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Abstract

In this study, the MgAITiFeNi high entropy alloy was processed by high-energy
ball milling under both argon and hydrogen atmospheres. It is shown that this alloy forms
a body-centered cubic (BCC) structure when milled under an argon atmosphere
(mechanical alloying-MA) and a combination of BCC, FCC, and Mg2NiH4 when milled
under hydrogen pressure (reactive milling-RM). The hydrogen storage behavior of the
RM samples was evaluated by a combination of thermal analyses and manometric
measurements in a Sieverts apparatus. The RM alloy presented a functional hydrogen
storage capacity of 0.94 wt% and a very high hydrogen absorption and desorption kinetics
at temperatures 100 °C lower than the one for the desorption temperature of the
commercial MgH-. Electrochemical discharge of RM samples showed precisely the same
hydrogen contend as that obtained in the gas desorption. Electrochemical
charging/discharging experiments also were performed in the MA samples, which,
however, presented lower electrochemical storage capacity, a behavior probably resulting
from the instability of the alloy in the alkaline solution with the formation of a hydroxide

layer on its surface that hinders the electrochemical reactions.

1. Introduction

Metal hydrides are good alternatives for hydrogen storage due to their high
gravimetric and volumetric capacity, high absorption/desorption reversibility, safety, and
low cost. Many systems have been studied for hydrogen storage applications, especially
those based on Mg [1-4]. However, high gravimetric metal hydrides, particularly Mg-
based ones, still need high temperatures for hydrogen sorption and have unfavorable

absorption and desorption kinetics [2,5].



One strategy to overcome these scientific and technological challenges is to explore
structurally uncommon materials, dissimilar from those explored so far. High entropy
alloys (HEA) are unconventional metallic materials that have at least five major elements
and are capable of forming multicomponent solid solutions [6-9]. The lattice distortion of
these multicomponent alloys influences their mechanical, physical, and chemical
properties.

Although so far, there are few published studies on the functionality of high entropy
alloys for hydrogen storage, the number of works regarding HEAs has been increasing,
thus demonstrating a great interest in the theme. It has recently been reported that the
equiatomic HEA TiVZrNbHf, which crystallizes as a single multicomponent solid
solution, is capable of storing 2.5 hydrogen atoms per atom of a metal (H/M). Such a
capacity is considerably higher than the maximum capacity of binary hydrides (H/M = 2)
[10]. The TiVZrNbHTf alloy features a single-phase body-centered cubic (BCC) structure.
During hydrogenation, the initial BCC structure of this HEA transforms into a body-
centered tetragonal structure (BCT) (a distorted FCC structure), which is similar to the
structure formed in rare-earth compounds [11,12]. The transformation to a less
symmetrical BCT structure may be related to the fact that hydrogen must occupy all
tetrahedral sites, but also 50% of octahedral sites in the alloy to bring it to an H/M of 2.5
[10]. This behavior has been reported for other alloy compositions [13,14]. Zlotea et al.
[13] reported a two-step phase transition during the hydrogenation of TiZrNbHfTa HEA,
BCC—»BCT—FCC. A monohydride was formed in the first hydrogenation step, with
hydrogen tending to occupy specific octahedral sites, as demonstrated by the great
expansion of the c-axis of the BCT structure. Increasing the hydrogen concentration
results in a FCC structure. The authors [13] suggested that the largest lattice distortion ()
of TiVZrNbHf, when compared to TiZrNbHfTa, should be related to the preferential
occupancy of tetrahedral interstices, leading to a single-step transition during hydrogen
absorption. In contrast, smallest value of & results in a two-steps reaction, typical of BCC
alloys. Nygard et al. [14] studied a series of quaternary and quinary high entropy alloys
related to the TiVND ternary system. The alloys have a BCC structure and form FCC
hydrides with H/M close to 2. This study suggests that the valence electrons concentration
(VEC) plays a vital role in the destabilization of hydrides, i.e., the initial temperature for
the hydrogen desorption of FCC hydrides decreases linearly with this parameter.



