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Abstract

Changes in MgH2 decomposition kinetics were investigated in dependence on complex doping of
MgH2 by Al, Ti, Ni,and Fe. Reactive mechanochemical alloying method (RMA) was applied in the
temperature descending regime. It was found that addition of Al+Ni+Ti, Al+Ti, Fe+Ti (see below)
and Al+Fe elements combinations led to a lower thermal stability and, consequently, to a lowering
of the temperature of hydrogen desorption onset. Whereas desorption began at temperature of 320
°C from the pure MgH2, the aditions of Al, Ni, Ti and Fe lowered the start of the desorption down
to 250°C (at hydrogen pressure 0.1 MPa in the reactor). Very fast desorption kineticsprecize at 300
OC and Py 2= 0.1 MPa were observed for Mg+Me mixture in comparison with the pure Mg. Sorption
capacity of investigated mechanically-alloyed composites varied from 5 to 6.5 wt. % H2. The tested

materials showed a high potential as hydrogen storage alloys especially for stationary application.
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Introduction

The problem of syntheses of magnesium
dihydride, MgH>, with low temperature and
high kinetics of its dissociation, high hydrogen
capacity and cyclic stability (i.e., with
characteristics that are very important for
practical use of MgH») remains still unsolved,
and investigations of solving this problem are of
current interest. Therefore, among fundamental
studies dedicated to Mg-based hydrogen-
sorption materials carried our over the last
decade, the most part of them was devoted to
improving kinetics of processes of hydriding-
dehydriding of the materials. Thermodynamic
stability and decomposition temperature (at 0,1
MPa Hz) of MgH still remain rather high for
mobile use as hydrogen battery for vehicles.
These shortcomings authors try to solve by
commercial MgH> mechanical dispersion in the
presence of various kinds of catalytic additives:
transition 3d-, 4d-metals [1-11] and their oxides
[12-24], fluorides [25], intermetallic compounds
and additives of Al, Cu, Zn, In, Sn non-
transition metals, graphite and others [26-38].
Many researchers follow the different way of
Mg milling powder with pointed additives in
hydrogen atmosphere (reactive milling) or in an
followed by

hydrogenation from gas phase [39-77]. A small

inert atmosphere, its direct
addition to magnesium of alloying element
(about 10 at. %) provides a high MgH> hydride
phase percentage and more than 5 wt. %

hydrogen-capacity in the synthesized alloy-
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composite. Compared to MgH>, magnesium
alloys hydrides (Mg>NiHs and other Mg-based
ternary hydrides) are known to have not only
low thermodynamic  stability, but also
significantly lowered hydrogen-capacity, that
makes them less appropriate for practical
application.

MgH>, which is processed in the presence
of the catalytic additives can significantly
improve the kinetics of hydrogen desorption.
Herewith, its thermodynamic stability and
decomposition temperature (at 0,1 MPa H>) still
remain rather high for mobile use of these
mechanically alloyed compositions as hydrogen
battery for vehicles. One way to solve the
problem of MgH> thermodynamic stability
reducing (destabilization), which is considered
by researchers in recent years [77-81], is the use
of MA which are solid solutions in magnesium
one or more metals capable to reduce the
enthalpy of Mg(Me)H2  decomposition.
According to theoretical prognosis [9], hydride
of Al, Ti, Fe, Ni, Cu, Nb solid solution in
magnesium should have a lower enthalpy of
formation and decompose at a lower
temperature compared with pure MgH, A
number of experimental studies indicate that
this hydride solid solution thermodynamic
stability depends on the method and conditions
of its obtaining [77-82]. Thus, at hydrogen
pressure in the reactor of 0,1 MPa the
decomposition of Mg(In)H> hydride phase of

mechanical alloy obtained in [81] by high-
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energy grinding in ball mills of MgH> powder
with the addition of 10 at.% In at a hydrogen
pressure of 15 MPa begins at 262,3 °C. This
temperature is 26 degrees lower than the
temperature of MgH> decomposition without
additives (288 °C), which testifies lower
thermodynamic stability of Mg(In)H> formed
hydride phase compared with pure magnesium
hydride. It is established, that in the case of Mg
+ 8 at. % Al alloy [79] the addition of Al leads
to absorption enthalpy decreasing from 79 to 72
kJ/mol. Hz, while desorption enthalpy is not
changed, but entropy increases. XRD analysis
of the initial Mg + 10at.% Al alloy [80] revealed
Al solid solution in magnesium Mg (Al)
formation, which turned into MgH», Al and a
small amount of MgxAl; phases, as a result of
its complete hydrogenation. According to P-C-T
curves [80], hydrogen desorption from
magnesium hydride of Mg + 10 at. % Al alloy
starts at a relatively high equilibrium pressure of
2 MPa compared with the pressure of 0.57 MPa
for pure MgH> at 350 °C. Therefore, a
destabilizing effect of MgH> hydride phase due
to the presence of fcc-Al takes place. XRD
analysis showed after the process of
dehydrogenation the presence of Mg (Al) solid
solution and did not reveal Al and Mg-Al
intermetallic compound. These facts testify that
the presence or absence of the effect of MgH> or
Mg(ADH2  hydride

phase thermodynamic

stability decrease depends on, among other
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things, the method and conditions of its
obtaining.

