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Abstract: Due to its affordable price, abundance, high storage capacity, low recycling coast, and easy
processing, Mg metal is considered as a promising hydrogen storage material. However, the poor
de/rehydrogenation kinetics and strong stability of MgH, must be improved before proposing this
material for applications. Doping MgH, powders with one or more catalytic agents is one common
approach leading to obvious improving on the behavior of MgH,. The present study was undertaken
to investigate the effect of doping MgH;, with 7 wt% of amorphous(a)-LaNiz nanopowders on
hydrogenation/dehydrogenation behavior of the metal hydride powders. The results have shown
that rod milling MgH, with a-LaNis abrasive nanopowders led to disintegrate microscale-MgH,;
powders to nanolevel. The final nanocomposite product obtained after 50 h—100 h of rod milling
revealed superior hydrogenation kinetics, indexed by short time (8 min) required to absorb 6 wt%
of Hy at 200 °C/10 bar. At 225 °C/200 mbar, nanocomposite powders revealed outstanding
dehydrogenation kinetics, characterized by very short time (2 min) needed to release 6 wt% of
H,. This new tailored solid-hydrogen storage system experienced long cycle-life-time (2000 h) at
225 °C without obeying to sever degradation on its kinetics and/or storage capacity.

Keywords: solid-state hydrogen storage nanocomposites; MgHy; rod-milling; kinetics; cycle-life-time

1. Introduction

Hydrogen, which is a major energy carrier has received great attention due to its unique properties.
In contrast to fossil fuels, hydrogen does not emit carbon dioxide and other harmful air pollutants
upon burning [1]. Hydrogen storage is a major issue that governs utilization of hydrogen daily life
applications. Reference to environmental and health point of view, fossil fuels, which emit carbon
dioxide and other harmful air pollutants when burned have led to wide range of public health and
environmental costs at the global levels [2]. Since the last decade, hydrogen has been widely proposed
as promising future alternative for replacing fossil fuels and delivering clean energy required almost
for all sectors [3-5]. In addition, hydrogen has become a favorite energy carrier [6] because it has
a very high calorimetric value, with a lower heating of 120 MJ kg~!, compared to petrol, which is
approximately a third of this at 43 M] /kg [7].

The idea of hydrogen economy is based on the possibility of generating hydrogen gas by
water decomposing, using primary sources of renewable energy, such as solar energy, wind energy,
tidal energy, or biomass decomposition [8]. Recent studies have pointed out that hydrogen fuel costs are
reasonable and are therefore can be considered as an ideal candidate to replace fossil fuels as an energy
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carrier [9]. In fact, hydrogen storage is considered to be one of the most crucial factors of hydrogen
economy that governs the future of utilization of hydrogen energy for real applications [10]. Metallic
Mg and its-based materials have been considered as the most candidate solid-state hydrogen storage
materials. Mg has become a desired hydrogen storage material because of its natural abundance, low
cost, light weight, high gravimetric (7.60 wt%) and volumetric (110 g/L) hydrogen storage capacities.
Recently, it has been reported that waste Mg-based alloys such as Mg-Al [11] and Mg-Gd [12] were
successfully used as feedstock materials to produce good quality MgH,. More recently, the formation
of MgyFeHg powders, starting from MgH, and plain carbon steel powders, used as precursors has been
demonstrated by Polanski et al. [13]. They claimed that magnesium iron hydride can be industrially
manufactured at high yields using steel scrap, which can lower the cost of the manufacturing process.

In spite of these attractive properties of MgH, there are major drawback restricting its implementation
such its high stablity, possessing a large negative heat of formation (AHr = —75 kJ/mol.Hy) [14].
It possessed very slow kinetics of dehydrogenation at temperatures less than 350 °C [15]. In addition, Mg
metal is very sensitive to the surrounded atmosphere, particularly to oxygen. Furthermore, the low thermal
conductivity of MgH, system (0.4 W/mK [16]) is considered to be a serious problem since heat transfer is
a very important factor required for both hydrogenation and dehydrogenation processes. Within the last
two decades, great efforts have been achieved to enhance the hydrogenation/dehydrogenation kinetics
of MgH,, using long term of ball milling [17], sever plastic deformation [18], alloying Mg with metallic
elements [19], and doping MgH, powders with different types of catalytic agents, including pure metals [20],
metal alloys [21-23], metal oxides [24], carbides [25], hydrides [26-29], fluorides [30,31], and chlorides [32].
These efforts and their corresponding achievements were summarized and recently published in many
useful review articles (see for example [33,34]).

