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Abstract

A mandatory prerequisite for a good hydrogen storage material is long-term stabil-
ity in hydriding/dehydriding reactions, in a suitable temperature interval (250-350 °C
for magnesium intermetallics). A 50-cycle hydriding/dehydriding stability test of two
Mgy (Coq/3Fe; /3Niy /3) materials is presented. Mgy (Coy /3Feq /3Ni; /3) was processed pro-
gressively by ball milling and annealing, followed by high-pressure torsion. A compar-
ison of the effects of the processing on the cycling test is presented. X-ray diffraction,
scanning and transmission electron microscopy, and infrared characterization indicate
the morphological and structural changes in the materials after production and cycling.
The highest hydrogen storage was 3.55 wt.% and 3.25 wt.% for the ball-milled and an-
nealed Mg,(Coj,3Fe;/3Nij /3) and high-pressure torsion processed Mg(Coq /3Fe; /3Nij /3),
respectively, at 15 bar and 300 °C. After 50 cycles of hydriding/dehydriding reactions,
the hydriding onset temperature is 69 °C and 50 °C for the ball-milled and annealed
Mgy (Coq/3Fe; /3Nij /3) and high-pressure torsion processed Mg,(Coq /3Feq /3Nij /3), respec-
tively. Meanwhile, the dehydriding onset temperatures are 257 °C and 223 °C, with hydro-
gen storage losses of 16% and 7.4% for the ball-milled and annealed Mg,(Coq /3Fe; /3Nij /3)

and the high-pressure torsion processed Mg,(Co; /3Feq 3Nij /3), respectively. Overall, the

W) Check for updates ball-milled and annealed Mg, (Coy /3Fe; 3Nij /3) material presented better performance.
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suitable material with high hydrogen storage capacity, rapid hydriding and dehydriding
kinetics, pressure and temperature operation conditions compatible with other hydrogen
technologies, reversible storage upon long-term cycling, low cost, etc. [3,8]. Among the
materials for hydrogen storage, Mg-based intermetallics stand out because they combine
acceptable hydrogen storage with improved kinetics and thermodynamics provided by
alloying elements [9-13]. The notable Mg intermetallics suitable for hydrogen storage
are those containing Ni, Co, Fe, or combinations thereof [14-17]. Recently, our research
group reported a combinatorial study on Mg,(Coq,/3Fe;,3Nij/3), Mga(Cuq/3Fe; 3Nij /3),
Mg, (Coq/3Cuq/3Feq /3), Mga(Coq /3Cuy /3Niy /3), and Mgy (Coq /4Cuy /4Feq /4Nip /1) produced
by ball-milling [18]. The combination of different elements in a Mg matrix demonstrated
changes in kinetics and thermodynamics as compared with pure Mg or individual forma-
tion of intermetallics such as Mg, NiH,, Mgy,CoHs, or MgyFeHg [14,16]. In that report [18],
the Mg,(Coq /3Feq /3Nij /3) material demonstrated promising hydrogen storage properties
due to synergistic effects between the alloying components Co, Fe, and Ni.

Severe plastic deformation processes are defined as material-forming techniques that
involve ultra-large plastic deformation without significant changes in the overall shape of
the specimen [4,19]. These processes are mainly employed to produce ultrafine-grained
or nanocrystalline materials [20-22]. Among SPD methods, high-pressure torsion (HPT)
is one of the most widely used to optimize the kinetic properties of alloys for hydrogen
storage [22-25]. This method consists of applying very high pressure (5-6 GPa) combined
with shear strain generated by the torsion of the material between two anvils. As a result,
high dislocation densities and extreme grain refinement have been observed in the materials
processed by HPT [26-29]. In the context of solid-state hydrogen storage, grain and crystal
size reduction combined with an increase in crystal defects is expected to promote hydrogen
diffusion and sorption [30]. Several studies have demonstrated that alloys processed
by HPT exhibit faster hydrogen absorption and desorption kinetics, higher reversible
storage capacity, and lower desorption temperatures compared to their as-cast or annealed
counterparts [31-37]. However, the effects of HPT also depend on the chemical composition
of the alloy, its processing history (e.g., previous ball milling), and the processing conditions
(e.g., applied pressure, number of turns, rotation speed, and temperature). In Mg-based
alloys, HPT refines the microstructure to the nanoscale [38,39]. It also improves kinetics
and reversibility in the MgH,-Fe, Mg-Ni, and Mg—Zr systems [33,40]. In Mg-Ni alloys,
HPT promotes the formation of nanograins, stacking faults, and microcracks, thereby
accelerating hydrogen activation and absorption [34]. In the present work, the HPT process
was applied to improve the distribution of the transition metals Co, Fe, and Ni within the
Mg matrix, and then, evaluate its effect on the formation of intermetallic mixtures and the
hydrogen storage characteristics.

Cycling studies must be conducted to determine material durability, a key parameter,
in terms of the number of cycles. The ultimate number proposed by the DOE is 1500 [41].
Unfortunately, many hydrogen storage materials do not support hydriding/dehydriding
reactions beyond a few cycles. On the other hand, extensive cycling studies require pro-
longed use of measurement apparatus, which is often not feasible. As a result, material
durability is not reported as frequently as it should be. In the present work, we report
a 50-cycle hydriding/dehydriding stability test of Mg,(Coy /3Fe;/3Ni; /3). The physico-
chemical characterization of the materials after cycling experiments helps to explain the
degradation process underlying the reduction in hydrogen uptake.
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2. Materials and Methods
2.1. Preparation of Samples

The Mg>(Coy /3Fe; /3Nij /3) mixture was produced as loose powders and as a consoli-
dated solid material through ball-milling and annealing, and then high-pressure torsion
processing. The metals Mg, Co, Fe, and Ni were used as powders, size -325 mesh, from
Alfa-Aesar (St. Louis, MO, USA) with a minimum purity of 99.8%. The stoichiometric
quantities to mix 2 g of Mg,(Coq/3Feq /3Nij,3) were charged into a 50 mL stainless-steel
milling vial along with six yttria-stabilized zirconia balls of 1 cm diameter. The ball-to-
powder weight ratio was 10:1. Milling was performed in a shaker-type mill (Retsch, Haan,
Germany) at room temperature and an agitation rate of 30 Hz. The milling was divided
into 40 cycles of 30 min of milling and 10 min of pause, for a total milling time of 20 h.
After milling, the mixture was annealed under a vacuum at 350 °C for 6 h. At this stage, a
portion of the mixture was characterized and tested for hydrogen storage. Hereafter, this
material is referred to as BM-A-Mg,(Coq/3Fe; /3Nij /3). The remaining portion (1 g) was
further processed by HPT, as described below.

The milled and annealed powders were pre-compacted into 10 mm-diameter disks
under 2 tons of pressure for 30 min. Each disk weighed 200 mg. Up to this stage, the mate-
rials were stored, handled, and prepared under an argon atmosphere in a Vigor® glovebox
(with Oy and HyO levels below 5 ppm, Houston, TX, USA). The pre-compacted disks were
confined in cans filled with high-purity argon and sent to the CIEMTEC in Costa Rica for
the HPT processing. From this point onward, the material was handled in air. The HPT
process was carried out using custom-built equipment consisting of a 200-ton hydraulic
press (YH32-200 XZPRESTEK, SISELEC SA, San José, Costa Rica) [42]. The pre-compacted
disks were subjected to 10 turns at 1 rpm (6°/s) under a pressure of 5 GPa (50,000 bar) at
room temperature to produce a fully consolidated disk of 10 mm in diameter and about
0.5 mm thick. The material is hereafter referred to as HPT-Mg,(Co; /3Fe; /3Nij /3). The
BM-A-Mg,(Coq /3Feq 3Nij /3) and HPT-Mgy(Coq /3Feq /3Nij /3) materials were subsequently
characterized and tested for hydrogen storage.

2.2. Temperature-Programmed Hydriding and Dehydriding Reactions

Fifty complete cycles of hydriding and dehydriding reactions were performed for both
BM-A-Mg,(Coq s3Feq/3Niy /3) and HPT-Mgy(Coq /3Fe; /3Nij /3). The cycling test was con-
ducted using a Sieverts-type apparatus of our design and construction [43]. About 300 mg
of each material was used. The BM-A-Mg>(Co; /3Fe; /3Nij /3) powders were confined in
the sample holder of the Sieverts-type apparatus directly from the glovebox, without air
exposure. For the consolidated HPT-Mg,(Co /3Feq /3Nij /3) material, about 1.5 disks were
crushed with a hammer (no argon atmosphere protection used). The initial disks, 10 mm in
diameter, were fragmented into irregular pieces of approximately 3 mm to allow passage
through the sample holder nozzle (4 mm in diameter). The pieces were confined in the
sample holder of the Sieverts-type reactor [43].