There are works in which to reduce the
decomposition temperature of MgH», obtained
by reactive mechanical alloying (RMA) and to
improve hydrogen desorption kinetics, its
alloying by

nontransition metals [10-12,52,53,55,83-85] has

mechanical transition  and
been carried out. The authors [52] report about
the effect of stoichiometric hydride MgH»>
formation enthalpy lowering and, consequently,
the temperature of its decomposition to 210 °C
due to the complex alloying of magnesium by
Al, Ni, Ti at Mgg7Ni3Al3Ti; mechanical alloy
synthesis by RMA method. Almost the same
result of lowering the temperature of MgH>
decomposition at the expense of magnesium
alloying by Al, Ni, Mn was received in [53].
However, lower temperatures of MgH>
decomposition of obtained mechanical alloys
[52.53], as well as in [10-12,55,83-85], have
been determined from thermogravimetric and
DSK-curves (differential scanning calorimetry)
obtained by MA samples heating in argon (not
hydrogen). Therefore, it is not clear whether
they can be considered as temperatures of
MgH: decomposition, which corresponds to
the equilibrium hydrogen pressure of 0,1
MPa, and whether there will be a given in
[52] the fact of a significant reduction in the
temperature of MgH2 hydride phase
decomposition of mechanical alloy from 288

to 210 °C at hydrogen pressure in the reactor
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of 0,1 MPa? The answer to this question
requires further investigations.

The most researchers continue searching
only the ways to solve a task of kinetics of
MgH>

The

magnesium  hydrogenation  and

dehydrogenation improvement [87-93].
methods that permit to prevent the negative
impact of the oxide/ hydroxide surface layer on
dissociative  chemisorption processes and
hydrogen recombination and reduce the grain
size for the reduction of its diffusion ways in the
solid matrix are used. The processes of
mechanical dispersion in the inert gas or
hydrogen of MgH> commercial or Mg in the
presence of different catalytic additives are
mainly used. The influence of treated hydride
on kinetic properties, the additives nature and
mechanical activation treatment (MAT) are
under investigation. When choosing alloying
elements and additives to magnesium, their
possible negative impact on the MA hydrogen
capacity, reversibility of hydrogenation/
dehydrogenation process, the stability of the
resulting nanostructures [94] should be taken
into account. The impact of MgH> exposure in
the air on its kinetic characteristics and
dependence of the pointed impact on the
magnesium hydride obtaining mode are under
investigation [95, 96]. Its hould be noted that in
[87-93] hydrogen desorption kinetics curves
were obtained at MA samples heating in argon
or in a vacuum. Unfortunately, this makes it

impossible to compare the results of these
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studies with other experiments results obtained
at isobaric heating of MA samples in hydrogen
at a pressure of 0,1 MPa. Moreover, it does not
allow to make conclusions regarding the
hydrogen release rate from MA samples under
normal pressure in the reactor, or higher than
normal, that is, in terms of practical application
of MA. A particular attention should be paid to
a series of papers published in recent years [97-
100], which reveal the opportunity to improve
not only the sorption/desorption processes
kinetics of hydrogen, but also lower the
thermodynamic stability of magnesium hydride
and its decomposition temperature, using
indium or indium together with other metals
(Al, Ti, Y) in magnesium solid solutions.

This article provides an overview and
comparative analysis of the investigation results
obtained by the authors. Experiments are aimed
at the reduction of temperature and
improvement of MgH> decomposition kinetics
using the mechanical-chemical method of its
obtaining, applying Ti, Fe, Ni, Al as alloying
elements. The main attention is paid both to the
role of each alloying elements and the role of
the pair Al+Ti, Al+Fe, Al+Ni, Ti+Fe doping in
reducing the temperature, improving the
kinetics of hydride phase decomposition of MA,
and to the methods and techniques search that
allow to form complex of characteristics
meeting  the for

requirements practical

application of the hydrogen storage materials.
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The peculiarity of this work is that the study of

the hydrogen desorption process from
synthesized MA is made exactly when the
hydrogen pressure in the reactor is 0,1 MPa.

Experimental part

Materials and methods

To reduce the temperature, improve the
kinetics of stoichiometric MgH> hydride
decomposition, a range of new MA has been
synthesized by reactive grinding in hydrogen of
powders: pure Mg ( further MA1); Mg + 10 wt.
% Ti (MA2); Mg + 10 wt. % Fe (MA3); Mg +
10 wt. % Ni (MA4); Mg + 10 wt. % Al (MAS);
Mg+10 wt.% Al +10 wt. % Ti (MA6); Mg +
10 wt. % Al + 10 wt. % Fe (MA7); Mg + 10
wt. % Al + 10 wt. % Ni (MAS); Mg + 3 at. %
Al + 3at. % Ni + 7 at. % Ti (MA 9). This
alloy obtained by the same method (RMA) as
used in [52, 55] was selected for verification.
Therefore, at. %. Another mechanical alloy-
composite of Mg + 10 wt. % Fe + 10 wt. % Ti
(MA 10) was received by milling of Mg, TiHo>,
Fe powders mixture in argon.