Apart from this long list of traditional catalysts with their beneficial effect of enhancing the behavior
of MgH), a new category of metastable phases of big-cube Zr,Ni [6], high-thermal stable metallic glassy
powders of ZrygNipPdig [35], VasZryoNixCuypAlsPd; [36], TipNi [37] systems, Al-Cu—Fe quasicrystal [38],
ZryNi [39] amorphous alloy, have been recently used as modifier additives for MgH, binary system.
These additives changed the behavior of MgH, to have superior kinetics at low temperature, in the range
between 175 °C to 250 °C [35,38,39]. Moreover, the noncrystalline structure of amorphous catalytic alloys as
well as other metastable systems maintained their short-range and medium-range order structures without
obeying to any phase transformations during cyclic process for several hundred hours [6].

The present study has been addressed in part to investigate the influence of doping mechanically-
reacted MgH, powders with 7 wt% of amorphous-LaNi3 powder on four major performance
characteristics of MgH), i.e., (i) storage capacity, (ii) thermal stability, (iii) de/rehydrogenation kinetics,
and (iv) cycle-life-time. Moreover, this work elucidates the effect of doping time on the homogeneity of
composite MgH) /7 wt% amorphous-LaNij and their influences on the kinetics behavior of MgHj. As far
as the authors know, this new solid-hydrogen storage system has never been reported before.

2. Materials and Methods

Bulk LaNi3 (atomic %) was fabricated by arc melting of La (99.9 wt%, #261130, supplied
by Sigma-Aldrich, New York, NY, USA), and Ni foil (thickness 0.5 mm, 99.98 wt%, #357553,
Sigma-Aldrich). The starting materials were balanced to give nominal composition of Lays 1Niss 9
(Wt%), etched with 70% H,O + 30% HCI, rinsed by ethanol and then dried at 200 °C for 3 h. An arc
melter (AM 200, provided by Edmund Biihler GmbH, Bodelshausen, Germany) was employed in
Zr-gettered Ar atmosphere to fabricate the desired LaNis alloy. A total weight of 100 g (44.1 g La and
55.9 g Ni) were placed in a circular-shaped groove of water-cooled Cu crucible. The process was started
by melting Zr balanced and then melting the mixture of La and Ni. The metallic button obtained
after melting was turned over and re-melted for 5 times to ensure the homogeneity of fabricated
alloy. The master alloy was then removed out from the arc melter, washed by acetone, ethanol and
crushed down into small pieces (~10 mm), using 60 ton cold press. The structure and composition of
the fabricated intermetallic compound were examined by X-ray diffraction and inductively coupled
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plasma mass spectrometry (ICP-MS), respectively. The chemical composition of the examined sample
was found to be 44.5 wt% La and 55.5 wt% Ni with a crystal structure typical to PDF #01-090-5121.

On the other hand, MgH, powders were prepared starting from Mg metal powders (~80 m,
99.8% provided by Alfa Aesar, New York, NY, USA), and hydrogen gas (99.999 wt%). An amount
of 5 g Mg was balanced inside a He gas atmosphere (99.99 wt%)—glove box. The powders
were then sealed together with 50 hardened steel balls in a hardened steel vial (220 mL in
volume), using a gas-temperature-monitoring system (GST; supplied by evico magnetic, Germany).
The ball-to-powder weight ratio was 40:1. The vial was then evacuated to the level of 1073 bar before
introducing Hj gas to fill the vial with a pressure of 50 bar. The reactive ball milling (RBM) process
was carried out at room temperature, using a high energy ball mill (Planetary Ball Mill, model PM
400, Retsch, Germany). The powders were discharged from the vial inside the glove box after selected
RBM time. The as-synthesized MgH, powders were then mixed in the glove with 7 wt% of a-LaNij
powders, using an agate mortar and pestle. The mixed powders were then charged together with
50 Cr-steel bars into Cr-steel vial and sealed under hydrogen gas pressure of 10 bar. The system was
then mounted on a low-energy rod mill (Figure 1).

o

MgH,/LaNi,

Figure 1. Nanocomposite powders were prepared by doping MgH, with 7 wt% amorphous-LaNij
powders, using rod milling technique. The mixed powders were sealed into Cr steel vial (a,b) with
50 Cr-steel bars (c). The system was pressurized with 10 bar of Hy pressure (a) before it mountained on
a low-energy roller mill (b). A transparent vial filled with 50 Cr-steel bars and the mixed powders was
designed to monitor the rods movement and doping mechanism (d). A schematic illustration presented
in (e) elucidates the rolled-rods inside the vial during the milling process. The mixed powders trapped
between the rods were mainly subjected to sever plastic deformation, leading to disintegrate the
materials charge into fine composite powders.

