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Abstract—In this work, we studied phase composition, hydrogen desorption kinetics and microstructural
topology of hydrogen-sorbing composite materials prepared by ball milling under hydrogen of the powders of
Mg89Ni11 eutectic alloy without and with additive of graphene-like material (GLM). It was shown that in both
cases the reproducible fast desorption kinetics were achieved after the fifth dehydrogenation—re-hydrogena-
tion cycle. Using transmission electron microscopy, selected area electron diffraction, and the effect of MgH2
radiolysis it was found that after seven hydrogenation–dehydrogenation cycles the material retains a highly
dispersed microstructure: in the regions with a cross-sectional area of 1 micron in the size there are grains of
Mg and Mg2Ni hydride-forming phases that are in direct contact, that favors the hydrogen sorption perfor-
mance of the material.
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THEORETICAL ANALYSIS
Magnesium attracts much attention from research-

ers as a cheap and nature-friendly material for the
reversible hydrogen storage due to the high hydrogen
content in the hydride MgH2 (7.6 wt %) [1–3]. How-
ever, the high enthalpy of formation of the MgH2
phase (75 kJ/mole H2), the poor thermal conductivity
of MgH2, and the low rate of hydrogen sorption–
desorption in magnesium caused by the high energy
barrier (about 1 eV) of dissociation of H2 molecules on
the metal surface and slow hydrogen diffusion in the
MgH2 phase prevent widespread use of individual
magnesium for these purposes [4].

It has been known that a significant improvement
in the hydrogen sorption properties of magnesium
materials can be achieved by forming Mg-based pow-
der composites, in which (1) the grain sizes of hydride-
forming phases in the composite particles are in the
submicro- and nanoscales [1], and (2) within which
additives are introduced to catalyze the dissociation of
hydrogen molecules on the surface of hydride-forming
phases and simultaneously provide good heat transfer
in powder composites [5]. Earlier, we reported another

promising way to prepare such a hydrogen storage
material: a powder composite based on magnesium-
nickel eutectic alloy (Mg+Mg2Ni) with a highly dis-
persed microstructure mixed with GLM additives [5].

The Ni-containing phases of various intermetal-
lics, including LaNi5 and Mg2Ni, have been widely
reported [6–11] to accelerate the reaction between the
Mg phase and hydrogen. This fact is due to that these
intermetallic compounds, which have catalytic sites
on the surface facilitating the dissociation of H2 mole-
cules, provide a possibility of transporting H atoms
through the interface between the active phase of the
intermetallic compound and the magnesium phase.
Thus, the hydrogen sorption performances of com-
posites based on Mg–Ni eutectic alloys depend on
their microstructural characteristics, especially, the
grain size of Mg and Mg2Ni phases and the mutual
spatial arrangement of the phases in composite parti-
cles. The more efficient catalytic and H atoms transfer
behavior of Mg2Ni is favored by the highly dispersed
microstructure of the Mg–Ni eutectic alloy condi-
tioning a large area of interphase boundaries between
Mg and Mg2Ni.
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A question of whether these topological features of
the microstructure of powder composites based on
Mg–Ni alloys are preserved during hydrogen absorp-
tion–desorption processes can be investigated by
transmission electron microscopy (TEM) and
selected area electron diffraction (SAED), since, as it
mentioned above, the grain sizes of hydride-forming
phases in composite particles lie in the submicro- and
nanoscale. Thus, the purpose of our work was to study
the mutual spatial arrangement of hydride-forming
phases in hydrogenated powder composites based on
the Mg–Ni eutectic alloy before and after hydrogen
desorption–absorption cycles.

EXPERIMENTAL

MgH2 samples were prepared using Mg 200 μm-
powder with a purity of 99.95 wt %. The starting com-
ponents for preparing the Mg–Ni composites were an
eutectic alloy of Mg (purity 99.95 wt %) with Ni
(purity 99.99%) with the elemental composition
Mg89Ni11 (a detailed procedure for melting and char-
acterizing the alloy was reported in [4]) and a carbon
material with the graphene-like structure (GLM) with
a specific surface area of 600–620 m2/g. The synthesis
technique and physico-chemical characteristics of the
GLM were described in detail in [1]. The alloy was
preliminarily ground to chips in a glove box under
argon atmosphere (water and oxygen content no more
than 0.0001%) and mixed with GLM (the mass ratio
was 9 : 1).

Hydrogen-containing powder samples of magne-
sium hydride and Mg–Ni alloy were fabricated by
mechanochemical treatment in a Fritsch Pulverisette
6 planetary ball mill under hydrogen pressure in the
grinding bowl of 30 atm. The grinding time was 10 h,
rotation speed 400 rpm, the ball-to-sample mass ratio
50 : 1. High-purity hydrogen (99.999%) was used. The
synthesized samples were subjected to 7 hydrogen
desorption–absorption cycles carried out using a lab-
oratory Sieverts setup. H absorption was carried out at
300°C and 10 atm H2 for 30 min, desorption at 350°C
and 1 atm H2 for 30 min. After completing the desorp-
tion–absorption cycles, the reactor with the sample
was cooled to room temperature for about 3 h under a
hydrogen pressure in the system of 10 atm.

