt% at an applied
temperature of 250 and 275 °C, respectively as shown in
Fig. 14b. The samples examined at 150 and 100 °C showed
a significant improvement, suggested by a dramatic increase in
the hydrogen gas absorbed, reaching 3.8 and 2.2 wt%, respec-
tively (Fig. 14b).

A marginal improvement in the absorption kinetics was
observed for the sample measured at 50 °C, which absorbed
only 0.2 wt. H, after 1 min, as displayed in Fig. 14b. Increasing
the absorption time to 30 min (Fig. 14a) did not lead to an

This journal is © The Royal Society of Chemistry 2019
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Fig. 10 Hydrogen absorption and consequent desorption curves of
180 complete cycles of nanocomposite MgH,/5 wt% Ni/5 wt% Nb,Os
powders examined at 250 °C under a hydrogen pressure of 10 bar
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Mg-grain matrix

-
|

FeCr-dispersoids

Hydrogen amount (wt.%)

bk

0 50 100 150 200 250 300 350 400 450 500 S50
Cycle-life-time (h)

Fig. 11 (a) FE-HRTEM image of an as-prepared TissCys particle, using
the mechanically induced self-propagating reaction.®® Low magnifi-
cation FE-SEM, (b) high-magnification FE-SEM and (c) backscattered
electron (BSE) micrographs of the cross-sectional view for the nano-
composite powders obtained after 50 h of ball milling and then hot-
pressed in a vacuum at 525 °C under a uniaxial pressure of 125 MPa.
The hydrogenation and consequent dehydrogenation curves con-
ducted at 275 °C of 530 complete cycles performed within 515 h for
nanocomposite MgH,/5TiC powders obtained after 50 h of ball milling
time are shown in (c). The FE-SEM micrograph of the powders ob-
tained after the completion of 530 cycles is presented in (d).*°

increase in the absorbed amount of hydrogen for the sample
examined at 250 and 275 °C that tended to be saturated at
5.3 wt% H,.

An outstanding improvement in the hydrogen concentration
(4.4 wt%) absorbed at 150 °C could be attained after 30 min and

This journal is © The Royal Society of Chemistry 2019
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100 nm

Fig.12 (a) STEM-BFI and the corresponding X-ray elemental mapping
of: (b) Mg; (c) Mn; and (d) Ti of nanocomposite MgH,/7 wt% Mnz ¢Tiz 4
powders obtained after 50 h of milling time.®®

tended to increase to a higher value (4.9 wt%) after 103.8 min
(Fig. 14a). After 30 min, the samples examined at 100 and 50 °C,
absorbed approximately 3.4 and 0.9 wt% H,, as shown in
Fig. 14a. The hydrogen concentrations of these samples reached
4.2 and 2.5 wt% after 103.8 min (Fig. 14a). Approximately
180 min was required for the samples measured at 100 and
50 °C to absorb 4.4 and 3.1 wt% H,, as elucidated in Fig. 14a.

The corresponding desorption kinetics for the nano-
composite powders investigated at 250 and 275 °C are shown in
Fig. 14c and d. The sample examined at 275 °C showed excellent
desorption kinetics, demonstrated by the relatively short time
(~5 min) required to release approximately —4.4 wt% of
hydrogen (Fig. 14d). This sample reached a very close saturation
value (—5.2 wt% H,) after only 10 min, as shown in Fig. 14d. The
sample measure at 250 °C took about 5 and 10 min to release
about —1.1 and —2.4 wt% H,, respectively, as shown in Fig. 14d.
After 15 min of desorption time (Fig. 14c), the samples exam-
ined at 275 and 250 °C released about —5.3 and —3.8 wt% H,,
respectively. About 40 min was required for the sample exam-
ined at 250 °C to desorb its full hydrogen storage capacity
(—5.1 wt% H,), as shown in Fig. 14c. This hydrogen storage
nanocomposite system revealed a good cyclability (600
complete cycles), conducted at 275 °C without serious kinetic
degradation.®

