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Abstract

Powder samples of three binary Mg-Ni alloys and one ternary Mg-Ni-Mm alloy were elec-
trochemically hydrided and subjected to the temperature-programmed desorption technique.
The powders were prepared by mechanical grinding of appropriate as-cast alloy ingots. The
alloy samples were hydrided in a 6 M KOH solution at 80°C for 240 min and at 20 mA g~ *.
The structures of the alloys were studied using optical microscopy. The phase compositions
of the samples were determined by X-ray diffraction. The formation of MgH, and Mg(OH).
was observed after hydriding in all of the investigated alloys. It was found that the concen-
tration of absorbed hydrogen depends on the eutectic fraction in the structure and on the
hydroxide-formation resistance. In contrast, the decomposition temperature of MgH, likely
depends on the amounts of both alloying elements and magnesium hydroxide. Compared to
pure commercial MgHs, the decomposition temperatures of MgHs in the investigated alloys

345

were reduced by more than 200°C.
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1. Introduction

The earliest interest in the hydrogen economy, i.e.,
the utilisation of hydrogen as a universal energy car-
rier, can be traced to the oil crisis of the 1970s. Some
decades later, the idea of a hydrogen economy is still
alive; moreover, the interest in hydrogen has been in-
creasing in recent years. In fact, a hydrogen economy
may hold the answers to questions such as climate
change and fossil-fuel dependence. However, until safe,
simple and cost-efficient methods of hydrogen storage
are developed, the hydrogen economy cannot evolve.

Recently, the most widely employed methods of
storing hydrogen involve compressed and liquefied hy-
drogen in appropriate containers. However, the disad-
vantages of these methods are the low energy density
of the stored hydrogen and the high consumption of
energy during compression or liquefaction [1]. Since
LaNis- and FeTi-based hydrides were discovered and
started to be used at the commercial level [2, 3], the

storage of hydrogen in metal hydrides has attracted
considerable attention. Especially hydrides based on
magnesium, which is able to absorb approximately five
times higher amount of hydrogen than LaNis [4], are
prospective materials to become ideal storage materi-
als. The main advantages of magnesium are its low
density, non-toxicity, availability and ability to ab-
sorb a large amount of hydrogen (7.6 wt.% in stoi-
chiometric MgHs). Unfortunately, disadvantages, such
as the high thermodynamic stability of MgH, and the
slow kinetics of magnesium hydrogenation, inhibit the
practical usage of magnesium.

Various efforts have been made to destabilise
the MgHs phase, which would improve its hydrid-
ing/dehydriding behaviour. These strategies include
i) the addition of transition metals (Ni, Cu, Co, Mn,
Zn) and rare earths to form complex hydrides, such
as MgoNiHy, MgoCoHs, MgsMnH7, MgoRENiH7,
MgZnHs [5-9]. These complex hydrides usually de-
compose at lower temperatures than the MgH, phase,
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but they achieve lower gravimetric concentrations of
hydrogen. Another strategy to enhance the hydrid-
ing performance of magnesium is ii) the application
of catalysts, e.g., transition metals [10], metal oxides
[11, 12], halides [13], or carbon [14]. The last approach
consists of iii) the preparation of nanocrystalline or
amorphous structures, which are obtained, in most
cases, by ball milling or rapid solidification [15-17].
Ball milling during hydriding breaks down the natur-
ally formed hydride layer that decreases the further
diffusion of hydrogen. Moreover, both ball milling and
rapid solidification lead to a fine structure of Mg with
a number of lattice defects, grain boundaries and in-
terfaces, which are beneficial for the thermodynamics
and kinetics of the hydriding/dehydriding process [18].

