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Synthesis characterization and hydrogen
absorption studies of the composite materials
L32Mg17—x Wto/OLaNi5
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The composite materials La,Mg.;—xwt % LaNis have been synthesized with various values of
x, and the hydrogenation behaviour of these materials has been extensively studied. The

as-synthesized materials were activated by heating the materials at about 360 + 10°C
temperature under a hydrogen pressure of 33 kgcm 2 for nearly 6 h. The maximum
hydrogen storage capacity was found to be 5.3 wt % for the composite material
La,Mg.;—10 wt% LaNis at 400 + 10 °C temperature. This is one of the very highest storage
capacities known so far. The initial rate of hydrogen absorption of La,Mg,;—10 wt% LaNis
was found to be 20cm®g~"min " (at 400 + 10°C temperature). In order to elucidate the
influence of LaNis addition, which significantly accelerated the hydriding rate and hydrogen
storage capacity of La,Mgy;, structural-microstructural characterization and chemical
analysis of the composite materials employing X-ray diffraction, scanning electron
microscopy and energy dispersive analysis of X-rays techniques have been carried out.

1. Introduction

For harnessing hydrogen as an alternative fuel, one of
the crucial aspects is to develop efficient hydrogen-
storage systems. It has been found that some judicially
combined composite materials perform differently and
often more efficiently than the constituent materials
themselves. The simple composite concept is an ex-
tremely useful and, in some aspect, an altogether new
way of thinking about the development and applica-
tion of hydrogen-storage materials. Although the ever
increasing demand and application of composites
claim continued improvement in the synthesis of ma-
terials, in the field of hydrogen storage, the develop-
ment of composite materials has entered the arena
only lately, in the last few years. So far, investigation of
hydrogen-storage materials has centred on individual
intermetallics, capable of reversible hydrogenation be-
haviour. Magnesium and magnesium-based alloys are
considered superior to other storage materials, be-
cause of higher hydrogen density, and lower weight
and cost [1-4]. The magnesium-containing systems
such as La,Mg,- and LaMg, have suitable thermo-
dynamic attributes for hydrogen storage. However,
a significant disadvantage of these materials is the very
slow absorption—desorption kinetics — this is about
ten times slower than that of the well-known hydro-
gen-storage material, LaNis [5]. Recently, there have
been some investigations which suggest that com-
posite-like materials may possess better hydriding
characteristics [6—10]. Such studies are rather sparse
and in order to test the viability of composite mater-
ials for storing hydrogen, further investigations are
required.
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Keeping in mind the fact that composite materials
may possess properties better than those exhibited by
both of its ingredients, we have attempted to synthe-
size La,Mg;,—x wt % LaNis (the former is a high
storage capacity but slow kinetics material and latter
is a low storage-capacity but fast kinetics material) for
various values of x, with the expectation of achieving
a high-capacity and fast kinetics composite material.

2. Experimental procedure

At first the native ingredient La,Mg;, was syn-
thesized through a solid-state diffusion process, by
taking stoichiometric quantities of highly pure con-
stituent elements lanthanum (99.9%) and magnesium
(99.99%) pressed in a pellet form. A somewhat new
synthesis route aimed at avoiding evaporation/subli-
mation of the low-melting component, magnesium,
was adopted. This consisted in encapsulation of the
subliming component, magnesium, by lanthanum
from all sides. The reasons behind this are that the
melting (boiling) point of magnesium is lower than
that of lanthanum, and magnesium transforms dir-
ectly from solid to the vapour state. The process of
pellet formation was as follows. Pellets of magnesium
and lanthanum with diameters d and D (such that
d < D) respectively, were prepared. The magnesium
pellet was placed on the middle of a lanthanum Pellet.
Then the area surrounding the magnesium pellet and
its upper surface were covered with lanthanum flux, as
shown in Fig. 1. This configuration was then pressed
to achieve magnesium encapsulation by the lan-
thanum matrix. The pellet sizes were optimized so that
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Figure 1 Schematic diagram of the preparation of the pellet.