5.1.6 Catalyzation with metastable phases of Zr-based
nanopowders. The idea of utilizing Zr-based metastable pha-
ses for improving the hydrogenation and dehydrogenation
kinetics of MgH, systems dates back to 2015, when El-
Eskandarany et al.** doped the hydride phase with 10 wt% of
big-cube Zr,Ni nanopowders. The results showed that high
energy milling of MgH, with big-cube hard particles for 50 h led
to superior storage properties of MgH, powders, as indicated by
the short time required to absorb and desorb 5.1 wt% H, within

RSC Adv., 2019, 9, 9907-9930 | 9919
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Fig. 13 Effects of ball milling time on the (a and b) hydrogenation and (c and d) dehydrogenation kinetics of nanocomposite MgH,/7 wt%
Mnsz¢Ti> 4 powders. The hydrogenation and consequent dehydrogenation curves of 1000 complete cycles for the nanocomposite powders
obtained after 50 h of milling time are presented in (e). HRTEM images of the nanocomposite powders subjected to 300 and 1000 cycles are

presented in (f) and (g), respectively.®®

100 s and 613 s, respectively.” At this temperature, the
synthesized nanocomposite powders possessed an excellent
absorption/desorption cyclability of 2546 complete cycles
within 1250 h."* However, a minor degradation (~0.5 wt% H,) in
the hydrogen storage capacity was observed after 2546 h of the
cycle-life-time, owing to a minor grain growth that came off in
the metallic Mg and Zr,Ni grains. It is worth mentioning that
Zr,Ni maintained its big-cube structure (fcc) after the long cyclic
processing time, suggesting it has a good stability against an
applied cyclic pressure and temperature.

The first report of using metallic glassy (MG) Zr,oNiyoPd;q
nanopowders as a catalytic agent to enhance the hydrogenation/
dehydrogenation kinetics of MgH, was introduced by EI-
Eskandarany in 2016.>* In his work, nanocrystalline MgH,
powders prepared using the RBM technique were doped with
small mole fractions (5 wt%) of MG-Zr,(Ni,,Pd;, powders and
then high energy ball-milled for 50 h under 50 bar of H,. The
HRTEM image taken near the edge of the MgH,/5 wt% amor-
phous Zr,(NizoPd;, composite particle obtained after 50 h of
RBM time is shown in Fig. 15a together with the corresponding
nano-beam diffraction pattern (NBDP) (Fig. 15b). Overall, the
composite powders obtained after this stage of milling consisted
of a continuous amorphous matrix (maze-like morphology;
Fig. 15a) hosting ultrafine nanoclusters (~4 nm in diameter) of
an ordered-structure (related to MgH,).

It is worth mentioning that the MgH, grains were distrib-
uted into the metal glassy powders in a segregated fashion

9920 | RSC Adv., 2019, 9, 9907-9930

with the absence of agglomerates or aggregated grains, as
displayed in Fig. 15a. The NBDP shows that a halo-diffraction
pattern related to amorphous Zr;,NizoPd;, coexisted with
a spot-like pattern which originated from the nanocrystalline
v- and B-MgH, phases oriented in different axial directions.**
The end-product (50 h) of the MgH,/5 wt% MG-Zr,(Niy,Pd;,
nanocomposite powders consisted of fine powders in the
range between 180 to 500 nm, as presented in Fig. 16a. The
scanning transmission electron microscopy-bright field
imaging (STEM-BFI) and the corresponding scanning trans-
mission electron microscopy-dark field imaging (STEM-DFI) of
a selected nanocomposite MgH,/5 wt% MG-Zr,(NizoPd;,
powder particle are shown in Fig. 16a and b, respectively. The
powders had an almost spherical-like morphology (Fig. 16b),
containing fine lenses of less than 10 nm in diameter that were
homogeneously distributed into the metallic glassy matrix
(Fig. 16c and d). The fine spherical lenses corresponded to Mg
(Fig. 16c¢), and the elemental mappings of Zr, Ni and Pd are
presented in Fig. 16d, e, and f, respectively. The EDS-analysis
indicated an excellent elemental distribution beyond the
sub-micro level.**

Fig. 17a and b shows the PCT curves determined at 200 and
350 °C for the nanocomposite MgH,/5 wt% MG-Zr,(NizoPd;,
powders obtained after 50 h of ball milling (Fig. 17a) and the
MgH, powders obtained after 6 h of RBM time (Fig. 17b),
respectively. For successful hydride formation (complete
absorption) of the pure MgH, sample, a high temperature (350

