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Abstract

The present work is focused on studies of the influence of magnesium on the hydrogenation behaviour of the (La,Mg),Ni; alloys.
Substitution of La in La,Ni; by Mg to form La; sMg, sNi; preserves the initial Ce,Ni; type of the hexagonal P63/mmc structure and leads
to contraction of the unit cell. The system La; sMgysNi;—H, (D) was studied using in situ synchrotron X-ray and neutron powder
diffraction in H,/D» gas and pressure—composition—temperature measurements. La replacement by Mg was found to proceed in an ordered
way, only within the Laves-type parts of the hybrid crystal structure, yielding formation of LaMgNi, slabs with statistic and equal
occupation of one site by La and Mg atoms. Mg alters structural features of the hydrogenation process. Instead of a strong unilateral
anisotropic expansion which takes place on hydrogenation of La,Ni;, the unit cell of La; sMgysNisDg; is formed by nearly equal
hydrogen-induced expansions proceeding in the basal plane (Aa/a = 7.37%) and along [001] (Ac/c = 9.67%). In contrast with La,Ni;Dg 5
where only LaNi, layers absorb hydrogen atoms, in La; sMgq sNi;Dy; both LaNis and LaMgNiy, layers become occupied. Nine types of
sites were found to be filled by D in total, including tetrahedral (La,Mg),Ni,, (La,Mg)Nis, Niy, tetragonal pyramidal La,Ni; and trigonal
bipyramidal (La,Mg);Ni, interstices. The hydrogen sublattice around the La/Mg site shows formation of two co-ordination spheres of D
atoms: an octahedron MgDg and a 16-vertex polyhedron LaD ;¢ around La. The interatomic distances are in the following ranges: La—D
(2.28-2.71), Mg-D (2.02-2.08), Ni-D (1.48-1.86 A). All D-D distances exceed 1.9A. Thermodynamic PCT studies yielded the following
values for the AH and AS of hydrogenation/decomposition; AHy = —15.7+0.9kJ (molH)’1 and ASy = —46.0+3.7J(K molH)’1 for H,
absorption, and AHy = 16.8+0.4kJ (molH)_1 and ASy =48.1+ I.SJ(KmolH)_1 for H, desorption.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

The crystal structures of the intermetallic alloys formed
in the systems of rare-earth metals (A4) with Ni or Co (B),
have numerous representatives formed between composi-
tions AB> (Laves compounds) and 4Bs (Haucke phases).
Their composition 4B, (2<a<5) can be presented as a
combination of n ABs and m A, B, units. These include, for
example, A,B4+ABs=3x AB; [1]; A»B4+2x ABs=
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2 x A>B7; and 2 x A>B4+ 3 x ABs = A7B>3 [2]. These com-
pounds adopt several types of structures, which are built
from the slabs of Laves and Haucke types stacking along
the hexagonal/trigonal c-axis.

As the A/B ratio is in the range between 1/5 and 1/2, the
corresponding intermetallic hydrides exhibit intermediate
properties compared to the hydrogenated ABs and AB,
alloys. The structures of the hydrides of the hybrid
intermetallic compounds have been studied in detail for
representatives belonging to different structure types,
including PuNi; ([3] and references therein), CeNij [1], and
Ce,Ni; [4-6]. The formation of the hydrides is accompa-
nied by either isotropic or anisotropic expansion of the unit
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cells. This expansion reaches Aa/a=72, Ac/c=9.7%
(LaY,NigDj>g [7]) for isotropic and Aaj/a= —1.2, Ac/
¢ =30.7% (CeNizD, g [1]) for anisotropic hydrides.

Recently, it has been found that Mg-substituted
La;_ MgNi; alloys (x<0.7) [8,9] possess higher H
discharge capacities compared to the ABs-based hydrides
[10] which makes these alloys promising metal hydride
electrode materials for Ni-MH rechargeable batteries.
Studies of the isothermal cross-section of the La—Mg—Ni
ternary system [11] revealed that, similar to LaNi3;, Mg also
can substitute for La in La,Ni;. The solubility range of Mg
in La,Ni; at 500 °C is rather low (up to a composition of
La; 7sMgg,sNiy [11]) compared to LaNisz, where 2/3 of La
can be replaced by Mg to reach a composition of
Lay33Mgg¢7Ni;. However, Mg solubility dramatically
increases at higher temperatures. The formation of a
single-phase La; sMgg sNi; compound was achieved by a
stepwise sintering complemented by annealing at 750 °C [3]
or by the annealing at 900 °C of the alloy obtained by
induction melting [12].

The magnesium-substituted A4Bsz/A4,B;-related alloys
have been studied in detail; however, information on the
thermodynamics and crystal structures of their correspond-
ing hydrides is still not available. This work is focused on
the synchrotron X-ray diffraction (SR XRD) and powder
neutron diffraction (PND) study of the crystal structure of
La; sMgg sNi;Dg and thermodynamic properties of the
La; sMgq sNi;—H, system.