they can carry appropriate quantities of lanthanum
and magnesium in a compact way. The superiority of
this method is that, when the pellets are melted, prac-
tically no magnesium escapes. This leads to the correct
stoichiometric formation of the intermetallic com-
pound La,Mg,,. The pellets were melted in a pre-
baked quartz tube under an argon atmosphere
(1kgem ™2 pressure) with the help of the radio-
frequency (r.f) induction furnace (12 kW). To avoid
contamination of the flux ingredients, particularly
magnesium, water was circulated in the outer jacket.
Then the as-synthesized intermetallic, which presum-
ably possesses very nearly the envisaged
stoichiometry, was quenched to room temperature. In
the next step, the composite materials La,Mg,,—
xwt % LaNis with x =5, 10, 20, 30 and 40 were
synthesized. The pellets of homogeneous mixture of
La,Mg,- and LaNis in the proper stoichiometric ra-
tios are melted in the r.f. induction furnace under an
argon atmosphere with the same experimental set up
as before.

The hydriding characteristics of the composite
materials La,Mg;,—x wt % LaNis (when x =5, 10,
20, 30 and 40) were evaluated through the measure-
ment of pressure—composition isotherms and kinetic
curves of hydrogenation. These measurements were
monitored by a volumetric method after preliminary
out-gassing of the reactor vessel using the set up as
described elsewhere [11] . At first, the as-synthesized
materials were activated by heating the materials at
about 360 +10°C under a hydrogen atmosphere
(33 kgcm ™~ 2). Heating was continued for nearly 6 h
under the same hydrogen atmosphere. The quantities
of absorbed hydrogen as a function of time were meas-
ured volumetrically by recording the variation in the
hydrogen pressure of the hydrogen reactor with time.

The structural characterization of the composite
materials was carried out through X-ray diffraction
(XRD). A Philips wide-angle X-ray powder diffrac-
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Figure 2 Kinetic curves of hydrogen absorption at different temper-
atures and at a pressure of 4 kgem ™2 for La,Mg,,—x wt % LaNis
for (a) x =5, (b) x =10, (c) x =20 and (d) x =40.

tometer PW-1710 was used for this purpose. The
scanning electron micrographs of the above-men-
tioned composite materials were obtained on the same
sample, on which the XRD analysis was performed.
Transverse sections of the specimens were cut and



polished by standard metallographic techniques and
the compositions of the as-synthesized composite
materials were determined by PV-9900 equipment for
energy dispersive analysis of X-rays (EDAX) attached
to a Philips EM-CM-12 electron microscope.

3. Results and discussion
3.1. Determination of the hydriding
characteristics of La,Mg.;—x wt % LaVis
The hydrogenation rates of the as-synthesized com-
posite materials La,Mg,-,—x wt % LaNis were meas-
ured at a temperature ranging from 350-400°C.
Fig. 2a—d show the kinetic curves of hydrogen absorp-
tion at different temperatures and at a pressure of
4kgem 2 for La,Mg,,—x wt % LaNis with x =5, 10,
20 and 40, respectively. These results indicate that
hydrogen absorption is strongly affected by temper-
ature. It has been evident that addition of LaNis in
La,Mg,- accelerated the hydriding rate by about
three to four times in comparison to La, Mg, alone.
At the beginning, the uptake of hydrogen is nearly
linear with time and decreased with longer time. The
rate of hydriding can be obtained from the slope of the
curves. We observed the highest hydrogenation rate
for a material hydrided at the highest pressure and
temperature.