The research task of this study was to
obtain the above mentioned MAl - MAIO
mechanical alloys and explore the processes of
hydrogen desorption from them of MgH»>
hydride (both after

phase immediately

mechanical synthesis and after the first

hydrogenation/dehydrogenation cycles).
Moreover, it was necessary to find out if the
reduction of MgH, hydride phase formation

enthalpy takes place and, consequently, the
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equilibrium temperature decrease of its
decomposition at a constant hydrogen pressure
of 0,1 MPa due to the selected alloying elements
and the obtained method. The selected alloying
elements influence on MgH> decomposition
kinetics was the aim of the investigatiopn as
well.

The choice of Al as alloying elements
was stipulatedby the fact that aluminum, having
atomic radius less than of Mg (rai = 0.143 nm,
Mg = 0.16 nm) and the enthalpy of its AlH;
hydride formation is 36 kJ/mol compared to the
enthalpy of MgH> hydride (74kJ/mol), can help
reduce the latter (at magnesium alloying and
aluminum in magnesium solid solution
formation [9, 79]) and, consequently, reduce
MgH; hydride phase decompositiontemperature
of received mechanical alloys - composites.
When choosing Ti, Fe, Ni, we proceeded from
the fact that these transition metals have, as it is
known, catalytic properties and at reactive
mechanical synthesis, being dispersants, can
substantially improve magnesium
hydrogenation kinetics, and also, in accordance
with theoretical prediction [9], significantly
affect the thermodynamic stability of MgH>
hydride phase created at the synthesis process.

In order to produce the MA1 — MA10
mechanicalalloys, thecommercialpowdersofMg,
Ti, Fe, Ni, Al with a purity of 99.98 % and
particles sizes of 100; 6,7; 10; 3; 100 um,
respectively, have been used as raw materials.

Themechanical fusion by reactive grinding of
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the mixture of powders of MAI-MAI10
composition, was realized in a ball mill of the
RETCH Firm with steel balls in a hydrogen
atmosphere (under a hydrogen pressure of

1 MPa, for avelocity of rotation of 450 rot/min,
duration of grinding of 10 h) for MA1-MA9 and
in an argon atmosphere for MA10. The ratio of
the metallic balls mass and the treated mixture
of powders was 20:1. The equal conditions of
all MA synthesis have been deliberately created,
that allowed to compare the influence of
different alloying elements on the temperature
and hydride phase decomposition of synthesized
MA. The same conditions of all MA syntheses
have been deliberately provided, which allowed
to make a proper comparison of different
alloying elements effect on temperature and the
kinetics of MgH» hydride phase decomposition
of synthesized MA. All MA samples direct
hydrogenation from the gas phase conditions.
After synthesis MA samples were placed in a
reactor and obtaining the first hydrogen
desorption curve from its sample the latter was
not removed from the reactor. At a temperature
of 450 °C the reactor was filled with hydrogen
until a hydrogen pressure was 3 MPa and at the
sample cooling together with the furnace its first
(and subsequent) hydrogenation from the gas
phase took place.

Microstructures of the initial powder mixture
and the synthesized composite alloys were
studied using a Super-Probe 733 scanning

electron microscope. The change of MA

36

powders particle size after ten hours of RMA
was evaluated by measuring powders specific
surface by BET method. The measurement error
did not exceed 10 %. For the X-ray phase
diffraction analysis of specimens, we used a
DRON-3M diffractometer. The X-Ray patterns
were obtained in the CuKa - radiation with a
graphite monochromator. The profiles of
diffraction lines were plotted with scanning
steps of 0.1° and holding at each point of the
spectrum for 10-20 sec. The diffraction patterns
were analyzed using fullprof software Powder
Cell 2.4.

By the method of thermal desorption
spectroscopy in a computerized automatic
installation, we studied the influence of alloying
elements on the hydrogen-sorption properties,
thermal resistance, and the kinetics of hydrogen
desorption from the MgH, hydride phase
obtained by mechanical fusion. This installation
made it possible to plot the isobars of
resorption/desorption of hydrogen under various
pressures (from 0.1 to 1.0 MPa) in the reactor
and to perform the
hydrogenation/dehydrogenation of specimens
under pressures of up to 10 MPa and
temperatures within the range from the room

temperature to 1200 °C.

3. Results and discussion
The information on the phase structure
and hydrogen storage capacity, i.e. the quantity

of desorbed hydrogen by MA specimens
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obtained by reactive mechanical alloying
(RMA) and after the gas phase hydrogenation

(GPH) is presented in Table 1. The table also

shows the average particle size of mechanical

alloys powders (after RMA), which is calculated

Table 1. Phase’scompositionsandproperties of MA in the course ofitsfirst heating (after reactive
mechanical alloying (RMA) and of its first hydrogenation from the gaseous phase (HGM)).