2. Experimental
2.1. Preparation of the alloy and its hydride and deuteride

The La; sMg,sNi; alloy was prepared by a stepwise
sintering (in the temperature range 600-980 °C) of a pellet
prepared from the crushed LaNiy ¢; intermetallic alloy and
Mg powder (purity grade 99.9%; mesh size 100). In order
to compensate for loss by evaporation during the sintering,
an excess of 10 at% Mg was added. Afterwards the sintered
LaNiy 67 + Mg pellet was annealed at 750 °C for 4 days with
subsequent quenching into a mixture of ice and water. The
details of the preparation of the alloy are given in [3].

The prepared alloy has been characterised by the syn-
chrotron XRD (BMOIA, /= 0.7243(1)A, SNBL/ESRF)
and high-flux PND (SLAD instrument, A= 1.1 16(1)1&,
NFL, Studsvik), which showed no detectable amounts of
impurity phases present in the sample.

The hydride/deuteride of the La; sMgq sNi; single-phase
alloy has been synthesised by gas-charging of the alloy with
hydrogen (99.999% purity grade) or with deuterium
(98%). The sample had been previously activated by
heating in vacuum up to 350°C. The sample for SR
XRD measurements of the hydride was synthesised in situ
in a silica capillary by applying 1.2 MPa hydrogen gas. The
deuteride was synthesised in situ in the stainless steel tube
(wall thickness 0.2 mm, di,ne; = 6 mm) which was used for
the PND measurements. The sample, crushed in the inert

atmosphere glove box, was placed into the tube, activated
by heating in vacuum to 350 °C and then deuterated by
adding 0.5 MPa deuterium.

2.2. Neutron powder diffraction

PND data for the deuterides were collected at the R2
reactor at the Studsvik Neutron Research Laboratory using
the high-resolution R2D2 instrument (4 = 1.551(1)1&, 20
step 0.05°) [13]. After the measurements, the deuteride was
reloaded into a vanadium can (dipne, = Smm), sealed with
indium wire; handling of the sample was performed in the
glove box filled with purified argon. Subsequently, PND
data were collected again for the “ex situ”” sample.

The crystal structure of La; sMgg sNisDg ; was derived
from Rietveld profile refinements of the SR XRD and
PND data using the GSAS software [14]. Neutron
scattering lengths (bp, = 8.24fm; bni = 10.30fm; by =
5.38fm; bp = 6.67 fm) are taken from the GSAS library.

2.3. Measurements of the
pressure—composition—temperature (PCT) relationships

The deuteride after the PND experiments has been
decomposed by thermodesorption in vacuum and was used
for measurements of the PCT relationships for the
La; sMgqsNi—H, system by application of Sieverts’
method. The sample was activated in vacuum at 350 °C
for 1h, cooled under vacuum to 25°C and then slowly
charged with hydrogen gas (Pu, = 1 MPa). To achieve
reproducible kinetics of hydrogen uptake and release,
several absorption—desorption cycles were performed
before measuring the isotherms. The purity grade of the
hydrogen gas used was 99.999%. The measurements of the
isotherms were performed in the temperature range
25-75°C and at hydrogen pressures from 2x 107> to
2 MPa. The equilibrium state was considered to be reached
when the pressure changes became less than 10~> MPa.

3. Results and discussion
3.1. Crystal structure of the La; sMg, sNi; alloy

A combined refinement of PND and SR XRD data for
the initial La; sMgysNi; intermetallic alloy concluded
that it crystallises with the Ce,Ni;-type of hexagonal
structure (space group P6s/mmc). Substitution of La by
Mg leads to a significant contraction of the unit cell from
a=5058A, ¢c=2471A; V=>547.47A° for La,Ni; [15]
to a = 5.0285(2) A, ¢ = 24.222(2) A; V = 530.42(4) A* for
La; sMgy sNi;. The crystallographic data are provided in
Table 1; SR XRD and NPD patterns are given in Fig. 1.