The preliminary experiments conducted to investigate the most suitable molar fraction a-LaNis
additives implied that doping MgH; with 5 wt% a-LaNi3 did not reveal pronounced improvement if
the hydrogenation/dehydrogenation kinetics. In contrast, adding 10 wt% of a-LaNiz maintained the
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good kinetics of MgH, but with lower hydrogen storage capacity (~4.5 wt% Hp). This was attributed
to high molecular weight of the additives.

The metallic pieces were then disintegrated into coarse particles (~195 m—220 m in diameter), using
vibratory disc mill provided by Retsch-Germany (model RS 200). The powders were then charged into
Cr-steel vial (225 mL in volume) inside a glove box and sealed under He-atmosphere with 50 Cr-steel
balls (12 mm in diameter). The system was then mountained high energy ball mill (Planetary Mono
Mill PULVERISETTE 6, Fritsch, Germany) and continuously milled for 6 h, 36 h and 50 h at an ambient
temperature. The apparent activation energy for the synthesized MgHj,-composites was investigated,
using Arrhenius approach with different heating rates of 10, 20, 30, and 40 °C/min. The hydrogen
absorption/desorption kinetics were investigated via Sievert’s method, using PCTPro-2000, provided
by Setaram Instrumentation, France, under pressurized hydrogen, in the range between 200 mbar
(desorption) to 10 bar (absorption). The samples were examined at different temperatures of 125, 150,
175, 200, and 225 °C.

3. Results
3.1. Crystal Structure

3.1.1. Amorphous-LaNi; Powders

Figure 2 presents XRD patterns of arc-melted LaNiz powders obtained after mechanical
disordering (MD) for 6 h (a), 36 h (b) and 50 h (c), using a high-energy ball mill. The powders
milled for 6 h revealed Bragg peaks corresponding to intermetallic compound of LaNiz (PDF File #
01-090-5121), as shown in Figure 2a.
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Figure 2. XRD patterns of arc-melted LaNi3 intermetallic compound obtained after high-energy ball
milling under He-gas atmosphere for (a) 6 h, (b) 36 h and (c) 50 h.

The broadening seen in the diffracted lines were attributed to the grain refinement and lattice
strain achieved during high-energy ball milling. After 36 h of MD time the Bragg peaks related to
(110), (015), (1013) and (223) were completely disappeared, where a diffuse halo peak centralized
at 44.63 degree appeared, as shown in Figure 2b. This indicates crystalline-to-non-crystalline phase
transformation, where a single a-LaNi3 was obtained. The synthesized amorphous phase was coexisted
with fine crystallites corresponding to LaNi3 (113) and (205) crystals, as indexed in Figure 2b. Further



Energies 2019, 12, 1005 50f 15

MD time (50 h) was required to enhance the crystalline-amorphous-phase transformation. Formation
of a full amorphous phase after 50 h of milling is implied by the appearance of abroad diffuse halos
and disappearance of (205) Bragg-peak (Figure 2c).

The bright field image (BFI) and the corresponding selected area diffraction pattern (SADP) of the
powders obtained after 100 h of MD are shown in Figure 3a,b, respectively. After this stage of milling,
the powders had fine structure with no contrast related to precipitated crystalline phase, implying
the formation of a single amorphous phase. The SADP that revealed a diffuse halo related to a-LaNis
(Figure 3b), indicating the formation of non-crystalline phase.

Figure 3. (a) BFI and (b) SADP of MD LaNi3 powders obtained after high energy ball milling for 100 h.
The circular symbol indexed in (a) denotes to the selected zone used to get the electron diffraction
shown in (b).

The FE-SEM micrograph of a-LaNiz powders obtained after 100 h of MD time is presented in
Figure 4a. After this stage of milling, a-LaNi3 powders had spherical like morphology with very
narrow particle size distribution, ranged between 83 nm to 96 nm in diameter, as shown in Figure 4a.
The as-prepared a-LaNiz powders crystallized into order phase through a single sharp exothermic
peak, as displayed in Figure 4b.