The previous step in the materials cycling test is calibrating the Sieverts-type apparatus.
Calibration and operation details were performed as reported elsewhere [43]. In brief, the
calibration was performed to determine the void volume (the space not occupied by the
sample) in the sample holder. The determination of the void volume is performed by
expanding known aliquots of a high-purity gas (Ar or He) under isothermal conditions.

Hydriding and dehydriding reactions were performed through temperature-programmed
experiments after setting an initial hydrogen pressure, the details are described below.
Hydrogen was introduced into the apparatus at 15 bar and room temperature for hydriding
reactions. Then, the sample was heated from room temperature to 300 °C at a heating rate
of 5 °C/min. However, to avoid minor thermal effects at the beginning of the reactions,
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30 °C was selected as the starting temperature for data processing. The time spent under
isothermal conditions ranged from 4 h to 10 min. The reaction time was inversely correlated
with the activation level of materials: the first cycles were the longest, and subsequent
cycles required less time to reach no change in hydrogen pressure. After each hydriding
reaction, the reactor was quickly cooled to room temperature, and the remaining hydrogen
was released.

For the dehydriding reactions, hydrogen was initially set at 0.015 bar in the apparatus
and then heated to 350 °C at a heating rate of 5 °C/min. The time spent under isothermal
conditions decreased as cycling progressed. To ensure complete hydrogen release from
the samples after each cycle, the dehydriding reaction was forced by applying dynamic
vacuum for 15 min at 350 °C. Then, the sample was cooled to room temperature and was
ready for the next hydriding/dehydriding cycle.

In total, fifty-one hydriding and fifty dehydriding reactions were performed. The
fifty-first hydriding reaction was performed for physicochemical characterization of the
hydrided form of the materials. At this stage, all materials were returned to the glove box
to prevent oxidation. The hydrogen used in all experiments was of chromatographic purity.

2.3. Pressure—Composition—Temperature (PCT) Curves

PCT curves were obtained on a Quantachrome ISORB-100 apparatus (Quantachrome
Instruments, Boynton Beach, FL, USA). Four different samples were tested. The first two cor-
respond to the as-prepared BM-A-Mg,(Coq /3Fe; /3Nij /3) and HPT-Mg,(Co; /3Feq /3Niy /3)
materials. The other two correspond to the materials after the cycling test. Approx-
imately 100-150 mg of each material was transferred into the apparatus. The HPT-
Mg>(Coq /3Feq /3Nij /3) material was hammered to fragment the disks. This conditioning of
the sample was performed in the open air. The other materials were transferred from the
glove box without exposure to air. Because the post-cycled samples were in a hydrided
state, they were dehydrided by heating at 350 °C under dynamic vacuum for 3 h before
PCT testing.

After that, a calibration process was performed to determine the void volume of the
sample holder. This was performed by expanding a known amount of ultrahigh-purity
helium into the sample holder at isothermal conditions. PCT curves were performed by
a progressive increase in aliquots of hydrogen gas at pressures from 0.01 to 15 bar. Then,
the hydrogen pressure was progressively decreased from 15 to 0.01 bar under isothermal
conditions. Reaching the equilibrium determined the time spent at each point. The reaction
equilibrium was assumed when the pressure varied by less than 0.1 x 103 bar over 1 h, or
for up to 4 h per aliquot. The PCT experiments were performed at several temperatures
between 275 °C and 350 °C for the as-prepared HPT-Mg,(Co4 ,3Fe; /3Niy /3) and at 300 °C for
the remaining materials. The hydrogen used during experiments was of chromatographic
purity. After finishing the PCT curves, the materials were forced to complete dehydriding
by heating in a vacuum at 350 °C for 180 min. Thus, the materials were characterized in a
dehydrided state after PCT testing.

2.4. Physicochemical Characterization

The as-prepared BM-A-Mg,(Coq/3Fe;3Nij /3), HPT-Mg)(Coq /3Feq /3Niy /3), and cy-
cled hydrided and dehydrided materials were characterized with X-ray diffraction (XRD),
scanning electron microscopy (SEM), transmission electron microscopy (TEM), and Fourier-
transformed infrared spectroscopy (FTIR). When needed, the published physicochemical
characteristics of Mgy NiHs, Mg,CoHs, and Mg,FeHg were used for comparison [44,45].

The BM-A-Mg»(Coq /3Feq 3Nij /3) and cycled powders were compacted into a ded-
icated sample holder and covered with a polyimide tape to protect them from ambient
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oxygen and moisture. The HPT-Mg,(Co4 /3Feq /3Nij /3) disks, with a rough surface, were
polished to achieve a flat surface suitable for X-ray diffraction data collection. XRD char-
acterization was performed in a Bruker D2 Phaser diffractometer (Karlsruhe, Germany),
using a Cu source (K4 = 1.540598 A). The XRD characterization was performed between
15° and 90°, with a step size of 0.02° and a dwell time of 0.7 s per step. Crystalline phase
identification was performed using the Crystallography Open Database (COD).

For SEM characterization, one HPT-Mg(Co; /3Fe; /3Niy /3) disk was transversely frac-
tured at approximately the midpoint. A piece was mounted in conductive resin (Technovit
5000, Kulzer GmbH, Hanau, Germany), then it was progressively polished to a mirror
finish using diamond suspensions of 3.0, 1.0, and 0.5 pm. Powder samples were prepared
in an argon-filled glovebox, where they were carefully dispersed onto carbon-coated ad-
hesive tape. The dispersed powder samples were transferred to the SEM chamber using
a glove bag to minimize air exposure; however, brief contact with air was unavoidable
during loading into the vacuum system. SEM analyses were performed using a JEOL
JSM-7600F (JEOL, Tokyo, Japan) field-emission scanning electron microscope equipped
with a Schottky-type emitter and an Oxford INCA X-Act EDS detector (Oxford Instru-
ments, Oxfordshire, UK). SEM imaging was performed using secondary-electron (SE),
backscattered-electron (BSE), or low-angle backscattered-electron (LABE) detectors, the
latter of which enables compositional contrast. Micrographs were acquired at an accel-
erating voltage of 10 kV. EDS analyses were performed at 15 kV using the Oxford INCA
X-Act detector (Oxford Instruments, Oxfordshire, UK) for qualitative and semi-quantitative
elemental characterization.

BM-A-Mg(Coy /3Feq /3Nip /3) and HPT-Mg,(Coq /3Feq /3Nij /3) cycled (hydrided) ma-
terials were analyzed by transmission electron microscopy (TEM). TEM analyses were
performed using a JEOL ARM-200F Schottky-type field-emission transmission electron
microscope equipped with a spherical aberration (Cs) corrector in STEM mode. The
instrument was operated at 200 keV in bright-field (BF), dark-field (DF), or HAADF config-
urations. Elemental analysis was carried out using an Oxford Aztec TEM EDS system. For
sample preparation, a few milligrams of the samples were dispersed in tetrahydrofuran
(THF) inside an argon-filled glovebox. The powders and solvent were sealed in small vials
to prevent air and water contamination, and then the vials were sonicated for 10 min out-
side the glovebox. After sonication, the vials were returned to the inert atmosphere, and the
resulting suspensions were drop-cast onto copper TEM grids and allowed to dry at room
temperature inside the glove box. The prepared grids were transported to the microscope
in argon-sealed containers; only a brief exposure to air occurred during loading of the
sample holder into the TEM column. TEM imaging was performed in both bright-field and
dark-field modes, while high-resolution STEM-HAADF images were acquired to evaluate
nanoscale structural and compositional contrast.

Fourier-transformed infrared spectroscopy (FTIR) was performed on a Thermo Sci-
entific Nicolet i510 FTIR spectrometer (Waltham, MA, USA) using an attenuated total
reflectance (ATR) accessory with a diamond crystal. About 2 mg of the cycled (hydrided)
BM-A-Mg»(Co /3Fe; /3Nij /3) and HPT-Mgy(Coq /3Fe; /3Nij /3) powders were mixed with
50 mg of dry KBr in an agate mortar and compacted in a dedicated press; all steps were
performed inside the glovebox. However, the materials were briefly exposed to air during
data collection. The presented spectra are the average of 32 scans collected for each sample

between 650 cm ! and 4200 cm ™! at a spectral resolution of 1 cm™1.