For the preparation of metallic hydrides, we can
use either a gas hydriding or an electrochemical hy-
driding process. Electrochemical hydriding is benefi-
cial because it generates atomic hydrogen, which can
easily penetrate the structure and form hydrides. An-
other benefit is its mild hydriding conditions. There-
fore, electrochemical hydriding has been used many
times by scientists to test new materials for secondary
batteries with high energy capacities [19]. In partic-
ular, Mg-based alloys are widely studied in this way
[16, 20—22]; the hydrogen capacities of these materials
in mAh g~! can be found in the literature. These val-
ues can be converted to capacities in units of wt.%
hydrogen. However, the true concentrations of hy-
drogen in electrochemically hydrided Mg-based alloys
may be significantly higher because room temperat-
ure, at which electrochemical discharging is often per-
formed, is not sufficient to release all the fixed hydro-
gen in hydrides. For example, a hydrided Mg,Ni alloy
that was prepared via hydriding combustion synthesis
(HCS) has demonstrated an approximate capacity of
3.5 wt.% hydrogen [6]. However, the same alloy, when
treated under similar conditions (HCS), showed a dis-
charged capacity of only 39 mAhg—!, which corres-
ponds to 0.15 wt.% hydrogen [23]. Nonetheless, to the
best of our knowledge, only a few papers have been
devoted to the measurement of the true concentra-
tions of hydrogen in electrochemically hydrided alloys
[24].

Therefore, in our previous paper, we evaluated
the actual surface hydrogen concentrations of bulk
Mg-based alloys after electrochemical hydriding [25].
Because nickel and mischmetal are known to positi-
vely affect hydrogen absorption, we subjected
Mg-Ni-Mm alloys to electrochemical hydriding in this
study. Both the amount of absorbed hydrogen and
the temperature of hydrogen desorption for hydrided
alloys were determined. It will be shown that the
achieved hydrogen concentrations approach those of
commercial transition-metal-based hydrides and that
the hydrogen-evolution temperatures are significantly
lower compared to that of pure MgHs.

Table 1. Chemical compositions of the investigated al-
loys

Element (wt.%)

Alloy designation

MgNil5 148 - - - - -
MgNi26 264 - - - - -
MgNi34 342 - - - - -
MgNi26Mm12 258 60 3.0 21 06 117

2. Experiment

Powders of three binary Mg-Ni alloys and one tern-
ary Mg-Ni-Mm alloy (Mm denotes mischmetal con-
taining 45 % Ce, 38 % La, 12 % Nd, and 4 % Pr), of
which the compositional details are given in Table 1,
were subjected to electrochemical hydriding. Powders
with particles 40-130 um in size were prepared by the
mechanical machining of ingots of the appropriate as-
-cast alloys. The alloy ingots were prepared by the
induction melting of pure Mg, Ni and Mm (99.9 %
purity) under a protective atmosphere of argon.

Prior to electrochemical hydriding, the alloy pow-
ders were uniaxially cold pressed into pellets at
750 MPa. Each pellet weighed 0.5g and had a dia-
meter of 16 mm and a length of 2mm. The pellets
were electrochemically hydrided in a 6 M KOH solu-
tion at 80°C for 240 min using a galvanostatic method
with a current density of 20 mA g~ 1.

The structures of the as-cast alloys were observed
by light microscopy (LM), scanning electron micro-
scopy (SEM, TESCAN Vega 3) and energy-dispersive
spectrometry (EDS, OXFORD INSTRUMENT Inca
350). The phase compositions of the alloys both be-
fore and after hydriding were determined by X-ray
diffraction (XRD, X Pert Pro, CuKa radiation).

Both the hydrogen concentrations in the hydrided
samples and the temperatures of hydrogen evolution
were determined via the temperature-programmed de-
sorption technique (TPD, MICROMETRICS Auto-
Chem IT 2920). In addition to the hydrided samples,
we also investigated the behaviour of pure MgH,
powder (20 um, 98 %, HiChem) under the same condi-
tions. Each sample was pretreated in Ar gas at 273 K
before hydrogen desorption. The desorption analysis
was carried out in a reactor by heating under pro-
grammed temperature control from the ambient tem-
perature to 673 K at a heating rate of 4 K min~! us-
ing argon (50 mlmin—!). The gas stream leaving the
reactor was passed through a water-vapour trap at
210K, and the evolution of the hydrogen was detec-
ted using a thermal conductivity detector. At the end
of each experiment, the reactor that contained the ex-
amined sample was cooled down to reach the baseline,
and calibration of the system was performed.
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Fig. 1. Microstructures of the investigated alloys (light microscope): (a) MgNil5, (b) MgNi26, (c) MgNi34,
(d) MgNi26Mm12.