The curves depicted in Fig. 2a—d suggest that the
highest hydrogen-storage capacity corresponds to the
composite material La,Mg;,—10 wt % LaNis. In or-
der to verify this and to estimate the hydrogen-storage
capacity, we have evaluated the pressure—composi-
tion—temperature (P—C—T') relationship of the com-
posite materials La,Mg,,—x wt % LaNis for various
values of x. The experiments to obtain P—-C—T iso-
therms of the composite materials were performed on
the same sample on which the hydriding kinetics
measurements were carried out. P-C—T measure-
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ments show the relationship between the hydrogen
pressure and composition for a particular temper-
ature. From P—C—T measurements, (i) the solid solu-
bility of hydrogen in the metallic lattice, (ii) the range
of composition at constant pressure, (iii) the overall
hydrogen content, and (iv) the equilibrium hydrogen
pressure as a function of the temperature can be
deduced. Fig. 3a—d shows the pressure—composition
hydrogen absorption isotherms at three different tem-
peratures, 350, 375 and 400°C, for the composite
materials La,Mg,,—x wt % LaNis with x =5, 10, 20
and 40, respectively. In all cases, clear-cut plateaux
were observed. As seen from the figures, P—C iso-
therms vary considerably according to the amount of
LaNis added to La,Mg;. With increase of temper-
ature there is an increase of the plateau pressure of the
composite materials. The maximum hydrogen-storage
capacity of this material is 5.3 wt % for x =10 (at
400 +£10°C). We observed that the crushed sample of
the composite material La,Mg,—x wt % LaNis (with
particle size 1 mm) which was degassed for 12—16 h (in
several steps) reacts rapidly with hydrogen at a pres-
sure of 33 kgem ™2 to yield this higher storage capa-
city. After four hydrogenation—dehydrogenation
cycles, the powder was found to be very active.

Plots of the maximum hydrogen content as a func-
tion of LaNis content at different temperatures are
shown in Fig. 4 for the composite materials
La,Mg,,—x wt % LaNis.

It has been found that the hydriding—dehydriding
behaviour in a metal hydrogen system is affected by
different factors, including alloy compositions, hydrid-
ing and dehydriding temperature and pressure. We
also noticed that after ten hydrogenation—dehydro-
genation cycles, the sample becomes a fine particle-
size powder. The temperature at which hydrogen
absorption took place becomes lower with increasing
LaNis content in the composite materials.
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Figure 3 Pressure—composition isotherms of the composite materials La,Mg;,—x wt % LaNis with (a) x =5, (b) x =10, (c) x =20 and

(d) x =40.

5179



100 [

50

Hydrogen pressure (kg cm™)

1 O 1 1 1 1
0 1 2 3 4 5
(c) Hydrogen concentration (wt %)

Figure 3 (Continued)

6

5 -
s 4r
*
- 400 °C
32
= 375°C
.FCB 350 °C
s 3|
o
c
(]
o
2
o
>
I 2t

1 -

1 1 1
0 10 20 30 40
LaNig (wt %)

Figure 4 Maximum hydrogen content as a function of the content
of LaNis for the composite materials La,Mg;,—x wt % LaNis for
(x =5,10,20, 30 and 40) at different temperatures..

Assessment of the potential of intermetallic hy-
drides and many binary, ternary and more complex
alloy hydrides as reversible hydrogen-storage mater-
ials, requires the prediction of a number of their prop-
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erties, of which thermodynamic characteristics are the
most important. It is known that the pressure—com-
position isotherm measurements can be indirectly
used for characterization of thermal effects. The en-
thalpies and entropies of hydride formation and dis-
sociation can be determined from the absorption and
desorption isotherms of the composite materials from
Van’t Hoff plots. Fig. Sa—d show the dependence of
dissociation pressure on the reciprocal of temperature
T, for the composite materials La,Mg;,—x wt %
LaNis with (a) x=5, (b) x=10, (c¢) x =30
and (d) x =40, respectively; where the value of pres-
sure at the centre of the plateau region has been taken
as the dissociation pressure. From the linear relation
between In P and 1/T, the relative partial molar en-
thalpy AHy and entropy ASy can be determined for
these composite materials by using the Van’t Hoff
equation

AHy ASy

In(p) =ﬁ "R (1)

3.2. Structural characterization — XRD, SEM
and EDAX explorations

In order to understand the influence of LaNis addi-
tion, which significantly accelerated the hydriding rate
and hydrogen-storage capacity of La, Mg, -, the struc-
tural, microstructural and chemical analysis of the
composite materials employing the X-ray diffraction
(XRD), scanning electron microscopy (SEM) and
energy dispersive X-ray analysis (EDAX) techniques
have been carried out.