40 y T y T y T y T

T 2 T
T =904 K
N las-prepared LaNi, amorphous alloy powder I *

DSC heat flow (mW)
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400 500 600 700 800 900 1000
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Figure 4. (a) FE-SEM micrograph and (b) DSC thermogram of a-LaNi3 powders obtained after 100 h of
MD time.
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This amorphous phase possessed outstanding high thermal stability, suggested by high onset
(881 K) and peak (904 K) temperatures, with a heating rate of 20 °C/min (Figure 4b).

3.1.2. MgH, and Nanocomposite Powders

XRD pattern of starting Mg powders is displayed in Figure 5a. The powders revealed sharp
Bragg-peaks corresponding to hcp-Mg metal (PDF# 00-004-0770). After 12.5 h of reactive ball milling
under 50 bar of hydrogen, all the Bragg-peaks corresponding to Mg-phase were replaced by two sets
of diffracted lines related to —and -MgH); phases, as elucidated in Figure 5b. XRD pattern of MgH,
doped with 7 wt% a-LaNiz powders and then rod-milled for 50 h and 100 h are shown in Figure 5c,d,
respectively. In both figure the halo diffuse pattern seen in the base line was corresponding to a-LaNis
powders. After 50 h of milling, the Bragg peaks related to MgH, revealed significant broadening
due to grain refining and lattice strain (Figure 5c). Increasing the milling time (100 h) led to further
broadening in the Bragg lines, implying a drastic decreasing in grain size.

In order to understand the mechanism of mechanically induced doping of MgH, with a-LaNis
powders, detailed morphological examination of the powders obtained after different stage of milling
were performed. Figure 6 presents FE-SEM and EDS mapping of the as-prepared nanocomposite
powders after milling for selected times. The as-prepared MgH, powders (12.5 h of RBM) had
rugby-ball like morphology with an apparent particle size ranged between ~2 m to 8 m in diameter,
as displayed in Figure 6a. Spherical a-LaNiz powder particles, which had large surface area tended
to penetrate the powder’s surface of MgH, upon milling for 1 h (Figure 6b). These hard amorphous
particles scratched MgH, powder’s outermost surface to create cracks, leading to disintegrate the
aggregated powders into smaller particles. Under the dynamic motion of the rods (milling media),
which generated shear forces, a-LaNi3 powders were enforced to penetrate the surface of MgH, deeply
and created numerous pores and cavities, as indexed in Figure 6b. These created cracks and cavities
led to successful disintegration of MgH; powders to obtain finer particles. The scanning transmission
electron microscope (STEM) image of the powders obtained after 3 h is displayed in Figure 6¢. After this
stage of milling, MgH, powders had become fine in size (~4 m in diameter), as presented in Figure 5c.
The a-LaNij particles tended to be agglomerated due to Van der Waals attractions to form aggregates
embedded into MgH; matrix (Figure 6¢). The powder of this milling stage were heterogeneous in
chemical composition and showed significant variations in the concentration of a-LaNis.

6000 —————————————— 10000 —————————————— :
i - ~ ¥ hep- Mg (PDF File # 00-004-0770)) L 0 ’ MgH, /7 wt/-aLaNl 50 RBM |
4000 _m § @ - MgH, (PDF File # 00-012-0697)) 8000 -
(a) g v B - MgH, (PDF File # 00-035-1134)] \
s T _ 0§ 6000 |
E 2000 - Ny 2 Tt SfEs o E
g - a i T SYE 5 & 00}
.‘; 0 L 1 - ‘l-/ k_Tg_g ! 1 \—Id — ‘Jl\ % 20 80
s 200020 30 40 50 60 70 80 £ 10000 " ' - | ; ' ' |
- (b T T T 1 T ] = (d) . MgHszl%a-LaNi,:woREM_
= 0[Py § asrem]] =
_ = 2 = g ;’ ] 8000 -
o0 Y| ¢ &3 - ] [ ., . |
N T §s58% 5| wooo . 7 et A
soof 2 £ B8 EE R B - . -
N AN 70 - O 3 W . i M
1 1 L ] 1 1 4000 & 1 " 1 N 1 R 1 ) 1 :
20 30 40 50 60 70 80 20 30 40 50 60 70 80
20 (degree) 26 (degree)

Figure 5. XRD patterns of pure hcp-Mg metal after (a) 0 h and (b) 12.5 h of RBM under 50 bar of
hydrogen, using a high-energy ball mill. The XRD patterns of MgH, obtained after 12.5 h of RBM and
then rod-milled with 7 wt% a-LaNi3 powders for 50 h and 100 h are displayed in (c) and (d), respectively.