3. Results and discussion
3.1. Structures of alloys

Light micrographs of the as-cast alloys are presen-
ted in Fig. 1. The structures of the binary Mg-Ni alloys
(Fig. 1a—c) correspond to those of a typical eutectic
system. The MgNil5 alloy is hypoeutectic (Fig. 1a)
and consists of a-Mg dendrites (light) and o-Mg +
Mg, Ni eutectic (dark). Because the eutectic point of
the Mg-Ni alloys corresponds to 23.5wt.% Ni, the
binary MgNi26 and MgNi34 alloys are hypereutectic.
However, the structures of these two hypereutectic al-
loys (Fig. 1b,c) are very different. While the struc-
ture of the MgNi26 alloy (Fig. 1b) is dominated by a
very fine a-Mg + Mg, Ni eutectic mixture and by very
small white grains of the primary MgoNi phase, the
structure of the MgNi34 alloy (Fig. 1c) is formed by
the a-Mg 4+ MgoNi eutectic mixture (dark) and large
sharp-edged polyhedral MgoNi crystals (light). The
ternary MgNi26Mm12 alloy (Fig. 1d) exhibits a hyper-
eutectic structure. XRD and EDS analyses revealed
the presence of the primary MgyNi phase (light) and
a ternary a-Mg + MgoNi + Mg;osMm eutectic mix-
ture (dark). As stated in the previous section, Mm
denotes a mixture of La, Ce, Nd, and Pr; therefore,
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Fig. 2. XRD patterns of the (a) MgNil5, (b) MgNi26, (c)
MgNi34 and (d) MgNi26Mm12 alloys after electrochemical
hydriding at 80°C for 240 min.

the MgioMm phase consists of a solid solution of iso-
structural Mg;,La and Mg;5Ce, Mg12Nd, and MgyoPr
(space group I4/mmm) phases [26].

3.2. Phase composition after hydriding
Figure 2 shows the results of XRD analyses of

the hydrided alloys. These results indicate that only
two new phases — MgHy and Mg(OH)s — appeared
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Table 2. XRD area ratios of MgH2 /Mg(OH)2 for the investigated alloys after hydriding

Alloy MgNil5

MgNi26 MgNi34 MgNi26Mm12

Area ratio of MgH,/Mg(OH)2 peaks 0.37

1.12 0.26 0.81

in all of the investigated alloys after electrochem-
ical hydriding. No more complex hydrides, such as
MgsNiHy or mischmetal containing hydride, were de-
tected; however, these hydrides are often mentioned
in studies that have utilised gas hydriding at high
temperatures and pressures [8, 17, 27]. The difference
could be attributed to an insufficient energy input
for the phase transformation, as electrochemical hy-
driding operates under mild conditions. For example,
there is a large energy barrier for the transformation
of MgoNiHg 3 (hydrogen solid solution in the MgoNi
phase) to MgyNiHy, which is caused by the significant
differences in the lattice parameters. The MgoNiHg 3
phase is characterised by the P6522 space group with
lattice parameters ¢ = 0.524nm and ¢ = 1.333 nm
[28], whereas the low-temperature hydride is of the
C2/c space group with parameters a = 1.434nm, b
= 0.640nm and ¢ = 0.648 nm [29]. Alternatively, the
MgH, hydride is of the P42/mnm space group with
lattice parameters ¢ = 0.452nm and ¢ = 0.302 nm
[28]. By comparing these parameters to those of a-Mg
(P63/mmc space group with parameters ¢ = 0.324 nm
and ¢ = 0.526 nm [28]), it can be assumed that the
transformation to MgHs (reaction 1) proceeds more
readily and quickly than the transformation from the
Mgy NiHj 3 phase to the MgoNiH, hydride [7, 28].

Mg + 2H — MgH,. (1)

Magnesium hydroxide is present on the surface be-
cause it grows as a result of the reaction of magnesium
or magnesium hydride with water, according to reac-
tions (2) or (3), respectively:

Mg + 2H,0 — Mg(OH); + Ha, (2)
MgHs + 2H,0 — Mg(OH); + 2Hs,. (3)

Based on the results of the XRD analyses of the
alloys after hydriding, we can determine the differ-
ences in volume of the MgH; and Mg(OH);, fractions
between the investigated alloys. These differences may
serve as a guide to suggest the mechanism of the
electrochemical hydriding. For this purpose, we de-
termined the area ratio of MgHy/Mg(OH)s for the
characteristic peaks of MgHy at 260 = 27.9° and of
Mg(OH), at 260 = 18.5° for all of the investigated al-
loys (Table 2).

