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Mg:Ni is a well-known hydrogen storage alloy. Most of the preparative methods for this alloy require
high temperature processing of pure magnesium and nickel. The proposed method, studied in this
work, involves the production of Mg,Ni alloy directly from NiO and MgCl; in an electrochemical cell.
This method can eliminate the difficulties that may arise, during handling due to the reactive nature of
metallic components, especially Mg. XRD patterns of reduced samples indicated the partial formation
of Mg;Ni. Experimental results also showed that sintering of NiO, which resulted in the decrease of
porosities, adversely affects the formation of Mg-Ni intermetallic compounds. Such an observation
was thought to be the result of higher molar volume of Mg,Ni as compared to that of NiO.
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1. INTRODUCTION

Fossil fuels are widely used, throughout the world, due to their definite advantages over non-
conventional energy sources. However, they are not renewable and their usage cause critical
environmental problems. Hydrogen, on the other hand, is known as a clean, renewable energy source
and instead of fossil fuels; its use for energy production purposes will clearly be environmentally
friendly. However, there exist problems that hinder widespread use of hydrogen for energy production.
One of these problems is associated with the large-scale storage of hydrogen [1]. Primarily, hydrogen
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can be stored in three different ways, (i) as pressurized gas, (ii) as a cryogenic liquid, and (iii) as a
solid fuel by chemical or physical combination of different materials [1]. Main drawback for storing
hydrogen in the form of a pressurized gas is its relatively low energy density. In order to obtain
comparable amount of energy with the fossil fuels, pressurized heavy cylinders are required. This is
critical in terms of safety and not desired especially in highly populated regions. In storing hydrogen as
a cryogenic liquid, the main drawbacks are the high energy requirement for liquefaction and the
continuous boil-off of hydrogen. As compared to these two options, storage of hydrogen as a solid fuel
offers certain advantages in terms of overall safety and high storage density [1, 3].

Intermetallic compounds (of AB type) can store hydrogen as a solid fuel. Element A is
generally a rare earth element or an alkaline earth metal which can form stable hydride(s) and element
B, is generally a transition metal that can only form unstable hydrides [2]. Ni is generally used as an
element B due to its excellent catalytic properties for hydrogen dissociation [2]. Therefore, properties
of stable hydride forming materials can be modified by forming intermetallic compounds; for example,
reversibility is increased by the addition of element B.

Recently, Mg-Ni systems have been attracting the attention of materials scientists due to their
potential hydrogen storage capacity. Mg,Ni was found to be low cost, lightweight, low toxic and a
reversible hydrogen storage material with high hydrogen storage capacity. It also offers relatively
faster absorption/desorption kinetics, especially when used in the nanostructured form [1, 4-14]. Its
hydrogen storage capacity is around 3.4 to 3.6 wt.% [1, 4, 5]. Earlier attempts to produce Mg,Ni
involved application of conventional melting. However due to large differences between melting
points and vapor pressures of Mg and Ni, this approach was found to be difficult [15]. Some of the
other preparatory methods include (i) mechanical alloying [12, 16-18], (ii) vacuum induction melting
[19, 20], (iii) vacuum arc melting [21], (iv) combustion synthesis [22], (v) melt-spinning [23], (vi)
repetitive rolling [24] and (vii) isothermal evaporation casting [25]. All of these processes require pure
metals (Mg and Ni) which again pose the difficulty of protecting the reactive magnesium from
oxidation during handling and processing. In order to overcome this difficulty, an alternative approach
has been proposed in another study [26]. Electrodeoxidation of MgO-NiO mixtures yielded partial
formation of MgNi, without Mg,Ni [26]. In the mentioned study, partial formation of MgNi, was
attributed to the incomplete reduction of MgO.

Molten salt electrolysis of MgCl; is one of the two commonly used industrial processes for the
production of elemental magnesium [27]. Therefore, combination of MgCIl, electrolysis and
electrodeoxidation of NiO within the same cell to form the desired Mg-Ni intermetallics was
investigated in this study. The electrochemical reduction of NiO particles in MgCl, containing molten
salt solutions was followed by electrolysis of MgCl,, which aimed in-situ formation of Mg-Ni
intermetallics. The experimental conditions were adjusted to favor the formation of the desired Mg,Ni
phase.