The composite powders obtained after this stage consisted of large aggregates with apparent
particle size of ~90 m in diameter upon milling for 6 h, as shown in Figure 6d. Increasing the milling
time led to 6 h enhanced the micro-milling media (a-LaNij particles) to be adhered onto the surfaces
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of MgH, powders (Figure 6d). The EDS mapping taken for Mg (Figure 6e), La (Figure 6f) and Ni
(Figure 6g) indicated a homogeneous elemental distribution within the microscale.

The intimate distribution of a-LaNi3 hard particles (micro-milling media) in MgH, powder
matrix increased the efficiency of milling to fabricate finer MgH, powders (~5 m in diameter),
as displayed in Figure 6h,i. After 13 h, the distribution of a-LaNiz powders (Figure 6j,k) were
homogeneously distributed, having very closed compositional value to the desired composition
of 7 wt%. Toward the end of rod-milling (50 h), nanocomposite powders became ultrafine in size
(~1.2 m in diameter), as shown in Figure 61. The elemental EDS mapping elucidated that MgH,
powders (Figure 6m) were encapsulated into a cloud of a-LaNi3 (Figure 6n,0) aggregates to form
homogeneous nanocomposite powders.

(b)+ MgH,/7 wt% a-LaNis/1 h RBNIE

* . Spherical a-LaNig?
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Figure 6. FE-SEM micrographs of (a) MgH, powders obtained after 12.5 of RBM, and (b) MgH,
powders doped with a-LaNi3 powders and ball milled for 1 h. The STEM image of MgH, /7 wt%
a-LaNiz composite powders obtained after 3 h of milling is displayed in (c). Scanning electron
(SE) images of the composite powders obtained after 6 h, 13 h and 50 h are presented in (d,h,1),
respectively, where the corresponding EDS elemental mapping of Mg are shown in (e,i,m). The EDS
elemental mapping images displayed in (f,j,n) are corresponding to elemental La, however, those
images presented in (g k,0) are related to elemental Ni.

The FE-HRTEM image of nanocomposite MgH, /7 wt% of a-LaNi3 powders and then rod-milled
for 100 h is shown in Figure 7a together with corresponding SADP (Figure 7b). Ultrafine nano-lenses
of MgH, powders with an average grain size of 5 nm in diameter were encapsulated in the core of
featureless a-LaNi; matrix, as shown in Figure 7a. The SADP (Figure 7b) revealed halo-diffuse rings
related to a-LaNiz matrix coexisted with spots diffractions related to nanocrystalline MgH, phase.
The local analysis of the nanocomposite powders obtained after 100 h of milling were conducted for
20 individual particles with FE-HRTEM/EDS, as indexed in Figure 7c. Obviously, MgH, particles
were encapsulated in the amorphous matrix of LaNi3z powders (Figure 7c). These crystallites were very
closed in sizes (~5 nm in diameter) and had narrow particle size distribution. The selected particles
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were classified into 17 individual zones for achieving EDS analysis, as indexed by the open circular
symbols shown in Figure 7c. The corresponding results related to each zone are listed in Table 1.
The results, which showed closed values in composition (Table 1). This suggests the formation of
homogeneous nanocomposite MgH, /7 wt% a-LaNi3 powders obtained after 100 h of rod-milling time.

Figure 7. (a) FE-HRTEM image and (b) SADP of nanocomposite MgH, /7 wt% a-LaNiz powders
obtained after 100 h of rod milling. The BFI of powders obtained after 100 h of rod milling, undertaken
for EDS elemental analysis is presented in (c), where the analysis are listed in Table 1.

Table 1. Elemental Analysis Corresponding to the Indexed Zones Shown in Figure 8.