2.5. Infrared Calculations by First Principles

First-principles calculations were performed using the Quantum Espresso package
(Version 6.8) [46—48]. For the elements Mg, Ni, Co, Fe, and H, optimized norm-conserving
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pseudopotentials (ONCPP) were constructed using the open-source pseudopotential inter-
face and unification module (OPIUM) [49,50]. For the exchange-correlation approximation,
the PBE (Perdew-Burke-Ernzerhof) functional [51] was used. The plane wave expansion
was truncated at a cutoff energy of 1088.5 eV. System optimization was achieved when
the magnitude of the residual energy and the force acting on each atom was less than
10~ Ry/atom and 103 Ry/au, respectively. Brillouin zone sampling was performed using
Monkhorst-Pack meshes [52] adapted to each system: a 5 x 5 x 5 mesh for the monoclinic
structure of Mg,NiHy, a 5 X 5 x 4 mesh for the tetragonal structure of Mg,CoHs [53], and
a5 x 5 x 5 mesh for the cubic structure of MgyFeHg. Phonon frequencies at the center
of the Brillouin zone (I') were calculated using Density Functional Perturbation Theory
(DFPT) [52] implemented in the ph.x module of Quantum Espresso. Infrared activities
were obtained from the calculation of the dielectric tensor and Born effective charges [54].
Vibrational spectra were generated by convolution with Lorentzian line shape functions
of width 10 cm~!, a value consistent with typical experimental resolutions in vibrational
spectroscopy of metal hydrides [54]. The Lorentzian function was defined in Equation (1):
Ip- 7

L(v;vo, Ip,y) = m (1)

where v is spectral frequency [em™!], v is vibrational mode frequency [em™1], Iy is the
infrared intensity of the mode, and vy is the full width at half maximum (FWHM) [em~1].

3. Results
Hydrogen Storage Performance

Figure 1 presents the first, second, and third cycles of hydriding and dehydriding
reactions at the BM-A-Mg,(Co; /3Fe; 3Nij /3) and HPT-Mg,(Coy s3Feq /3Niy /3). The com-
plete set of fifty cycles for both materials can be consulted in the Supplementary File,
Figures S1-S5. The maximum hydrogen uptake of the material Mgy(Co /3Fe; /3Nij /3) is
4.4 wt.% if a stochiometric mixture of 1/3Mg,NiH, + 1/3Mg,CoHs + 1/3MgyFeHg is
formed. Figure 1la presents the record of the first, second, and third hydriding reactions
of the BM-A-Mg,(Coy s3Feq /3Nij /3) and HPT-Mg,(Coq /3Fe /3Nij /3). The ball-milled and
annealed (BM-A) material demonstrated an easy reaction with hydrogen, even during
the first hydriding, upon reaching the isothermal hydriding temperature of 300 °C. The
following hydriding reactions are quick and start at a low temperature, reaching + 0.1 wt.%
at 52 °C in the third hydriding reaction. We use the temperature at which the hydrid-
ing/dehydriding reaches 0.1 wt.% as the onset temperature in temperature-programmed
reactions. The hydrogen uptake of the BM-A-Mg,(Coq/3Fe;3Nij /3) at the third cycle is
3.4 wt.%. Meanwhile, the activation process in the HPT material is slow. The HPT disks
were highly compacted; perhaps, the applied pressure for our particular material is too
high, and other HPT conditions must be tested. The first hydriding reaction lasted about
420 min without reaching an acceptable hydrogen storage capacity. The second and third
hydridings on HPT-Mg5(Co, /3Fe; /3Nij /3) materials improved the onset temperature: the
material reached 0.1 wt.% at 59 °C in the third hydriding reaction. Meanwhile, the hydro-
gen uptake of the HPT-Mg,(Coq,/3Feq /3Nij /3) at the third cycle was 2.8 wt.%. This is an
improvement over the first cycle, but it is still below expectations.

Figure 1b presents the records of the first, second, and third dehydriding reactions
of the BM-A-Mg,(Co1/3Feq/3Nij /3) and HPT-Mgy(Coq/3Fe1/3Nij/3). Figure 1b also il-
lustrates the difficulty of performing dehydriding reactions in consolidated materials.
Activation both lowers the onset of dehydriding temperature and improves hydrogen
release values. The onset dehydriding temperature at the third cycle is 230 °C for HPT-
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Mg,(Coq,3Feq /3Nij /3) and 259 °C for BM-A-Mgy(Coq/3Fe1 /3Nij /3) material. Thus, the
HPT-processed material showed a slight advantage in dehydriding temperature compared
with the ball-milled and annealed material. Dehydriding reactions are completed at about
340 °C in the third cycle in both materials. Hydrogen release values at the third cycle are
2.9 wt.% and 3.5 wt.% for HPT—Mgz(C01/3F61/3Ni1/3) and BM-A-Mgz(COl/gFel/gNil/g),
respectively. These values indicate a small amount of hydrogen sorption during cooling in
a hydrogen atmosphere after the hydriding reaction for the BM-A-Mg(Co; /3Fe; /3Nij /3)
and the need for a brief time in a dynamic vacuum to release the residual hydrogen from
the previous hydriding reaction for the HPT-Mg,(Coy /3Fe; /3Nij /3) material.

Mg,(Co,3Feq;5Niy ) Mg,(Co,5Fe 3Niy3)

250

200

150

Temperature [°C]

100

50

350 t t A+t t t 4.0 350 t } }
BM-A v/Temperature - BM-A T0.0
3004 —=— qst _F.l-— -3.5 300 4 18t
J ,— ond +-0.5 -
130 - o 3 e
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Figure 1. First, second, and third cycles of (a) hydriding at 15 bar and (b) dehydriding at 0.015 bar
reactions at the BM-A-Mg»(Coy /3Fe; /;3Nij /3) and HPT-Mgy(Coy /3Feq /3Niy /3).

Figure S5 of the Supplementary File groups the record of the tenth, twenty-
fifth, and fiftieth hydriding reactions of the BM-A-Mg,(Co,,3Fe;/3Ni;/3) and HPT-
Mgy(Coq/3Feq 3Nij/3). It took about 10 cycles to reach an almost constant hydro-
gen uptake in the HPT material (as shown in detail in Figure 2). In contrast, the
BM-A-Mg,(Coy/3Fe; ;3Nij /3) material was fully activated at the second cycle. Cycling
(Figures S1-S5) induced a small improvement in the hydriding reaction onset temperature
in the HPT material. The hydriding onset temperatures are 50 °C for the HPT material
and 69 °C for the BM-A material at the 50th cycle. The hydriding reaction evolved from a
one-step reaction to a two-step reaction (two slope changes in the hydriding curves) upon
cycling. The first step is the formation of MgH, [18,55], which was completed at about
200 °C for the HPT material and about 250 °C for the BM-A-Mg,(Coq /3Fe; /3Nij /3) mixture.
Meanwhile, the second hydriding reaction involves the reaction of MgH, with transition
metals (Co, Fe, and Ni) and hydrogen to form hydrided intermetallics [18].

Figure S5 of the Supplementary File also groups the record of the tenth, twenty-
fifth, and fiftieth dehydriding reactions of the BM-A-Mg,(Co; /3Fe;/3Ni; /3) and HPT-
Mg»(Coq/3Fe; /3Niy /3). The dehydriding reactions are clearly grouped by the HPT and
BM-A materials. In the HPT material, there is a small advantage in the dehydriding onset
temperature: at 223 °C, the HPT material reached —0.1 wt.% in the 50th cycle. The cor-
responding temperature for the BM-A material is 257 °C. However, hydrogen release is
incomplete in the HPT material, necessitating a period under dynamic vacuum to complete
the reaction. Finally, the dehydriding reactions (Supplementary File Figures S1-S5) demon-
strated a single dehydriding step. This indicated that, under dehydriding conditions, the
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decomposition of the intermetallic hydrides and the formation of MgH, are close enough
to be observed as a single dehydriding step.
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Figure 2. Maximum hydrogen uptake (lower and medium frames) and release (upper frame) as a
function of cycle number for BM-A-Mg,(Co; s3Fe; /3Ni; /3) and HPT-Mg,(Co, /3Fe; /3Nij /3) materials.
The red marks, round or square, indicate the excluded points for the fitting of the maximum hydrogen

uptake versus the number of cycles. Full marks for hydridings and marks with a small dot for
dehydridings. Lines: best fits of hydriding data.