Other multiphase and containing Laves phase high entropy alloys have also been
considered to hydrogen absorption [15-18]. Kao et al. [15] showed that high entropy
alloys of CoFeMnTixVyZr; system with C14 Laves phase structure could absorb up to
1.6 wt% hydrogen at room temperature (25 °C). The authors studied the
CoFeMnTixVyZr, system with a systematic variation of Ti, V, and Zr contents. They
discussed the effect of composition variation on hydrogen storage capacity, kinetics, and
hysteresis of absorption/desorption. According to the authors, the dominant factor in
storage capacity was the affinity between alloying elements and hydrogen (hydride
formation enthalpies), while in Kinetics was the size of interstitial sites associated with
lattice constants. In turn, Kunce et al. [16,17] synthesized ZrTiVCrFeNi and TiZrNbMoV
alloys by direct laser metal deposition (LENS). After synthesis, the ZrTiVCrFeNi alloy,
having a microstructure formed predominantly by the C14 Laves phase, acquired the
maximum hydrogen capacity of 1.81 wt% at 100 bar and 50 °C after activation at 500 °C
for 2 h. After additional heat treatments at 1000 °C for 24 h, the maximum hydrogen
content decreased to 1.56 wt% under the same hydrogenation conditions. According to
the authors, heat treatment improves the composition homogeneity and results in a more
relaxed crystal lattice and, consequently, in less deformation of interstitial sites for
hydrogen storage [16]. The authors [17] showed that the hydrogen capacity of
TiZrNbMoV alloy strongly depends on the synthesis process and, consequently, on the
microstructure and phases present. High laser power resulted in the formation of the BCC
phase, while, with low laser power, the alloy exhibited a two-phase structure composed
by a solid BCC and an orthorhombic NbTi4 type phase. The multiphase TiZrNbMoV
metastable alloy absorbed up to 2.3 wt% at a hydrogen pressure of 85 bar and 50 °C, in
the as processed condition. Absorption capacity was reduced to 1.78 wt% after additional
heat treatment. On the other hand, the alloy with a predominant stable BCC phase
absorbed only 0.59 wt% after synthesis and 0.61 wt% after additional heat treatment.
However, in any case, the equilibrium pressure of the hydrogen desorption was very low.

High entropy alloys containing Mg consist of an attractive system because Mg is
light, cheap and abundant, and has a high absorption capacity. Zepon et al. [19] had
synthesized the MgZrTiFe0.5C00.5Ni0.5 alloy with BCC structure by high energy ball
milling, which undergoes a BCC to FCC phase transition during hydrogenation and
absorbed 1.2 wt% of hydrogen. On the other hand, another study [20] on MgTiVCrFe
alloy showed poor hydrogen storage performance. Mg-based alloys were also considered

as up-and-coming candidates as hydrogen storage alloys for Ni-MH batteries. Efforts to



improve the electrochemical properties of Mg-based alloys have been made, including
processing control to get amorphization or nanocrystallization that have been regarded as
very effective ways for activating Mg-based alloys' electrodes. Mixing Mg-based alloys
with some other hydrogen storage alloys or compounds with high catalytic activity or
good anti-corrosion capability is another strategy to improve the performance of Mg-
based anodes [21].

In order to study the hydrogen storage properties in a high entropy low-density
alloy, the equimolar composition MgAITiFeNi was designed. The alloy in the equimolar
composition has high entropy of mixture, a valence electrons concentration (VEC) in the
range of values for which the BCC structure is expected [22] and high lattice distortion
(8), which, according to the literature, may be interesting for hydrogen absorption [15].
This paper reports the results from studies on the gaseous and electrochemical hydrogen
storage properties of the MgAITiFeNi alloy synthesized by high energy ball milling. The

electrochemical performance of the HE alloy electrode was also studied.

2. Experimental Procedure

The equimolar high entropy alloy MgAITiFeNi was elaborated by high energy ball
milling from pure elements with purity ranging from 98% to 99.8% (from Alpha Aesar)
in a planetary ball mill (Fritsch Pulverisette P-5), using steel vials and balls. Two different
milling procedures were used: i) mechanical alloying - milling in an argon atmosphere
for 30h at 200 rpm and ball to powder weight ratio of 20:1; ii) reactive milling - milling
in a hydrogen atmosphere (3MPa) for 24h at 600 rpm and ball to powder weight ratio of
40:1.

