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Abstract—The evolution of the phase contents and kinetic characteristics of hydrogen desorption processes
by composites based on the eutectic alloy Mg89Nill, including those with additives of graphene-like material
(GLM), obtained by reactive ball-milling in hydrogen, were studied using the in situ high-temperature X-ray
diffraction technique, volumetric measurements on a Sieverts setup, and approximation of the registered
kinetic curves by Avrami—Erofeev equation. It was shown that at the initial stage of desorption processes at
300—360°C and 0—1 atm. H,, the decomposition of the magnesium dihydride phase makes the main contri-
bution to the amount of hydrogen released from the composites. The addition of GLM has a positive effect
on the kinetics of hydrogen desorption processes, concurring with that of the heat-conducting phase
Mg,NiHq 3, which is also present in the composite. It was found that the apparent activation energy for the
hydrogen desorption by composites is within a range of 125—140 kJ/mol H,. The correlation of the obtained
values with the results of both experimental studies and quantum-chemical calculations obtained in the study

of other magnesium systems is discussed.
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THEORETICAL ANALYSIS

One of the most promising materials for reversible
hydrogen storage is magnesium due to the high hydro-
gen content in the dihydride MgH, (7.6 wt %), low
cost and environmental friendliness [1—3]. However,
the wide use of individual magnesium is hindered by
the high enthalpy of formation of the MgH, phase
(75 kJ/mole H,), poor thermal conductivity of MgH,
and low rate of hydrogen sorption-desorption in mag-
nesium, which is caused by the high energy barrier
(about 100 kJ/mole H,) of dissociation of H, mole-
cules on the metal surface and slow diffusion of
H atoms in the MgH, phase (at 300°C the diffusion
coefTicient is about 10~'8 m?/s) [4].

It has been commonly known that a significant
improvement of the hydrogen sorption properties of
magnesium materials can be achieved by forming
powder composites based on Mg, in which: (1) the
grains of hydride-forming phases in the composite
particles have submicro- and nanometer sizes [1], and
(2) the composite contains additives that catalyze the
dissociation of H, molecules on the surface of
hydride-forming phases and simultaneously provide
good heat exchange in powder composites [5]. It has

also been reported elsewhere that another promising
method for obtaining such a material for hydrogen
storage is to form a powder composite based on a
eutectic magnesium-nickel alloy (containing two
phases: Mg and Mg,Ni) with a highly dispersed
microstructure in a mixture with carbonaceous
graphene-like material (GLM) additives [5].

Various intermetallic compounds containing Ni,
such as LaNis; and also Mg,Ni have been widely
reported [6—8] to accelerate the reaction between the
Mg phase and hydrogen. This is due to the fact that
these intermetallics, which have catalytic centers on
the surface that promote the dissociation of H, mole-
cules, provide the H atoms transport across the inter-
face between the active phase of the intermetallic
compound and the magnesium phase. Carbonaceous
GLM due to its high specific surface area more than
600 m?/g and extended structure [5] enhances heat
transfer in the powder composite material.

In our previous study [9] it was shown that the
microstructural characteristics of composites based on
the eutectic alloy MggyNi;;, in particular, the grain
sizes of the Mg and Mg,Ni phases and their mutual
spatial arrangement in the composite particles, con-
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tribute to the improvement of their hydrogen sorption
characteristics. Using transmission electron micros-
copy and selected area electron diffraction techniques,
it was shown that these topological features of the
microstructure of the composites are preserved in the
processes of hydrogen sorption-desorption.

The aim of the present study, being a continuation
of [9], is to investigate in situ changes in the phase con-
tents of the hydrogenated composites based on
MggoNi;, during hydrogen desorption, as well as the
kinetics of these processes.

EXPERIMENTAL

The procedure for preparing hydrogenated com-
posites based on the eutectic Mg—Ni alloy with the
elemental composition MggyNi;; with the addition of
10 wt % graphene-like material has been described in
detail in our previous paper [9].