Mechanical alloy-composite D Capaci
, . art., pacityH»
wt.% Phase’s compositions part
MA(9 in 3 % pm (wt.%)
RMA HGM RM A RMA HGM
MA1 (Mg) Mg, MgH, MgMgH, 0,7 5,1 6,3
MA2 Mg, MgH>, MgH,,
(Mg + 10 Ti) TiHs, TiFe TiHs, TiFe 0.3 6,75 5.1
MA 3 Mg:B'MgHZ; MgHo,
(Mg + 10 Fe) ngéﬁ/[%% MgOFe 0,25 6,3 5.2
MA4 . Mg,MgH>, Ni
(Mg + 10 Ni) Me. Mg, Ni Mg>NiH, 0.4 4.6 6.8
MC 5 Mg, MgH>, Mg, MgH>, 0.7 25 313
(Mg +10 Al) Mg Al MgAl; ’ ’ ’
MA 6 Mg, MgH>, Al, MgH,, Al,
(Mg + 10 Al +10 Ti) TiH,, TiAL Tily, Tial, | %47 | 636 5,6
Mg, MgH.
MA T Me, Mgt FoAl Al
(Mg + 10 Al +10 Fe) MgAL, Fe MgaFeHs, 0,6 3,5 4.6
MA 8 Mg, MgH> Ni, Mg, MgH> Ni,
. Mg(AIH4), Mg>Ni 3,0
(Mg + 10 Al +10 Ni) Me(AlH)» 0,47 5,5
Mg, MgH» Ni
MA e Y . 4 2
(Mg + 3A1 +39Ni +7Ti) Mg,NiH4,TiH» did not do 0,5 > 6,
MgHz Tin
MA 10 . . i’ ’ .
. Mg, TiFe, TiFeH« Mg,FeHs, in Ar
Mg+ 10 Fe + 10 Ti TiFeHoo, Fe 2,6 4,9

based on obtained by low-temperature
nitrogen adsorption BET (Brunauer, Emmett

and Teller) of specific surface data.

As the table shows, all mechanical alloys
(MAI1-MA9) are composites, asa result of
reactive mechanical alloying. They contain

besides MgHohydride phase metallic Mg phase
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(it indicates a partial Mg — MgH> transition for
the same grinding time - 10 h for all MA), as
well as new crystalline phases which are not
parts of the initial mixture of mechanical alloys
powders (except MA4) and are magnesium
compounds with alloying elements or hydrides
of such compounds, and in the case of MA2,

they are TiH> and TiFe. After the first
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hydrogenation-dehydrogenation cycles from the

gas phase and in the case of MA3, MA4, MA7,

MAS the phase

changes in composites

Mg+10%wt. Al+10%wt. Fe

- Mg
~iFe
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composition have been taken place. Fig. 1shows
MA7 specimen diffraction patterns after its

synthesis by RMA method (Fig. 1a) and after
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Figure 1. XRD pattern of the mechanical alloy MA7: (a) after its synthesis RMA and (b) after

hydrogenation from gaseous phase in the 5th cycle.

hydrogenation from the gas phase in the 5th
1b). Thus,
spectrum of MA7 after synthesis (Fig.1a) the

cycle (Fig. in the diffraction

diffraction reflexes of metallic magnesium and

its hydride phase of MgH, with tetragonal

structure as wel las reflexes of metallic iron and

MgAl

Figure 2. SEM images of powders of the mechanical alloy MA7: (a) - after its synthesis RMA,

(b) - after hydrogenation from gaseous phase in the 5th cycle

compound have been found out. Herewith, after
hydrogenation from the gasphaseintheSthcycle
(Fig.1b) instead of MgA1, suchphasesasFeAl,,
MgrFeHeand metallic aluminum appeared. In
the case of mechanical MCI1-MC9 alloys-

composites the parameters of crystal lattices and

volume of their unit cells both for B-MgH>
hydride phase and for metallic Mg phase ( when
the quantity of the latter allowed to do it), have
been determined by the full-profile Rietveld
method using Powder Cell 2.4 program. The

parameters of crystal lattices and volume of unit

38



FRENCH-UKRAINIAN JOURNAL OF CHEMISTRY (2018, VOLUME 06, ISSUE 01)

cells of mentioned above MA are shown in

Table 2.

The investigation of microstructure and
morphology of obtained mechanical alloys
powder particles have shown that as a result of a
10-hour grinding in hydrogen a significant
powder particles dispersion of all MA powders
is found out. After mechanical dispersion all
MA powders have practically the same
morphology, that is characterized mainly by the

presence of a large number of rounded particles

Table 2. Crystal structure data (unit cell parameters: a, ¢ - A; V - A?) for B-MgH, hydride phase
and Mg phase of composites

ranging from 0.1 to 0.5 um and a small portion
of large size sinters (from 1 to 8 um). Based on
the experimental data for specific surface area,
average particle size of all MA powders ranges
of 0.2 - 0.5 um (see Table 1). Fig. 2 shows (as
an example) MA7 microstructure after synthesis
by RMA method (Fig. 2 a) and after 5 cycles of
hydrogenation from the gas phase (Fig. 2b). It
should be noted that after repeated MA powders