This journal is © The Royal Society of Chemistry 2019
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Fig. 14 Temperature and time effects on the (a and b) hydrogenation, and (c and d) dehydrogenation kinetics of nanocomposite MgH,/10 wt%

ZrNis powders obtained after RBM for 50 h.®°

Fig. 15 (a) HRTEM image of MgH, powders doped with 5 wt% Zr,q-
NizoPdio and milled for 50 h, and (b) the corresponding NBDP.*°

°C) and pressure (Pyps, in the range between 200 mbar to 40 bar)
were required to absorb approximately 4.7 wt% H,, as shown in
Fig. 17b. This indicates that the sample requires the application
of a higher temperature to achieve the theoretical hydrogen
storage capacity (7.6 wt% H,).

Pure MgH, showed a poor dehydrogenation behavior, this is
exhibited by the clear pressure hysteresis with significant large
gaps (~17 bar) between the pressure needed for absorption
(hydride formation), P,,s and the pressure required for hydride
decomposition, Pges, as presented in Fig. 17b. In addition, pure
MgH, powders obtained after 6 h of RBM time failed to release the
stored hydrogen content completely, even after 12 h of desorption
time (Fig. 17b). In contrast to the pure MgH, sample, the

This journal is © The Royal Society of Chemistry 2019

nanocomposite powders showed excellent PCT hydrogenation/
dehydrogenation curves, demonstrated by the complete
hydrogen sorption/desorption event at a lower temperature (200
°C) and pressure (50 mbar to 10 bar), as shown in Fig. 16a.

At a relative low temperature and pressure, the nano-
composite sample reached a higher value of hydrogen storage
capacity (5.8 wt%) when compared with pure MgH, (4.7 wt%
H,). Moreover, the plateau region for the nanocomposite
sample was very flat with a negligible slope and with the
absence of multistep hydrogenation/dehydrogenation, as
shown in Fig. 17a. In addition, the sample succeed to achieve
complete desorption through an almost flat PCT curve with
a minimal difference value (~72 mbar) between the P, and
Pyes, as shown in Fig. 17a. Complete hydrogenation (Fig. 17c)/
dehydrogenation (Fig. 17d) processes were successfully ach-
ieved with fast kinetics to charge/discharge about 6 wt% H, at
200 °C within 1.18 min/3.8 min, respectively.** In addition, this
new nanocomposite system shows a high performance,
achieving 100 continuous hydrogen charging/discharging
cycles without degradation, as elucidated in Fig. 17e.

5.2 Mechanism of enhancing MgH, kinetics upon doping
with abrasive powders

The present review article, which focuses on using selected
abrasive powders of metal oxides, metal carbides, metal
hydrides, and metastable Zr-based alloys, has shown that these
catalytic agents are heterogeneous, in that they do not react with
MgH, to form an intermediate reactive phase with improved

RSC Adv., 2019, 9, 9907-9930 | 9921
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Fig. 16 STEM-BFI and STEM-DFI images for MgH, powders doped with 5 wt% Zr;oNisoPd1o are displayed in (a) and (b), respectively. The X-ray-
elemental mapping for Mg, Zr, Ni and Pd corresponding to (a) are presented in (c—f), respectively.?*

storage properties. Using the metallic glassy Zr,oNi,oPd;,
powders, which did not undergo any structural changes or react
with MgH, up to 200 °C,* as a typical example, we found that
during the early stage of ball milling the ball-powder-ball
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collisions of MgH, doped with abrasive nanopowders (micro-
milling media) (Fig. 18a), led to break down of the large MgH,
powder particles and assisted the adherence of the fine powders
onto the surface of the MgH, particles (Fig. 18b). At this stage of
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Fig. 17 The PCT curves for the end-products of the ball-milled MgH,/5 wt% metallic glass Zr,oNi>oPd;g Nnanocomposite and MgH, powders are
shown in (a and b), respectively. Insets: the PCT experiment conducted at 200 °C for the nanocomposite powders (a), was accomplished at
350 °C for the MgH, system (b). The hydrogenation/dehydrogenation kinetics for the MgH,/5 wt% metallic glass Zr;oNi>oPd;o nanocomposite
and MgH, powders as a function of the applied temperature are presented in (c) and (d), respectively. The cycle-life-time test for the end-
product of the nanocomposite powders conducted at 200 °C is displayed in (e).?*
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milling, the hard nanopowders penetrated the oxide layer
formed on the surfaces of the MgH, powders to create micro-
holes on their surfaces (Fig. 18c).

