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MmNis hydrogen storage alloy with an average particle size of 120 um was subjected to hydriding
treatment at 50°C, under 40 atm. pure hydrogen atmosphere. As a result, a large density of particle
cracks was formed, which led to an increase in the particle surface area. The enlarged particles surface,
in turn, led to substantially improved hydrogen sorption kinetics compared to the as-received
(untreated) alloy. It was also found that hydrogen-induced decrepitation of the MmNis powder results
in enhancement of the hydrogen diffusivity mainly due to shortening of its diffusion distances.
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1. INTRODUCTION

Among all hydrogen storage alloys, rear earth ABs - type is still one of the most studied since
its large scale industrial production and commercialization. About 10 % of the rear earth production is
used in Ni - MH batteries manufacturing. They are still hardly replaceable in the automotive industry
for powering hybrid car electric motors because of their safe operation and long life [1]. LaNis being
one of the most studied intermetallics in this group has promising hydrogen storage characteristics
both from gas phase and electrochemically — absorbs about 1.5 wt % H> with low plateau pressure in
the p-c diagrams and has an electrochemical capacity of 372 mAh/g [2]. However, its cost is relatively
high and the hydriding - dehydriding cycling leads to fast degradation of its crystal structure in gas
phase due to lattice deformations and corrosive degradation in solution [3]. Improvement in LaNis
alloys performance is possible by substituting La by mischmetal (Mm), thus reducing the content of La
and increasing the content of other rear earths — Ce, Pr, Nd. The influence of Ce content on the overall
performance of the alloys is studied in many publications showing that replacing La with certain
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amounts of Ce leads to an increase in the plateau pressure and lattice expansion in gas phase sorption.
In electrochemical cycling, it has a positive effect on corrosion suppression due to protective oxide
film formation [3-6]. Thus, MmNis characterizes with lower charge capacity, but better stability in the
electrode performance.

Successful attempts to improve the hydrogen-sorption characteristics of MmNis (lower
absorption pressure and improved hydriding kinetics) consist mainly in (i) alloying (Al, Mn, Co, Fe),
(if) formation of composites based on MmNis, (iii) particle and crystallite size reduction, achieved
mainly by ball milling. The substitution of Ni by other transitional metals in the crystal lattice is a
popular approach to modify the crystal structure and improve the hydrogen storage properties of
MmNis [7, 8]. Alloying of MmNis with other transitional metals (like Pt, Pd, Co, Ni, Fe, Mn) mainly
through ball milling is a useful approach adopted from AB: type materials. The addition of small
amounts of transitional metals does not change the crystal structure rather acts as a catalyst and eases
the process of dissociation of hydrogen molecule into atoms on the alloy surface and their subsequent
diffusion in the crystal lattice [9, 10].

Reducing the size of the particles and crystallites is another way to increase the active surface
of the materials used for hydrogen storage and modify their microstructure. It has the same effect in
the case of MmNis alloy — enhanced absorption-desorption Kinetics at lower temperature and pressure
[11, 12]. However, extreme reduction of crystallite size usually leads to deformations in the crystal
structure of ABs-type alloys, and a reduction of the hydrogen storage capacity is observed [12]. The
present work aims at reducing the MmNis particle size using a different approach — hydrogen-induced
decrepitation (50°C, 40 atm H2) and thus improving its hydrogen sorption kinetics characteristics.

2. EXPERIMENTAL

MmNis alloy (Sigma-Aldrich Product Ne 685976) was used in the present study. The as-
received MmNis powder was subjected to hydriding at 50 °C under 40 bar pure hydrogen atmosphere
and subsequent dehydriding at 50 °C and 1 bar H> to achieve hydrogen-induced particles decrepitation.
The structure of the alloy before and after hydrogen-induced decrepitation was determined using XRD
(Cu-K, radiation). The morphology and size of the particles were characterized using scanning
electron microscope JEOL 5510.

Hydrogenation kinetic curves of the samples were measured by a Sieverts’-type apparatus
(PCT) at room temperature. To determine the hydrogen diffusion coefficient in the as-received and
decrepitated MmNis alloys, the samples were charged electrochemically under galvanostatic
conditions using a three-electrode cell. The working electrode was prepared using a mixture of 70 mg
of the alloy, 100 mg teflonized carbon and heptane, subsequently pressed at about 150 atm to form the
electrode and left on air to dry. NIOOH/Ni(OH)2 was used as a counter electrode and Ag/AgCl as
reference. The electrolyte was 6 M KOH water solution. Each electrode is charged for 3 hours at SmA.
Then the hydrogen charged samples were discharged at potentiostatic conditions (900 mV) in the same
electrolyte. The discharge potential was selected to correspond to the discharge potential plateau from
the galvanostatic charge/discharge experiments [13].
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3. RESULTS AND DISCUSSION

The as-received and hydrogen treated (at 50°C and 40 bar H2) MmNis alloys reveal similar
particle shape and size, Fig. 1. The average particle size of about 120 um was determined for the initial
alloy and a little lower value for the treated sample (~ 100 pum) (fig.1). A significant difference in the
morphology of the particles is, however, observed at higher magnification. The powder particles after
H-treatment contain a large number of cracks, well visible on their surface. Thus, it was proved that
under the applied hydriding conditions (50°C, 40 bar Hz) the MmNis powder particles undergo
cracking due to the intense absorption and accumulation of hydrogen in the crystal lattice of the
compound, thus leading to mechanical stress in the alloy. This effect is known for ABs-type and Ti-V
based alloys, but for much larger particles, in which case the powder particles are fragmented to
micron size [14, 15, 16]. The interesting result in the present study is that this effect (H-induced
decrepitation) is also achieved with smaller particles under rather moderate conditions. It is known that
a number of hydrogen storage alloys undergo pulverization (decrepitation) during
hydriding/dehydriding from a hydrogen gas phase [14, 17, 18] and during electrochemical hydrogen
charge/discharge [15, 16]. The pulverization mechanism for some hydrogen storage alloys has been
clarified [14, 15, 16], but there is still a need to study its influence on the alloys hydriding properties.
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Figure 1. SEM micrographs of as-received (a, ¢) and decrepitated (b, d) MmNis and particle size
distribution histograms of both samples.