hydrogenation-dehydrogenation from the gas

phase, the powders average particle size

Phase
Mechanical alloy-composite Mg MgH,
after RMA after HGM afterRMA after HGM
VAT a=3,2088 ] a=45160 | a=4.5167
c=5.2077 ¢=3,0240 | ¢c=3,0245
V= 46,437 V=61,672 | V=61,686
MA2 a=32123 | a=4,5042 | a=45150
(Mg + 10 wi.% Ti) ~ ¢=52022 | ¢=3,0137 | c¢=3,0161
' V=46,489 | V=61,141 | V=61,484
MA 3 a=45089 | a=45208
~ c=3,0130 | c¢=3,0237
(Mg + 10 wt.% Fe) - V=612557 | V=61,787
VA4 a=32074 a=45223 | a=45188
(Mg + 10 wt.% Ni) c=5,1980 c=3,0157 | ¢=3,0212
' V=146,310 - V=61,675 | V=61,692
MAS a=3,1777 | a=3,1887 | a=45198 | a=45281
(Mg + 10 wt.% Al) c=51702 | ¢=5,1812 | ¢=3,0005 | ¢=3,0016
' V=45213 | V=45,624 | V=61296 | V=61,544
MA 6 a=45034 | a=45185
(Mg + 10 wt.% Al +10 wt.% Ti) ~ ~ %z ?6”10’83; i/= 2’32;3
s R
c=5, c=5, c=3, c=3,
(Mg +10wt.% AT+I0Wt% Fe) | ys 114 | v=46512 | V=61278 | V=61.671
MA 8 a=3.2051 a=45243
(Mg + 10 wt.% Al +10 wt.% Ni) :,: 2’6{323 B :,: 2’33‘1‘2 B
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MA 9 a=3,1702 a=4,5139
(Mg + 3 at.% Al +3 at.% Ni+ 7 c=5,1101 ¢ =3,0227
at.%T1) V=44,474 - V=161,588 -

decreases as a rule, and the average grain size
increases due to cyclical heating-cooling. The
confirmation to this can be found, if compare

the MA7 specimen width of diffraction

reflections before and after cycling shown in
Fig. 1a and Fig. 1b: in the last case, you can

watch them marked narrowing.

Table 3. Hydrogen desorption from MA in the course of its first heating after mechanochemical
synthesis (RMA) and of its first hydrogenation from the gaseous phase (HGM)

1-st desorption 1-st desorption
after RMA after HGM
Sample To'C | Tow’C | Tu'C [ T 'C

MAT1 (Mg without additives) 315 430 300 385

MA2 (Mg + 10 wt.% Ti) 260 360 300 317

MA 3 (Mg + 10 wt.% Fe) 260 320 300 317

MA4 (Mg + 10 wt.% Ni) 300 330 290 315

MAS5 (Mg + 10 wt.% Al) 310 445 310 360

MA 6 Mg + 10 wt.% Al +10 wt.% Ti) 288 330 275 318

MA 7 Mg+ 10 wt.% Al +10 wt.% Fe) 250 368 288 368

MA 8 Mg + 10 wt.% Al +10 wt.% Ni) 310 410 350 410

MA 9 (Mg + 3at.% Al +3at.% Ni+ 7at. %Ti) | 280 355 280 318

MA 10 Mg + 10 wt.% Fe +10 wt.% Ti) - - 220 318
3.1 Thermal stability of Mg — Me (Me: determine both the hydrogen desorption
Ti, Fe, Ni, Al) and Mg — Me1 — Mez2 (Me1= Al; beginning temperature (Tst) from hydride

Me2=Ti, Fe, Ni) mechanical alloys-composites

MA1-MAS samples hydrogen desorption
isobars at their first heating after RMA synthesis
are shown in Fig. 3, and after their first
hydrogenation from the gas phase - in Fig. 4. It
should be paid attention to the conditions of
their production - all isobars were obtained at
constant pressure of hydrogen in the reactor (0,1
MPa) and sample heating rate of 3 °C/min.

Theisobarsshown in Fig. 3 and 4 were used to
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phase MgH; of MA1-MAS and temperature
Tmax, that corresponds to the maximum speed of
hydrogen release. The obtained data are shown
in Table 3, which shows that the temperature of
MAT1 hydrogen desorption beginning from the
MgHzhydride phase afterRMA synthesis is
315°C. Additive to magnesium of each alloying
elements (Ti, Fe, Ni, Al) leads to its decline: itis
maximal for Ti and Fe (55 deg.) and minimal in

the case of Al (5 deg.). Ts. reducing for MA2
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and MA3 from 315 to 260 °C shows that the
addition of Ti and Fe leads to a significant MA2
and MA3 mechanical alloys thermal stability
decreasing.

As the temperature of 260 °C is lower
[86] than 288 °C (the temperature of MgHa
decomposition at the equilibrium pressure of 0.1
MPa) the question is whether MgH> hydride
phase thermodynamic stability decrease takes
place because of its alloying by iron and
titanium. A very slow hydrogen desorbtion
process kinetics from MA2 and MA3 at 260 °C
and presence of other hydride phases besides
MgH, in MA2 and MA3, (Tablel:TiH,,
MgrFeHg) does not allow to give a definite
answer to this question and requires further
research. From the analysis of the curves of the
first hydrogen desorption after synthesis from
MA2 — MAS5 (Fig. 3), it was found that as the
result of reactive milling during 10 h of
magnesium mixtures with the addition of 10 wt.
% of Ti, Fe, Ni and Al, hydrogen capacities of
6,75 wt. %, 6,3 wt. %, 4,6 wt. % and 2,5 wt. %,
respectively, can be achieved. A lower value of
hydrogen capacity in the case of Ni additive to
magnesium comparing to the case of Ti and Fe
additives, is explained by the fact that 10-hour
grinding was not sufficient to achieve maximum
hydrogen capacity.