Figure 2 shows the maximum hydrogen uptake and release during cycling for BM-
A-Mgy(Coq /3Feq /3Niy /3) and HPT-Mgy(Coq/3Feq /3Nij /3) materials. The lower frame of
Figure 2 presents the maximum hydrogen uptake of HPT-Mg,(Co1 /3Fe; /3Nij /3). Mean-
while, the medium frame shows the BM-A-Mg,(Co1/3Fe; /3Nij /3) maximum hydrogen
uptake. For the hydridings, the maximum hydrogen uptake was achieved at approxi-
mately 60 min. That time includes heating from room temperature to 300 °C and ap-
proximately 15 min in isothermal conditions. The lower frame of Figure 2 indicates the
need for about 10 cycles to reach the maximum hydrogen uptake (full squares) for the
HPT-Mg,(Coy /3Feq /3Niy /3) material. Meanwhile, the BM-A-Mg;(Coy /3Fe; /3Niy /3) (full
circles) was easily activated. This is related to the reduced available surface area of the
HPT-Mg,(Coq /3Feq /3Nij /3) material and the progressive crumbling of the consolidated
material. Hydrogen uptake stabilized around the tenth cycle (3.25 wt.%) in the HPT-
Mg, (Coy /3Fe; 3Ni; /3) material. Subsequently, a slight loss of storage capacity was ob-
served. At the 50th cycle, hydrogen uptake was 3.0 wt.%; this corresponds to a 7.4% loss in
hydrogen storage capacity. The light-green line in the lower frame of Figure 2 indicates a
linear fit of the maximum hydrogen storage versus the cycle number after full activation
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at cycle 10. The fitting for the maximum hydrogen uptake (Hz?dgz—up) as a function of the
cycle number (cn) is
Ho oy —up = 3.24399 — 0.00396 x cn, R* = 0.44 )

If the tendency indicated by the 10-50 cycles continues, the HPT-Mg>(Co4 /3Fe; /3Nij /3)
material would store 2.84 wt.% at the 100th cycle, and the material would completely lose
the hydrogen storage capacity at the 819th cycle.

For the BM-A-Mg»(Coy /3Fe; /3Nij /3) material, full activation is reached in the second
cycle. It is said that the material is fully activated when reaching its maximum hydrogen
uptake. Ideally, the maximum hydrogen uptake would be the total hydrogen storage
capacity. However, several factors reduced hydrogen uptake, including the surface state.
Activation is well known to modify the surface state by means of reduction in some
oxidized species (minor) or exposition of fresh (non-oxidized) surfaces by means of particle
fragmentation (major). The activation process is rather slow; in our experience with Mg
materials, it takes at least three cycles, usually more. Thus, achieving a good hydrogen
uptake from the second cycle is a good indicator of hydrogen storage performance. In
contrast to the HPT material, the BM-A-Mg5(Co /3Fe; /3Nij /3) material experienced a rapid
decrease in the maximum hydrogen storage from cycle 2 (3.55 wt.%) to cycle 15 (3.11 wt.%).
This represents a 12% loss of hydrogen storage capacity. Then the decrease in maximum
hydrogen storage capacity becomes slower. At the 50th cycle, the maximum hydrogen
storage capacity reached 2.99 wt.%. This corresponds to an accumulated loss of hydrogen

storage of almost 16%. The fitting for the maximum hydrogen uptake (Hzf/ff;jlp) as a
function of the cycle number (cn) after full activation at the cycle number 2 is
BM—A 5
HZMaxfup = 3.5652 — 0.13319 x In(cn), R =0.82 3)

If the tendency indicated by the 2-50 cycles continues, the BM-A-Mg>(Coy /3Feq /3Nij /3)
material would store 2.95 wt.% at the 100th cycle. The predicted hydrogen uptake after
1000 cycles would be 2.64 wt.%. Due to the mathematical form of the fit for the BM-A-
Mg, (Coq/3Fe; /3Niy /3) material, it would take a large number of cycles before complete
deactivation.

The upper frame of Figure 2 presents the maximum hydrogen release for both tested
materials. The reported values reveal the dependency of hydrogen release on hydrogen
uptake and activation. The collected data indicate, in general, a good hydrogen release.
Hydrogen release is better in the BM-A-Mg,(Coq /3Fe; /3Nij /3) material. Meanwhile, in the
HPT-Mgy(Coq /3Feq /3Nij /3) material, it is necessary to apply dynamic vacuum to release
all previously stored hydrogen.

The PCT curves can be consulted in Supplementary File Figure S6. PCT curves
reflect changes in equilibrium pressure as a function of the processing history of
Mg»(Coq/3Fe1/3Niy /3). The as-prepared BM-A-Mg,(Co, /3Fe1/3Niy /3) achieved 3.8 wt.%
and equilibrium pressures of 0.55 and 2.3 bar for the two successive hydridings, i.e., the
formation of MgH), in the first step and then the formation of the intermetallic hydrides.
Meanwhile, the HPT-Mg,(Coq /3Feq ;3Nij /3) “freshly fractured” exhibited a lower hydro-
gen uptake of 2.7 wt.%. The hydriding equilibrium pressures are 0.38 and 2.3 bar for the
formation of MgHj in the first step, followed by the formation of intermetallic hydrides.
It is interesting that the formation of MgH), equilibrium pressure (0.38 bar) is lower than
the expected equilibrium pressure for pure MgH, (0.7 bar, dotted line in the PCT diagrams
of the present work). This can be a collective effect of the presence of Co, Ni, and Fe that
can catalyze the hydriding reaction and the microstructural changes induced by the HPT
process. The Figure S6 in the Supplementary File also presents a set of PCT curves of HPT-
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Mg,(Coq,3Feq /3Nij /3) “freshly fractured”. Interestingly, the HPT-Mgy(Coq/3Fe;/3Niy /3)
“freshly fractured” material presented a partial reversibility even at 275 °C (Figure S6).
However, it is evident that the low hydrogen storage capacity is due to the low exposed
area of the consolidated materials.

For its part, the PCT curve of BM-A-Mg,(Coq /3Fe1 /3Nij /3) after cycling demonstrated
an almost full hydrogen uptake capacity (4.4 wt.%). This is the result of prolonged heating
in a vacuum prior to PCT, which could reactivate the material after cycling. However, the
after cycling PCT curve of BM-A-Mg,(Co; /3Fe; /3Nij /3) presented an increased hysteresis
between the hydriding and dehydriding branches of the PCT curves as compared to the as-
prepared materials. The equilibrium pressures are 2.6 bar and 4.2 bar for the two hydriding
steps. HPT-Mg»(Coq /3Fe; /3Nij /3) material after cycling demonstrated a hydrogen uptake
of 3.4 wt.%. That value is similar to the hydriding achieved in the fully activated cycling
test. This also indicated a reactivation after the cycling test. However, the hydriding
equilibrium pressures changed to 1.4 and 9 bar, for the first and second steps of hydriding,
respectively. As in the BM-A material, an increase in hysteresis between hydriding and
dehydriding reactions is observed. Regarding the dehydriding equilibrium pressures, the
PCT curves indicated that the HPT materials exhibited lower equilibrium pressures for Hp
release than the BM-A materials. Additionally, the dehydriding process is incomplete at
300 °C in the cycled material. Thus, the material history is essential; processing and cycling
induce changes in the material.

Figure 3 presents the X-ray diffraction characterization of the BM-A-Mgy(Coq /3Fe; /3Niy /3)
and HPT-Mg,(Coq /3Feq /3Niy /3). The X-ray diffraction pattern of the ball-milled powders of
Mg, (Coq /3Feq /3Nij /3) is composed of the respective peaks of Mg, Co, Fe, and Ni, without
indications of Mg-intermetallics [18]. The annealing of ball-milled Mg,(Co4 /3Fe; /3Niy /3),
included in the lower frame of Figure 3, demonstrated the formation of the intermetallic
Mg,Ni. Additionally, the BM-A-Mg5(Coy /3Fe; /3Nij /3) presents a prominent peak at about
44.7°, which includes contributions of the main peaks of Fe (body-centered cubic (110)), Ni
(face-centered cubic (111)), and a secondary peak of Co (hexagonal (002)). Fe is, in practical
terms, not soluble in Mg [56]. Thus, Fe integration in the Mg matrix is difficult, and its
diffraction peaks are prominent. Additionally, the peak at 44.7° shows a secondary peak at
45.09° (inset in the lower frame of Figure 3) that is identified as the main peak of MgyNi. A
small shift to lower diffraction angles was observed in the Mg, Ni peaks. This can indicate
the dissolution of Fe or Co in the Mg, Ni phase during annealing at 350 °C for 6 h.