Content (wt%)

Zone
Mg LaNi;  Total

I 93.4 6.6 100
I 93.5 6.5 100
I 92.8 7.2 100
v 92.7 7.3 100
\% 92.9 7.1 100
VI 92.7 7.3 100
VII 92.7 7.3 100
VIII 92.8 7.2 100
IX 92.6 7.4 100
X 92.7 7.3 100
XI 92.6 7.4 100
XII 93.2 6.8 100
XTI 93.1 6.9 100
XIV 93.0 7.0 100
XV 92.8 7.2 100
XVI 92.9 7.1 100
XVII 92.8 7.2 100

Thermal analysis of nanocomposite powders obtained after the early (12.5 h) and final (100 h)
stages of rod milling time was conducted to realize the effect of milling on the stability of MgH,
powders. Moreover, DSC results obtained upon heating both samples at different heating rates, k
(10, 20, 30, and 40 degree/min) were necessary to calculated the apparent activation energy (E,) of
decomposition, using Arrhenius approach thermograms obtained for pure MgH, powders doped
with 7 wt% a-LaNiz and rod-milled for 12.5 h and 100 h are displayed in Figure 8a,b, respectively.
The measurements were achieved in temperature range (373 k to 850 k), being below to the Tx (881 K)
of a-LaNi3 additive. Thus, the amorphous phase maintained its short-range order without any phase
transformations. For each k, both samples revealed single sharp endothermic event that were related to
decomposition of MgH)>, as presented in Figure 8. The decomposition peak temperature measured at
20 degree/min for the sample milled for 12.5 h was 750 K, as displayed in Figure 8a. The decomposition
peak temperature, which was developed at 20 degree/min for the final product (100 h of milling)
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showed dramatic deduction of the peak temperature (579 K), as displayed in Figure 8b. This drastic
reduction of the decomposition temperature is believed to be attributed to the effect of micro/nano
milling media (a-LaNiz nanopowders), leading to disintegrate the metal hydride powders into ultrafine
nano-lenses. The E, of dehydrogenation were calculated for the samples obtained after 12.5 h of rod
milling and found to be 179.47 kJ /mol. This value was drastically decreased to 73.26 kJ/mol upon
increasing the rod milling time to 100 h, as indexed in Figure 8b.
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Figure 8. DSC curves obtained with different heating rates, k (10, 20, 30, and 40 °C/min) of
nanocomposite MgH, /7 wt% a-LaNiz powders, rod milled for (a) 12.5 h and (b) 100 h.

The E, value of this system is closed to previously reported value of MgH, powders doped with
10 wt% Fe nanoparticles (86 k] /mol)®, 4 wt% Ni nanofibers (81 kJ/mol)*°, 10 wt% Cu nanoparticles
(76 kJ /mol)*’, MgH, /5 wt% metallic glassy Zr7oNiygPd1g (51 k] /mol)®® and 20 wt% Tig 4Crp15Mng 15
Vo3 (71 kJ/mol)*! systems. However, it is significantly better than MgH, /10 wt% metallic glassy
TipNi (87.3 kJ /mol)¥’, MgH, /5 wt% TiMn; (117 k] /mol)*?, and MgH, /5.3 wt% TiC (97.74 k] / mol)*?
systems. Contrary to this, E, of the present system is above those reported values for, MgH, /14 wt%
TiAl (65 kJ/mol)*3 and MgH; /5 wt% quasicrystal-AlCuFe (64.25 kJ/ mol)* systems.

The kinetic of hydrogen gas uptake/release is crucial characteristics that should be characterized
to realize the potential employment of solid-hydrogen-storage materials in real applications.
The hydrogenation/dehydrogenation kinetics of MgH, doped with 7 wt% a-LaNi; were measured at
different temperatures for the samples obtained after rod-milling for 3 h (Figure 9), 25 h (Figure 10) and
50 h (Figure 11). The absorption and desorption for all measurements were achieved under hydrogen
gas pressure of 10 bar and 200 mbar, respectively.

The sample obtained after the early stage of rod-milling (3 h) was able to absorb 3.8 wt% H
within 40 min at low temperature of 125 °C (Figure 9a). As expected, increasing the temperature
to 150 °C and 175 °C and fixing the time at 40 min led to enhance the absorption kinetic behavior.
This is suggested by increasing the hydrogen capacity to 5 wt% and 5.5 wt%, respectively. Further
improvement of the hydrogenation reaction was achieved upon increasing the temperature to 200 °C,
implied by the large hydrogen capacity, which was reached to 5.4 wt% H; after 40 min (Figure 9a).
However, the hydrogenation kinetics of the powders obtained after 3 h of milling was better when
compared with pure MgH, powders [17], the sample still suffers from slow dehydrogenation kinetic,
as displayed in Figure 9b. At 150 °C, the sample desorbed not more than 5.5 wt% H, after a very long
time (600 min), as shown in Figure 9b. Considerable improving in desorption kinetic was achieved
with increasing the temperature. At 200 °C and 225 °C, the powders released their storage capacity
(5.6 wt% Hy) within 141 min and 37 min, respectively (Figure 9b).