The prepared composite samples were subjected to
7 hydrogen desorption-absorption cycles, carried out
using a Sieverts laboratory setup. Hydrogen absorp-
tion was performed at 300°C and 10 atm H, for
30 min, desorption at 350°C and 1 atm H, for 30 min.
After completion of the desorption-absorption cycles,
the reactor with the sample was cooled to room tem-
perature for about 3 h at a hydrogen pressure in the
system of 10 atm.

The evolution of the phase contents of hydroge-
nated composites during hydrogen desorption at tem-
peratures of 300—350°C was studied by X-ray diffrac-
tion performed in situ on a Thermo Scientific ARL
X’TRA Bragg—Brentano CuK, powder diffractometer
equipped with a special high-temperature chamber. A
thin layer of powder sample was placed on a tungsten
substrate heated to the required temperature at a rate
of 300°C/min. The substrate temperature was addi-
tionally controlled by the position of the diffraction
peak (110) of tungsten, for which the coefficient of
thermal expansion is tabulated. The XRD
patterns were recorded in a vacuum of no worse than
3.1 x 10~* mbar, within the 20 range 19°—33° with a
step of 0.05°. The choice of the 26 range is due to the
fact that, taking into account XRD peaks shift due to
the thermal expansion, it simultaneously contains
intense peaks corresponding to all four phases,—Mg
(100), a-MgH, (110), Mg,Ni (Mg,NiH, ;) (100, 003,
101) and ht-Mg,NiH, (111),—and within this range
none of the peaks corresponding to different phases
overlap. The exposure time was 1 s that corresponds to
the recording time of one XRD pattern 2 min 49 s. The
time for positioning the detector in the initial position
was 5s. A set of 22 sequentially recorded XRD patterns
was analyzed, in which the first one was recorded at
room temperature, the second one started immedi-
ately after after the completion of the heating of the
substrate and the last one was also recorded at room
temperature after cooling the substrate.
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The XRD patterns of the composites are character-
ized by a high level of background and noise; in addi-
tion, due to the short detector positioning time and the
narrow recording interval in the in situ mode, their
full-profile approximation is not reasonable. There-
fore, the change in the content of each of the phases
was estimated by the change in the integral intensities
of the corresponding individual XRD peaks (or the
group of peaks for the phase of hydrogen solid solution
in Mg,Ni) which were determined using the CMPR
software package [10].

The kinetics of hydrogen desorption processes were
studied using a Sieverts laboratory setup in the tem-
perature range of 340—360°C and a hydrogen pressure
of 1 atm, as described elsewhere in details [1].

RESIULTS AND DISCUSSION

According to the data of XRD phase analysis car-
ried out at room temperature [9], the hydrogenated
composites predominantly contain two crystalline
phases: a.-MgH, (rutile structural type; space group
P4,/mnm, no. 136) and pseudo-high-temperature
hydride Mg,NiH, (pseudo-ht-Mg,NiH,) with a dis-
ordered cubic structure (space group Fm—3m,
Ne 225). A small amount of the phase of H solid solu-
tion in the intermetallic compound Mg,NiH ; (space
group P6,22, no. 180) is also present, since under the
applied hydrogenation conditions used (10 atm H,,
300°C) the Mg,Ni phase is not completely hydroge-
nated, which is caused by the fact that the specified
pressure value practically coincides with the pressure
of the sorption plateau in the H,—Mg,Ni system [11].

The presence of pseudo-high-temperature hydride
Mg,NiH, at room temperature is due to the fact that
the synthesis of the phase of low-temperature hydride
Mg,NiH, requires special conditions. However, since
the phase transition temperature of 245°C [12] of the
low-temperature phase into the high-temperature
cubic phase is significantly lower than the values at
which the studies of sorption/desorption processes
were carried out in the present study (300—360°C),
then further, when discussing the results, the
Mg,NiH, phase will be referred to as the high-tem-
perature hydride with the cubic structure, ht-
Mg,NiH,.