The phase composition of the materials was studied
by XRD using a Thermo Scientific ARL X′TRA pow-
der diffractometer at room temperature (CuKα radia-
tion, 2θ = 20°–80°). Since powder X-ray diffraction
patterns of Mg–Ni composites were characterized by
a high background level, especially in the region of
small diffraction angles, and a low signal-to-noise
ratio, for the convenience of visual perception and
detailed analysis of the X-ray diffraction patterns,
their diffraction peaks were approximated by sets of
the pseudo-Voigt functions with the corresponding
background subtraction. The microstructure of the
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samples was studied by transmission electron micros-
copy (TEM) and selected area electron diffraction
(SAED) using a JEOL JEM-2100 electron micro-
scope at accelerating voltage of 200 kV.

RESULTS AND DISCUSSIONS
According to XRD data (Fig. 1) the powder sam-

ples of the hydrogenated Mg–Ni alloy mainly contain
two crystalline phases: α-MgH2 (the structural type of
rutile; space group P42/mnm, #136) and pseudo-high-
temperature Mg2NiH4 hydride with a disordered cubic
structure (space group Fm–3m, #225). Some amount
of Mg2NiH0.3 phase (the saturated solid solution of
hydrogen in the intermetallic compound; space group
P6222, #180) is also present due to incomplete hydro-
genation of Mg2Ni caused by the fact that at the
applied hydrogenation conditions (10 atm H2, 300°C),
the hydrogen pressure was very close to the absorption
plateau pressure in H2–Mg2Ni system [12].

It is seen from Fig. 1a that after the first hydroge-
nation by ball milling in H2 the XRD pattern exhibits
wide diffraction peaks and low signal-to-background
ratio due to the nanocrystalline structure of the ball
milled material [7]. After completion of seven dehy-
drogenation—re-hydrogenation cycles, the peaks
become narrower and more intensive (Fig. 1b) that
indicates an increase in the size of the coherent scat-
tering domains (CSD) in the crystal lattice of the
hydride phases during hydrogen desorption–absorp-
tion cycling. For example, Scherrer estimation of the
line broadening for α-MgH2 in the direction [110]
shows increase of the CSD size from 12 ± 2 nm for the
as-milled sample to 66 ± 8 nm for the cycled one.

Kinetic curves of hydrogen desorption are pre-
sented in Fig. 2. It is seen that even after the fifth
desorption half-cycle, the ratio (V/V0) of the observed
amount of desorbed H2 to the theoretical one calcu-
lated assuming complete hydrogenation is signifi-
cantly lower than 1, that indicates incomplete hydro-
genation of the alloy under the experimental condi-
tions. These data are consistent with the XRD results
(Fig. 1), which demonstrate that the hydrogenated
Mg–Ni alloy contains a noticeable amount of the
Mg2NiH≤0.3 phase. Also, the XRD data for these sam-
ples showing the absence of non-hydrogenated Mg
phase are consistent with the fact that V/VMg values are
higher than 1 from the 4-th desorption cycle forth.

As we reported earlier [1], addition of graphene-
like material (GLM) significantly accelerates dehy-
drogenation and re-hydrogenation of magnesium
hydride prepared by reactive ball milling in H2, pre-
sumably, due to improvement of heat transfer in the
sample powder by GLM. The kinetic improvements
were insignificant in our case when the rates of H2
desorption were very close for hydrogenated Mg–Ni
with and without GLM additive. At the same time,
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Fig. 1. Indexed XRD patterns (background subtracted) of the hydrogenated Mg–Ni eutectic alloy: (a) as milled; (b) after
7 dehydrogenation—re-hydrogenation cycles. The boxes and asterisks mark XRD peaks of Mg2NiH4 and Mg2NiH0.3 phases,
respectively. Bottom ticks mark angular positions of Bragg reflections from α-MgH2 with the relative theoretical intensities
above 5. The intensities (Y-axes) are shown in arbitrary units (same for both patterns). The as-measured patterns are shown in the
insets.
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Fig. 2. Curves of the consecutive half-cycles of hydrogen desorption (the numbers are shown by curve labels) from the hydroge-
nated Mg–Ni eutectic alloy. V—the released moles of H2, as measured; V0, VMg—the theoretical amounts of H2 (moles) that the
respective amounts of Mg+Mg2Ni and Mg in the alloy can absorb. The inset shows the curves for the 5th hydrogen desorption for
the Mg–Ni alloy and its composite with GLM (9/1 mass ratio).
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while in the latter case the dehydrogenation stopped at
the conversion fraction V/V0 = 0.85, at presence of
GLM it continued to increase and achieved V/V0 =
0.875 after 20 min from desorption start (see inset in
Fig. 2) thus confirming the role of GLM in the
improvement of cycle stability of nanostructured Mg-
based hydrides by prevention of sintering of their par-
ticles at high temperature [1, 5].

