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Abstract The ABs;-type LaCaMgNiy compound was
synthesized using mechanical alloying (MA) starting from
elemental La, Ca, Mg, and Ni in the atomic ratio 1:1:1:9.
X-ray diffraction (XRD), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM) were
used to study the phase evolution and formation/kinetic
mechanism as a function of milling time (4-30 h). The
results show multiphase alloys containing LaCaMgNig as a
main phase with trigonal PuNis-type structure (R-3m space
group) where Ca atoms occupy preferentially the 3a site,
while La and Mg atoms occupy the 6¢ site with a mean
composition CaLa; 52)Mgos2)Nig. The hydrogenation
properties of the alloys were examined by solid—gas reac-
tion at room temperature. The PCI curves showed a plateau
pressure of 0.25 bar which corresponds to the AB3 phase.
The hydrogen absorption capacity of the AB; phase is
equal to 5.6 H/u.fap;.
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Introduction

Hydrogen storage alloys have been widely investigated as
negative electrode materials for Ni-MH (Nickel-Metal
Hydride) secondary batteries for their high energy density,
long cycle life, low memory effect, and the absence of
cadmium or other toxic heavy metals [1-6].

Recently, a new family of PuNis-type structure has
attracted attention as an electrode material for Ni/MH
battery because of their high hydrogen storage capacity and
moderate hydrogen equilibrium pressure [7]. Many high
capacity alloys with the AB; composition (A: rare earth
metal, Ca and Mg; B: transition metals) have been reported.
These alloys have long periodic one-dimensional super-
structure in which ABs5 unit (CaCus-type structure) and
AsB4 unit (Laves-type structure) are rhombohedrally
stacked with a ratio of 1:1 along the c-axis direction [8].

Kadir et al. [1] have discovered that RMg,Niy (R: rare
earth) alloys with rhombohedral PuNis-type structure pre-
senting a 1:1 stacking of the ABs and A,B, units are inter-
esting compounds for hydrogen storage. A representative
description of the stacking arrangement of RMg,Nio-type
alloy is given in ref [9]. The interest of such system is to
take advantage from the properties of ABs and A,B, units to
obtain compounds with enhanced behavior toward hydro-
gen absorption [9, 10]. Partial Ca and Mg substitution for
A yields hydrogen storage capacity of about 1.9 wt% and
discharge capacity of about 370 mAh/g [11-13].

The results reported by Kadir et al. have motivated
intense interest in A—-Mg—Ni-based hydrogen storage alloys.
Chen et al. [14] have obtained several kinds of A-Mg—Ni-
based alloys with a PuNis-type structure including
LaCaMgNio. Crystal structure analysis of this later com-
pound has indicated that the Mg atoms occupy only 6c sites,
while La and Ca atoms are located at the 3a and 6c¢ sites.
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Table 1 Crystallographic parameters for AA’By alloy (A, A’ = La,
Ca, Mg; B = Ni) [8]

Space group: R-3 m, a = 5.0078 A c=2874A

Atom Site Atom positions

X Y z
A(La, Ca) 3a 0 0 0
A’'(Mg, La, Ca) 6¢ 0 0 0.146
Bi 3b 0 0 0.5
B2 6¢c 0 0 0.3333
B3 18 h 0.5 0.5 0.0833

The structural data of LaCaMgNiy with PuNis-type struc-
ture are reported in Table 1.

LaCaMgNiy compound has been traditionally produced
by melting or sintering processes. Nevertheless, using
melting technique, it is difficult to obtain stoichiometric
LaCaMgNiy because the high vapor pressures of Ca and
Mg lead to losses of both elements by evaporation. A
further difficulty is the high oxidation rate of Ca and Mg at
elevated temperature [15]. However, it is possible to avoid
these difficulties using mechanical alloying (MA). This
technique was considered since 70 years (Benjamin [16]
Yermakov et al. [17]) as a useful process in solid state
reaction for the synthesis of very high melting point
compounds (ceramics, carbides), alloys containing immis-
cible elements or elements having very different vapor
pressures, high pressure or high temperature unstable
alloys, amorphous alloys, etc. It has been also observed that
large surface area and reduced particle size of the material
are crucial parameters to improve the hydrogenation
properties of metal hydride systems. Indeed, they can
induce a reduction of the activation time, an improvement
of the kinetic and an increase of the absorption capacity
[18]. As MA induces an increase of the specific surface
area and the density of the defect on the surface as well as
in the bulk, it appears to be a suitable process for the
synthesis of nanocrystalline LaCaMgNiy alloy with good
hydrogen absorption properties.