Increasing the ball milling time led to “migration” of a large
volume fraction of the abrasive milling media powders through
the cavities and micro-channels created in the body of the MgH,
particles and located at their grains. Hence, they break up the
large MgH, grains along with their weak grain boundary zones
(Fig. 18d) and form finer powders with a large volume fraction of
nanostructured grains (Fig. 18e). As hydrogen diffusion is much
faster along the grain boundaries when compared with inside the
grains, the hydrogenation/dehydrogenation kinetic behaviors of
MgH, were gradually improved by increasing the number of
“liberated” grains. During the last stage of ball milling, the role of
the ball-powder-ball collisions in achieving further refining of the
MgH, powder particles was almost absent as the size of the
powders became ultrafine (less than 1 um). Accordingly, the final
refining process was attained by the nanosized abrasive milling
media, which were homogeneously distributed within MgH, to
form typical homogeneous nanocomposite powders (Fig. 18f).

5.3 Development of high performance pure MgH, by severe
plastic deformation

In spite of the beneficial effects obtained upon doping MgH,
with catalytic agents, these additives always lead to a significant
decrease in the hydrogen storage capacity.”* Apart from doping
MgH, powders with catalysts, it has been experimentally
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demonstrated by some authors that changing the crystal
structure of the stable B-tetragonal MgH, phase to a less stable
phase of y-orthorhombic MgH, leads to improved gas uptake/
release kinetics and a decrease in the hydrogenation tempera-
ture without a drastic decrease in the storage capacity.”*** B-to-y
phase transformations can be attained via severe plastic
deformation (SPD)** at ambient temperature using different
approaches such as HEBM,” cold rolling,”® equal channel
angular pressing (ECAP),”” and high pressure torsion (HPT).*®
Commonly the results of these employed techniques demon-
strated that formation of a nanocrystalline phase along with
introducing high intensity defects, leads to an increase of the
density of the grain boundaries. The presence of these defects in
the Mg lattice leads to the creation of nucleation points for
hydrogenation, in which the existence of a large number of
grain boundaries assists fast diffusion pathways for hydrogen.*

Recently, a new metastable MgH, nanocrystalline powder
was discovered by a group at KISR.* In that study, the as-
prepared MgH, powders were charged and sealed in a stain-
less steel (SUS304) tube (0.8 cm diameter and 20 cm length)
inside a glove box under a helium gas atmosphere, as shown in
Fig. 19a. The tube contained MgH, powders that had undergone
a severe CR process for a different number of passes (1 to 200
passes), using two-drum type manual cold rollers (11 cm wide x
5.5 cm in diameter), as displayed in Fig. 19b.

After 25 passes, the powders were agglomerated and formed
large aggregates upon CR for 25 passes (Fig. 19¢ and d). After 200
passes, micro-bands with a thickness of 143 mm were developed

(c)

Abrasive
catalyst

MgH,-nanograins

Fig.18 A schematic illustration showing a mixture of MgH, and metallic glassy Zr,oNi>oPd;o powders that were charged in a stainless steel vial together
with stainless steel balls. The large MgH, powders were subjected to severe mechanical deformation upon high-speed ball-powder-ball collisions (a),
leading to disintegration into smaller particles. The red-colored spheres shown in (b) represent the ultrafine metallic glassy powders adhered on the
surface of the metal hydride powders. These hard spherical metallic glassy powders penetrate the surface of the MgH, powders and create pores (c).
The metallic glassy powders play an important role as abrasive micro-milling media and the led to liberation of the MgH, grains (d). Continuous
disintegration takes place with a further increase in the milling time (e), in which the end product possesses an ultrafine morphological structure (f).
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as a result of cold working generated during the CR process
(Fig. 19¢). The as-prepared powders that underwent 200 CR passes
were then subjected to HEBM under hydrogen gas for 50 h.