The hydrogenation/dehydrogenation kinetic behavior of the powders obtained after 25 h of
rod-milling is shown in Figure 10. Increasing the milling time (25 h), led to improve the absorption
kinetics, as characterized by the short time (25 min) required to uptake 5.6 wt% Hj at 125 °C (Figure 11a).
At this temperature the powders reached to its maximum storage capacity of 6.7 wt% Hy after 80 min,
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as displayed in Figure 10a. Significant improvement on the hydrogenation kinetics was attained
upon increasing the temperature to 150 °C and 175 °C, where the powders absorbed 6.5 wt% Hy,
as elucidated in Figure 10a. Outstanding hydrogenation kinetic behavior was obtained for the sample
examined at 200 °C. At this temperature, the sample absorbed about 6 wt% H; within 10 min, where it
tended to approach a saturated value of 6.8 wt% Hj after 30 min, as shown in Figure 10a.

Hydrogen absorption (wt%)
Hydrogen desorption (wt%)
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Figure 9. Kinetics of (a) hydrogenation and (b) dehydrogenation measured at different temperatures under
hydrogen pressure of 10 bar and 200 mbar, respectively of rod-milled MgH, /7 wt% a-LaNij for 3 h.
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Figure 10. Kinetics of (a) hydrogenation and (b) dehydrogenation measured at different temperatures under
hydrogen pressure of 10 bar and 200 mbar, respectively of rod-milled MgH), /7 wt% a-LaNis for 25 h.

The absorption and desorption kinetics of the final product obtained after 50 h of milling are
presented in Figure 11. Likewise the good hydrogenation behavior shown of this system, outstanding
dehydrogenation characteristics were realized. The powders after this stage of milling showed excellent
absorption behavior, indexed by the short time (2 min) required to absorb 4.6 wt% Hj at 125 °C and
150 °C respectively, as shown in Figure 11a. At 175 °C and 200 °C, the sample reached to about 5.3 wt%
after 2 min (Figure 11b). The hydrogen capacity of the sample measured at 125 °C reached to 5.8 wt%
H; after 25 min (Figure 11a). At relatively higher temperatures (150 °C, 175 °C and 200 °C), the storage
capacity of the powders tended to be saturated at 6 wt% H, after 18 min, as displayed in Figure 11a.
At this temperature, the powders desorbed about 67% of its storage capacity, which corresponding
to 4 wt% Hj after 30 min, as displayed in Figure 11c. Better desorption kinetic was attained upon
increasing the temperature to 175 °C, when the powders desorbed its full storage capacity (—6 wt%
Hy) within only 10 min, as elucidated in Figure 11c. Increasing the applied temperature to 200 °C,
accelerated the desorption kinetic, as implied by the short time needed for the sample to discharge
it full hydrogen storage capacity within 3 min (Figure 11d). Finally, the sample measured at 225 °C
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revealed superior dehydrogenation kinetics, characterized by releasing its full hydrogen charged
(—6 wt% Hy) within only 2 min, as presented in Figure 11c.

We should emphasise that the degradation seen in the storage capacity upon increasing the milling
time from 25 h (Figure 10a) to 50 h (Figure 11a) is attributed to powder refining process that led to the
formation of ultrafine nanoparticles with large surface area. Handling such ultrafine powders during
sample preparation for kinetics measurements, led to the formation of MgO coat one the outermost
surfaces of MgH, powders. Accordingly, this led to increase the weight fraction of MgO against MgH,.
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Figure 11. Kinetics of (a,b) hydrogenation and (c,d) dehydrogenation of rod-milled MgH; /7 wt%
a-LaNij for 50 h. The measurements were conducted at different temperature under hydrogen pressure
of 10 bar and 200 mbar, respectively.