The aim of this work was therefore the synthesis of
nanocrystalline LaCaMgNig compound by MA in order to
study, on the one hand, the contribution of this process on
the structural properties of this intermetallic compound
usually obtained by co-fusion and on the other hand, the
effect of the nanocrystalline state on its hydrogen
absorption properties. Its crystalline structure was deter-
mined and refined from X-ray powder diffraction data.
The morphology was studied by scanning electron
microscopy (SEM), while the microstructure and the
chemical composition were analyzed using transmission
electron microscopy (TEM). The thermodynamic prop-
erties were investigated using differential scanning
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calorimetry for the alloy and solid-gas measurements
(PCI) for hydrogenation.

Experimental details

MA was performed with a Fritsch Pulverisette P7 planetary
ball mill. A 2 g stoichiometric mixture of elemental pow-
ders of Ni (Acros 99.9 %, 50 um), Ca (Prolabo 99.3 %,
40 pm), Mg (Acros 99.9 %, 50 um), and La (VWR 99.9 %,
40 pm) was placed in a carbide container of 45 ml capacity.
All the sample handlings were carried out inside an Ar-filled
glove box in order to avoid possible oxidation of reactant
elements. The carbide container was loaded with five steel
balls (12 mm diameter) with a ball to powder mass ratio
equal to 17:1. The disk rotation speed was set to 400 rpm.
These MA conditions correspond to 0.06 J/Hit kinetic shock
energy, 83 Hz shock frequency, and 2.76 W/g shock power
[19, 20]. The obtained samples were named St with S as
sample and t as MA time in hour (¢ varies from 0 to 30 h).

Structural characterization was performed at room tem-
perature by X-ray powder diffraction (XRD) using (60-260)
Panalytical X’Pert Pro MPD diffractometer with a copper
anti-cathode (ACugy; = 1.54060 A, ACug,, = 1.54443 A,
ratio = 0.5). The patterns were recorded over the range
10°-110° in 20 by step of 0.04°. Phase analysis and struc-
tural determination were performed using Fullprof software
[21] based on the Rietveld method [22, 23]. The background
contribution was refined in the final fit. The refined
parameters were, respectively, the following: zero shift, cell
parameters, occupancies, z position of La and Mg in the
6¢ sites, Lorentzian constant Y and Gaussian constant U,
and finally the background. At the last cycle, all the
parameters were refined simultaneously.

The morphology of the S30 mechanically alloyed sam-
ple was studied by scanning electron microscopy using a
SEM-FEG LEO 1530 device. The microstructural state of
the powder was studied by transmission electron micro-
scopy (TEM) using a Tecnai F20 microscope. Images were
recorded using a bright-field mode. Elemental mapping
analysis was carried out by energy-dispersive X-ray (EDX)
analysis. To obtain thin samples for the TEM characteri-
zation, powders from the alloy and aluminum were mixed
together, and then cold-rolled and thinned with an argon
ion beam in a GATAN precision ion polishing system.

Hydrogenation properties at 25 °C were determined by
measuring the Pressure-Composition-Temperature iso-
therm (PCI) using the Sievert’s method for pressure
between 0.1 and 10 MPa. Sample was outgassed under
primary vacuum for 24 h at 120 °C before starting the
measurement. Thermal analysis was carried out by differ-
ential scanning calorimetry (DSC) using a DSC Q100 of
TA Instrument.
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Fig. 1 a XRD patterns of SO sample, b zoom of the region 25°-40°

Results and discussion
X-ray diffraction results

The structural evolution of the mechanically alloyed sam-
ples has been studied by X-ray powder diffraction. Fig-
ure la shows the XRD pattern of the SO sample where all
the diffraction lines of the starting elements are present.
The diffraction peaks of nickel are the most intense, while
those of the other elements are barely detectable. This fact
is mainly related to the low contents of Ca, Mg, and La
(5.47, 3.32 and 18.9 wt%, respectively) as compared to the
Ni one (72.21 wt%).