The peak at 44.7° in the HPT-Mgy(Co4 /3Feq ;3Nij /3) material still shows the main Fe
contribution. The same peak might indicate the presence of Ni. However, due to the lack
of additional Ni peaks, Ni dissolution in the Mg matrix and partial formation of Mg, Ni
are expected. The peak intensity of the Mg, Ni is evident in the HPT-Mg,(Co4 /3Fe; /3Nij /3)
material. The broad peaks indicate nanoparticle formation. Another effect observed after
HPT is a decrease in Co peak intensity; this may be due to partial distribution of Co in the
Mg matrix. Additionally, HPT processing decreased the relative peak intensity of Mg and
produced texture; the Mg (002) peak is more intense than expected, whereas the Mg (101)
peak is less intense than expected. Other expected Mg peaks of low intensity decreased
to the noise level after the HPT. The formed Mg, Ni also shows texture; the principal peak
would be located at 45.21° (45.09° observed) and corresponds to the (203) plane. However,
the main peak of the Mg, Ni in the HPT-processed material is located at 20.08° (expected at
20.15°) and corresponds to the (003) plane. The small shift toward lower diffraction angles,
observed in the Mg, Ni peaks after annealing, was maintained after HPT. Compared to
the diffraction peaks of Mg and Mg, Ni, the XRD peaks broadened after HPT processing,
indicating that the crystallite size is smaller than in the annealed state.
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Figure 3. X-ray diffraction of the BM-A-Mg,(Co;/3Fe;/3Nij,/3) (lower frame) and HPT-
Mg»>(Coq 3Feq /3Nij /3) (upper frame). The references for crystallographic data are: Mg COD-9008506,
Co COD-9008492, Fe COD-9008536, Ni COD-9008476, and Mg,;Ni COD-1522843. The green arrow
indicates a zoom of the main peak.

Figure 4 presents the XRD characterization after the cycling test in the hydrided
stage. The lower frame of Figure 4 presents X-ray diffraction of the cycled and hydrided
HPT-Mg;(Coq/3Feq /3Nij /3). The main phases are MgH,, monoclinic Mg,NiHy, cubic
Mg,NiH,, and MgyFeHg. The main peaks of the monoclinic Mg, NiHy, cubic Mg,NiHy,
and cubic Mg,FeH¢ present coincidences with diffraction peaks observed at 23.7° and
between 38 and 43 Mg,CoHs peaks were not detected, nor were Co peaks; thus, a dilution
of the Co and Co-intermetallics in the alloy matrix is anticipated [15]. Additionally, the
presence of Fe can be observed. This corroborates the incomplete hydriding reactions and
the need for higher hydrogen pressure or temperature. The X-ray diffraction of the cycled
and hydrided BM-A-Mg>(Co/3Fe; /3Nij /3) is presented in the upper frame of Figure 4.
The XRD of the BM-A-Mg5(Co; /3Fe; /3Nij /3) and the HPT-Mg,(Co; /3Feq ;3Nij /3) are quite
similar; however, the main difference is a higher relative peak intensity of the monoclinic
Mg,NiHy in the hydrided BM-A-Mgy(Coq /3Feq /3Nij /3) as compared to the hydrided HPT-
Mgz (Coy /3Feq 3Niy /3).

The XRD of the dehydrided form of HPT-Mg>(Co4 /3Fe; /3Niy /3) and BM-A-Mg»(Coq /3
Feq /3Niy /3) after cycling is presented in the upper frame of Figure 5. The main characteris-
tics are the presence of Mg, Mg,Ni, and Fe. In Mg, the texture (observed in the as-prepared
HPT-processed material in Figure 3) was completely eliminated. Also, by comparing the
relative intensities of the Mg peaks to the Kapton foil peak, the Mg peak intensity is reduced
in the cycled and dehydrided HPT-Mg,(Coq /3Fe; /3Nij/3) material. This can be related
to the formation of Mg,Ni, whose peaks are more intense than in the BM-A material.
Additionally, the Mg, Ni peaks are shifted by about 0.15° to lower diffraction angles; partial
substitution of Ni by Co or Fe may account for the slight shift. In both materials, no peaks
of Ni were located; meanwhile, the main peak of Fe is evident at 44.67°. The wide peak
located at 47.47° corresponds to Mg, but also can contain the main peak of hexagonal
Co. No clear indication of the formation of Mg-Co intermetallics was obtained [57]. In-
terestingly, an intense peak at 29.3° emerged after cycling in the dehydrided form of the
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HPT-Mg,(Coq /3Feq /3Nij /3) material. This peak is marked as unidentified; no match with
the reported intermetallics of Mg or alloys of Co, Fe, or Ni was obtained. Finally, and
contrary to expectations, the peak heights and widths after cycling exhibit characteristics
typical of nanocrystalline materials. The expectation following continuous heating and
cooling in a hydrogen/vacuum atmosphere was the nucleation and growth of crystals to a
considerable size.

5000
A 4 monoclinic Mg,NiH,
— + cubic Mg,NiH,
= 4000 - M ® Mg,FeH,
S, ® ® MgH,
= * Fe
23000
[
2
£
2000 ; ——BM-A-| i
kapton foil BM-A-Mg,(Co,;Fe,;Ni,;)
| | | | | | | |
L L B L B R B R
10 20 30 40 50 60 70 80 90
Diffraction angle [2theta degree]
6000 -
— S
S 5000
S,
> 4000
k7
& 3000
[ 4
2000 ¥\ apton foil HPT-Mg,(Co,,;Fe,;Ni, ;)
| | | | | | | |
L A A L L BN

10 20 30 40 50 60 70 80 90
Diffraction angle [2theta degree]

Figure 4. X-ray diffraction of cycled and hydrided HPT-Mg;(Co; /3Fe; /3Ni; /3) (lower frame) and
cycled and hydrided BM-A-Mg,(Coq /3Fe; /3Nij /3) (upper frame). The references for crystallographic
data are: MgH,-COD 4124639, cubic-Mg,NiH, COD-1521145, monoclinic-Mg, NiH, COD-1524991,
Mg,CoHs, adapted from Ref. [58], and Mg,FeHj, adapted from Refs. [59,60].
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Figure 5. X-ray diffraction of cycled HPT-Mg,(Co /3Fe; /3Ni; /3) and BM-A-Mg;(Co; /3Fe; /3Niy /3)
in the dehydrided form. The references of crystallographic data were: Mg COD-9008506, Co COD-
9008492, Fe COD-9008536, and Mg, Ni COD-1522843.

Figure 6 presents SEM and elemental mapping images of the BM-A-Mg»(Coy /3Fe; /3Nij /3).
The corresponding SEM images of the as-milled material are available elsewhere [18].
The BM-A-Mg»(Coq /3Feq /3Nij /3) material exhibits globular agglomerates with diameters
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between 10 and 250 um. From Figure 6 and the report of ref. [18], we can conclude that
the annealing process was very limited in changing the morphology and size of particles
as compared with as-milled materials. However, annealing significantly improved the
homogeneous distribution of Ni in the BM-A-Mg>(Coy /3Feq 3Nij /3) material. In contrast,
the distribution of Co improved to a small degree, while the homogeneous distribution of
Fe did not improve. Distinctive Fe-rich zones are evident in the elemental mapping images
in Figure 6. This is an effect of the low solubility of the Fe in Mg.

10pm

Figure 6. SEM image and elemental mappings of BM-A-Mg,(Coq/3Fe; /3Nij /3).

Figure 7 presents a set of SEM images of HPT-Mg(Co; /3Fe; /3Nij /3) in a transversal
section. The first feature to discuss is the absence of pores in the consolidated material. This
has repercussions on reducing the active area and hydrogen diffusion, leading to the low
hydrogen uptake values observed in the first cycles of hydriding/dehydriding reactions.
Figure 7a presents a section from approximately the center of the disk (lower section of
the SEM image) to one edge of the disk (upper section of the SEM image). Figure 7a
shows a better homogeneity at the edge of the disk than at the center of the disk. Thus,
a microstructural gradient was formed along the radius: while the center exhibits a less
deformed region (with a coarser and more heterogeneous structure), toward the edge, a
more intense deformation is evident due to the higher shear stress induced by the HPT
process. The bright zones indicate the presence of Fe and Co, and the gray zones indicate
the preferential presence of Mg. Figure 7b shows an enlarged region near the center of
the disk (yellow rectangle), where the accumulated plastic strain is relatively low. Elon-
gated substructures and microcracks can still be distinguished, suggesting heterogeneous
deformation and the onset of grain fragmentation. These regions reflect partial or incipient
recrystallization resulting from the internal energy generated by the applied shear stress.
In turn, the zone delimited by the yellow oval was zoomed, revealing two distinct zones
with different microstructures. In the most heterogeneous zone (Figure 7c), the elemental
mapping demonstrated an elongation in the radial axis (bottom to top in Figure 7c) of
the elements with stronger contrasts, i.e., Fe and Co. In the most homogeneous zone
(Figure 7d), the elemental mapping showed a reduction in the particle sizes of Fe and Co.
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Figure 7. Series of SEM images of HPT-Mg,(Coj,/3Fe;,3Nij/3): (a) Transversal section of a disk
of HPT-Mg5(Coy/3Fe; /3Niy/3); (b—d) progressive zooming of the transversal section of a disk of
HPT-Mg(Coy /3Fe; /3Nij /3). The yellow rectangle and circle indicate the consecutive zoomed zones.