The data on the evolution of the phase contents of
the hydrogenated composites during hydrogen
desorption evidences (Fig. 1 shows, for example, the
change in the content of each phase over time during
dehydrogenation at 7" = 350°C) that a significant
decrease in the content of the at-MgH, phase occurs
already within an initial stage of the process. Taking
into account that the fully hydrogenated MggNi,,
alloy respectively contains 75.3 mol % and 24.7 mol %
of hydrogen in the magnesium dihydride phase and
the intermetallic hydride phase, it follows from the
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Fig. 1. Integral intensities vs time of the XRD peaks of the crystalline phases during dehydrogenation of the composite without
GLM additives at 310°C. (1) a-MgH,, (2) Mg, (3) ht-Mg,NiHy, (4) Mg,Ni (Mg,NiH 3) The inset shows an intermediate XRD

pattern recorded in situ.

data obtained that within the initial stage of hydrogen
desorption, the main proportion of the released
hydrogen corresponds to that contained in the magne-
sium dihydride phase.

It is noteworthy that the absence of a strict correla-
tion between the decrease in the peak intensities of
MgH, and Mg,NiH, and the corresponding increase
in the peak intensities of Mg and Mg, Ni, especially at
later times of the dehydrogenation, may be due to the
fact that (1) the intensity of a single XRD peak in our
case does not unambiguously represents the content of
the corresponding phase and (2) the Mg and Mg,Ni
phases formed during dehydrogenation of the com-
posite may partially have a low crystallinity degree
and, therefore, make an incomplete contribution to
the intensity of the XRD peaks.

Figures 2a and 2b show the hydrogen desorption
curves from the hydrogenated composites for three
different temperatures of 340, 350, and 360°C. Com-
parison of the corresponding curves in Figs. 2a and 2b
indicates some enhancement of the hydrogen desorp-
tion rate for the composite with GLM additives.

This is consistent with the data obtained earlier in
our previous study [1], where it was noted that the
heat-conducting GLM additive had a positive effect
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on the rate of hydrogen sorption and desorption due to
enhanced heat transfer in the powder sample. How-
ever, in the present case of the composite based on the
MggoNi;, alloy, the increase in hydrogen desorption
rate is not as significant as in the mentioned study [1],
where GLM additives significantly accelerated dehy-
drogenation and re-hydrogenation of magnesium
hydride prepared by reactive ball milling under hydro-
gen.

As follows from the in situ XRD data, during the
entire period of time while the poorly heat-conducting
phase of magnesium dihydride MgH, is present in the
composite, the phase of hydrogen solid solution in the
intermetallic compound Mg,NiH,; is also present
there. It has been known that the latter phase is an
effective catalyst for the hydrogenation of Mg and the
dehydrogenation of MgH, [13]. In addition, as follows
from the data reported in [14], at 300°C Mg,NiH 3
exhibits thermal conductivity significantly exceeding
that of the hydride phase Mg,NiH,, which, as follows
from the data of the same study [14], is a good heat
conductor only at temperatures below 200°C. Thus,
we believe that during hydrogen desorption under the
specified experimental conditions, the rate of H
desorption and heat transfer in the hydrogenated Mg—
Ni based powder are increased due to the presence of
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Fig. 2. Hydrogen desorption curves during dehydrogenation of composites without (a) and with (b) GLM additives at 340 (1),
350 (2), and 360°C (3). The inset shows an example of approximation of the initial part of the curves.

the Mg,NiH.,; phase in the composite, which to
somewhat extent levels the enhancement in the hydro-
gen desorption rate caused by the GLM additives. At
the same time, the data obtained confirm the role of
GLM in improving the cyclic stability of Mg-based
nanostructured hydrides by preventing sintering of
their powder particles at high temperatures [1, 5].