The XRD patterns of the samples alloyed mechanically
for different times are compared in Fig. 2. It can be seen
that all the diffraction peaks have a significant line
broadening. This latter is certainly due to the reduction of
the crystallite size and the increase of the internal strains
induced from the fracture and welding processes [24] in
agreement with the mechanism proposed by Fecht [25].
The continuous particle refinement leads to the observed
nanocrystalline state. It is also well established (Koch [26],
Suzuki [27], Abdellaoui and Gaffet [19, 20]) that, when
starting from pure elements, the phase formation by MA is
induced by a long distance diffusion of the different ele-
ments in an intragranular common region and a local
chemical and structural ordering according to the initial
chemical composition. The driving force for this reaction is
the difference between the free energy of the mixture of
elements and that of the formed compound. So, as the ball
milling progress, the free energy of the crystalline mixture
(AG BM mixture) increases due to the increase of the defect

25 30 35 40
2 Theta (°)

(b)

Intensity (a. u.)

2 Theta (°)

Fig. 2 Evolution of XRD patterns of samples obtained by MA for
increasing duration (4-30 h)

concentration induced by plastic deformation (AGgy
mixture = A(}initial mixture T A(}defect)- When the free energy
induced by defects (AGgefect) €xceeds the activation energy
(E,) of the transformation from the mixture to an appro-
priate crystalline compound, this latter reaction will occur
[28]. The AGgefec; is function of the injected shock power
(Pinj), whereas the amount of the formed crystalline com-
pound depends on the cumulated energy (Ecym = Pinj *
At with At the milling duration) [19].

Figure 2 shows that the diffraction peaks of elemental
La, Ca, and Mg metals disappear after 8 h of milling. Ni
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Fig. 3 Rietveld refinement of a LaNis compound synthesized by MA during 15 h under the same energetic conditions than S30 and b—-d S4,
S10, and S30 samples: observed (dots), calculated (line), and difference (lower line) are shown. The vertical marks show the Bragg positions

diffraction peaks remain till 20 h and disappear for further
durations. After 4 h of milling new peaks appear, charac-
teristic of a ANi, phase, crystallizing in a MgCu,-type
cubic structure [29]. As the refined cell parameter
(a = 7.176 A) is smaller than that of LaNi, 17 [7.34(3) A]
and CaNi, [a = 7.25(1) IOA], there is probably a random
mixture of La, Ca, and Mg atoms on the A site. This phase
disappears after 8 h of alloying time. After 10 h of MA, the
desired AB3 phase with PuNis-type structure and LaNis
phase start to be formed. For larger milling time, peak
intensities of both AB; and LaNis phases increase while
those of the initial reactant Ni decrease.

The Rietveld method was used to refine the structural
parameters (cell parameters, atomic position, and occu-
pancies) and to calculate the weight content of the existing
phases in order to study the evolution of phase composition
and phase abundance of the milled mixture. For milling
time larger than 20 h, as the diffraction peaks of both AB3
and LaNis phases are broad and sometimes overlapped, the
cell parameters of the LaNis phase were kept fixed in order
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to limit the number of refined variables. The LaNis cell
parameter values [a = 4.9844(9) A and ¢ = 4.0211(9) A]
were obtained from the refinement of single LaNis phase
synthesized by MA in the same MA conditions than the
quaternary alloy. As Mg does not substitute to La in LaNis,
and Ca for La substitution leads to different peak intensi-
ties, this assumption is reasonable. The Rietveld refinement
of the XRD pattern of single phase LaNis compound
obtained after 15 h of MA is shown in Fig. 3a.

