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Abstract

The synthesis and characterization of a Mg-Ni alloy having La and Ce as catalysts, have been
performed. The alloy behavior was studied at given fixed temperature and pressure during
hydrogen absorption/desorption tests. The La and Ce addition was carried out starting from a
commercial alloy, named “Firesteel”. The alloy synthesized has the following formula
MgssNizsMsX where X represents Si and Fe impurities and M stands for the mixture of rare earths
metals. The alloy has been prepared by a melting process in an induction furnace equipped with a
centrifugal casting system and then grinded, by both hydraulic press and ball milling. The alloy has
been characterized by SEM, BET, XRD, DSC-TGA analysis and by a mass flow measurement
apparatus. The experiments on alloy sample showed that, after activation, hydrogenation occurs at
300 °C in three stages at three different pressures: 3, 4 and 7 atm, involving respectively 0.15%,
0.4% and 2.2% of hydrogen absorbed. Reversible hydride dehydrogenation, inside the mass flow
measurement apparatus, requires a working temperature of 350 °C to obtain hydrogen desorption of
about 2.7 % at a remarkable reaction rate.

Keywords: Hydrogen storage, Mg base alloy, Dynamic absorption/desorption conditions,
Dehydrogenation kinetics
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Introduction

The design of storage units using metal hydrides has been the subject of several studies in the
recent years [1-13] and presents many complexities because of a wide range of temperature and
pressure. Mg-based alloy should be ideal candidates for hydrogen storage [14-23], however, the
Mg-based materials have rather high dissociation temperatures, slow reaction rates and achieve
their activation very hardly, thus making them virtually useless in many practical applications.
Among these alloys, also Mg,Ni cannot absorb hydrogen under normal conditions (i.e. room
temperature and atmospheric pressure), and the best conditions for hydrogenation seem to be
achieved at temperature range from 250-350 °C with hydrogen pressure of 15-50 atm. In addition
it needs to be activated before hydrogenation. Several papers were published in the past regarding
the upgrade of hydrogenation properties for Mg,NiH4 [24-55]. Its hydrogenation properties are
thought to be strongly affected by its nanometer scale structures by means of thermodynamic and
kinetic aspects. Zalusky et al. [24] and Orimo et al. [25] have shown that absorption/desorption
properties of nanocrystalline Mg,Ni alloys mechanically alloyed at low temperatures can be
enhanced by grain size reduction. Furthermore, it has been demonstrated that catalysts and ball
milling [25-30] utilization provide a faster kinetics of hydrogenation/dehydrogenation. It thus
represents one of the most common approaches for improving the magnesium hydride behavior in
hydrogen absorption. The synthesis process “reactive mechanical alloying” (RMA) combines these
two very important aspects. Then, kinetics improvements and a decrease of the decomposition
temperature can be obtained with both chemical alloying and material processing (melt spinning,
mechanical alloying) [31-43]. Zhang et al. [44-47] produced Mg;Ni-type alloys as Mg>Ni(-x) Cox,
Mg2Ni(1-x) Cux and Mg2Ni) Mny (x =0, 0.1, 0.2, 0.3, 0.4) by melt spinning technique, obtaining
an almost complete desorption of hydrogen in 20 minutes with a quantity of hydrogen desorbed
ranging from 0.5 and 2.3 weight % as a function of spinning rate and Co, Cu and Mn
concentrations. Iturbe-Garcia et al. [48] studied the behavior along the temperature range from 25 to
350 °C of Mg,Ni-hydrides obtained by mechanical alloying. The maximum hydrogen amount
desorbed was 3.95 weight % in about 15 min. Oelerich et al. [48] claim to have obtained hydrogen
desorption in about 5 minutes at 227 °C and in 1 minute at 300 °C substituting partially Ni with Cu
and milling for 100 h. E. Grigorova et al. [49] obtained the dehydrogenation kinetic curve at 300 °C
and 1.5 atm of the following composite 85 wt.% Mg,Ni—10 wt.%V-5 wt.% Ti produced by
mechanical alloying. They reached an almost complete desorption of hydrogen in 10 minutes with a
quantity of hydrogen desorbed of about 2 weight %. Song et al [50] reported the results on
dehydrogenation behaviors in a temperature range of 250-350 °C obtained by porous Mgs7Niss-