Because XRD analysis provides composition in-
formation to a maximum depth of 20 pm, we can com-

pare the tendencies of the alloys to form Mg(OH),
on their surfaces. Based on data given in Table 2,
there are thicker layers of hydroxide on the surface in
the cases of the MgNil5 and MgNi34 alloys. In con-
trast, the MgNi26 and MgNi26Mm12 alloys exhibit
some resistance to hydroxide formation. It can be as-
sumed that the presence of large primary a-Mg or
MgyNi grains in the microstructure (Fig. la,c) pro-
motes Mg(OH)y formation. In the opposite manner,
fine eutectic structure and the presence of rare-earth
metals (mischmetal) likely reduces hydroxide forma-
tion. Rare-earth metals exhibit electrochemical stand-
ard potentials that are similar to that of magnesium.
Therefore, it seems reasonable to conclude that the ad-
dition of Mm reduces the driving force of galvanic cor-
rosion, thus reducing the thickness of the magnesium-
hydroxide surface layer.

3.3. Hydrogen evolution

The hydrogen evolution upon heating was mon-
itored using the temperature-programmed desorption
technique (TPD). The results from the TPD analyses
of the hydrided alloys are shown in Fig. 3.

Because the XRD analysis detects only the mag-
nesium hydride in these samples, we also subjected
pure commercial MgHs powder to TPD analysis for
comparison. The result of the TPD analysis of the
pure MgHs powder is shown in Fig. 4.

From the hydrogen peaks of desorption that were
obtained by the TPD analyses (Fig. 3), the temper-
atures of the start, maximum and end of the hydro-
gen evolution can be determined for each alloy. These
temperatures, including the results for the pure MgH,
powder, are given in Table 3.

The lowest temperature of the onset of hydrogen
evolution is observed for the MgNi34 alloy (Fig. 3c).
This observation might be attributed to the positive
effect of nickel, which destabilises MgHy [25]. There-
fore, nickel decreases the temperature of hydrogen de-
sorption. However, this hypothesis fails in the cases
of the MgNil5 and MgNi26 alloys. The MgNi26 alloy
contains more nickel than the MgNil5 alloy, but the
hydrogen evolution of this alloy (Fig. 3b) is observed
at a higher temperature than that of the MgNilb alloy
(Fig. 3a). The onset-temperature difference between
the MgNil5 and MgNi26 alloys is approximately 70°C
(Table 3). In this case, another factor than simple
nickel content must play a significant role. Some pa-
pers indicate that the presence of Mg(OH)s or MgO
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Table 3. Temperatures of the start, maximum and end of each hydrogen peak obtained by the TPD analyses of the
hydrided alloys and pure MgHs powder

Temperature (°C)

Sample
Start of hydrogen peak Maximum of hydrogen peak End of hydrogen peak
MgNil5 148 211 298
MgNi26 216 278 318
MgNi34 125 230 297
MgNi26Mm12 183 257 349
MgH> 376 414 463
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Fig. 3. The results of the TPD analysis of the hydrided (a)
MgNil5, (b) MgNi26, (c) MgNi34 and (d) MgNi26Mm12
alloys.

on the surface of MgH; may serve as a catalyst for
MgH, dissociation [30, 31], and as a result, the be-
ginning of hydrogen evolution can be observed below
150°C. Indeed, in the cases of the MgNil5 and MgNi34
alloys, the Hs evolution emerges at 148 and 125°C,
respectively (Table 3). These two alloys exhibit high
fractions of Mg(OH), after electrochemical hydriding
(Table 2), and therefore, a synergistic effect of Ni and

Temperature (°C)

Fig. 4. The results of the TPD analysis of commercial
MgH> powder.

Mg(OH), most likely decreases the onset temperature
of the decomposition of MgHs by more than 200°C
compared to pure MgHs(Table 3). The temperature
of hydrogen evolution for the MgNi26Mm12 alloy is
not as low as that for MgNi34, but it is lower than
that of the MgNi26 alloy by approximately 30°C. Most
likely, large atoms of the rare-earth metals contained
in the mischmetal deform the MgH, crystal lattice,
thus weakening the Mg-H bonds and lowering the tem-
perature of hydrogen evolution.