The alloy powder was characterized by x-ray diffractometry (XRD), performed in
a PANalytical - X'Pert Pro MPD diffractometer using CuKa radiation in the angular
scanning interval of 20 from 10° to 90°, a step-scan of 0.033° and a counting time of 1 s.

Samples after charge/discharge cycle were characterized by scanning electron
microscopy (SEM) using a high-resolution ZEISS - FEG Ultra 55 SEM. Samples were
simple washed in distilled water after cycling and then dried using a thermal blower.

Simultaneous differential scanning calorimetry (DSC) and thermogravimetry (TG)
were used to study hydrogen desorption behavior after gaseous absorption. The DSC and
TG analyses were performed using the Netzsch STA 449C Jupiter thermal analyzer. The

detection and identification of gases, released from samples over the thermal analysis,



were performed by a quadrupole mass spectrometer (QMS) AELOS coupled with the
thermal analyzer. Assessments were conducted by heating the samples from room
temperature to 500 °C at 10 °C/min under constant argon flow.

The alloy obtained by reactive milling, hereafter called MR-MgAITiFeNi, was
submitted to absorption/desorption Kinetics tests in a Sievert type equipment. The MR-
MgAITiFeNi alloy was initially subjected to a desorption test, which was followed by an
absorption/desorption cycle. Hydrogen absorption was performed under the hydrogen
pressure of 15 bar (1.5 MPa) for 1 h at 325 °C, at which temperature the desorption rate
is higher as previously indicated by the TG measurement. Thus, desorption was
performed under 0.1 bar of H> also at 325 °C.

The electrochemical hydrogen storage properties were measured in a temperature-
controlled standard three-electrode cell system, in which the MgAITiFeNi alloy was the
working electrode, a Pt mesh was the counter electrode, and the Hg/HgO was used as a
reference electrode. The alloy electrode was fabricated by mixing the alloy powder with
pure nickel powder in a weight ratio of 1:3, resulting in a total mass of 0.4 g. The powder
mixture was pressed uniaxially with no binder or other additives under a pressure of 150
MPa. After such procedure, a small pellet of 10 mm in diameter, and 1.0 to 1.5 mm
consolidated thick was produced. Electrochemical experiments were conducted using a
Gamry 600+ Potentiostat using a 6 M potassium hydroxide (KOH) solution with
continuous argon flux to avoid solution carbonation. The temperature was kept at the
room one using a HUBER MPC microprocessor-controlled thermostat, which circulated
water in the double jacketed electrochemical cell.

The samples were initially characterized by potentiodynamic scanning from -0.6 V
to-1.2 VV with a scan rate of 0.4 mV/s. Based on the potentiodynamic results, galvanostatic
charging for 1 h was performed at - 50 mA/g and - 125 mA/g, step that was immediately
followed by cyclic voltammetry (CV) measurements in a potential range of - 1.36 to 0.5
V (vs. Hg/HQO electrode) at a scan rate of 10 mV/s. These experiments were performed
as a first assessment to estimate the current density and potential values for hydrogen
absorption. The conditions for the galvanostatic charge/discharge experiments were
defined based on preliminary studies in which the charge current density was varied in
the range of 100 to 300 mA/g and from 20 to 100 mA/g for discharge current density. The
best combination of current densities that gave rise to the highest discharge capacity was

— 200 mA/g in the charging step and 20 mA/g during the discharging. The working



electrodes were charged using the galvanostatic mode for 15 h followed by galvanostatic
discharge to a cut-off potential of 0 V' vs. Hg/HgO.