2. EXPERIMENTAL

The schematic representation of the experiment setup can be seen in Fig. 1. 0.8 g NiO powder
(Sigma Aldrich) was mixed with a binder (PVA, 2% wt.) and die-pressed under 1.5 tons of load. PVA
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was evaporated by holding the cylindrical pellets at 600°C for 2 hours. In some of the experiments, the
pellets were directly used after this step without sintering, while in some others, they were sintered at
1200°C for 6 hours. Sintered pellets had a diameter of about 1.56 cm and thickness of about 0.12 cm.
In some of the experiments employing sintered pellets, ammonium bicarbonate was added to NiO
powder to increase the porosity. The percentages of porosities were calculated by Archimedes method
before each experiment. Xylene was used as the wetting agent and NiO pellets were held in xylene for
48 hours.

The stoichiometric calculations showed that 2.04 grams of MgCl, was required to completely
convert 0.8 grams of NiO to Mg,Ni. Four times the stoichiometric amount of MgCl, was used in the
present study. 8.16 grams of anhydrous MgCl, (Alfa Aesar, Cas: 7786-30-3) was mixed with 46.58
grams of anhydrous CaCl, (Merck, K36611478 641) and 24.55 grams of NaCl (Sigma Aldrich, Cas:
7647-14-5) to form the electrolyte.

A graphite rod (Alfa Aesar A10134) was used as the anode material. A stainless steel spoon
which was welded to a Kanthal wire formed the cathode assembly together with the NiO pellet. The
experiments were performed just below the melting point of Mg, 645°C (Tm = 650°C), to avoid
possible coalescence of fine magnesium droplets which could hinder the progress of intermetallic
formation reaction(s).

A: Ar Inlet

B: Gas Outlet

C: Kanthal Anode Connection
D: Kanthal Cathode Connection
E: Teflon Lid

F: O-Rings

G: Stainless Steel Plate

H: Quartz Insulation

I: Alumina Insulation

J: Graphite Anode

K: NiO Pellet

L: Molten Salt Electrolyte

M: Alumina Crucible

N: Quartz Tube

Figure 1. Schematic representation of the cell assembly.
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The electrodes were immersed into the electrolyte when system was homogenized at 645°C and
the experiments were initiated by the application of desired potentials between the electrodes. Table 1
shows the possible reactions which could take place in the present system together with their standard
Gibbs energy changes and the corresponding potentials at 645°C:

Table 1. The possible cell reactions with their standard Gibbs Energy changes and the corresponding
potentials at 645°C [28-29].

Reaction AG°(J) E°(V) No
NiO (s)+ C (s) = Ni + CO (g) -37100.2 019 (1)
MgCl, = Mg + Cl, (g) 4919224 255  (2)
MgCl, + 2Ni = MgNi, + Cl, (g) 441108 229  (3)
MgCl, +(1/2) Ni = (U2)Mg,Ni + Cl,(g) 469039  -2.43  (4)
3MgCl, + MgNi, = 2Mg,Ni + 3Cl, 1435048  -248  (5)

The potentials required for reactions (2), (3), (4) and (5) further shifts by -150 mV when the
activity of MgCl, in MgCl; (10.29 wt.%)-CaCl, (58.75 wt.% )-NaCl (30.96 wt.%) electrolyte is also
considered [30]. Fig. 2 shows the variations of reversible cell voltages of the given reactions as a
function of temperature.

It can be seen in Fig. 2 that reaction (1) is more favorable than the others. Therefore, NiO can
be reduced, without invoking MgCl, electrolysis, at a potential less than that is required for reaction
(3). In addition, following the NiO reduction, the cell potential could be re-adjusted to yield the desired
product(s). From the examination of Fig. 2, it can be seen that formations of both MgNi, and Mg.Ni,
according to reactions (3), (4) and (5), require less potentials than MgCl; electrolysis, reaction (2).
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Figure 2. The reversible cell voltage vs. temperature graphs of reactions (1), (2), (3), (4) and (5).
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Three different procedures were followed during the application of the cell potential sequences:

1. A three-step procedure included the application of 2.2 V cell potential for 3 hours which was
followed by 2.6 V for 16 hours and then 2.7 V for 29 hours.