The phase of hydrogen solid solution in Mg2Ni
intermetallic (Mg2NiH0.3) is known as an efficient cat-
HI
alyst of hydrogenation of Mg and dehydrogenation of
MgH2 [13, 14]. Also, as follows from the data reported
in [15], at 300°C Mg2NiH0.3 exhibits thermal conduc-
tivity sufficiently higher than that for the hydride
phase Mg2NiH4. Thus, we believe that during hydro-
gen absorption and desorption at the applied experi-
mental conditions, H desorption kinetics and heat
transfer in the Mg–Ni(H) powder are facilitated by
the remaining amount of the Mg2NiH0.3 which levels
improvements of the H2 desorption rate caused by
GLM additive in the Mg–Ni/GLM composite.
GH ENERGY CHEMISTRY  Vol. 57  Suppl. 2  2023
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Fig. 3. TEM images (selected area) of single-phase α-MgH2 particles: (a) Image taken immediately after placing the specimen in
the TEM chamber; (b) Image taken after 2 min exposure to the electron beam, which caused a clearly observed erosion of the
magnesium hydride phase.
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Fig. 4. TEM image and SAED pattern of the hydrogenated composite obtained after 2 min exposure to the electron beam.
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The microstructure of the hydrogenated Mg–Ni
alloy undergoes noticeable change after the first sev-
eral cycles of hydrogen desorption—absorption, as
evidenced by a comparison of the TEM (Figs. 3a, 3b)
and XRD (Figs. 1a, 1b) data of the as-milled sample
with those of the cycled one. The TEM images illus-
trate that the single-phase areas of the cycled alloy are
larger than those for the as-milled one. The analysis
results of the XRD patterns agree with the TEM data.

There are some difficulties occurring on studying
the microstructure of hydrogenated magnesium alloys
using TEM: for example, there is a problem of correct
identification of regions of various types in a TEM
image with phases that are present in the TEM speci-
men. The partial inelastic interaction of the electron
beam with the specimen and a low partial hydrogen
pressure in the TEM chamber result in a rather rapid
loss of hydrogen by the magnesium hydride phase
[16]. Due to presence of air traces in the TEM cham-
ber the decomposition (radiolysis) of the MgH2 phase
is also usually accompanied by the formation of the
MgO phase in the specimen [17]. In order to retard the
HIGH ENERGY CHEMISTRY  Vol. 57  Suppl. 2  2023
decomposition process, TEM facilities with special
low-temperature chambers and ultrahigh vacuum are
used [17].

We have suggested a different way which avoids the
mentioned complicated and expensive TEM equip-
ment. Before the TEM and SAED studies of the het-
erophase Mg–Ni(H) material, we first took TEM and
SAED calibration data for a powder of a single-phase
α-MgH2. In the course of the calibration observa-
tions, we used the reported [18] value of the so-called
characteristic time (the time of 200 keV electron beam
irradiation after which 1/e = 37% of the initial
α-MgH2 is left in the specimen) as approximately
2 min. TEM micrographs obtained immediately after
placing the α-MgH2 specimen in the TEM chamber
and after 2 min of the electron beam irradiation are
shown in Fig. 4.

TEM images of eroded MgH2 were used when
studying the microstructure of the hydrogenated Mg–
Ni eutectic alloy. The SAED data taken from an area
of the specimen with a cross-sectional diameter of
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Fig. 5. TEM images (selected area) of the as-prepared (a) and cycled (b) hydrogenated Mg–Ni eutectic alloy.
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~1 micron (Fig. 4) indicate the α-MgH2 and
Mg2NiH4 phases are located in common within the
area. Due to the small size and low crystallinity of the
phases formed during the erosion of the specimen and
their products of interaction with residual gases in the
TEM chamber, the corresponding diffraction rings
will be diffuse, that does not allow clear distinguishing
these phases in the SAED patterns. An exception is the
MgO phase (fcc structure): the first two main diffrac-
tion rings corresponding to it are clearly distinguish-
able in the SAED pattern (Fig. 5). In TEM images of
the hydrogenated composite (Fig. 5) there are visually
distinguishable areas of two types, one of which corre-
sponds to the magnesium hydride and magnesium
oxide phases, and the other one corresponds to the
Mg2NiH4 phase. It can also be seen that these two
areas are in direct contact that indicates the common
interface between the Mg/MgH2 and
Mg2Ni/Mg2NiH≤0.3/Mg2NiH4 phases.

CONCLUSIONS

The catalyzed H atoms transfer and heat-conduct-
ing abilities of the Mg2Ni constituent of Mg–Ni alloy-
based composites will be in common more favorable
for enhancing hydrogen sorption and desorption rate if
the intermetallic and magnesium phases in the com-
posites have the interphase boundary area remaining
large during hydrogen absorption-desorption cycles.
The radiolysis of MgH2 phase can be used in studying
the microstructural topology of Mg–Ni alloy-based
powder composites, in which the grains of the constit-
uent phases are less than 1 micron in size. In doing so,
the TEM electron beam serves as an etchant to achieve
phase contrast in TEM images of the heterophase
composites. For the correct interpretation of such
HI
images, it is proposed to preliminary conduct a refer-
ence series of TEM and SAED observations of the sin-
gle-phase samples corresponding to the hydrogenated
constituents of the heterophase composite.
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