Experiments were performed to study the electrochemical kinetic properties of the
alloys and obtain the hydrogen diffusion coefficient in the bulk of the alloy (D), the
exchange current density (lo) and the charge transfer resistance (Rct) at the surface layer
of the alloy. The hydrogen diffusion coefficient was estimated by the potential-step
discharge method, during which the full-charged alloy electrode was discharged at an
over potential of +0.6 V (vs. OCP) for 10800 s with the anodic current response recorded
versus time. Linear polarization and impedance electrochemical spectroscopy (IES) were
performed to obtain the exchange current, and charge transfer resistance, respectively.
These last measurements were done in the MA-MgAITiFeNi electrode in the uncharged
condition, fully charged, and in partial (40%) and total (100%) discharged state. The
linear polarization was performed in a small overpotential range + 5 mV vs. equilibrium
potential (OCP) at a scan rate of 0.1 mV/s. The EIS measurements were performed in the
frequency range of 10° Hz to 0.02 Hz, using an amplitude of 5 mV (vs. OCP). These
experimental parameters, used in the study the electrochemical kinetic properties, were
chosen based on literature data [23-27].

3. Results and Discussion
3.1 Structural characterization of reactive milled samples

Figure 1 compares X-ray diffraction (XRD) patterns of the MgAITiFeNi alloy after
reactive milling (RM) under a hydrogen atmosphere and after mechanical alloying (MA)
under argon atmosphere. Three phases can be identified in the XRD patterns of the RM
sample, the main BCC-B2 ordered phase with a lattice parameter of 0.292 nm, a small
amount of an FCC phase with a lattice parameter of 0.448 nm, and a small amount of the
hydride phase Mg2NiH4. Milling in argon atmosphere resulted only in the formation of

the single BCC-B2 phase with a similar lattice parameter 0.295 nm.

3.2 Thermal analysis of the reactive milled samples

Hydride formation during the reactive milling was confirmed by thermal analysis
(DSC/TG) coupled to a mass spectrometer (QMS). Figure 2a presents a DSC scan where
the hydrogen desorption peak can be observed at around 326 °C. Although reactive
milling results in only partial hydrogenation of the alloy, it is interesting to note that the



peak temperature (326 °C) and the onset temperature of 286 °C for hydrogen desorption
are lower than those for commercial magnesium hydride (MgH2) which are roughly on
average 426 °C and 442 °C, respectively [28-36]. Figure 2b displays the TG curve from
which one obtained the value of 0.87 wt% of hydrogen absorbed in the alloy by reactive
milling.
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Figure 1. XRD pattern of MgAITiFeNi alloy after reactive milling in a hydrogen
atmosphere for 24 h, and after mechanical alloying (MA) under argon atmosphere.
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Figure 2. (a) DSC thermal analysis of partially hydrogenated MgAITiFeNi alloy obtained
by reactive milling, (b) thermogravimetric analysis of partially hydrogenated

MgAITiFeNi alloy obtained by reactive milling.



3.3 Kinetics of gaseous hydrogen absorption/desorption

As stated in the methodology, the partially hydrogenated alloy obtained by reactive
milling (RM-MgAITiFeNi) was subjected to absorption/desorption kinetics tests in a
Sievert type equipment. The sample was initially submitted to desorption, which was
followed by an absorption/desorption cycle. Figure 3 presents the first desorption curve,
obtained directly from the as milled powder. The hydrogen desorption kinetics of the RM-
MgAITiFeNi alloy is very high, 93% of the acquired capacity of hydrogen (0.81wt.%)
occurred in less than 50 s. Figure 4 presents curves of hydrogen absorption and desorption
of the reactive milled sample performed after its first desorption. The amount of hydrogen
absorbed in this cycle increased to about 1 wt.% (Fig. 4a), and the desorption Kkinetics
remained quite high, with 100% hydrogen being desorbed in less than 100 s (Figure 4b).
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Figure 3. Hydrogen desorption at 325 °C for partially hydrogenated MgAITiFeNi alloy
produced by reactive milling.
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Figure 4. (a) Hydrogen absorption curve performed on Sievert-type equipment at 325°C
under 15 bar of hydrogen pressure, (b) Hydrogen desorption at 325 °C for MgAITiFeNi

alloy after gas absorption.