For applications as solid-hydrogen storage materials, MgH; based systems must reveal excellent
cyclability with great number of hydrogen charging/discharging cycles of at least 1000 cycles.
The system should not obey to any serious degradation related to storage capacity and kinetics upon
stress fluctuations happened during hydrogenation/dehydrogenation pressure. The cycle-life-time
test was achieved continuously in the present study at 225 °C under hydrogen pressure of 10 bar (gas
uptake) and 200 mbar (gas release) for 2000 h, as displayed in Figure 12a. In order to reduce the MgO
layer formed upon handling the materials outside the glove box, the powders had to be activated at
300 °C for 20 h (activation stage, Figure 12a). During this stage, fresh Mg surfaces were created and
were capable to react simultaneously with the pressurized hydrogen. Removal of MgO layer led to
enhance the powders so that the storage capacity (6.5 wt%), as presented in Figure 12a. The results
showed that 20 h were not enough to activate the powders perfectly, as indexed by the obvious storage
degradation started after 20 h (Figure 12a). Thus, a second stage so-called enhancement-stage started
from 20 h for about 280 h to ensure decreasing of MgO molar fraction.

After 300 h, the storage capacity tended to be improved to reach again to its maximum capacity
of 6.5 wt%, as shown in Figure 12a. This system shows excellent capability of maintaining its
superior hydrogenation/dehydrogenation properties even after 2000 h without dramatic changes
in storage capacity or the corresponding kinetics (Figure 12a). The a-LaNiz nanoparticles played
crucial role as grain-growth inhibitors, prevented the soft Mg metallic grain from growing under
temperature application during the cycle-life-time test. In order to understand the kinetics
behavior of nanocomposite MgH; /7 wt% a-LaNi3 powders beyond 2000 cycles, two continuous
sorption/desorption cycles were conducted (Figure 12b). The results showed that the sample
maintained its high hydrogen storage capacity (~6.4 wt%), however, both hydrogenation and
dehydrogenation reactions took longer absorption/desorption time (13 min/18 min) when compared
with the powders before cycle test (Figure 11). This can be attributed to slight growth of the powder
particles upon subjecting to the repetition the cyclic process at 225 °C. Under the application of
pressure during hydrogenation process, the spherical hard a-LaNi; particles tended to penetrate
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the outermost shell of soft Mg powders to develop artificial pores and cavities, as presented in
Figure 13. Such porous morphology became pronounced after 300 continuous cycles, where most of
the amorphous particles were located either on the gate of the pores or into Mg powders. This porous
structure assisted fast hydrogen diffusion as well as decomposition pathway of the system and ensured
sustainable storage capacity of the system. The present system has better cyclability when compared
with graphene-wrapped 2LiBH4-MgH;, which showed 25 cycles/350 °C for absorption/ desorption
of 8.9 wt% H, [40].
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Figure 12. (a) Cycle-life-time of nanocomposite MgH, /7 wt% a-LaNiz powders obtained after rod-milling
for 100 h. The results shown in the figure may be classified into (i) activation, (ii) enhancement and (iii) final
stages. This system revealed superior cycling behavior, indexed by the long cycle time (2000 h) processed
without obvious degradation or failure. The hydrogenation/dehydrogenation kinetics for the sample
subjected to 1000 cycles is shown in (b). All measurements were conducted at 225 °C under hydrogen
pressure of 10 bar and 200 mbar, respectively.

Figure 13. FE-SEM micrograph of nanocomposite MgH, /7 wt% a-LaNiz powders obtained after
subjected to cycle-life-time of 2000 h. The arrows in yellow indexed in the figure denote to the
artificial pores formed at the outermost shell of Mg aggregated powders upon penetration of a-LaNi3
nanoparticles (indexed by red arrows) during the cyclic test. The red arrows refer to a-LaNiz powders.

4. Conclusions

The role of amorphous LaNi; modifier additive on the de/rehydrogenation kinetics, thermal
stability, hydrogen storage capacity and cyclability of MgH, powders has been investigated. The results
have shown that the decomposition temperature of MgH, powders dropped to 579 K upon doping
with 7 wt% a-LaNi3 and rod-milling for 100 h. After this stage of milling the apparent activation
energy was dramatically reduced to 73.26 k] /mol. Increasing the rod-milling time led the ultrafine
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a-LaNiz powders to be embedded and uniformly distributed into MgH, matrix. These abrasive
amorphous particles played micro/nano-milling media, leading to drastic deduction of MgH, particle
size. In addition, a-LaNis hard nanopowders were capable to penetrate the MgO layer, coated the
powder matrix of MgH) to create numerous pores. Such fine LaNi3 powders facilitated excellent
gateway for uptake/release ~6 wt% hydrogen within 8/2 min at 200 °C and 225 °C, respectively.
This new fabricated solid-hydrogen storage system possessed an extraordinary long cycle-life-time
(2000 h) at 225 °C without obeying to obvious degradation on its kinetics and /or storage capacity.
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