The XRD pattern of the CRed MgH, powders obtained after
200 CR passes and then after HEBM for 50 h are displayed in
Fig. 20a. Obviously, the Bragg peaks corresponding to the y- and
B-MgH, phases completely vanished and were replaced with
new Bragg peaks for a unreported phase, which appeared at
scattering angles (26) of 35.034, 40.584, 58.758, 70.115, and
73.868 (Fig. 20a).

X-ray diffraction analysis (XRD) analysis indicated that this
newly discovered MgH, phase has a face centered cubic struc-
ture (fec) of space group, Fm3m(225). The lattice parameter (a,)
for this phase, calculated from (111) was 0.44361 nm.'* The FE-
HRTEM image of the powders cold rolled for 200 passes and
then treated with HEBM for 50 h is shown in Fig. 20b. The
image revealed a Moiré fringe image for the three related
nanograins. Filtered-fringe images corresponding to Zone I are
presented in Fig. 20b. The d-spacing related to fcc-MgH, (111)
was calculated and found to be 0.2559 nm, in which the cor-
responding a, was calculated and found to be 0.4433 nm. These
values matched well with the results from the XRD analysis. The
FFT image, which is displayed in Fig. 20c, was taken from Zone I
and oriented to the [001] axis, and the corresponding FFT
showed a spot-electron diffraction pattern related to fcc-MgH,
(111), as presented in Fig. 20d.

Fig. 21 displays the dehydrogenation kinetic behaviors of the
cold rolled powder obtained after 200 passes and then after
HEBM for 50 h (fcc-MgH, phase). The measurements were
conducted in the temperature range of 175 to 275 °C under 200
mbar without powders activation, and after activating the
powders at 300 °C under 10 bar H, (Fig. 21b). In order to
maintain the crystal structure of the powders (fcc-MgH, phase)
obtained after this stage of milling, the desorption kinetic

(a) pSXE8 ‘

<200

Fig. 19 (a) The reactive ball milled MgH, powders obtained after 25 h
of HEBM under hydrogen were charged into SUS304 tubes and then
cold-rolled for 200 passes (b). (c) A photograph of the powders ob-
tained after 25 passes. FE-SEM micrographs taken at an accelerated
voltage of 1 kV of MgH, powders obtained after 25 h of RBM and then
after CR for (d) 25, and (e) 200 passes.'®
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Fig. 20 (a) XRD pattern of cold rolled MgH, powders obtained after
200 passes and then HEBM for 50 h. (b) FE-HRTEM image; (c) filtered
atomic resolution image of Zone |, and (d) FFT image of the MgH,
powders obtained after 25 h of RBM, then subsequently cold rolled for
200 passes and finally after HEBM for 50 h.*°

measurements were taken without activation for five individual
samples (Fig. 21a). All of the samples successfully desorbed
their hydrogen storage with different time scales. Generally, the
fce-MgH, powders showed advanced dehydrogenation charac-
teristics compared to the y- and B-MgH, phases.

At 175 °C, the sample desorbed ~4 wt% H, within 40 min
(Fig. 21a). However, the powders desorbed about 6.5 wt% H,
within 22 min at 200 °C (Fig. 21a). Increasing the applied
temperature to 225 and 250 °C, improved the dehydrogenation
kinetics of fcc-MgH,, indicated by the short time required to
desorb 6.6 wt% H, in 17 min and 10 min, respectively (Fig. 21a).
Outstanding desorption kinetics were found at 275 °C, when the
sample desorbed 6.6 wt% H, within 7 min, as elucidated in
Fig. 21a. We should emphasize that the XRD patterns for the
examined samples at a temperature range between 175 to
225 °C revealed the presence of Bragg peaks corresponding to
the y- and B-MgH, phases. However, the XRD patterns for the
samples examined at higher temperatures (250 and 275 °C)
revealed diffraction lines for the hep-Mg phase.