Figure 5 shows a comparison of the XRD patterns obtained from the alloy after
reactive milling and after the second desorption. The hydride-related peaks vanished after
the desorption step, indicating that the sample was wholly desorbed. However, the peaks
of the FCC phase are still present in the XRD diffractogram after desorption.

It has been reported by some authors [10,19] that some high entropy alloys with
BCC structure undergo a phase transformation to FCC when absorbing hydrogen. The
formation of FCC hydride directly during reactive milling of a HEA has been recently
reported [19]. In the present work, the alloy was mechanically activated to improve
hydrogen absorption that resulted in the formation of the complex hydride Mg>NiH4
phase and a FCC phase. As the milling in the argon atmosphere resulted only in a BCC
solid solution phase, the first assumption would be that the FCC phase was also related
to the hydride formation. However, as observed by XRD patterns of Figure 5, the peaks
of the FCC phase remain after desorption, indicating that this phase is not related to
hydride formation, but with the milling conditions. The reactive milling conditions were
more energetic than the ones used to mill in an argon atmosphere. Therefore, one may
infer that the mechanically activated MgAITiFeNi alloy does not have the same hydrogen
sorption behavior as the high entropy alloys reported heretofore in the literature
[10,13,14,19].

The good hydrogen capacity stored in only one hour of testing at 325 °C, at a low
hydrogen pressure, and the high absorption and desorption kinetics are promising results
for applications of the MgAITiFeNi high entropy alloy for hydrogen storage. Partial



hydride formation during reactive milling and increased capacity in the second
absorption/desorption cycle indicate that adjustments in the process and milling
parameters can further improve these results. Furthermore, the MgAITiFeNi alloy has
advantages over other high entropy alloys evaluated so far for hydrogen application [13-
18], such as the relatively low cost of the constituent elements and low density (4.4

g/cm3), which are also essential factors for the application of these alloys in hydrogen

storage systems.
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Figure 5. XRD patterns of MgAITiFeNi alloy subjected to reactive milling in a hydrogen
atmosphere and after desorption.

3.4 Electrochemical hydrogen absorption/desorption behaviors

The search for more efficient and clean vehicles, as the petrol-electric hybrids and
battery electric ones [37,38], has driven research on hydrogen absorption materials for
electrochemical hydrogen storage [21,39]. The electrochemical hydrogen properties of
MgAITiFeNi HE alloy elaborated by mechanical alloying and reactive milling were
analyzed.

The sample obtained by reactive milling was electrochemically discharged in
galvanostatic and potentiostatic mode for comparison with the values obtained in the gas
desorption and to validate the electrochemical method. Figure 6a shows the galvanostatic
discharge curve of this sample performed with a specific current density of 20 mA/g,

which resulted in a discharge capacity of 340 mAh/g.



The theoretical electrochemical hydrogen storage capacity of an alloy is determined
by the H capacity in the plateau of the pressure-composition-isothermal (PCI) curve. It
can be calculated from equation 1, where F, Cn, and Mw represent the Faraday constant,
atoms per formula unit (H/f.u.), and the molecular weight of the alloy in g/f.u.,

respectively [21].

Cy = 2222 C(mAh/ g) (1)

By using equation (1), the hydrogen amount could be estimated as 1.27 wt% for
galvanostatic discharge, a value slightly higher than that obtained by the gaseous
desorption measurement. Figure 6b shows the potentiostatic discharge graph obtained at
a potential V = -0.915 V (vs. Hg/HgO). The discharge was performed at a potential
slightly higher than the OCP to minimize the hydroxide layer formation over the sample
surface that hinders the hydrogen release process. The measured capacity using this kind
of discharge was 257 mAh/g, giving an equivalent mass of 0.96 wt% of hydrogen, which
is the same value as that obtained by gas desorption. The greater capacity obtained by the
galvanostatic method may be result of the occurrence of other forced reactions imposed

to the system so that the demanded current can be kept constant.
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Figure 6. Discharge curves for RM-MgAITiFeNi electrodes. (a) Galvanostatic discharge
obtained with a specific current density of 20 mA/g. (b) Potentiostatic discharge at V = -
0.915 V (vs. Hg/HgO).