2. A two-step procedure included the application of 2.4 V cell potential for 3 hours and then 2.7
V for 21 hours.

3. Again a two-step procedure included the application of 2.4 V cell potential for 3 hours and
then 2.7 V for 45 hours.

These procedures were selected to successively promote reactions (see Table 1) (1), (3), (5)
and/or (4) for procedure 1; and (1), (3), (5) and/or (4) for procedures 2 and 3. The sample preparation
information, percent porosities of samples and procedure number indicating the potential sequences for
each experiment are given in Table 2. The total durations of test, in hours, are given in the last column
of the table inside the parenthesis.

Table 2. The sample preparation information, percent porosity and procedure numbers

Sample Preparation ~ Percent Porosity ~ Procedure No (durations, h)

1 Non-sintered ~43 1 (48)
2 Non-sintered ~43 2 (24)
3 Sintered ~40 3 (48)
4 Sintered =51 3 (48)

After the experiments, the products were washed with water (30%), ethanol (35%) and
methanol (35%) mixture in an ultrasonic mixer. They were collected by filtration, dried in air and then
subjected to characterization by x-ray diffraction (Rigaku DMAX 2200 X-Ray Diffractometer).
Quantitative analyses of the products were performed by Rigaku software (version 4.2) from X-ray
diffractograms. Results of these analyses were verified by mass balance calculations of the raw
materials and reaction products.

3. RESULTS AND DISCUSSION

Fig. 3 shows the current-time data recorded during experiments 1, 3 and 4. Sharp increases in
applied current at the 3" and the 18" hours for procedure number 1 correspond to the points where
potential was increased from 2.2 to 2.6 V and from 2.6 to 2.7 V, respectively for experiment 1.
Similarly the jump in applied current recorded at the 3™ hour for procedure number 3 corresponds to
the instance where cell potential was increased from 2.4 to 2.7 V for experiments 3 and 4.
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Figure 3. Current-time graph obtained during experiments employing cell potential sequences 1 and 3.
Experiment numbers 1, 3 and 4 are given at right for each trace.

Initially applied 2.2 V in experiment 1 allows electrodeoxidation of NiO only, among the
reactions given in Table 1. After 3 hours of experiment duration, current levels dropped around 0.05 A
which shows that NiO reduction to Ni was almost halted within the first 3 hours. At the 3™ hour, cell
potential was increased to 2.6 V which only allows NiO electrodeoxidation and MgNi, formation
according to reaction (3) considering potential losses due to resistances and overpotentials. The current
values dropped to very low levels again at around the 18" hour (below 0.02 A). Therefore potential
was increased to 2.7 V which only avoids molten salt electrolysis of MgCl, among the reactions given
in Table 1. As it can be seen in Fig. 3, current values again dropped to very low levels (below 0.02 A)
at the end of experiment 1 indicating no appreciable progress of the reaction(s).

Similar variations of applied current with time can be seen for experiments 3 and 4 in Fig. 3.
After about 26 hours of experiment duration, current values dropped to extremely low values (below
0.009 A) in experiment 3. Although the applied potential of 2.7 V seemed to be high enough for
reactions (3), (4) and (5) to proceed, current values dropped to extremely low levels and no appreciable
progress of reactions was observed.

When traces of experiments 3 and 4 are examined, it can be seen that after the first three hours,
current values dropped to very low values (around 0.05 A). After the potential increase, the current
values increased to similar levels in both experiments at first, however, current drop was faster in
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experiment 3 than 4. This shows that introduction of pores had a positive effect in the progress of
reactions (3), (4) and (5). This observation will be discussed below together with the x-ray diffraction
patterns and quantitative analyses results.

The results of quantitative analyses of products obtained by the Rigaku software are given in
Table 3. The “*” given in Table 3 indicates the quantities that were below the detection limit. The
analyses of experimental data and characterization of products showed partial formation of Mg-Ni
intermetallic phases by the present proposed procedure. These results were used to discuss the effects
of duration, porosity and sintering on the formations of Mg-Ni intermetallics.

Table 3. Quantitative phase analysis performed by the Rigaku software.