The initial attempts to study structural character-
ization of the composite materials La,Mg;,—x wt %
LaNis for x =5, 10, 20, 30 and 40 were carried out
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Figure 5 Van’t Hoff plots for the composite materials La,Mg;,—x wt % LaNis for (a) x =5, (b) x =10, (c) x =30 and (d) x =40.

with the help of XRD. The XRD results of these
composite materials revealed that the as-synthesized
materials are multiphasic in nature. Fig. 6a—c show
the representative XRD patterns of the as-synthesized
composite materials La,Mg;,—x wt % LaNis for
x =5, 10 and 20, respectively. Different phases are
marked on the figures. It is clear from these XRD
patterns that although the dominant as-synthesized
phase was of La, Mg, -, some phases which were repre-
sentative of MgNi,, LaNi; and nickel appeared.

Ideally, in the investigation of the interaction of
hydrogen with the composite materials, one should
examine the surface of the material in atomic resolu-
tion, so that its morphology could be precisely de-
fined. In addition, the chemical density of all surface
compositions should be known so that the process of
chemical reaction between hydrogen and intermetal-
lics could be well understood.

Fig. 7a shows a representative SEM image, made
through secondary electrons, of the as-synthesized
composite material La,Mg;,—10 wt % LaNis, show-
ing the multiphasic nature of the material. Small
grains and precipitate-like particles are observed on
the large crystallites. The EDAX analyses confirmed

that the larger crystallites are La,Mg,,-rich, marked
L, and small precipitate-like crystallites are nickel-
rich, marked S, on the photograph. These nickel-rich
particles are believed to be precipitates of MgNi,,
LaNi; and nickel phases. Fig. 8a shows the represen-
tative EDAX pattern of the as-prepared composite
material La,Mg,,—10wt % LaNis, taken from the
larger crystallites (indicated by L) of the above elec-
tron micrograph, whereas Fig. 8b shows the EDAX
pattern from the smaller particles of the electron
micrograph (indicated by S in the photograph). It is
evident from these figures that the surface under
consideration is nickel-rich, which may be the cause of
the fast hydriding kinetics and large storage capacity
of these materials. The presence of nickel, either em-
bodied in MgNi,, LaNi5 or in the free form, presum-
ably accelerated the hydrogen absorption—desorption,
leading to the observed better hydriding character-
istics of the composite materials. We can infer that an
important parameter influencing hydrogenation—de-
hydrogenation is the surface nickel in contact with
La, Mg, and other nickel-bearing phases. Free nickel
was present for all values of x. It is known that nickel
on the surface decreases the activation energy of
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Figure 6 X-ray diffraction patterns of the as-synthesized composite
materials La,Mg;,—x wt% LaNis for (a) x=5, (b) x =10,
(¢) x =20 () LayMg,, (V) LaNis, (M) MgNi,, (®) Ni.

dissociation of hydrogen molecules. The hydriding
rate and storage capacity appears to be dependent on
the nickel-containing phases which form sites favour-
able to hydride nucleation and also serve as channels
by which hydrogen would enter and come out of the
main phase. The rapidity with which the composite
materials absorb and desorb hydrogen seem to sug-
gest that the additional phases, particularly those em-
bodying nickel, may also affect the kinetics and play
a crucial role in the acceleration of hydriding rates of
the composite materials.

The difference in the hydriding characteristics of the
composite materials for various values of x is con-
sidered to be due to the difference in the amounts and
types of phases present in the materials. This is clear
from the XRD patterns (see Fig. 6a—c), that with
increasing values of x, the number of peaks of minority
phases (such as MgNi,, LaNis) increased. The large
amount of these phases act as a barrier for hydrogen
absorption and desorption, and this may be the reason
that different storage characteristics of the composite
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Figure 7 (a) A representative scanning secondary electron micro-
graph of the as-synthesized composite material La,Mg,,—10 wt %
LaNis indicating the presence of two types of crystallites, large (L)
and small (S) on the surface. (b) A representative scanning electron
micrograph of the dehydrogenated composite material
La,Mg,,—10 wt % LaNis indicating that the material converts into
fine particle-size powder after ten hydrogenation—dehydrogenation
cycles.

materials La,Mg,,—x wt % LaNis were obtained for
various values of x.