»Yx (X =% 0, 1, 3, 6) ribbons which are prepared by a melt spinning method. They obtained an
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almost complete desorption of hydrogen in 2-10 minutes with a quantity of hydrogen desorbed
ranging from 1 and 3.6 weight % as a function of Y concentration and temperature. Mg-Ni alloys
having RE as catalyst have been, also, synthetized in order to lower the absorption temperature [52-
55]. Spassov et al. [51-53] also confirmed that melt spinning could significantly improve the
hydrogen absorption/desorption performance of Mg-based alloy, to obtain a maximum hydrogen
capacity of 4.0 wt % H for the as-spun MgzsNixxMms (Mm: “misch metal” with Ce and La) alloy.
Li [54] investigated the structure and hydrogen storage properties of Mg; 7NiMos (M = Mg, La, Nd
and Ce) composites. Comparing to Mg,Ni, the substitution of Mg with RE metals, even if decreases
hydrogen capacities of the alloys, enhances significantly the hydrogen absorption and desorption
rates.

Tanaka [55] shows that the nanocrystallization of melt-spun amorphous alloys of the Mg—Ni-RE
systems is one of the prospective approaches to obtain a good hydriding—dehydriding kinetics for
hydrogen energy systems. In this contest, the aim of this study are both to synthesize, by a melting
process and ball milling, a Mg-Ni-RE alloy by using a commercial alloy, named “Firesteel” instead
of “mish metal”, and to make a comparison with results found in literature up to 350 °C. Moreover,
plenty of thermodynamic data about the hydrogen desorption/absorption processes of hydrides
under equilibrium are available in literature, but very few are those referred to real conditions (far
from equilibrium and controlled by kinetics) in which hydrides usually absorb and desorb hydrogen,
extremely important for practical application. The intention is to investigate the real performances
of hydride by taking into account the dynamic conditions studied in a mass flow measurement
system, instead than in static conditions. Then, data collected in this work are more related to

kinetic rather than thermodynamic properties of the material.

2. Experimental

2.1.Instruments

The alloy has been produced by melting technique in an induction furnace (Manfredi Neutor
Digital) in an argon protective atmosphere, using a silica vitreous crucible. The furnace is equipped
with a centrifugal casting system. Specimens have been cast in a graphite mold and the mold
temperature was kept at 25°C. A hydraulic press “Beckman”, with a press force of 12 tons per cm?
has been used to crush the alloy and a ball mill equipped with steel balls with a diameter of 20 mm
(planetary micro mill PULVERISETTE 7, Fritsch) has been utilized to grind it, under argon.

The alloys compositions have been analyzed by a Scanning Electron Microscope (Hitacy S 2500)

equipped with EDS probe (Kevex mod 3600-0400, software Noran System Six)), while X-ray
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diffraction (Philips PW 1830 GENERATOR Cu-Ka radiation A=0.15418 nm) has been performed
on synthesized and cycled samples, for studying the phase composition.

Simultaneous thermogravimetry and differential scanning calorimetry (TGA-DSC) experiments
were carried out on about 10-12 mg of powder after hydrogenation, using a Stanton-Redcroft 625
apparatus operating through a Rheometric Scientific system interface controlled by the software
RSI Orchestrator. A constant rate of 10°C min~' under a flowing argon atmosphere of 50 ml min™'
has been used, by means of two identical open cylindrical alumina crucibles (one for the sample
and one for the reference) until 600°C. A very pure indium reference sample was used for
calibration of temperature, that has been estimated with a final uncertainties of £0.1°C .

BET (Fisons instruments) analyses have been, also, performed at nitrogen liquid temperature and
using N2 gas to evaluate the specific surface of powders.

The Pressure Composition Temperature (PCT) curves of MggsNisMsX alloy have been obtained
employing a mass flow measurement apparatus “MFM” (made by IONVAC process srl), displayed
in figure 1, where is shown as it works: the hydrogen flows through 6-mm-diameter steel pipes
starting from a pressurized tank (200 atm) located outside the building. A special pressure reducer,
located near the tank, allows keeping the line pressure at 18-20 atm (limit pressure of the system),
while a further pressure regulator PCV-2 ensures a lower pressure maintaining. After passing the
pressure-reducing valve V2, hydrogen flows through the valve V3 and meets the first ‘T’ junction.
From this point on, it can proceed in the flowmeter (MFC; Bronkhorst; range: 0-100 Nml/min)
direction during charging, when the valves V6, V7 and V4 are closed and V5 is open. Alternatively,
it can flow back through the valve V6 during the discharge, when the valves V3, V4 and V5 are
closed, and allowing the passage through the flowmeter and the valve V7. The filters F1 and F2
prevent powdered hydrides damage the flowmeter. The system can measure the flow, pressure and
temperature in the storage system of hydrides. Pressure and temperature can be controlled. The
National Instruments data acquisition system (Field Point) that collects the signals and sends them
to a computer, where a LabVIEW program displays and records the data. The flow rate in the
discharge step could also be different from that of the charging step, until the atmospheric pressure
was reached; the vacuum pump was then activated in order to reset the starting operating conditions
for the next cycle. In any case it was verified that the hydrogen quantity passing through the
flowmeter by vacuum pump was very negligible with respect to the overall capacity of the Mg-Ni-
M alloy. After each discharge, a steady flow of hydrogen was sent into the test circuit containing
the sample to carry out the charge, until the highest pressure value preset (about 11 atm) was