Fig. 21b displays the dehydrogenation kinetics conducted for
the same samples shown in Fig. 21a, however, they were acti-
vated first at 300 °C (far above the transformation temperature
of the fcc-MgH, to y- and B-MgH, phases') and under 25 bar
H,. Based on this activation step condition, all of the samples
lost their fee-structure and completely transformed into y- and
B-MgH, phases. This led to a significant reduction in the
dehydrogenation kinetics, which became slow when compared

This journal is © The Royal Society of Chemistry 2019
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Fig. 21 Dehydrogenation kinetics measured for 10 individual
samples of MgH, powders obtained after 25 h of RBM, and subse-
quently cold rolled for 200 passes and then HEBM for 50 h. The
measurements were conducted under 200 mbar H, (a) without
powder activation, and (b) after activating the powders at 300 °C
under 10 bar H,.1°©

with the same samples shown in Fig. 21a. For example, the
sample examined at 175 °C required more than 650 min to
desorb less than 5.5 wt% H, (Fig. 21b). The two samples
examined at 200 and 225 °C desorbed about 6.4 and 6.6 wt% H,
within 600 and 390 min, respectively (Fig. 21b). By comparing
the necessary desorption time (100 min) for the sample exam-
ined at 275 °C to release 6.6 wt% H, (Fig. 21b) with the time
required (7 min) for the fcc-MgH, sample (Fig. 10a) to desorb
same hydrogen amount at the same temperature, we can see
that the kinetics desorption of the fcc-MgH, phase is 14 time
faster than the y- and B-MgH, phases.

6. MgH, for FC applications

In 2007, de Rangeo et al.'* reported the possibility of employing
nanostructured MgH, as a hydrogen storage media for a pilot
reactor tank. In their study, a small-scale tank was developed
and tested in different cooling conditions. At 280 °C, the system
absorbed 4.9 wt% H,. The authors reported that it is essential to
maintain the material below 370 °C to avoid the rapid crystal
growth of Mg powders associated with a strong degradation of
the kinetics of the hydriding/dehydriding reactions.'”

Same authors succeeded in enhancing the hydrogen sorp-
tion of MgH,, they used it in their first reactor model by mixing
it with expanded natural graphite (ENG) and consolidating the
powders into compacted disks.'”® They reported that incorpo-
rating ENG before compression drastically improves the
thermal conductivity in the direction normal to the compres-
sion axis. Moreover, the thermal conductivity increases linearly
with the ENG content, and can be adjusted to fulfill the loading
time requirements.'® Since then, different schools have intro-
duced various studies focused on the design and manufacture
of hydrogen reactors based on the MgH,-system."**%

Based on the 8" Strategic Plan of KISR (2015-2020) for NAM/
EBRC which concerns employing as-prepared Mg-
nanocomposite powders for PEM-FC applications, we suc-
ceeded in implementing MgH,/10 wt% (8 Nb,Os/2 Ni) nano-
composite buttons in the charging of a cell-phone battery, using
a homemade integrated Ti-tank/PEM-FFC system. Fig. 22
displays a summary of the experimental procedure for charging
the Ti-reactor using the buttons, and Fig. 23 presents the setup

This journal is © The Royal Society of Chemistry 2019
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of the Ti-tank/PEM-FFC integrated system. More details are
presented elsewhere."”

The hydrogen released from the nanocomposite buttons
upon heating of the storage system to 225 °C was used to feed
the PEM-FC. Fig. 24a presents the experimental set up utilized
for charging the battery of a cell phone device through a 5 V
voltage regulator. The PEM-FC system is controlled and oper-
ated using software in which the data output corresponding to
the hydrogen flow rate, voltage and current were obtained and
stored. During the first few min (0.033 min) of the battery
charging time, conducted at 225 °C the MgH, powders were
completely decomposed, and the pressure of the released
hydrogen was saturated at a value of 20 bar, as indicated in
Fig. 24c. To avoid any reaction between the Mg powders and the
hydrogen gas released and stored inside the Ti-tank, the heating