Analyzing and comparing the results of
hydrogen desorption process from MgH>
hydride phase of MC2 —MC5 mechanical alloys
immediately after their RMA synthesis and after
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the next cyclic hydrogenation from gas phase
(Table 3) one can see that the temperatures of
Tst and Tmax do not remain unchanged. The
effect of lowering the temperature of hydrogen
desorption beginning from 315 to 260 °C caused
by Ti and Fe alloying (compared to received
unalloyed MgH> MAT1 hydride phase obtained
by the same RMA) is significantly lower: T
increased from 260 °C to 300 °C for MA2 and
MA3. The lowest temperature of hydrogen
desorption beginning after hydrogenation from
gas phase revealed MA4. Thus, the results
obtained, point to the importance of the
mechanical alloys properties investigation and
their mechanical characteristics assessment, not
only after their RMA synthesis but also after the
first hydrogenation/dehydrogenation cycles to
define the fields of their application.

To evaluate the influence of complex
alloying by Ti, Fe, Ni and by nontransition
metal Al on decomposition temperature and
thermal stability of MgH> phase hydrogen
desorption from MA6-MA10 have been studied.
Hydrogen desorption isobars obtained at the
first heating after RMA synthesis of MA6-MA9
samples are shown in Fig. 5. After the first
hydrogenation fromthe gas phase of MAG6-
MAI10 are in Fig. 6. Likein the previous case of
MA1-MAS alloys-composites all isobars were
obtained at sample heating rate of 3 °/min and
Tst. and Tmax temperature values for MA6-MA10
are presented in Table 3. From the hydrogen

thermal desorption curves shown in Fig. 5 and
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Table 3 one can see that in the case of MA7

composite the adding of 10 wt. % Al + 10 wt. %

Fe to magnesium led to a decrease in

MgH, (RMA, 10 1)
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compared with the addition of 10 wt. %Al
+10% wt.% Ti and 10 wt.% Al + 10 wt.% Ni to
magnesium for MA6 and MAS. It points to
lowering of MgH> thermodynamic stability as
the temperature of 250 °C is lower than the

temperature of 288 °C, which according to [86]

temperature of hydrogen desorption beginning

from 315

temperature reduction is the largest, when

to 250 °C. Such desorption
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Figure 3. Isobars of hydrogen desorption from the MgH?2
hydride phase of the mechanical alloys: (a)
MAL, (b) - MA2, (c) - MA3, (d) - MA4, (e) - MAS
derived aftersynthesis RMA.

corresponds to equilibrium hydrogen pressure of
0.1 MPa. The indicated temperature decrease
should be attributed, in our opinion, to the
formation of Mg(Fe,Al)Hx hydride of iron and
aluminum solid solution in magnesium, at

synthesis  processes,

mechanical activation
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which, in accordance with the theoretical
prediction [9], should have a lower
thermodynamic  stability than magnesium
MgH2 (RMA, 10 h)
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compared with the unit cell volume of the same
hydride
(mechanical alloy MCI1) testifies the formation
of Mg(Fe,Al)Hx solid solution: from V
6,1672:102, nm* for MA1 to V = 6,1278 107,

phase without alloying elements
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hydride MgH>. A rather noticeable decrease
(because of Fe and Al adding) in unit cell
volume of B-MgH> hydride phase (alloy MA7)
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Figure 4. Isobars of hydrogen desorption from
the MgH2 hydride phase of the mechanical
alloys: (a)

MAL, (b) - MA2, (c) - MA3, (d) - MAA4, (e) -
MAS derived after its first hydrogenation from

the gaseous phase.

nm® for MA7 (see Table 2).Even more
convincing evidence of the possible formation

of iron and aluminum solidsolutionin

magnesium at the synthesis may be

themetallicMgphase unit cell volume reduction
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of MA7 mechanical alloy compared with that
one MAI1 from V
=4,6437102, nm*for MA1 to for MA7. If we

for mechanicalalloy:

pay attention to the fact that measured by us
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Figure S. Isobars of hydrogen desorption from the MgH2 hydride phase of the mechanical alloys:
MC6-(a), MC7-(b), MC8-(c), MC9-(d) derived aftersynthesis RMA.

260°C, while in the case of MAS (Mg +10 wt.%
Al) mechanical alloy it was 310 °C, it would be
a logical assumption that iron played a major
role in 65 degree decrease of hydrogen hydride
beginning temperature of f-MgH> hydride phase
of MA7 mechanical alloy.It should be noted that
under the same synthesis conditions of MAG6-
MA9 by RMA, the lowering of thermodynamic
stability and, consequently, the reduction in the
of  hydride MgH?2

decomposition of mechanical alloy at hydrogen

temperature phase

pressure of 0.1 MPa in the reactor, could be
achieved only for MA7.