La substitution by Mg proceeds exclusively inside the
Laves-type 4B, slabs (site 4f}). After Mg substitution, the
Laves-type slab has the composition LaMgNiy. Because of
the large difference in the atomic radii of La (1.877 A) and
Mg (1.602 A), the Mg-containing LaMgNiy layer strongly
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Table 1
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Crystal structure data for metal matrix in the La; sMgg sNi; intermetallic compound and La; sMgy sNi;Hg 3 hydride

Atom Site LaLSMgO.SNh LalASMgO_SNi7H9‘3 (1 .2MPa Hz)
X y z Usso (1072 Az) Occupancy  x y z Usso (1072 Az) Occupancy

Lal 411 % % 0.0246(2) 0.53(7) 0.498(17) % % 0.0166(3) 3.0(3) 0.516(11)
Mgl 411 % % 0.0246(2) 0.53(7) 0.502(17) % % 0.0166(3) 3.0(3) 0.484(11)
La2 415 % % 0.1701(2) 0.88(5) 1.0(-) % % 0.1751(2) 4.3(1) 1.0(-)

Nil 2a 0 0 0 0.7(1) 1.0(-) 0 0 0 1.85(6) 1.0(-)

Ni2 4e 0 0 0.1656(2) 1.80(9) 1.0(-) 0 0 0.1619(3)  1.85(6) 1.0(-)

Ni3 4f % % 0.8335(2) 0.07(4) 1.0(-) % % 0.8275(3)  1.85(6) 1.0(-)

Ni4 6h 0.8337(5)  0.6675(10) 1 0.47(5) 1.0(-) 0.8285(9)  0.6570(18) % 1.85(6) 1.0(-)

Ni$ 12k 0.8336(4) 0.6673(7) 0.08391(6) 1.37(5) 1.0(-) 0.8331(6) 0.6662(12)  0.0858(1) 1.85(6) 1.0(-)

The data are based on combined Rietveld refinements of the SR XRD and PND data (La; sMgj sNi;) and SR XRD (La; sMg, sNi;Hy 3).
La, sMgo sNiy: Space group P6;/mmc; a = 5.0285(2) A, ¢ = 24.222(2) A; V = 530.42(4) A>.

La; sMg, sNi;Ho 3: Space group P6s/mme; a = 5.4121(1) A, ¢ = 26.589(1) A; V = 674.48(4) A>.

R-factors: Alloy. SR XRD: Ry, = 5.46%; R, = 4.56%; PND: R, = 5.08%; R, = 3.44%; Combined: Ry, = 5.11%; R, = 4.13%; 5> = 2.98.

Hydride. SR XRD: R, = 4.03%; R, = 2.99%; =232
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Fig. 1. Observed (+), cglculated (upper line) and difference (lower line) profiles of the Lal_soMgo_SNi7 alloy: powder neutron diffraction (SLAD
instrument, 4 = 1.116(1) A). Inset: synchrotron X-ray diffraction (SNBL, BMO1A, 1 = 0.7243(1) A).

contracts (see Table 2) compared to the initial La,Niy slab.
Due to the contraction of the basal plane of the unit cell,
the adjacent LaNis layer contracts as well but by less than
1%. The stacking of the slabs to form the crystal structure
is shown in Fig. 2.

The structure of the LaNis layer may be described as
composed of two kinds of slabs with the LaNis stoichio-
metry: the “outer” LaNis slab connected to the LaMgNiy
slab, and an “inner” LaNis slab sandwiched in between
two ‘““outer” LaNis ones. The combination LaMgNi,+
2 x LaNis gives an overall stoichiometry LazMgNiy
(2 x Laj sMgq sNi;). The “inner” ABs-type layer is bor-
dered above and below by the nets containing the La2
atoms; two identical “outer” parts are located above and
below this “inner” part. The “outer” layers have a larger
volume compared to the “inner” ones (see Table 2). The

significant difference between the LaNis layers is intro-
duced by ordered Mg substitution for La. The external,
“outer”’, LaNis layer contains a number of interstitial sites
formed with participation of Mg from the adjacent Laves-
type LaMgNiy layer. With Mg substitution the volume of
the LaMgNiy slab has decreased the most (—7.62%)
compared with La,Ni;. The bordering “outer”” LaNis layer
becomes contracted by —0.95%, whereas the central
“inner” LaNis slab is the least contracted compared to
La,Ni; (—0.38%) as this slab is the most distant from the
Mg sites.

3.2. Thermodynamic (PCT) measurements

The single plateau behaviour is clearly seen in the absorp-
tion and desorption isotherms (Fig. 3). The two-phase
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Table 2

Comparison of crystallographic parameters of La—Ni 4,B; compounds and their hydrides

Compound La,Niy [15] La,NizDg 5 [4] La; sMgy sNi; La; sMgo.sNi7Do La; sMgo.sNisDgo
a (A) 5.058 4.9534 5.0285 5.3991 5.3854
¢ (A) 24.71 29.579 24.222 26.543 26.437
V (A3) 547.47 628.52 530.42 670.07 664.01

d 4p5 (inner) (A)“ 3.970 3.861 4.001 4.396 4.381
d 455 (Outer) (A)a 4.036 4.232 4.045 4.300 4.237
dayp, (A) 4.349 6.697 4.065 4.576 4.600
V aps (inner) (A3) 87.96 82.04 87.62 110.96 110.05