The corresponding elemental maps of Figure 7c,d are presented in Figure 8a,b, respec-
tively. These figures (and Figures S7 and S8 of the Supplementary File) indicate slightly
different compositions in the heterogeneous (Mg 0.443 wt.%, Fe 0.164 wt.%, Co 0.197 wt.%,
and Ni 0.196 wt.%) versus the homogeneous (Mg 0.492 wt.%, Fe 0.165 wt.%, Co 0.175 wt.%,
and Ni 0.168 wt.%) zones. The nominal composition is: Mg 0.46wt.%, Fe 0.17 wt.%, Co
0.18 wt.%, and Ni 0.18 wt.%. The differences in composition indicate the compositional
gradients generated by the HPT process.

(b)
Figure 8. Elemental mappings of HPT-Mg,(Co; /3Fe; /3Nij /3) in (a) a heterogeneous zone and (b) a

homogeneous zone to demonstrate compositional gradients.
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Figure 9 presents the SEM images of the BM-A-Mg,(Co;,3Fe; /3Ni; /3) and HPT-
Mg,(Coq,3Feq /3Nij /3) after cycling in the hydride state and at low magnification. For
the HPT-Mg»(Co /3Feq /3Nij /3), it must be mentioned that this material experienced a com-
plete disintegration of the initial solid into powders. As a result, both materials do not show
significant differences in the general morphology of their particles after cycling. The cycled
materials also showed flakes corresponding to the less-integrated element: Fe. The cycled
material also contains irregular particles larger than 1 um. The elemental homogeneity of

these particles may be associated with the formation of mixed hydrides.

- ipn
10.0kV LABE  SEM

Figure 9. SEM images of cycled materials in the hydrided state of (a) BM-A-Mg(Co; /3Fe; /3Nij /3)
and (b) HPT-Mg,(Coq /3Fe; /3Nij /3). 50 complete hydriding/dehydriding cycles and an additional
(51st) hydriding.

Figure 10 presents the TEM images of the hydrided BM-A-Mg,(Co /3Fe; /3Nij /3) after
cycling. The high magnifications of the TEM demonstrated the formation of particles with
sizes below 100 nm (Figure S9 in the Supplementary File). The elemental mapping included
in Figure 10 indicates a good dispersion of Ni in the Mg matrix, a reasonable dispersion of
Co, and a poor integration of Fe. The dispersion of the metals in the material confirms the
formation of mixed or partially substituted hydrides of Mg-intermetallics of Ni, Co, and Fe.

500nm ni 500nm

Figure 10. TEM image and elemental mappings of hydrided BM-A-Mg,(Co /3Fe; /3Niy /3) after
cycling. 50 complete hydriding/dehydriding cycles and an additional (51st) hydriding.
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Figure 11 and Figure S10 of the Supplementary File present a series of TEM images of
the hydrided HPT-Mg»(Coq,3Fe; /3Nij /3) after cycling. The TEM images revealed several
zones of materials with different structures and chemical compositions at the nanometer
scale. The first characteristic is the presence of clear zones of amorphous and crystalline
materials (Figures 11 and 510). These zones exhibit notable Mg content. Also, nanocrystals
below 100 nm are observed (Figures 11 and S11). In some of these nanocrystals, a relatively
high concentration of Fe can be corroborated. The TEM images confirm a better distribution
of Ni and Co after cycling, even at the nanometer scale. Figure 11 also suggests a better
dispersion of Fe in the HPT-processed material as compared to the BM-A material.

2500m ~2500m 2500m ~2500m 2500m

2500m 2500m 2500m 2500m

Figure 11. TEM image and elemental mappings of hydrided HPT-Mg,(Co1 /3Fe; /3Nij /3) after cycling.
50 complete hydriding/dehydriding cycles and an additional (51st) hydriding.

The complex ions [NiH4]™, [CoHs]™®, [FeHg]™ have distorted tetrahedral, square
pyramidal, and octahedral symmetry, respectively [15]. Due to symmetry, the hydrided
intermetallics that contain these complex ions can exhibit infrared, Raman, and inelastic
neutron scattering signals [15,61,62]. Thus, infrared characterization was used to character-
ize the hydrided materials BM-A and HPT-Mg,(Coy /3Fe; /3Nij /3) beyond the limitations of
XRD. Table 1 summarizes the reported infrared experimental bands and their assignments
for the isoelectronic compounds Mg, NiHy, Mg,CoHs, and Mg,FeHg. However, synthesis
conditions (temperature, pressure, reactive ball-milling, etc.) can affect the purity of a
hydride. In our experience, incomplete hydriding is the rule rather than the exception. This,
in turn, can affect the observed (reported) infrared response. For this reason, it is advisable
to include theoretical calculations to compare our experimental results. Figure 12a shows
the calculated infrared spectra of Mg,NiH,, Mg,CoHs, and MgyFeHy. The calculated
spectrum of Mg,NiH, indicates that only the compound with Ni presents low-frequency
modes (10-200 cm~!). These modes are related to collective Mg-Ni-H motions and lattice
vibrations. The most intense peaks occur between 121 and 193 cm ™!, whose symmetry
is By, in all cases. Around 200-400 cm ™!, all compounds exhibit vibrations dominated by
collective lattice movements (Mg-TM and TM-H). The monoclinic Mg, NiHy shows the
highest density of peaks, with three transitions near 251 cm~!, 280 cm ™!, and 322 cm™~!.
The fragmentation of these modes reflects the almost complete loss of degeneracy due to
the Cph point group. In contrast, the Mg,FeHj system presents only two well-defined Tj,,
bands in this region (264 cm~! and 280 cm ). This is a direct consequence of the cubic
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symmetry that collects three equivalent vibrational directions into a single degenerate rep-
resentation. Meanwhile, the tetragonal Mg,CoHj5 system offers an intermediate scenario:
the most intense peak appears at 225 cm ™! and corresponds to a pure Ay, mode. The line
density in this region follows the hierarchy, Cy;, > Dy, > Oy, consistent with the loss of
degeneracy as symmetry decreases.
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Figure 12. (a) DFT calculated infrared spectra of Mg, NiHy, Mg,CoHs, and Mg,FeHg as reference
materials. The signals, black squares with red dots, indicate relevant IR characteristics. (b) Experi-
mental infrared spectra of hydrided BM-A-Mgy(Co; /3Fe; ,3Nij /3) and HPT-Mgy(Coq /3Feq /3Niy /3)
after fifty and a half cycles.

In the intermediate region, or the region of activation of internal modes between 400
and 800 cm ™!, the three compounds show markedly different behaviors. Firstly, MgyNiHy
does not present modes in that region. In contrast, Mg,FeHy concentrates almost all its
intense IR activity in a single mode: a Ty, transition at 674 cm ™!, which constitutes the most
intense signal of all studied materials. This behavior confirms the rigidity of the [FeHg]™
octahedron and the highly symmetric nature of the local environment. Finally, Mg,CoHj5
exhibits a group of E, vibrations in 808-870 cm !, with moderate intensities, and an ad-
ditional Ay, mode at 684 cm~!. The coexistence of both types of representations reveals
an anisotropic coupling characteristic of the tetragonal geometry. In the high-frequency
region, the direct metal-hydrogen stretching bands appear well separated and allow evalu-
ation of bond strengths, identified as v Fe-H ~ 1670 cm 1, v Co-H ~ 1613-1666 cm !, and
v Ni-H ~ 1883-1913 cm~!, whose frequency hierarchy is Fe-H > Co-H > Ni-H.