From the curve of hydrogen desorption
of MA?7 after the first hydrogenation from the
gas phase we can see that the temperature of
hydrogen desorption beginning is about 288 °C
(Fig. 6). This temperature is already higher
than the temperature of 250 °C, specified in the
previous hydrogen desorption (first) from MA7
investigation after its synthesis and contact with

air, and coincides with a temperature of
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stoichiometric MgH> decomposition at the
equilibrium hydrogen pressure of 0,1 MPa in
the reactor [86]. The fact of increasingof
hydrogen desorption beginning temperature

Mg+10%wt. Al+10%wt. Ti

from 250 °C to 288 °C may indicate that as a
result of hydrogenation from gas phase of MA7
mechanical alloy under the above conditions
instead of hydride of Mg(Fe,Al)Hx solid

Mg+ 10%wt. Al+10%wt. Fe
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solution a hydride phase which corresponds to
stoichiometric MgH> magnesium hydride is
formed. So we can state that at the cyclic

hydrogenation from gas phase of MA7 sample

the effect of thermodynamic stability decrease
of its MgH> hydride phase, which we observed
in the study of the first of hydrogen desorption

from MA?7 after its synthesis is not preserved.
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This may be because of Fe and Al solid solution
in magnesium decomposition at heating of MA7
sample in the process of its hydrogenation from
the gas phase with the formation such phases as
FeAl>, Mg:FeHs and metallic aluminum (Table
I). An increase in the unit cell volume of
MgH>hydride phase of MA7 mechanical alloy
after its hydrogenation from the gas phase in the
fifth cycle from V = 61,278 A3, to V=61,671 A?
can be this assumption confirmation, as well
(Table 2).

The temperature of hydrogen desorption
beginning (Ts) from MA10 (Mg+10 wt.% Fe
+10 wt. % Ti) mechanicalalloy, which was
obtained by grinding in argon with the
following hydrogenation from the gas phase
was 220 °C (i.e. more lower than Ty for MA7
250 °C). However, this quite low value of Ty
(220 °C) is not evidence of MgH, MAI10
hydride  phase thermodynamic  stability
decreasing. Hydrogen desorption from MA10
that begins at temperature of 220 °C is the result
of decomposition beginning at this temperature
of TiFeHo hydride phase and possibly TiFeHx
phase, but not, as expected, Mg(Ti, Fe)H>
hydride phase alloyed by titanium and iron.

It should be noted that given in Table 1 values
of hydrogen capacity of MA6-MAI10 were
obtained under the same conditions both for the
RMA synthesis and hydrogenation from the gas
phase of pointed MA, and do not correspond to

the maximum values of the hydrogen capacity,

which can be achieved by increasing the
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grinding duration or hydrogenation time from
the gas phase.It firstly concerns of MA7, which
value of hydrogen capacity is 3.5 wt. % and
substantially differs, for example, from those for
MAG6 (6,56 wt. %) and MA9 (5.4 wt. %).
Obviously, 10 h of reactive grinding for MA7 is
not enough to achieve the maximal possible
capacity.

3.2 Mg — Me (Me=Ti, Fe, Ni, Al) and
Mg — Me1 — Me2 (Mei=Al; Mex=Ti, Fe, Ni)
mechanical

alloys-composites  hydrogen

desorption Kinetics process

Hydrogen desorption kinetics from [-
MgH: hydride phase of all MA synthesized by
us after their hydrogenation from the gas phase
under the same conditions has been
investigated at the following temperatures: 300
°C for MA2-MAS, MA9, MA10 and 320, and
400 °C for MAI1, MA6-MAS. Hydrogen
desorption kinetic curves are presented in Fig.
7. All the curves presented in this figure were
obtained at a constant hydrogen pressure of 0,1
MPa in the reactor. The data of hydrogen time
release of half of hydrogen quantity (t12) and
total hydrogen quantity release (1) for all MAs
are shown in Table 4. As we can see from Table
4 and kinetic curves obtained at 300 °C
(Fig.7a), MA4 and MA10 mechanical alloys-
composites have the best kinetics of hydrogen
desorption from MgH», for which 112 is 7 and
7,5 min, respectively, and 1. - 14 and 16 min.
We can see (Table 4), as well, that the time

Tipincreases in the row: MA3, MA2, MA9,
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MAS: 13; 16,5; 22; 58 min. If compare the 112
values with the time of MAlrelease (at a higher

temperature of 320 °C) half of the hydrogen
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from MgH> hydride phase, which is 71 min, it
can be concluded that additives of Ni, Fe, Ti to

magnesium improve the
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Figure 7. Kinetic curves of isothermal hydrogen desorption from the MgH2 hydride phase of the
mechanical alloys: curve 1- MA2, curve 2 - MC3, curve 3 - MC4, curve 4 - MC5, curve 5 - MC9,

curve 6 - MC10 at constant hydrogen pressure of 0.1 MPa in the reactor and temperature (a) 300 °C
and (b) 320 °C.