Assuming that Mg atoms can only occupy the 6¢ site in
the PuNis-type structure [30], two different combinations
of Ca and La atoms have been tested by Rietveld refine-
ment to find the repartition of these elements among the
two available sites 3a and 6¢. In the first case, all Mg atoms
were kept on the 6¢ site and the La and Ca atoms were
randomly distributed on the two 3a and 6¢ sites. The
FullProf calculations lead to negative occupancy factors for
La in the 3a site and Ca in the 6¢ one, meaning that La is
better suited in the 6¢ position and Ca in the 3a one. In the
second case, the 3a site was set fully occupied by Ca
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atoms, while La and Mg atoms were distributed in 6¢ site
with the assumption that ny, + ny, = 6. This configura-
tion was more suitable with better reliability factors for the

Table 2 Occupancy factors and z atomic position of La and Mg in 6¢
site of the AB;-type structure Occ(Cajz,) = 3 for all samples

Sample Atom Occupancy Zs. atomic position

S10 La 3.69(4) 0.1386(6)
Mg 2.31(4)

S12 La 3.69(2) 0.1386(6)
Mg 2.31(2)

S16 La 3.87(1) 0.1418(1)
Mg 2.13(1)

S20 La 3.69(3) 0.1387(6)
Mg 2.31(3)

S25 La 3.48(1) 0.1340(6)
Mg 2.52(1)

S30 La 3.50(2) 0.1417(2)
Mg 2.50(2)

refinement. This procedure was then applied for XRD
patterns analysis of all samples.

The strong preference of calcium atoms for the 3a site in
the AB3-type phase is characteristic of a ternary ordered
compound with the CaMg,Nio-type structure as reported by
Kadir et al. [11]. However, these results are different from
those reported by Kadir et al. [1] for (LagesCagss)
(Mg, 32Cag ¢3)Nig compound where Ca was randomly dis-
tributed over the 3a and 6c¢ sites. Table 2 summarizes
occupancy factors and z atomic position of La and Mg in 6¢
site of the AB;3 phase structure for all alloying durations.
These results show that the 6¢ sites are composed of La and
Mg with small fluctuations of the La/Mg ratio (within the
errors bars). The mean composition calculated using these
values is CaLla, ,Mgo s2)Nio. The loss of Mg with respect
to the nominal composition can be explained by its welding
on the vial surface.

Figure 3b—d shows the refined XRD patterns of S4, S10,
and S30 samples and the corresponding Rietveld structural
parameters are reported in Tables 2 and 3. The evolution of
all phase abundances versus MA duration is reported in

Table 3 Structural parameters and phase abundance, refined by the X-ray Rietveld analysis, of the formed and remaining phases existing in all

samples obtained for increasing MA duration

Sample St Phase Content (wt%) A (A) c A V (A% D (nm) Rprage(%) Ri%) %% Rups R,

S4 ANi, 24.2(1) 7.2522(1) 381.4 (1) 112 99 41  347;3.1;1.9
Ca 9(2 5.6637(2) 181.7(1) 43.8(1) 27.7 106 8.2
Ni 668 (1) 3.5249(1) 33.6 8.9 3.3

S8 ANi, 67.8 (2) 7.1762(8) 369.6(1) 5.0 2.1 22 12;14;17
Ni 3228 3.5247(4) 43.8(1) 165 33 2.1

S10 AB; 427 (1.6) 4.9457(1) 23.9141(3) 506.6(2) 6.8 7.4 47  1.3;19; 14
LaNis 40.1 (1.4) 5.0130(3) 4.0036(2) 87.1 (1) 5.1 4.7 3.8
Ni 172 (0.7) 3.5272(1) 43.8 (1) 132 103 6.8

S12 AB; 484 (1.5) 4.9451(2) 23.9141(2) 505.6(3) 6.0 5.2 32 17 1.8 21
LaNis 40.9 (1.3) 5.0250(3) 4.0106(2) 87.9(1) 7.1 6.3 42
Ni 10.7 (6) 3.5272(1) 438 (1) 157 93 5.2

S16 AB; 4938 (1.3) 4.9510(1) 23.9097(2) 507.6(2) 8.5 5.7 29  2.04;2.1;19
LaNis 45.6 (1.2) 5.0262(6) 4.0174(5) 87.9(3) 7.4 43 2.5
Ni  4.6(0.5) 3.5277(1) 43.8 (1) 205 10.1 5.3

$20 AB; 522 (1.4) 4.9427(1) 23.9141(3) 505.9 (2) 6.0 6.8 45 165 23;1.7
LaNis 43.1 (1.2) 4.9844% 4.0211% 87.1% 45 5.5 3.7
Ni  4.6(0.5) 3.5272(2) 43.8 (3) 124 157 10.7