achieved.
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2.2. Synthesis of the alloy

The MgssNisM;15Xos master alloy, has been produced employing pure elements (Ni powder
99.995% Sigma-Aldrich, Mg chips 99.980% Sigma-Aldrich) and “Firesteel” (commercial alloy
containing 38.0% of La, 43.4% of Ce, 11.7% of Fe and minor amounts of Si, Al and Mg) as starting
materials. Since magnesium is pyrophoric, it was necessary to work in an oxygen free atmosphere.
Another problem arises from the boiling point of magnesium (1090°C), which is significantly lower
than nickel melting temperature (1455°C). Thus, magnesium lost during the melting process can be
expected. Taking into account these chemical-physical properties it has been decided to melt first a
master alloy, under argon atmosphere, having composition as close as possible to the desired
composition, but considering the actual magnesium losses, a significant excess of this element has
been introduced into the furnace ceramic crucible. Precisely, 10.5 g of Mg, 6.5 g of Ni and 3.0 g of
“Firesteel” have been melted together. The total initial weight of the elements was 20 g, at the end
of this first melting step the obtained alloy weight was 7.5 g with a mass loss of about 63%.
However, during the melting process the magnesium lost has been less than that foreseen, while a
loss of Ni and M has been recorded proportionally to their initial stoichiometry, likely owing to the
formation of an eutectic between Ni and Mg [55]. To reach the desired composition the master alloy
has been, then, re-melted in a second step, with the addition of 1.2 g of nickel and 1.9 g of
“firesteel”. The master and re-melted alloy compositions have been, therefore, analyzed by
Scanning Electron Microscope equipped with EDS probe. Table 1 reports the chemical composition
of two alloys, showing that more than one step has been needed to produce a particular alloy
composition. In this case two steps are enough. As shown by EDS analysis on master and final
alloys, the concentration of Mg decreases while those of Ni and M increase, approaching the
desired composition. Eventually it has been obtained an alloy quite similar to the target, with a
composition MgssNizsMsX where X represents Si and Fe, whose presence is due to the “Firesteel”
alloy. First the final alloy has been crushed 6 times under argon atmosphere (in a dry box), by
means of the hydraulic press and then grinded, under argon, using the ball mill. The grinding
process has been, also, repeated 6 times with 10 minutes of grinding step and 5 minutes break
between each grinding step and the next one. The rotation speed was 500 rpm.

3. Results and discussion

3.1. SEM analyses

As shown in figure 2 the particles of fresh milled powder, having a completely smooth surface, are
not homogeneous in sizes, furthermore the SEM observation highlights that most of the particles
belongs to the dimensional range 5-70 um, with few isolated much larger particles (up to 300
microns). After activation process followed by some cycles of hydrogen reaction inside the MFM
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apparatus, the powder samples were observed by SEM. The micrographs are reported in figure 3.
By comparing these micrographs with those of figure 2 a decreasing of the particle size and a
metallic aspect reduction with sponginess increase can be immediately observed. That last
observation is particularly evident in figure 3 at higher magnifications.

3.2. BET analysis

The results of BET analysis, performed on both the fresh powder (just synthesized) and the sample
obtained after activation and cycling, confirmed, as expected, the findings of SEM analyses on the
same samples. In fact, it is worth noting that the specific surface area of the freshly prepared
sample, equal to 1.5 m? g%, increased to about 10 m? g * after cycling.

3.3. Absorption-Desorption

The absorption-desorption capability of the Mg-Ni-M alloy has been verified by charge and
discharge cycles performed for both allowing its activation and studying the process kinetics.
Therefore, fresh milled powder has been introduced inside the MFM apparatus, by which early
charging and discharging cycles were performed at 300°C observing a progressive activation.
Successively, reversible absorption-desorption capability of the alloy Mg-Ni-M has been verified,
between 300°C and 350 °C respectively.