The XRD analysis also shows some differences between the as-received and hydrogen treated
MmNis alloys (ht-MmNis), Fig. 2. The diffraction peaks of both samples correspond to the hex. LaNis
compound with some shift in the peak positions due to the partial substitution of Ce for La in LaNis.
The diffraction peaks of the H-decrepitated sample show a little decrease in intensity and an increase
in width. Preliminary hydrogenation at a higher temperature and hydrogen pressure causes mainly
particle cracking and in a much smaller degree leads to microstructural changes, associated with grain
refinement and introduction of crystal lattice stresses.
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Figure 2. X-ray diffraction patterns of as-received and heat-treated in H2 atmosphere (50°C, 40 bar H>)
MmNis.

Hydrogen absorption kinetic curves of the as-received MmNis powder and hydrogen
decrepitated MmNis sample, measured during the third cycle are presented in Fig. 3. The as-received
MmNis powder shows only limited hydrogen uptake; the absorption capacity reaches only about 0.5
wt.% hydrogen for about an hour. The rather low sorption capacity of the as-received sample is
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probably due to relatively slow hydrogen sorption Kinetics under the applied experimental conditions
(25 atm., 20°C). The decrepitated sample shows substantially better absorption kinetics and hydrogen
capacity, revealing 1.4 wt.% H, for 30 min. Undoubtedly, the observed significant difference in the
kinetics of hydrogen sorption and hydrogen capacity between the two samples must be related to the
more highly developed surface of the powder after hydrogen-induced decrepitation (Fig.1).
Apparently, the higher rate of H-absorption is due mainly to the increased particle surface area
(presence of cracks and removed surface oxide layer) and to a lesser extent to generated stresses in the
crystal lattice of the material after decrepitation.
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Figure 3. Hydrogen absorption curves for as-received and decrepitated MmNis at 20°C and 25 bar Ha.
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Figure 4. “lg(Jn) vs. discharge time t”, during potentiostatic discharge of MmNis: as-received sample
and after hydrogen-induced decrepitation.



Int. J. Electrochem. Sci., Vol. 15, 2020 4905

An additional and independent way to evaluate the rate of hydrogen sorption and diffusion
mobility of hydrogen in the studied alloys is the electrochemical potentiostatic discharge of initially
hydrogen charged samples.

Fig. 4 compares hydrogen discharge curves of as-received and hydrogen treated alloys in
coordinates “In(JH) vs. discharge time t”. Thus, applying the following approximation for the current
density [19]:

o = Py () €0

L2 412

the diffusion coefficients of hydrogen into MmNis particles were determined. In the above
equation, Ju is the current density, t is the discharge time, Dy is the hydrogen diffusion coefficient, L is
the size of the particles (average particle size, which is 120 um for the alloys studied), ¢, is the initial
hydrogen concentration, c* is the hydrogen concentration after the electrode is anodically biased. From
the slope of the plot “In(Jn) vs. t”, Fig. 4, hydrogen diffusion coefficient Dy = 2.1 .10"2 cm?.s has
been determined for the as-received MmNis alloy. The Dn value determined for the as-received
MmNis is somehow lower compared to those obtained by other authors for similar alloys [20-26]. It
needs, however, to be mentioned that the diffusion coefficients of hydrogen vary in a large range
between 108 and 10" cm?.s%, mainly due to the different methods used for their estimation, but also
because of the differences in the microstructure of the alloys (defects, grain size, etc.). Therefore, in
the present work, the goal was to compare the Dy of both studied alloys providing the same
experimental conditions of potentiostatic discharge, Fig. 4. Indeed, the discharge curves reveal a
substantially higher rate of discharge of the decrepitated alloy (further in the text ht-MmNis) compared
to the as-received material. This result could be explained in two ways (i) the diffusion coefficient of
the ht-MmNis alloy is essentially higher, due to the microstructural changes result of the treatment and
(i) presence of shorter diffusion distances due to the formed cracks and other defects. As the XRD
analysis does not show large deviations in the grain size and defects concentration upon the hydrogen
treatment, the same Dy for both alloys could be assumed. Thus applying eq. (1) one can determine the
effective size of the powder particles. From the slope of the hydrogen discharge curve of the ht-
MmNIis, using the D for the initial MmNis alloy an average diffusion distance of 35 pm was obtained.
That value can be considered as an effective size of the powder particles for ht-MmNis.

4. CONCLUSIONS

The study shows the effect of primary hydrogen-induced depreciation on the H-sorption
properties of MmNis hydrogen storage alloy. Hydrogenation at 50°C and 40 bar hydrogen has been
found to result in the formation of a large number of particles cracks and, therefore, to a more
developed particle surface favoring the kinetics of hydrogenation at room temperature.
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It was also proved that the accelerated hydrogen sorption (and higher diffusion coefficient
respectively) is not a consequence of changes in the MmNis crystal lattice, but mainly of shortening in
the diffusion distances of the hydrogen atoms resulting from the particle cracking.
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