$25 AB; 535 (1.7) 4.9468(6) 23.9125(2) 506.8(1) 4.9 6.7 40 176, 1.7;22
LaNis 46.5 (1.3) 4.9844% 4.0211* 87.1% 5.0 6.5 3.8

S30 AB; 67 (1) 4.9448(1) 23.923(2) 506.6(3) 44 4.0 2.1  187;1.8;24
LaNis 33 (1) 4.9844% 4.0211% 87.1% 5.9 6.0 3.8

S30 DSC AB; 45.40(0.84)  4.9326(7) 4.9527(3) 23.875(2) 4.0491(9) 504.28(7) 9.08 49  8.6;7.29;5.57
LaNis 56.4(1.12) 85.32(2) 6.53 351

The results of S30 after DSC measurement were added
* Fixed parameter
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Fig. 5 Variation of a and c cell parameters of the Ca(La,Mg),Nig
phase versus MA duration

Fig. 4. It indicates that the weight contents of Ca(La,
Mg),Niy and LaNis phases increase with milling time,
whereas that of Ni decreases until it disappears after 25 h
of MA. In this work, it is worth to note that MA process
can be described in three steps. For short time (i.e.,
between 4 and 12 h), we observe a rapid and important
increase of the amount of the formed phases and a rapid
decrease of the amount of initial Ni. For milling time
ranging between 12 and 20 h, we obtain a stationary state
formed by an AB; and LaNis phases with a small amount of
remaining Ni. Above 20 h of milling, the remaining Ni has
disappeared and the AB; amount increases at the expense
of that of LaNis.

The lattice parameter variations of the Ca(La, Mg),Nig
phase as function of MA duration are displayed in Fig. 5. It
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Fig. 7 XRD patterns of S30 sample obtained by MA and after DSC
measurement

is observed that the lattice parameters do not vary with
milling time but fluctuate around an average value. How-
ever, it is worthy to note that the mean c lattice parameter
is larger than that reported for the CaMg,Niy phase
(c = 23.7868 A [11]). This can be explained by the higher
value of the La metallic radius (1.87 A), compared to the
Mg one (1.6 A) as the La atoms are located along the
c-axis.

Thermal treatment
DSC measurement has been performed on the S30 sample.

There are two DSC curves measured upon heating. The
first DSC curve presents two broad exothermic peaks: the
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first at 200 °C and the second at higher temperature of
about 420 °C (Fig. 6). The second curves measured in a
second cycle shows that all these peaks have disappeared
indicating non reversible phase transitions. The first peak
of curve 1 corresponds to the restoration of defects created
by the MA process, while the second one corresponds to
the crystallization of the formed phases [31-33]. The XRD

Fig. 8 a SEM micrography
showing the morphology of the
S30 sample and b—-d EDS
spectra of respectively spot /,
spot 2, and spot 3

pattern was measured and analyzed after DSC. XRD pat-
tern shows thinner diffraction lines related to both the
release of defects and the increase of particle size. Both
LaNis phase and ABs-type phase are identified. XRD pat-
terns after MA and DSC are compared in Fig. 7 and the
results of refinement are presented in Table 3. The cell
parameters of the LaNis phase remain close to that of a
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single LaNis sample milled by MA to serve as a reference.
The a cell parameter and the cell volume of the ABj3 phase
decrease after DSC. This might be due to the difference in
the 3a and 6¢ site occupation by both La and Ca atoms. In
fact, as previously presented, after MA, the refinement was
made on the basis of a total 3a site occupation by Ca atoms,
while after DSC Ca and La atoms were randomly dis-
tributed between the two latter sites. A decrease of the
amount of ABj-type for the benefit of LaNis phase after
DSC is also noticed and it could be attributed to the loss of
Mg and Ca elements constituent of the AB3. This result is
different from the one reported by Hua et al. [34] for the
La,MgNiy alloy on which annealing increases the abun-
dance of the ABs-type phase.