The 11 cycles of charging and discharging were performed in the following experimental
conditions:

e Temperature was maintained constant, inside the reactor, during each hydrogenation and
dehydrogenation cycle at different values in the range 300 + 350°C. in particular, in the
early cycles, the desorption temperature was maintained equal to that of absorption,
observing a progressive activation. In the last cycles, instead, a desorption temperature
different from that of absorption was used;

e Maximum hydrogen pressure, inside reactor was equal to 11atm;

e Flow rate was equal to about 10 NmLmin™* for absorption;

e Flow rate was equal to about 7.5 NmLmin* for desorption;

e Powder sample mass was of 2.5 g.

Therefore, introducing 2.5 g of powder sample into MFM system, the graphs in figures 4 and 5
have been obtained; they show, respectively, the more representative curves of hydrogen charging
and discharging in the above reported experimental dynamic conditions. By observing figure 4 a)
and b) it is evident that the thermal treatment above 300°C causes the activation of the compound.
It is also shown that at 300°C, the alloy activation is slow, but it increases after every cycle. Indeed,
in the first cycle the virtual absence of absorption is demonstrated by the lack of plateau, or

however, the inflection of the curve, while in the 9" cycle (performed at the same temperature,

6
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pressure and flow rate conditions), an increased absorption is evident, as it can be qualitatively
detected by both the test duration and the three inflections in the absorption curve. In all the cycles
the hydrogen content desorbed is always a bit lower, even if quite similar, to that absorbed.

When the 11" cycle has been reached, the conditions for an excellent absorption are obtained.
Furthermore, at that temperature it is possible to observe three different absorption steps,
respectively at about 3, 4 and 7 atm pressure. 0.15% of involved hydrogen, takes place at 3 atm and
could be attributed to superficial absorption, while the second and third stages, involving 0.4 and
2.2 % of hydrogen (at pressures of 4 and 7 atm, respectively) are related to formation of different
hydride phases like MgH, and Mg,NiH, as reported in previous studies [19,20,54]. By considering
11" curve of figure 5 it is important to highlight that the increase of pressure is related to hydrogen
desorption kinetics higher than hydrogen flow fixed by the flowmeter (no static but dynamic
conditions, therefore no thermodynamics but kinetics conditions).

It is possible to affirm that taking into account the hydrogen specific energy of about 140 MJ/kg
and by using a flow rate of 7.5 NmLmin™, the alloy is able to deliver 625 J-s™*-kg™ and, therefore,
by a fuel cell having an efficiency # equal to 0.5, to produce a power of around 310 W per kg of
hydride for about 2 hours.

3.4. Thermal and kinetics analyses

TGA-DSC curves, show in figure 5 that hydrogen desorption occurs in the temperature range
between 310 and 375°C, with a mass loss of about 3.8 %, but by hydrogen desorption up to 350 °C
is accompanied by a mass loss of 2.7 %. It means that some irreversibly accumulated hydrogen,
along the cycling process between 300 °C and 350 °C, can be desorbed only if the temperature
overcomes 350 °C. A strong dehydrogenation requires working temperature close to 375°C, giving
a maximum of desorbed hydrogen equal to 3.8%, while just 2.7 % of hydrogen can be desorbed in a
reversible way up to 350 °C, which is the temperature corresponding to the highest process rate
(flex of the de-hydrogenation TGA curve: point A of figure 5).

The desorption kinetics is reported in figure 6, where it is shown that the hydride reaches 3.8% of
hydrogen desorption in about six minutes. Indeed, as demonstrated in literature [41-55], it can be
expected that the presence of heteroatoms in Mg-Ni alloys can have positive effects on the
desorption Kinetics.

In order to find the activation energy for hydrogenation/dehydrogenation processes a Kinetic
analysis of the thermal dehydrogenation of the Mg-Ni alloy tested was performed by processing
dynamic TG data at different heating rates [ (at least four experiments), according to the well-
known Kissinger and Kissinger-Akahira-Sunose (KAS) methods, whose details are given elsewhere
[56,57]. Heterogeneous processes involving solid and gas species in reacting or inert atmosphere



230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263

require a more exhaustive kinetic analysis than those used for homogeneous processes. In
particular, the energy barrier (activation energy) that reagents must overcome for the former
reactions cannot (and usually must not) be constant during its occurrence. The former method gives
a single value of activation energy for the whole process, while the latter provides a value of
activation energy for each value of the extent of reaction o, defined as:

a = (m; — my)/(m; — my) 1)
where m;, m¢ and m; are the initial, final and the mass (in mg) corresponding to a defined
temperature T, respectively.