The infrared response of hydrided BM-A-Mg;(Coq /3Fe; /3Niy /3) and HPT-Mg»(Coy /3
Feq /3Nij /3) after cycling is presented in Figure 12b. As the main XRD features of the
hydrided materials correspond to monoclinic Mg,NiHy, the IR spectra are expected to be
comparable to that material [61]. However, both hydrided materials exhibit notable differ-
ences relative to each other, the calculated reference materials, and the reported reference
materials. The hydrided BM-A-Mg(Coq /3Fe; /3Niy /3) material presents a prominent peak
at 1396.7 cm~! that does not match the calculated or reported bands for any of the three
reference materials. The hydrided BM-A-Mg,(Coq /3Fe; /3Nij /3) also presents a series of
small peaks located at about 800-862 cm~!, 10151096 cm~!, and 1260.2 cm~!. A small
peak partially matches the expected peaks at about 1650 cm ™! for Mg, FeHy and Mg,CoHs.
For its part, in the HPT-Mg,(Coq /3Fe; 3Nij /3) hydrided material, the experimental peak
at 1086.2 cm~! is more consistent with the § Co-H (E) for Mg,CoHs observed by Parker
et al. [62] and the calculated peaks at 1054-1072 cm~! for the Mg,FeHg. Meanwhile,
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the peak at 1674.8 cm ! coincides with calculated peaks for Mg,CoHs and Mg,FeHg, as
well as the experimentally observed peak in Mg,NiHy [61]. The strong infrared band at
1674 cm ™~ can be attributed to v; and v3 vibrational modes [61]. The peaks in the region
900-1200 cm ™! can be related to § TM-H. Overall, the infrared peaks indicate the formation
of mixed hydrided intermetallics, resulting from the partial substitution of Co, Fe, and Ni
in the corresponding hydrided intermetallics with Mg [15]. In other words, the hydrided
BM-A-Mg»>(Coq 3Fe; /3Nij /3) and HPT-Mgy(Co; /3Fe; /3Niy /3) are more than a simple mix-
ture of Mg,NiHy, Mg,CoHs, and Mg, FeHg. Infrared spectroscopy characterization and the
comparison to reference materials, calculated and reported, indicated that the hydrided
BM-A-Mg,(Coq /3Fe; /3Nij /3) and HPT-Mgy(Coy /3Fe; /3Nij /3) are multi-element Mg-based
complex materials [2,63].

Table 1. Reported band assignments of the infrared spectra of the hydrided intermetallic magnesium

complex.
Material Peak/Band [cm™] Assignation Reference
1674 s v Ni-H (T)
791 m ¢ Ni-H (E)
Mg,NiHy 745 m 6 Ni-H (E) [61]
618 s 6 Ni-H (T)
528 sh Libration (Ty)
1757 s v Co-H (E)
1632 s v Co-H (A1)
1032 br, w 6 Co-H (E)
Mg,CoHs 869 s ¢ Co-H (E) [62]
766 w 6 Co-H (A1)
574 w Libration (E)
522w Libration (E)
1912 w 0 Fe-H (Tog)
Mg,FeHq 1843 0 Fe-H (Tag) + 0 Fe-H (Toy) [64]
1746 vs v Fe-H (T'%)

v: stretch, 6: bend, s: strong, m: medium, w: weak, br: broad, sh: shoulder, vs: very strong.

4. Discussion
4.1. Reasons for the Observed Hydrogen Storage Performance

The hydrogen storage performance of the materials is discussed based on three funda-
mental characteristics:

1. Hydrogen uptake and release. In general, both BM-A-Mg»(Coy /3Fe;3Niy/3) and
HPT-Mg,(Coq /3Fe /3Niy /3) materials present good hydriding/dehydriding kinet-
ics. The partial substitution of Co, Fe, or both has been reported in Mg or Mg-Ni
alloys [15,65-67]. The presence of the different metals Co, Fe, and Ni in the studied
materials maintains a synergistic effect as previously observed [17,18,68], and it may
be responsible for the good kinetics. The Mg,(Coq,3Fe;,3Ni;/3) materials exhibit
lower-than-expected (vs. theoretical), but still acceptable, hydrogen storage values
during cycling. In this characteristic, the BM-A-Mg,(Coy /3Fe; /3Nij /3) material pre-
sented better performance, including superior PCT behavior. The lower-than-expected
hydrogen uptake can be attributed to limited Fe integration, insufficient activation
or reactivation, the relatively low hydriding pressure (15 bar), and the reaction time
used in our experiments.

Opverall, the onset temperatures and the hydrogen uptake are better than those reported
in other studies. For example, dehydriding temperatures of the Mgy(Coq,/3Fe;/3Nij/3)
materials are lower than dehydriding temperatures of pure Mg,NiHy [69,70]. A PCT test of
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a multi-element Mg-based complex hydride of the same composition as the one presented
in this project, but produced by hydrogen-reactive ball-milling, indicated a hydrogen
uptake of 2.8 wt.% at pressures up to 20 bar and 300 °C [71]. Thus, annealing and the HPT
process are effective in improving the hydrogen storage capacity, with annealing being
more effective than the HPT. However, concentration gradients, inhomogeneities, and
incomplete integration of Fe could diminish the effectiveness of HPT. It is possible that
other experimental conditions in the HPT process will improve Fe mixing. Also, further
optimization of the concentrations and distribution of Co, Fe, and Ni is required.

Activation can be achieved by heating in a vacuum for a period of time or by per-
forming a certain number of hydriding/dehydriding cycles. Activation by cycling is a
well-established approach to improving hydrogen storage capacity and kinetics. Deactiva-
tion caused by the sorption of impurities present in hydrogen gas or protective atmospheres
is a well-known degradation mechanism in the hydrogen storage materials. Reactive impu-
rities can be permanently sorbed in hydrogen storage materials. However, handling in the
open air during HPT processing of Mg,(Coq /3Feq /3Nij /3) did not significantly reduce hy-
drogen uptake compared to the BM-A material. This comparison is made on fully activated
materials; in this state, a difference of only 0.3 wt.% is registered. The ball-milled materials
were always handled under a protective atmosphere of high-purity argon, whereas the
HPT process was performed in open air. Jiang et al., in a theoretical study of O, surface
poisoning in multicomponent alloys, indicated that O, adsorbs on Fe sites [72]. In the
Mg, (Coq /3Feq /3Niy /3), the Fe and Mg are particularly suitable sites for oxidation. Surface
oxides are not always detected by XRD because they can be nanometer-sized or amorphous.
Other techniques besides XRD must be used to detect surface oxides. However, in our
experience with hydrogen storage materials, the presence of oxide layers is unavoidable
even under protective atmospheres. Surface oxides certainly reduce hydrogen uptake.
This effect is not clearly evident in the HPT-Mg,(Co; /3Fe; 3Nij /3) material. However,
the hydrogen release is incomplete in the HPT material, requiring a dynamic vacuum to
complete the reaction.

On the other hand, heating under dynamic vacuum for several hours can remove
some impurities initially present in Hy gas or protective atmospheres. Chemically inert
gases such as N and CO; can form a blocking layer on the alloy surface, thereby physically
hindering H, from reaching active sites [73,74]. Unexpectedly, in the after-cycled materials,
heating under dynamic vacuum before PCT testing, combined with the extended reaction
time in PCT, produced better hydrogen uptake than in the as-prepared materials. This can
be understood as a reactivation process of the materials. However, the PCT curves after
cycling showed increased hysteresis, which can be related to another degradation process
discussed in the next subsection.

Regarding the hydriding pressure, other reports on the formation of Mg,NiHy,
Mg,CoHs, or MgyFeHg used pressures as high as 20-70 bar, and even in many cases,
the hydriding reaction is not complete [14,69,75-78]. This means that increasing hydrogen
pressure or temperature can increase hydrogen uptake. However, considering that using
low hydrogen gas pressure is economically, technologically, and safely feasible, we use
15 bar as the initial hydriding pressure.

2. Onset temperatures. The onset temperatures of hydriding and dehydriding reactions
can be influenced by factors such as material activation and structure. The full
activation of materials was particularly difficult in the HPT-processed material. This
behavior is due to the significant decrease in the active surface caused by the formation
of a consolidated block of material under the high compression pressure used in the
HPT process. Once fully activated, the HPT-processed material exhibited a small
improvement in onset temperatures compared with the BM-A material. This is
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particularly evident in the dehydriding reactions. Assila et al. proposed that strains
applied to MgyNiHy can reduce its stability [79]. These results were obtained in a
DFT study [79], but their findings can explain the reduction in the onset temperature
observed in our HPT-processed material.

3. Cyclability and expected durability. In both criteria, the BM-A-Mg,(Co1 /3Feq ;3Nij /3)
performs better, based on the complete hydrogen release and the expected durability
inferred from fitting the maximum hydrogen uptake versus cycle number. Meanwhile,
the HPT-Mg,(Coq /3Feq /3Nij /3) exhibited reasonable reversibility and cyclability un-
der the test conditions. The present results on cycling stability are difficult to compare
with other Mg-intermetallic materials because no similar sample production and
composition have been reported. However, a few examples are listed below. Binary
materials, such as Mg-Ni, Mg-Co, or Mg-Fe, can serve as a starting point for compari-
son: Mg-25Ni is reported to exhibit excellent cyclic stability with minimal capacity
loss over 10 cycles at 20/0.1 bar and a series of temperatures, including 300 °C [80].
However, the number of cycles is too limited to detect performance loss. Fadonougbo
et al. demonstrated cycling stability in a 1000-cycle test for Mg-Ni composites (16.3,
11.3, or 4.4 at.% Ni) [81]. They indicated that the reason is the high microstructural
stability of the Mg-Ni mixtures produced by induction melting [81]. However, as
observed in a plot of the hydrogen storage capacity versus the number of cycles in that
report [81], full activation was achieved at the 100th cycle. Puszkiel et al. performed
an analysis of 1000 hydriding/dehydriding cycles of Mg-Fe [82]. A continuous reduc-
tion in hydrogen storage was observed in that work, with a maximum capacity of
about 2.9 wt.% [82]. HPT-processed ZK60 alloy (Mg-5Zn-0.8Zr) was reported to be
stable after 200 hydriding/dehydriding cycles [36] with a hydrogen uptake slightly
superior to 3.5 wt.%. As shown above, the number of cycles and the cycling condi-
tions themselves are difficult to compare. Moreover, the percentage of decrease in
hydrogen storage capacity is not always reported. The data presented above indicate
that the BM-A and HPT-processed Mg,(Coy /3Fe; /3Ni; /3) materials exhibit reasonable
cyclability and are suitable for further testing in larger tanks. On the other hand, as
described in the characterization section, the material underwent several structural
changes across the different stages of production and testing.