Morphological and microstructural study

SEM micrography showing the morphology of the S30
sample is reported in Fig. 8a. The powder is composed of
large agglomerates of more than 5 pm. These agglomerates
are made of several small (0.1-1 pm) deformed particles
welded together. We assume that after a given MA time,
equilibrium is reached between the rate of welding (which
tends to increase the average particle size) and the rate of
fracturing (which tends to decrease the average particle
size) [27]. Moreover, the EDS spectra collected in different
designed spots (Fig. 6b—d) qualitatively show that the
obtained quaternary alloy has a homogenous composition.

HRTEM analysis was carried out in order to study the
microstructure of the S30 sample. Figure 9 presents a
HRTEM bright-field micrograph of this alloy. This figure
shows nanoparticles with sizes ranging from 5 to 15 nm in
agreement with grain size values calculated by X-ray
diffraction. The A and B regions in Fig. 9 correspond,
respectively, to Ca(La,Mg),Niy and LaNis phases identi-
fied by their respective (009) and (110) atomic plans.

Fig. 9 High-resolution TEM bright-field micrograph of the S30
sample with magnification of (a) (ABs-type phase) and (b) (LaNis
phase) details
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In this work, EDX coupled to HRTEM was used to
perform semi-quantitative analysis. This technique is suf-
ficient to determine the atomic ratio between elements in
order to set the chemical formula of the analyzed sample.

The results of chemical analysis by TEM-EDX are in
agreement with the HRTEM observation and confirm the
presence of both Ca(La,Mg),Niy and LaNis phases. The
chemical composition of the AB;3-type phase was determined
in several regions of the sample. Figure 10 shows the vari-
ation of the calculated atomic concentration of La, Ca, Mg,
and Ni as well as the B/A ratio (where A = (La + Ca + Mg)
and B = Ni) in different regions of the S30 sample. The
results indicate that the selected particles are richer in La
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than Ca. All compositions can be assigned to a quaternary
phase having a B/A ratio close to 3 in agreement with the
nominal formula determined by Rietveld refinement.

Hydrogenation properties

The Pressure-Composition-Temperature Isotherm (PCI) of
the S30 sample measured at room temperature is plotted in
Fig. 11. Qualitatively, a careful look at the isotherm reveals
that there is a significant absorption at very low pressure
(first part of the PCT). As mentioned earlier, MA causes
defects and particle size reduction. The enhanced absorption
at low pressure is mostly due to the hydrogen adsorption in
the defects in the surface [35]. The PCI curve exhibits a
large plateau pressure at about 0.25 bar upon absorption.

Based on the values of the enthalpy (—35.3 kJ mol ™'
H,) and the entropy (—1201J K~! mol™! H,) of the
Lag sCa; sMgNig hydride formation reported by Chen et al.
[2], the estimated plateau pressure value of this compound
at 25 °C, will be 0.25 bar. So, we assume that the first
plateau pressure corresponds to the hydride formation of
the Ca(La,Mg),Niy phase. The small bump, observed in
the absorption curve, could be related to the LaNis con-
tribution which plateau pressure is 1.89 bar at 25 °C
according to Ngameni et al. [36].

Conclusion

A nanostructured AB3 phase with PuNis-type structure
alloy has been synthesized at room temperature by
mechanical alloying of a stoichiometric mixture of ele-
mental La, Ca, Mg, and Ni.

Rietveld refinement shows that after 12 h of milling the
ABj-type phase becomes the main phase with a mean
formula of CaLa, »Mggs2)Nig. In this phase, the Ca
atoms occupy preferentially the 3a site, while La and Mg
atoms are located in the 6¢ site. The weight content of this
phase reaches 67 % after 30 h of MA. HRTEM analysis
confirms that the S30 sample consists of two phases
Ca(La,Mg),Nig and LaNis at nanometer scale in agreement
with the XRD data. Such nanostructuration of the active
material is expected to be highly suitable for hydrogen
absorption. Hydrogenation at room temperature shows that
the compound can absorb about 6 H/f.u. The absorption
PCI curve shows two distinct plateaus at pressures corre-
sponding to Ca(La,Mg),Nio and LaNis phases.

Further characterization of electrochemical and ther-
modynamic properties of the synthesized alloys will be
achieved in the near future. Other synthesis routes will
be investigated in order to increase the amount of the
AB;-type phase, which may be very promising as nega-
tive electrode material for Ni-MH batteries.
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