Thus, once a single activation energy (E,) value is obtained for the whole dehydrogenation process
by the Kissinger method (151+8 kJ mol™) from the slope of the regression line in figure 7a, a
typical o-dependency of activation energy is provided using the KAS isoconversional method in
figure 7b. A moderate increasing trend is observed with increasing the extent of reaction alpha in a
wide range of alpha (from 0.1 to 0.8), and a mean value can be considered because its negligible
variation is comparable with the associated estimated uncertainties (around 8-10%). This mean
value, 158 +11 kJ mol™, is in excellent agreement with the single value previously estimated.

3.5 X-ray analyses

The X-ray (Philips CuK, radiation) diffractogram of crude, hydrogenated and dehydrogenated
hydride are displayed in figures 8a), 8b) and 8c) respectively.

The pattern of the crude powder synthesized shows the peaks related to polycrystalline Mg,Ni
compound and Mg, while after hydrogenation two phases are present in agreement with what has
been previously reported in literature [18, 22]: Mg,NiH4 and MgH,.

After the subsequent dehydrogenation the presence of Mg,NiH,, as well as those of MgH, and
MgoNi, is still evident. Furthermore, dehydrogenation occurring during the cycling is not
complete, owing to temperature adopted (350°C), indeed from TGA/DSC analysis the complete
dehydrogenation temperatures are found to be higher than 350°C and then, up to 350 °C, hydrogen
content still remains [42,43]. Moreover, because of during the measures the powder has been
exposed to air and humidity, the presence of MgO and MgCO3 has been revealed resulting from the
reaction between highly reactive Mg, after dehydrogenation, and oxygen and carbon dioxide
present in air [58,59].

4. Conclusions

The alloy with general formula MgssNizsMsX, using a commercial alloy named “Firesteel”, has
been prepared by a two-step process in an induction furnace equipped with a centrifugal casting
system and used in hydrogenation-dehydrogenation experiments. A first melting step is needed to
produce a master alloy more easily usable than pure metals, while a second melting step is
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necessary to both adjust alloy composition and prevent further Mg losses. The alloy has been, then,

grounded with a ball mill in order to increase both the surface/volume ratio and the surface defects.

Tests performed on the sample MggsNisMsX showed that:

The hydride activation is obtained at 300°C. At this temperature, even if the activation is
slow, it increases after every cycle. The pressure value is about 11 atm.

After activation, the hydrogen absorption occurs at 300°C in three stages at three different
pressures: the first stage of absorption involving 0.15% of hydrogen takes place at 3 atm and
could be attributed to surface absorption. The second and third stages, involving 0.4 and
2.2% of hydrogen at 4 and 7 atm, respectively, are related to formation of different hydride
phases: MgH, and Mg,NiH,.

Results of TGA/DSC measurements highlight that strong dehydrogenation of the hydrogen
accumulated in an irreversible way, requires working at temperature close to 375°C, giving
3.8% of desorbed hydrogen, while 2.7 % of hydrogen can be desorbed up to 350 °C in a
reversible way.

The temperature desorption presenting a faster Kinetic is about 350 °C.

X-rays performed on the raw and cycled material (in the range 300-350°C) showed that
Mg,Ni and Mg contained in the raw material is transformed into Mg,NiH, and MgH, after
hydrogenation. Both phases revert reversibly at 350°C, only partially in Mg,Ni and Mg.

For practical application it has been verified that the alloy is able to deliver, at 350 °C,
during the hydrogen discharge a flow rate of 7.5 NmLmin™, assuring by a fuel cell having
an efficiency # equal to 0.5, a power of around 310 W per kg of hydride, for about 2 hours.
Good results have been obtained, comparing them with those found in literature and

considering a maximum temperature of 350 °C as reference.
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Table

Table 1 Atomic composition of master and final alloy from EDS analyses

Master alloy Re-melted alloy
composition composition
Element Atom % Atom %

Mg 84.2 67.9

Si 0.1 0.3

Fe 0.3 0.8

N1 14.1 258

La 0.5 2.2

Ce 0.8 3.0

Total 100.0 100.0
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