Exp.No %Ni %NiO % MgO %MgNi % MgNi, % Mg(OH),

3.1. Effect of Duration

Two durations, 24 and 48 hours were used in this study. Figures 4 and 5 show the typical x-ray
diffraction patterns of the reduced samples, obtained from experiments 1 and 2 respectively. The peaks
for Ni, NiO, MgO, MgNi,, Mg;Ni and Mg(OH), were identified in these figures. It should be noted
that some of the small peaks in x-ray diffraction patterns do not belong to Mg and/or Ni containing
phases. Several hydrous calcium chloride phases could form in the given experimental conditions.
These peaks were left unidentified to prevent confusion. Furthermore, they do not affect the
distribution of percentages of Mg and/or Ni containing phases.

The presence of Mg,Ni was observed in experiment 1 without (or with very little) MgNi,. On
the other hand, only MgNi, was observed in experiment 2. This shows that MgNi, could be converted
to Mg,Ni in the presence of excess MgCl, according to reaction (5), when the duration was long.
There may also be the possibility of a sluggish kinetics of reaction (5) which can be deduced from the
absence of Mg,Ni in experiment 2.
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Figure 4. X-ray diffraction result of the sample obtained after experiment 1.
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Figure 5. X-ray diffraction result of the sample obtained after experiment 2.

The presence of MgO in the reduced samples was considered to be mainly due to the
hygroscopic nature of MgCl,. Any moisture left in the cell feed could lead to formation of MgOHCI
[31] upon heating. Further heating causes this compound to spontaneously decompose to MgO and
HCI [28] according to reaction (6). Once it is formed, MgO is expected to move to the cathode and
stay there, when the electrophoresis effect and the density of MgO are considered [32, 33].
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MgOHCI (s) = MgO (s) + HCI (g), AG® = -9558.3 J at 647°C [28] (6)

The presence of Mg(OH), was explained with reference to the spontaneous reactions of Mg-Ni
intermetallics with water [28, 29]. The extent of spontaneous reaction was reported to take place
slowly to convert all Mg-Ni intermetallics to Mg(OH), in 120 hours during washing treatment in water
[34]. Besides, it was found that Mg(OH), is more stable than MgO at room temperature, therefore
Mg(OH), was expected to remain as it is once formed [28]. Considering the amounts of Mg-Ni
intermetallics and Mg(OH), calculated by quantitative analysis of Rigaku software, it can be seen that
relatively longer experimental durations favor the formation of Mg,Ni phase.

The reduced sample was weighted approximately 1.4 grams following the drying in experiment
1. Stoichiometric calculations showed that initial Ni amount was 0.63 grams. However, the total Ni
amount in the reduced sample after experiment 1 was calculated as 0.57 grams from quantitative
analysis of Rigaku (version 4.2) considering all of the peaks of the diffraction. This adds to the
reliability of quantitative analysis software (Rigaku (version 4.2)). In spite of many interactions
between the pellet, the cathode connection and/or other parts of experimental setup, and losses that
may occur during collection from the cathode and/or during washing, over 90% of Ni appears in the
quantitative analysis.

3.2. Effect of Sintering and Porosity

Results of experiments 1, 3 and 4 given in Table 3 can be used to determine the effects of
sintering and porosity on the formation of Mg-Ni intermetallics. Figures 6 and 7 show the x-ray
diffraction patterns of samples, obtained after experiments 3 and 4 respectively.
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Figure 6. X-ray diffraction pattern of the sample obtained after experiment 3.
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Figure 7. X-ray diffraction pattern of the sample obtained after experiment 4.

Calculations suggested that at least 64.2 % open porosity was required to compensate the large
difference between the molar volumes of Mg-Ni intermetallics and NiO when all the NiO is converted
to MgNi. Insufficient porosity of NiO, in experiment 3, could be the reason for the absence of any
Mg-Ni intermetallic phase. Unlike experiment 3, 11% MgNi, was formed in 4 in which ammonium
bicarbonate (about 8%) was mixed to the NiO pellet to increase its porosity. However, as can be seen
in Table 3, increased porosity resulted in higher amounts of unreduced NiO. Therefore, when the
results of experiments 3 and 4 are compared, it can be concluded that increase in porosity increased
Mg-Ni intermetallic formation; nevertheless, it slowed down NiO electrodeoxidation because pores
were expected to slow down charge transfer [35, 36].