MA hydrogen desorption process kinetics from

B-MgH>hydride phase.

Fig. 7 b presents the kinetic curves of
hydrogen desorption at a temperature of 320 °C
from MA6, MA7, MAS8 mechanical alloys-
composites and MA1, to be compared. The data
of their 112 and 1 are shown in Table 4. The
best MA hydrogen desorption kinetics from
MgH> hydride phaser evealed MA6 composite
for which t12 1s 11.5 and 1¢ - 30 min. Herewith,
the main part in kinetics improvement, as it was
found, plays titanium but not aluminum. It is
known that titanium, as well as other transition
metals, has catalytic properties and helps to
reduce MA powder particles of carbon and
oxygen-containing groups adsorbed on the

surface, which, as shown by XPS studies [65],
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can block the catalytic centers and control both
the hydrogen dissociative chemisorption at
hydrogenation and the process of recombination

at dehydrogenation.

We can assess the influence of various
additives of alloying elements on the kinetics of
hydrogen desorption from MA by analyzing
temperatures Tmax shown in Table 3, which
correspond to the maximum speed of hydrogen
release from a given MA and, as a rule,
correlate with the value ofti2 of the same MA.
The pointed correlation takes place for MA2,
MA3, MA4 when Ti, Fe, Ni are added to
magnesium, and it is very clear for MA6, MA7,
MAS when additives are Al + Ti, Al + Fe, Al +
Ni. value for MAG6
comparison with MA7 and MAS8 shows the

The lowest Tmax in
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greatest influence of simultaneous alloying by kinetics of B-MgH> hydride phase.

aluminum and titanium on the dissociation

Table 4.Time (min.) of desorption half (t1,2) and full (tr) hydrogen amount from MgH> hydride
phase at 300 °C, 320°C, 400 °C

300 °C 320 °C 400 °C
Sample Tin ¢ Ti ¢ Tin ¢
MAT (Mg ) 8 | 130 | 71 | 95 | 65 | 11
MA2 (Mg + 10 wt.% Ti) 165 | 50
MA 3 (Mg + 10 wt.% Fe) 13 | 50
MA4 (Mg + 10 wt.% Ni) 7 14
MAS5 (Mg + 10 wt.% Al) 58 | 175 65 | 20
MA 6 (Mg + 10 wt.% Al +10 wt.% Ti) 11,5 30 3,5 12
MA 7 (Mg + 10 wt.% Al +10 wt.% Fe) 37 | 55 | 55 | 12
MA 8 (Mg + 10 wt.% Al +10 wt.% Ni) 44,5 73 3,5 9
MA 9 (Mg + 3at.% Al +3at.% Ni+ 7at. %Ti) | 22 | 60
MA 10 (Mg + 10 wt.% Fe +10 wt.% Ti) 7,5 16

It should be noted that the mode and conditions
of MgHohydride obtaining significantly affect
the kinetics of hydrogen desorption from it and,
most notably, this effect appears at low
temperatures. As established in [96], with
increasing the grinding time from 10 to 20 hours
t1p-for MA1 sample at 330 °C and hydrogen
pressure of 0,1 MPa is reduced from 55 to 31
min, i.e. there is a significant improvement of
hydrogen desorption kinetics from MgH». The
same improvement of kinetic characteristics in
case of grinding time increase should be
expected almost for all investigated mechanical
alloys-composites, for which to make a correct
data comparison, was chosen the same grinding
time of 10 h. But the latter was not enough to
achieve the maximum MA  powders
disintegration, and thus, to reduce hydrogen

diffusion paths and, consequently, to improve
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the hydrogen desorption kinetics from MgH>
hydride phase of mechanical alloy-composites.

Conclusion

It was established that: by reactive
grinding during 10 h of magnesium with the
additives of 10 wt. % Ti, Fe, Ni and Al the
hydrogen capacity of 6,75 wt.%; 6,3 wt.%; 4,6
wt. % and 2,5 wt. % can be achieved,
respectively.

Ni, Fe, Ti transition metals additives to
magnesium significantly improve hydrogen
desorption kinetics process of MgH> hydride
phase. The best kinetics of hydrogen desorption
at pressure of 0,1MPa in the reactor and a
temperature of 300 °C had MA4 and MA10
alloys-composites. 10 wt.% Al +10 wt.% Fe
addition to magnesium at using of RMA leads
to a decrease in temperature of hydrogen
desorption to 250 °C, i.e. 65 °C lower, and

points to lowering of MgH> thermodynamic
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stability, which took place due to the formation
of Al and Fe in magnesium (Mg(Fe,Al)H>) solid
solution. At  the

following  cyclical

hydrogenation from gas phase of MA7
mechanical alloy the above mentioned effect of
thermodynamic stability reducing of MgH> is
not observed.
Synthesized by

mechanical alloys-composites with additives of

RMA  Mg-based

Ni, Fe, Ti can accumulate of 5-6,5 wt.% of
hydrogen. The MgH> hydride phase with low
thermalstability and improved kinetics of its
decomposition and exploitation characteristics
of these composite materials concerning of
hydrogen storage make it possible to use themat

stationary application conditions.
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