In terms of the MgH, destabilisation, we should
also mention the fine eutectic mixture that is present
in all of the investigated alloys (Fig. 1). The eutectic
mixture contains a large number of interfaces, which
may result in the formation of extra-fine magnesium
hydride and in a reduction of its decomposition tem-
perature compared to pure MgH,. Indeed, structural
refinement has been well known to reduce the decom-
position temperatures of hydrides [18].

3.4. Hydrogen concentrations
The amount of absorbed hydrogen was obtained

by integration of the hydrogen-peak area (Fig. 3).
The total hydrogen concentrations achieved after the



350 V. Knotek et al. / Kovove Mater. 52 2014 345-351

Table 4. Hydrogen concentrations in the alloys after hydriding at 80°C for 240 min

Alloy MgNils

MgNi26

MgNi34 MgNi26Mm12

Hydrogen concentration (wt.%) 0.65

1.24 1.02 1.06

electrochemical hydriding of the powdered alloys are
summarised in Table 4. The maximum amount of ab-
sorbed hydrogen (approx. 1.3 wt.%) is observed for the
MgNi26 alloy. The structure of the MgNi26 alloy is
characterised by the fine eutectic mixture (Fig. 1b).
The remaining binary alloys, namely, the MgNil5 and
the MgNi34 alloys, achieved approximately 0.7 and
1.0 wt.% hydrogen, respectively. It seems that a higher
fraction of eutectic present in the structure leads to
the absorption of a greater amount of hydrogen. It
was mentioned previously in this paper that a fine eu-
tectic structure contains a large number of interfaces,
which facilitate hydrogen diffusion. The large crystals
of primary Mg and MgsNi present in the MgNil5 and
MgNi34 alloys, respectively, likely lowered the amount
of absorbed hydrogen by forming thick layers of hy-
droxide (see Table 2). It is obvious that a layer of hy-
droxide on the surface significantly decreases the diffu-
sion of hydrogen into the material. The MgNi26 Mm12
alloy absorbed nearly the same amount of hydrogen
as the MgNi34 alloy (see Table 4). However, taking
into account the fact that the MgNi26Mm12 alloy con-
tains a low quantity of the a-Mg phase that is suit-
able for MgH, formation, the ternary alloy seems to be
more effective in terms of hydrogen absorption com-
pared to the MgNi34 alloy. It can be assumed that
the presence of Mm in the eutectic (Fig. 1d) promotes
hydrogen absorption by stabilising the H atoms (to-
gether with nickel) [25] and by reducing magnesium-
-hydroxide formation (Table 2).

4. Conclusions

The dehydriding process of three Mg-Ni (hypo-
eutectic, eutectic, hypereutectic) alloys and one hy-
pereutectic Mg-Ni-Mm alloy was studied via the TPD
technique after electrochemical hydriding. The total
amount of absorbed hydrogen was studied simultan-
eously. All samples of the hydrided alloys were in the
powdered state. In the case of the Mg-Ni alloys, it
was found that the amount of eutectic mixture in the
structure directly influenced both the amount of ab-
sorbed hydrogen and the amount of magnesium hy-
droxide on the surface.

The highest content of hydrogen, nearly 1.3 wt.%,
was achieved in the MgNi26 alloy, which can likely be
attributed to its eutectic structure and its resistance to
hydroxide formation. The hydrogen content achieved
by the MgNi26 alloy is very similar to that of com-

mercially used hydrides that are based on LaNis or
FeTi alloys. However, these alloys must be treated by
long-term ball milling and high pressures of hydrogen
before achieving their maximum hydrogen capacity of
approximately 1.5 wt.% hydrogen [32]. In contrast, in
this work, only moderate hydriding conditions with no
prior ball milling were adopted.

The lowest temperature necessary for the begin-
ning of MgHs decomposition was obtained for the
MgNi34 alloy (125°C). This temperature is lower than
that of the decomposition of pure MgHs by approx-
imately 250°C. This significant reduction in temper-
ature was most likely caused by the synergistic effect
of nickel and magnesium hydroxide. The presence of
mischmetal in the ternary MgNi26Mm12 alloy also de-
creased the temperature of MgHs decomposition com-
pared to the MgNi26 alloy. However, mischmetal was
not able to increase the amount of hydrogen absorbed
during electrochemical hydriding.
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