The electrochemical charge capacity of the mechanically alloyed powder (MA-
MgAITiFeNi) was evaluated by galvanostatic charging and galvanostatic and
potentiostatic discharging measurements. As described in the experimental procedures,
galvanostatic charge/discharge experiments, at different current densities, were carried
out to evaluate the effects on discharge capacity. Also, preliminary potentiodynamic
scanning and cyclic voltammetry (VC) were performed to help find the current density
for hydrogen absorption.

During the time the sample is subjected to cathodic polarization, i.e., during the
charging step, the VVolmer reaction (equation 2) and the absorption of hydrogen (equation
3) take place. The hydrogen adsorbed on the sample surface diffuses into the crystal
structure to form the hydride [40,41].

H,O+M+e ——» MHags + OH (Volmer reaction) (2)

MHads ——» MHas (absorption) (3)

Figure 7a shows the current density plot as a function of the potential obtained in
the potentiodynamic test on the MA-MgAITiFeNi electrode. The cathodic branch of the
curve shows a diffusion plateau, in which the current density is approximately constant,
preceding the beginning of the hydrogen release reaction. The limiting diffusion current
density ends with a potential in which the evolution of hydrogen becomes predominant.
Short time galvanostatic charging tests (60 min) were performed at specific current
densities greater than this limit, - 50 mA/g and - 125 mA/g. After the charging step, the
working electrodes were submitted to cyclic voltammetry tests, which curves are
presented in Figure 7b. It can be seen from Figure 7b that as the charging current density
increases from -50 mA/g to -125 mA/g, the anodic current density of the hydrogen re-
oxidation peak increases, and the peak slightly shifts in the anodic direction. The rise in
the peak current density indicates an increase in the number of species to be oxidized,
while the shift to more anodic values shows a necessary increase in energy to favor
hydrogen diffusion. These results confirm the adsorption and absorption of hydrogen
(equation 2 and 3) by the sample in the cathodic polarization experiment (charging step)

and show that increasing the charging current density, favors the hydrogen absorption.
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Figure 7. (a) Current density curve as a function of the potential obtained from the MA-
MgAITiFeNi electrode in a potentiodynamic sweep from -0.6 V to -1.2 V with a scan rate
of 0.4 mV/s. (b) Voltammograms, obtained with a scan rate of 10 mV/s in a potential
range of - 1.36 to 0.5 V (vs. Hg/HgO electrode), after 1 hour of galvanostatic charging
with current densities - 50 mA/g and - 125 mA/g. Experiments were performed in a 6M
KOH solution at 25°C.

Considering the last results, and other previous experiments concerning the effects
of charging and discharging current densities on discharge capacity, the MA-
MgAITiFeNi electrode was submitted to a charging step of 15 h with a specific current
density equal to -200 mA/g, followed by the galvanostatic discharge with a specific
current density of 20 mA/g. As presented in Figure 8a, the galvanostatic discharge of the
MA-MgAITiFeNi electrode resulted in a discharge capacity of 145 mAh/g or the
equivalent to 0.54 wt% of hydrogen a value quite lower than that obtained in the
discharging of RM-MgAITiFeNi.

Potentiostatic discharge was also used after a galvanostatic charging step performed
in the same conditions described in the previous paragraph. The discharge was performed
at an overpotential of +0.6 V (vs. OCP), a condition chosen based on data from the
literature, the same used to study the electrochemical kinetic properties [26,27]. The
resulting curve of this discharge is presented in Figure 8b. The discharging capacity
obtained by integrating the curve was 103 mAh/g, which is lower than that obtained in
the galvanostatic discharge tests (145 mAh/g). This difference was already discussed in
this text and should be related to additional forced reactions in the galvanostatic method.




Finally, the above results indicate that either a pre-activation of the alloy or different
crystalline structures obtained by reactive milling are conditions possibly necessary for
both gaseous and electrochemical hydrogenation properties.
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Figura 8. Discharges curves of MA-MgAITiFeNi electrode after a galvanostatic charging
step at | = - 200 mA/g for 15 h. (a) Galvanostatic discharge at 20 mA/g; (b) Potentiostatic
discharge at an overpotential of +0.6 V (vs OCP) Experiments were performed in a 6M
KOH solution at 25°C.