Ti-tank

As-prepared
- owder_s‘@

As-preard' cold pressed
Powder Buttons

Fig. 22 Preparation procedure used for the fabrication of the
nanocomposite MgH,/8 wt% Nb,Os/2 wt% Ni disks. (a) About 30 g
of the as-prepared nanocomposite powders were charged into
a 3.25 mm-diameter tool steel powder die and sealed with upper/
bottom bunches, and the plunger in the glove box was filled with
a He gas atmosphere. The system was then subjected to an axial
vertical load of 20 tons at ambient temperature for 50 h, using
a 100 ton cold press (b). The as-prepared cold pressed solid-
hydrogen nanocomposite system had a relative density of ~68.7%
(c). Three cold-pressed nanocomposite bulk samples with a total
weight of about 87 g were placed into a high-pressure hollow
vessel made of pure titanium metal (hydrogen tank) with the
following dimensions: 8 cm high x 6.2 cm outer diameter x
5.4 cm inner diameter (d—f). The system was sealed with eight
hexagonal bolts (hexagonal head cap screws) and connected to
a high-pressure gate ball-valve with a 20 bar pressure gauge inside
the glove box filled with He gas (g).*”
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Fig. 23 Solid-hydrogen storage tank integrated with a 40 W/4.5 A
PEM-FC system. (a) The Ti-tank containing the nanocomposite disks
was evacuated using a rotary/molecular pump; (b) the temperature
controlled hotplate and Cu-jacket heater; (c) the Ti-tank hydrogen
storage system was filled with MgH,/8 wt% Nb,Os/2 wt% Ni nano-
composite disks; and (d) the solid-hydrogen tank was coupled with
a 40 W/4.5 A PEM-FC.Y

process for the system was immediately stopped. Then, the ball
gate valve was opened and the rotary pump facilitated the
succession of H, towards the PEM-fuel cell (Fig. 25).

The monotonical decrease of the H, pressure inside the Ti-
tank upon increasing the battery charging time implies that
a continuous amount of hydrogen gas was delivered to the PEM-
fuel cell. It should be mentioned that using a rotary pump led to
delivery of the hydrogen gas to the fuel cell at a constant rate of
~160 ml min~", as shown in Fig. 24b.

Hydrogen flow (mi/min)

Time (min)

Fig. 24 Charging of a battery for a cell phone device via a solid-
hydrogen storage tank integrated with a 40 W/4.5 A PEM-FC system.
(a) The hydrogen storage system filled with MgH,/8 wt% Nb,Os/2 wt%
Ni nanocomposite disks coupled with 40 W/4.5 A PEM-FC to charge
the battery of a cell phone device. The hydrogen flow during the cell-
phone charging process is displayed in (b) as a function of the battery
charging time, (c) and (d) show the hydrogen pressure of the Ti-tank at
the initial and final charging stages, respectively.?”
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7. Conclusions and closing remarks

Developing alternate energy sources has become necessary for
the sustainable common future of our planet. Nowadays,
invention and innovations dedicated to discovering advanced
green energy systems are rapidly moving towards real applica-
tions. Accordingly, research activities related to alternative
energy have recently been considered as excellent opportunities
for starting promising new businesses.

For a long time, hydrogen has been seriously considered to
be an ideal energy carrier and it has a tremendous amount of
attractive properties, making it a unique clean energy option for
the future. Despite this, hydrogen does not show fast growth
owing to critical issues linked to the high cost required for
production and intellectual technical challenges related to the
transportation and storage. Hydrogen storage, which spans
both hydrogen production and hydrogen applications, plays an
important role in initiating a hydrogen economy.*®”

Within the last three decades, this subject has received
significant attention, demonstrated by the great number of
intensive research activities related to this important area.'””
Apart from the traditional methods of hydrogen storage,
hydrogen can be successfully stored with a high gravimetric
density in some light metals such as Li, Be, Na, Mg and Al. In
spite of the high mass density of LiH (12.6 wt%) and BeH,
(18.2 wt%), they decompose at a very high temperature which
restricts their fuel cell applications. Moreover, NaH, which
releases hydrogen in a temperature range between 430 and
500 °C, has a very low storage capacity of 4.2 wt%. Although
AlH; has a good storage capacity (10 wt%) and a relatively low
decomposition temperature (60-140 °C), AlH; is not reversible.
Schneemann et al'® have recently published an important
review article, discussing the potential applications of different
nanostructured metal hydrides and their hydrogen storage
properties.**®

MgH,, with its high storage capacity (7.6 wt%), great cycla-
bility, natural abundance, and low cost has been considered as
the most suitable hydrogen storage material for fuel cell
applications. Unfortunately, MgH, has several drawbacks
related to its high thermal stability, slow kinetics of hydroge-
nation and dehydrogenation and high apparent activation
energy. All of these disadvantages restrict its immediate
employment in fuel cell applications. Within the last few years,

_‘“.-‘ﬂw.;_‘ . f
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Fig. 25 Correlation between the charging time and (a) the fuel cell-
stack current, and (b) the voltage upon the charging of a cell phone
battery via a solid-hydrogen storage tank integrated with 40 W/4.5 A
PEM-FC system.”
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many review articles have presented and discussed the possi-
bility of designing Mg-based nanomaterials for hydrogen
storage.'”'* In 2017, a comprehensive review article published
by Zhang et al. presented the recent progress achieved to
improve MgH, through catalytic agents and
nanoconfinement."’