We propose the following reaction mechanism for
the composite materials. Hydrogen molecules come
into contact with the surface of the composite mater-
ials and dissociate (H, —H + H) at the nickel particles
which are present on the surface of the composites.
Then the atomic hydrogen diffuses to interstitial posi-
tions of the main phase and thus becomes absorbed.
Other nickel-containing minority phases (e.g. MgNi,,
LaNi3) act as catalysts for hydrogen sorption. Thus,
the optimum storage capacity of 53 wt% for
La,Mg,,—10 wt % LaNis with very fast hydrogen-
ation—dehydrogenation kinetics, appears appreciable.
Therefore, it is clear that the initial rate of hydrogen
absorption by the composite materials is controlled by
surface chemisorption and the rate of chemisorption is
closely related to the phases present on the surface,
and to the surface area.

The representative scanning electron micrograph
made through secondary electrons, of the partially
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Figure 8 EDAX spectrum of the as-prepared composite material
Lay,Mg,,—10 wt % LaNis taken from (a) a larger crystallite (L) and
(b) a smaller crystallite (S) of Fig. 7a.

reacted surface (reaction between composite material
and hydrogen) can be seen in Fig. 9a. Fig. 9b reflects
that most of the surface becomes reacted with longer
exposure of the material under hydrogen pressure and
at high temperature. The total time for the reaction
was about 2h at high temperature (after several
hydrogenation—dehydrogenation cycles). Because the
particles of the activated sample were observed by
scanning electron microscopy, to have irregular
shapes, it is impossible to establish a simple relation
between the variation in the reacting phases and reac-
ted area. The surface studies of metal hydrides using
scanning electron microscopic techniques indicate
that surface compositions play a major role in the use
of composite materials as hydrogen fuel-storage me-
dia. Fig. 7b is an illustrative SEM image of the dehyd-
rogenated composite material La,Mg;;,—10 wt %
LaNis after ten hydrogenation—dehydrogenation
cycles. It is clear from this secondary electron image
that the material becomes fine particle-size powder
after several hydrogenation—dehydrogenation cycles.
In all cases, increase in the number of cycles produce
more fracture and breakage of the material into small
domains (up to a limit). Comparison of the surfaces of
tha as-synthesized and dehydrogenated composite
material La,Mg,,—10 wt % LaNis confirms that after
several hydrogenation—dehydrogenation cycles, the
surface becomes sponge-like.

4. Conclusion
Composite materials La,Mg,,—x wt % LaNis have

been synthesized successfully for various values of
x (x =5, 10, 20, 30 and 40), and the hydriding behav-

Figure 9 The representative scanning electron micrographs, made
through secondary electrons of the hydrogenated composite mater-
ial La,Mg,,—10 wt % LaNis (a) The partially reacted surface (re-
action between composite material and hydrogen) can be seen.
(b) After longer exposure of the material under hydrogen pressure
and at high temperature, most of the surface becomes reacted.

iour of these new composite materials were studied.
The initial rate of hydrogen absorption of La,Mg,,—
10 wt % LaNis was found to be 20 cm®*m ™! min ! (at
400 £10°C). The optimum storage capacity of
5.3 wt% with respect to pressure and composition was
observed of La,Mg{,—10 wt % LaNis at 400 +10 °C.
In contrast to the presently known high hydrogen-
storage capacity of 3.8 wt% for Mg, Ni, the present
capacity of 5.3wt% is higher by more than 39%. In
order to understand the role of LaNis in accelerating
the hydriding—dehydriding behaviour of La, Mg, 4, in-
vestigations on structural-microstructural character-
istics of the composite materials were carried out
employing XRD, SEM and EDAX techniques. It was
observed that hydriding rates and hydrogen-storage
capacities are closely related to the microstructures and
types of phases present in the materials. The increase in
the hydrogenation rates appears to be produced by
a catalytic effect of the minority phases MgNi, and
LaNis, in addition to free nickel phase on the surface
and bulk. In the present case, surface nickel initiated the
chemisorption. The present results are suggestive of the
fact that activation depends strongly on the surface
structures of the as-synthesized composite materials.
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