Unlike the sintered pellets, products of the non-sintered NiO pellets were found to be dispersed,
at the cathode. One of the possible reasons for higher Mg-Ni intermetallic formation in experiment 1,
could be the creation of space by the dispersed nickel, resulting in higher surface area for intermetallic
phase formation. During electrodeoxidation of NiO to Ni, shrinkage is expected which results in
decreased porosity as compared to its initial value. Moreover, as the atomic radius of Mg is larger than
that of Ni, even with higher porosities, it is difficult to produce Mg;Ni, when Mg starts diffusing to the
inner lattice of the Ni particles. Besides, crystal structures of Mg and Mg,Ni are hexagonal close
packed (HCP) and that of Ni is face centered cubic (FCC). Both diffusion, being a kinetically slower
process, and the requirement for the formation of a HCP crystal structure may impose limitations on
the extent of formation of Mg,Ni phase.

It is important to note that although experimental durations were very long, NiO peaks were
present in all the reduced samples (Figures 4, 5, 6 and 7). However, the electrochemical reduction of
NiO in the absence of MgCl, was reported to be completed in a similar setup at 800°C [26]. In the
present study, the presence of MgCl; in the electrolyte, limited the operating temperature and applied
potential during NiO reduction to avoid the electrolysis of MgCl,. Another point is that the formation
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of lower conducting MgO, throughout the experiments, might have slowed down the passage of
electrical charge.

The progress of an electrochemical process can easily be followed from the accumulative
electrical charge versus time graph because the amount of material reduced is proportional to the
accumulative charge that passes through the cell according to Faraday's law. Therefore experiments
can easily be compared with each other, when similar current efficiencies are assumed. The equations
for determining the amount of material reduced, W, and the accumulated charge, Q, during an
experiment are as follows:

_ Mnx )

" 100nF

Q= [, 1dt 8)

where M is the molecular weight of the reduced material, | is current in A, t is time in seconds,
X is percent current efficiency, n is the number of Faradays involved and F is the Faraday constant (96
500 Coulomb/gram-equivalent).

Calculations showed that at least 2067 C of accumulated charge was required to pass through
the cell to fully reduce 0.8 g NiO to Ni. Additional (at least) 6784 C of accumulated charge was
required for complete reaction of Ni with MgCl, to yield Mg,Ni. Fig. 8 shows the total charge passed
versus time graphs of experiments 3 and 4.
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Figure 8. Total Charge passed versus time graphs of experiments 3 and 4.

From Fig. 8, it can be seen that the total charge passed during experiment 4 at the end of 48
hours was higher than experiment 3. In fact, the obvious difference between experiment 3 and 4 began
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after about 19™ hour, when reactions (3), (4) and (5) were expected to proceed in both cases. The
slightly higher accumulated charge passed in the initial period and lower NiO concentration of the
product for experiment 3 suggests faster NiO electrodeoxidation for this case, but it is clear that
progress of electrochemical reaction of experiment 3 slows down after the initial period. This may be
accounted to lower porosity of NiO pellet that could not provide the additional volume during
intermetallic formation.

Combination of MgCl; electrolysis and electrodeoxidation of NiO within the same cell to form
the desired Mg-Ni intermetallics was investigated in this paper. The electrochemical reduction of NiO
particles in MgCl, containing molten salt solutions was followed by electrolysis of MgCl,, which
aimed in-situ formation of Mg-Ni intermetallics. The authors believe that the difficulties arise during
handling, preparation and processing due to highly reactive nature of magnesium can be eliminated by
such a process. However, the process is not limited to Mg-Ni intermetallics and can be expanded to
include intermetallic compounds that can be produced by the combination of electrodeoxidation and
molten salt electrolysis technigues.

4. CONCLUSIONS

Partial formations of Mg,Ni and MgNi, intermetallics were achieved by combining
electrochemical reduction of NiO and molten salt electrolysis of MgCl..

Incomplete reduction of NiO was attributed to the limitations in operating temperature and
applied potential due to the presence of MgCl, in the electrolyte.

Sintering of NiO pellets affected Mg-Ni intermetallic formation negatively. In addition,
experiments with sintered pellets showed that increase in porosity had a positive effect on Mg-Ni
intermetallic formation. This is in keeping with the expectations because both Mg,Ni and MgNi, have
larger molar volumes when compared to NiO.

Increase in experiment duration had a positive effect on the formation of Mg;Ni. MgNi, was
found to be converted to Mg,Ni in the presence of excess MgCl,, especially at longer electrolysis
durations. Alternative procedures could be tested to enhance the formation of Mg2Ni.
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