Mg and Mg,Ni were suggested 52 years ago as being suitable
for use in internal combustion engines in the car industry.*® In
this work, the heat generated from the exhaust gas of the vehicle
was utilized as the heat necessary for releasing hydrogen.***'*?
In addition, Mg-based materials, in particularly Mg,Ni alloy,
have been extensively proposed for waste heat recovery and for
use as thermal batteries for concentrating solar thermal
power.'*>'* Recently, Sheppard et al. published a very impor-
tant review article discussing the potential applications of using
metal hydrides, in particularly Mg-based alloys, concentrating
on thermal power storage applications."™*

This review article has presented the enormous efforts
devoted to improving the hydrogenation and dehydrogenation
behaviors of MgH, through three strategies. The philosophy of
the first strategy depends on melting metal Mg with alloying
element(s) to reduce the high enthalpy change of formation for
MgH, and to enhance the kinetics. Using heavy metals such as
Ni, Pd, and Nd leads to a significant reduction in the storage
capacity of MgH, with no significant improvement in the
decomposition temperature.

In the second strategy, MgH, is mechanically-doped with
different types of catalyst/nanocatalysts, using HEBM under
reactive hydrogen or inert gas. The catalysts used in this
approach can be classified into pure metals, intermetallic
compounds and alloys, metal oxides, metal/metal oxide nano-
composites, and hard refractory materials of metal carbides and
nitrides. In contrast to the first strategy, doping MgH, with
some typical nanocatalysts such as Nb,Os, V,0s5, Cr,03,
composites of Ni/Nb,Os, TiC, Ti4Cro15sMng 15Ve 3, TiH,, and
NbH have shown outstanding beneficial effects in improving
the gas uptake/release kinetics and reduction of both the
hydrogenation/dehydrogenation temperature and apparent
activation energy of decomposition. However, doping the
hydride phase with a high volume fraction of catalytic agents
(above 10 wt%) always leads to a significant degradation in the
storage capacity.

The philosophy of the last strategy depends on introducing
a heavy network of lattice imperfections and defects to Mg, pure
MgH,, and Mg-based alloys without using any type of catalyst.
This mechanical treatment regime has been successfully ach-
ieved by subjecting the powders to long-term HEBM through
mechanically-induced cyclic phase transformations. f-y and
cyclic B—y-B phase transformations are always coupled with
a dramatic decrease in the grain sizes of the MgH, powders. As
hydrogen diffusion along the grain boundaries is much faster
than diffusion in the side grains, the hydrogenation/
dehydrogenation kinetics of MgH, are dramatically improved
upon production of such fine nanostructured grains, contain-
ing a large number of grain boundaries.

Furthermore, this work elucidated the research activities
related to hydrogen storage taking place at the Kuwait Institute
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for Scientific Research since 2010. Like many other interna-
tional laboratories in the world, we aim to develop and imple-
ment new categories of MgH,-based nanocomposites for fuel
cell applications. Our strategy is dedicated to synthesizing and
improving MgH,-materials based on employing RBM tech-
niques under a hydrogen atmosphere to synthesize nano-
crystalline MgH, powders. Our results have shown that cold
rolling of as-prepared milled MgH, powders led to a superior
improvement in the kinetics without drastic decreasing the
storage capacity. In addition, we have employed a micro-milling
media of abrasive metal oxides, metal carbides, and interme-
tallic compounds, as well as metastable powders for refining
MgH, grains. The nanocomposite MgH,/abrasive micro-milling
powders possessed excellent hydrogenation/dehydrogenation
kinetics with very long charging/discharging cyclability at
rather low temperatures. We also introduced a new in situ
catalytic approach for doping MgH, powders through a single
step, using a solid ball-milling media.
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