4.2. Structure Evolution of the Materials and Their Effect on Hydrogen Storage Performance

Knowing that simple ball-milling of Mg»(Co1 /3Fe /3Ni; /3) demonstrated limitations
in achieving dispersion of Ni, Co, and Fe in the Mg matrix [18]; annealing and HPT were
performed to improve metal dispersion in the Mg matrix and to promote intermetallic
formation in the hydrided state. Temperature and duration of the different processes can
play an important role in the structure evolution: it is estimated that the local temperature
during ball-ball collisions can reach up to 600 °C, depending on several milling condi-
tions [83]. Annealing was performed at 350 °C. Regarding HTP processing, there is no
consensus on the increase in temperature caused by friction between the rotating and fixed
anvils, but in general, it is small (1045 °C) [84]. The cycling was performed by heating
between 300 and 350 °C. The HTP processing time is considered short, about 10-15 min
per disk. Meanwhile, the annealing was 6 h. Cycling lasted about 3540 working days to
complete the 50-cycle testing. Among the structural characteristics of the HPT material is
that the Mg, Ni peaks of Figure 3 (after 10 turns in HPT) are relatively more intense than
those in a 2Mg-Ni mixture processed by 100 turns in HPT [42]. It has been reported that
there is some difficulty in the complete formation of Mg;Ni from the elements by heating in
a vacuum, arc melting, or severe plastic deformation processes [42,85-87]. Improvements
in the formation of intermetallics such as Mgy Ni can be achieved by careful selection of
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the experimental conditions and preparation techniques, for example, by varying metal
stoichiometries or combining high-energy ball milling with HPT [88,89]. The formation of
Mg, Ni in our samples was due to the combination of ball milling and annealing that pre-
ceded the HPT process. The XRD indicates the formation of texture in the Mg and Mg, Ni
phases after HPT. The texture observed after HPT was also reported in other works [38].
However, because the texture is missing after cycling, this cannot account for the differences
observed in hydrogen storage capacity.

On the other hand, many structural changes occur during/upon cycling: the HPT-
processed material experienced severe decrepitation, transforming from a solid to a fine
powder. Decrepitation can improve hydrogen storage performance in the first cycles by
exposing fresh surfaces. In the long term, issues such as reduced thermal conductivity
between small particles produced by decrepitation can affect hydrogen storage. However,
the SEM images showed virtually no difference between the decrepitated HPT materials and
the BM-A materials after cycling. Thus, despite being a degradation effect, the decrepitation
is not the main reason for the decrease in hydrogen storage capacity after cycling. Other
structural changes upon cycling include the formation of hydride phases, small shifts
from the expected peak positions, changes in relative peak intensities (texture), and the
appearance of an unidentified peak observed in XRD after cycling. SEM and TEM also
reveal changes, including improved dispersion of Ni, Co, and, to a lesser extent, Fe in the
Mg matrix. Thus, the main changes were due to cycling.

Diffusion of atoms in grain boundaries [90] can occur during different processes. The
successive heating and cooling in a hydrogen atmosphere/vacuum, and the nucleation and
growth mechanisms of the hydride phases, can improve the dispersion of the components
in the Mg matrix as observed in TEM images. A more disordered material can be related to
the changes observed in the after-cycling hydriding and dehydriding equilibrium pressure
of PCT curves, where a larger hysteresis is evident. The hysteresis in PCT curves can be
related to crystal lattice mismatches, in our case, augmented by the presence of different
metals, Co, Fe, and Ni. This leads to more lattice and boundary defects. This suggests a
tendency toward the formation of highly disordered intermetallics [63,91-93].

5. Conclusions

Two Mg, (Coq/3Feq/3Nij /3) materials, produced through a complex process com-
prising ball milling, annealing, and high-pressure torsion, were tested in 50 hydrid-
ing/dehydriding cycles. Considering several factors related to hydrogen storage capac-
ity, hydrogen release, onset temperatures, durability, and degradation mechanisms, the
Mg, (Coq/3Feq3Nij /3) material processed by ball-milling and annealing (BM-A) exhibits
better performance than the material processed by HPT.

XRD, SEM and TEM characterization indicate the structural evolution of the
Mgy (Coq/3Fe; /3Niy /3) materials. Infrared spectroscopy confirms the formation of hy-
drided intermetallics with partial substitution of Co, Ni, and Fe. Processing and cycling
improve Ni and Co dispersion in the Mg matrix and promote nanocrystal formation as a
result of applied temperatures (300-350 °C) and times (35-40 days). However, unreacted Fe
remains. This implies incomplete hydriding reactions and the need to optimize Fe content.
Still, the Mgy(Coq /3Feq /3Nij /3) materials present adequate performance to continue further
research on this material. Further research is needed to increase the test mass from a small
sample holder (300 mg) to a tank of a relevant size (tens or hundreds of grams).

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/met16040435/s1, Figure S1. Temperature programmed hydriding
and dehydriding cycles of BM-A-Mg,(Co; /3Fe; /3Nij /3). (a) Hydriding cycles 1-10. (b) Dehydriding
cycles 1-10. (c) Hydriding cycles 11-20. (d) Dehydriding cycles 11-20. Figure S2. Temperature-
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programmed hydriding and dehydriding cycles of BM-A-Mg,(Coy /3Fe; /3Nij/3). (a) Hydriding
cycles 21-30. (b) Dehydriding cycles 21-30. (c) Hydriding cycles 31-40. (d) Dehydriding cycles 31-40.
(e) Hydriding cycles 41-50. (f) Dehydriding cycles 41-50. Figure S3. Temperature-programmed
hydriding and dehydriding cycles of HPT-Mg,(Coy /3Fe; /3Nij /3). (a) Hydriding cycles 1-10. (b)
Dehydriding cycles 1-10. (c) Hydriding cycles 11-20. (d) Dehydriding cycles 11-20. Figure S4.
Temperature-programmed hydriding and dehydriding cycles of HPT-Mg>(Coy /3Fe; /3Nij /3). (a)
Hydriding cycles 21-30. (b) Dehydriding cycles 21-30. (c) Hydriding cycles 31-40. (d) Dehydrid-
ing cycles 31-40. (e) Hydriding cycles 41-50. (f) Dehydriding cycles 41-50. Figure S5. Traces
of the tenth, twenty-fifth, and fiftieth (a) hydriding at 15 bar and (b) dehydriding at 0.015 bar re-
actions of the BM-A-Mg,(Co /3Fe; /3Niy /3) and HPT-Mg(Coq/3Feq 3Nij /3). Figure S6. (a) PCT
curves of as-prepared BM-A-Mg>(Co, /3Fe; /3Nij /3) and HPT-Mg,(Coq /3Fe; /3Nij /3), and after cy-
cling BM-A-Mg»(Coy s3Feq /3Ni; /3) and HPT-Mg(Coy /3Fe; /3Niy /3). The black dotted line indicates
the equilibrium for the reference system Mg/MgH,. (b) PCT curves of the fragmented disks of
HPT-Mg,(Coq /3Fe; 3Nij/3). HH hydriding. dhh dehydriding. Figure S7. Elemental quantifi-
cation of HPT-Mgj(Coq/3Fe; /3Niy/3), heterogeneous zone. Figure S8. Elemental quantification
of HPT-Mg,(Coy /3Fe1 /3Nij /3), homogeneous zone. Figure S9. A series of TEM images after cy-
cling test (hydride form) of BM-A-Mg,(Coq,/3Fe; 3Nij /3). Figure S10. A series of TEM images of
HPT-Mg,(Coq /3Feq /3Nij /3) in the hydrided state after cycling. Figure S11. Elemental mapping of
HPT-processed Mg,(Coy /3Fe; /3Nij /3) in the hydrided state after cycling.
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