3.5 Corrosion properties

Figure 9 presents Nyquist plots (Figs. 9a and 9b) resulted from electrochemical
impedance spectroscopy tests (EIS) on surfaces of electrodes MA-MgAITiFeNi, in the
as-cold-pressed condition (uncharged), after full galvanostatic charging and after partial
(40%) and total (100%) galvanostatic discharges. The Bode magnitude plot (log modulus
versus log f) is presented in Figure 9c. Also, a SEM image of the sample surface after

discharge is presented (Fig. 9d).

The Nyquist plots of all those conditions are presented in Figure 9a. Overall, all of
them are very similar to those reported in the literature for the considered electrolyte
[27,42-44]. The graphs show two semicircles, one with a small radius at high frequencies
and one with a variable radius at a medium frequency (Fig. 9b). At low frequency, a linear
behavior is commonly observed, except in the as cold-pressed sample. The small
semicircle found at high frequencies has been associated in the literature with interfacial
contact impedance between alloy particles and conductive material [27,42,44]. It can be

modeled by a parallel resistance and capacitance. These impedance values vary very little



in this study, as shown in Figure 9b, and it is, therefore, reasonable to associate it with
the contact between alloy particles and conductive material. The larger semicircle in the
mid-frequency region is associated with the load transfer resistance and the double-layer
capacitance of the alloy surface and, therefore, can also be modeled as a parallel resistance
and capacitance. The line observed in the low-frequency region has been associated with
the semi-infinite diffusion of hydrogen within the alloy and can be modeled by a Warburg
element [42-44].

The Bode magnitude plot (Fig. 9c) clearly show that after the charging step, the
modulus at lowest frequency is reduced, indicating an impedance decrease, behavior that
results from the reduction of the pre-existing oxide layer on the sample surface during
cathodic polarization. On the other hand, during discharging, the anodic polarization
results in the formation of a metal hydroxide layer on the sample surface, thus increasing
the impedance. This behavior is more pronounced in the fully discharged sample, as
shown by the marked increase in the modulus, Figure 9c.

The two circuit models used in this work are presented in Figure 10. Model 1 was
used in modeling the sample before electrochemical charging, a condition in which there
is no hydrogen absorbed inside the alloy. Model 2 was used for the other samples.

The kinetics of electrochemical reactions is controlled by the charge transfer rate
on the interface electrode/electrolyte and by the diffusivity of hydrogen in the electrode
depending on the frequency range [21,45]. Charge transfer processes can be characterized
by charge transfer resistance (Rct) and exchange current density (lo), while diffusivity can
be evaluated by the hydrogen diffusion coefficient (D) [21, 46,47].

The charge transfer resistance (Rct) is obtained from electrochemical impedance
spectroscopy modeling of electrochemical reactions using equivalent circuits. The
exchange current density (lo) is a critical kinetic parameter that measures the electrode's

ability to supply current at high rates and can be calculated from equation 4 [21,43]:

RT
IO =
ol

(4)
where R, T, and F denote the gas constant, the absolute temperature, and the Faraday

constant, respectively.
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Figure 9. (a) IES curves obtained from electrodes composed of Ni powder and cold-
pressed MA-MgAITiFeNi
electrochemical charging, in the fully charged sample and after partial (40%) and total

The assays were performed before

(100%) galvanostatic discharges. (b) Magnification of the high-frequency region of all

IES curves. (c) Bode magnitude plot (log modulus versus log f). (d) SEM micrograph of

MA-MgAITiFeNi alloy surface after anodic polarization. Experiments were performed
in a 6M KOH solution at 25°C.
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Figure 10. Equivalent circuits used to model EIS results.