The approximation of the desorption curves in
Figs. 2a and 2b using the Avrami—Erofeev (A—E)
equation shows that the curves are well fitted by the
one-component A—E equation In(1 — o) = —(kt)"
(o—reacted fraction, r—time, k—rate constant, n—
the Avrami parameter) within an initial time interval
of the hydrogen desorption processes. The inset to
Fig. 2a shows an example of such an approximation
for hydrogen desorption from the composite without
GLM additives at 350°C. It is evident that the one-
component A-E equation well describes the kinetics of
hydrogen desorption from the sample within the initial
time interval of up to 7 min. The fitting of desorption
curves at three different temperature values of 340,
350, and 360°C gives respective values of the rate con-
stants k£ of 0.200(1), 0.311(1), and 0.449(1) min~".

It follows from the above discussion of the data on
the evolution of the phase contents of the composites,
that the initial parts of the hydrogen desorption curves
predominantly correspond to the decomposition of
the magnesium dihydride phase. The use of the Arrhe-
nius equation (Ink = —FE,/RT + InA, where E, is the
apparent activation energy, A4 is the pre-exponential
factor) gives a value of 131 = 6 kJ/mol H, for the
apparent activation energy of the reaction of decom-
position of the MgH, phase in the composite without
GLM additives. Similarly, for its counterpart with
GLM additives, E, = 130 = 20 kJ/mol H,.
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These values of the apparent activation energy,
within the error limits, are in a good agreement with
the results of experimental studies and quantum-
chemical calculations obtained for other magnesium
systems.

In the study mentioned above [1] the apparent acti-
vation energy of the dehydrogenation reaction was
reported as 127 = 1 kJ/mol H, for a composite of mag-
nesium hydride with 10 wt % catalytic additives of
Ni/GLM, and nickel nanoparticles (2—15 nm) were
deposited in an amount of 25 wt % of the additive.

The authors of theoretical studies [15, 16], using
quantum-chemical calculations of the elementary cat-
alytic cycle of hydrogenation of the homonuclear clus-
ter Mg, in comparison with the doped one Mg;Ni,
reported that the chemisorption barrier for the reac-
tion Mg, + H, —» Mg sH, is 130 kJ/mol H,, and the
barrier decreased by approximately an order of magni-
tude for the doped cluster. In the latter case, the limit-
ing stage of the hydrogenation reaction of Mg;Ni is
the “cleaning” of the dopant with an energy barrier of
50—65 kJ/mol H,.

In a later study [17], quantum-chemical calcula-
tions were performed for another magnesium object,
the Mg(0001) surface doped with a double heteroat-
omic catalytic center Ni—Co. Although, unlike the
studies mentioned above [15, 16], the authors of [17]
did not consider each stage of the hydrogenation pro-
cess separately, they found that the energy barrier of
the hydrogenation reaction has a similar value of
59 kJ/mol H,.

The experimentally determined value of the appar-
ent activation energy of the dehydrogenation of Mg—
Ni based bulk composites, within the error limits,
agrees well with the sum of the enthalpy of the forma-
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tion of the MgH, phase 75 kJ/mol H, and the energy
barrier of the hydrogenation reaction of Ni-doped
magnesium model systems of the subnano- and
atomic scale.

CONCLUSIONS

At 300—360°C and 0—1 atm H,, hydrogen desorp-
tion from hydrogenated composites based on MggoNi
eutectic alloy occurs predominantly in the kinetic
mode (the apparent activation energy is within the
range of 125—140 kJ/mol H,) and that the rate-limit-
ing stage of the process is the decomposition reaction
of the a-MgH, phase. The addition of GLM has a
positive effect on the kinetics of hydrogen desorption
processes, even in the presence of the heat-conducting
phase Mg,NiH,; in the composite, although this
effect is not as pronounced as in the case of other mag-
nesium-based systems that do not contain intermetal-
lic phases [1].

Not only the qualitative but also the quantitative
correspondence between the results of experimental
studies of bulk magnesium systems and quantum-
chemical calculations of atomic- and subnano-sized
objects confirms the assumption reported in [16] that
the energy barrier of the hydrogenation reaction of a
doped magnesium cluster defined in quantum-chem-
ical calculations would have a similar value for much
larger magnesium based systems.
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