Rct was obtained from the fitting of IES spectra of MA-MgAITiFeNi electrode in
the uncharged condition, in the fully charged state (I = - 200 mA/g for 15 h), and after
partial (40%) and total (100%) discharge. The values of charge transfer resistances are
presented in Table 1. The data show a reduction in Rt after electrochemical charge and a
sharp increase in Rt after discharge, a result that comes, as already pointed out, from the
formation of a metal hydroxide layer on the sample surface (Fig. 9d). The exchange
current density for the MA-MgAITiFeNi electrode in the same conditions is also
presented in Table 1. The highest exchange current density was obtained for the partially
discharged electrode, a value that was considerably reduced in the fully discharged state.
As previously stated, Ret and the 1o are parameters that define the charge transfer rate that
must be high enough to ensure a high rate dischargeability (HRD), avoiding a delay in
the charging or discharging processes, and a reduction in the electrochemical properties.
The values of R¢t and the lo found in the MA-MgAITiFeNi electrode in the as fully
charged condition, are good enough to ensure a high HRD. Although, the anodic
polarization during the electrode discharge process significantly increases the R¢ and
consequently decreases lo. It is believed that the metal hydroxide layer acts as a barrier
for the atomic hydrogen in and out-diffusion and deteriorates the electrode's cyclability

[48,49].

Table 1. Charge transfer resistance, exchange current density, and diffusion coefficient

calculated from electrochemical tests.

. . Rrc lo lo D
MA-MOAITIFENT | ) (m?) | (mAem?) | (mAJg) (cm?/s)
Cold pressed 4.6 5.6 44.5 0.18 x 101°
As-charged -15 h 0.9 28.4 215.3 -
40% discharge 2.9 9.0 71.8 -
100% discharge 218.5 0.11 0.9 -




The hydrogen diffusion coefficient, D (cm?/s), another critical and limiting kinetic
parameter of the electrode reaction rate, can be obtained by potentiostatic discharge
methods (potential-step methods). According to Zheng et al. [50], D can be estimated
from the slope of the linear portion of the obtained curves, according to equations 5 and
6,

log(i) = log [i%(% N CS)] N (2223) (2) t (%)

22

D = -2303% (422) 6)
where i (A/g) is the diffusion current density, Co (mol/cm?) is the initial concentration of
hydrogen in the alloy, Cs (mol/cmq) is the concentration of hydrogen on the surface of
the alloy particles, a (cm) is the particle radius, d (g/cm?) is the density of hydrogen stored
in the alloy and t (s) is the discharge time. The hydrogen coefficient diffusion was
estimated for the MA-MgAITiFeNi alloys considering an average particle radius of 12
pum in the fully charged condition (after a galvanostatic charging step at -200 mA/g for
15 h). The estimated result for D is shown in Table 1. The value found for the MA-
MgAITiFeNi alloy is very close to that observed for some representative hydrogen
storage alloys, reported by Ouyang et al. in their review [21].

Conclusions

The high entropy MgAITiFeNi alloy, with a BCC phase, was successfully produced
by high energy ball milling. The alloy presented a functional hydrogen storage capacity
of 0.94 wt% after activation obtained during reactive milling (RM-MgAITiFeNi).

Very high hydrogen absorption and desorption kinetics were observed in reactive
milled samples (RM-MgAITiFeNi alloy), from which hydrogen was practically wholly
desorbed in a few seconds, at temperatures 100 °C lower than the one for the desorption
temperature of the commercial MgH.>. The results obtained so far show that the alloy has
reversibility and good potential for hydrogen storage applications.

The RM-MgAITiFeNi alloy was also submitted to electrochemical discharge for
comparison with the value obtained in the gas desorption and for validation of the
electrochemical method. The hydrogen content received by the potentiostatic discharge

was precisely the same as that obtained in the gas desorption.



Electrochemical charging/discharging experiments also were performed in the alloy
elaborated by mechanical alloying. The highest capacity obtained in electrochemical
charging was 145 mAh/g (in galvanostatic discharge mode) and 103 mAh/g (in
potentiostatic discharge mode). The values of the kinetics parameters that control the
electrochemical reactions show high reaction rates at the beginning of the discharge,
which is, however, impaired by the formation of the hydroxide film on the electrode
surface. These results seem to indicate that improving the stability of the alloy in an

alkaline solution is a great challenge to be faced.
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