V a5 (outer) (A3) 89.42 89.92 88.57 108.55 106.42
Vay8, (Ag’) 96.35 142.30 89.01 115.52 115.54
Aaja (%)° - —2.07 —0.58 7.37 7.10
Ac/e (%)? - 19.70 -1.97 9.58 9.14
AVIV (%) - 14.8 -3.1 26.3 25.2
AV 4p5(inner) (%) - —6.73 —0.38 26.64 25.59
AV 455 (outer) (%) - 0.56 —0.95 22.56 20.15
AV 438, (%) - 47.68 —7.62 29.78 29.80

“The separation between two types of the 4Bs layers is made along the buckled net containing the La2, Ni2 and Ni3 atoms.
®The changes of the crystallographic parameters due to partial Mg substitution for La are shown in bold type.

Fig. 2. Structure of La; sMgy sNi; intermetallic compound as a stacking
of MgZn,-type (shaded) and CaCus-type slabs.

region is observed at H content 1<[H]/[La; sMgq sNi;]<8.
The isotherms are not horizontal; their slope becomes higher
with an increase of temperature. The observed hysteresis
P,1s/ Pyes 1s typical; its value of 1.4 is higher than that for the

chemically similar Ce,NisH,4 7 [S]. Based on the measured
PCT diagrams, the changes in the relative partial molar
enthalpy AHy and entropy ASy were calculated for H,
absorption and desorption at [H]/[La;sMgysNisj] =5
from the van’t Hoff relation. The values obtained
are AHy = —15.7+09kJ(moly)~" and ASy = —46.0+
3.7J(Kmoly)~" for H, absorption, and AHy = 16.8+
0.4kJ(moly)~" and ASy =48.1+1.5J(Kmoly)~' for H,
desorption.

The increase in Mg content in La;_ Mg, Ni; (x<0.67)
leads to a gradual decrease in the hydrogenation capacity
[16]. In this work, the observed hydrogenation capacity of
H/La; sMgysNi; =9 at 298K is just slightly lower than
that observed for the La,Ni,—H, system (H/La,Ni; = 10 at
263 K). However, we note the dramatic increase of the
reversible hydrogenation capacity (>7at.H/f.u.; about
90% of capacity). In La,Ni,—H, system the reversible
capacity is lower, being limited to 5 H/La,Ni;; hydrogen
absorption—desorption cycling in this system seems to be
accompanied by hydrogen-induced disproportionation.
Similar observations have been made by Oesterreicher et
al. [17], who noticed that La,Ni;H;, decomposes with
hydrogen desorption. Such disproportionation also made
impossible measurements of the thermodynamic data for
the chemically related LaNi;—H and LaNi,—H systems,
where hydrides easily become amorphous and, later,
disproportionate.

The comparison of the present results with the available
data for hydrides of 4B;, A,B; and AB, intermetallic
compounds supports the conclusion that in all anisotropic
hydrides, AH is in a rather narrow range of values, —22 to
—23kJ(moly)~' neglecting the chemical nature of the
constituent elements (see Table 2 in [5]), whereas the value
for the hydride formation enthalpy, —15.7+0.9 kJ(moly)~"
obtained in this work is close to that obtained for the
LaNis—H system, —15.8 kJ(moly) ™" [18]. Such a similarity
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Fig. 3. PCT measurements for the La; sMg_, sNi;—H, system: H, absorption—desorption isotherms (a) and vant’ Hoff dependences logPy, vs. 1/T (b).
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Fig. 4. Observed (+), calculated (upper line) and difference (lower line) profiles during in sitzu SR XRD experiment (1.2 MPa H,) of the La; sMg, sNi;Hg 3

hydride.

supports the conclusion that La; sMggsNi; hydride be-
longs to conventional, interstitial type hydrides, repre-
sented by LaNisH .

3.3. SR XRD study of the hydride

The in situ hydrogenation of the La; sMgysNi; alloy
under 1.2 MPa hydrogen gas resulted in the formation of
the hydride with the composition of La; sMgy sNi;Hg 3, as
follows from the PCT isotherm at 298 K (Fig. 3). The
hydrogenation is accompanied by isotropic expansion of
the unit cell, Aa/a = 7.63%, Ac/c =9.77%. These values
are close to those observed for the formation of the
LaY,NigD, s deuteride of the filled PuNis type of
structure [7] and are in sharp contrast with the values for

the hydride of the isostructural non-substituted La,Niy;
alloy, which expands anisotropically [4] (see Table 2). The
isotropic expansion of the unit cell of La;sMggysNi;
indicates that the hydrogenation leads to an even distribu-
tion of hydrogen through all the slabs of the structure,
similarly as it has been observed for LaY,NigD, g [7]. This
is in contrast to anisotropic hydrides, where only Laves
phase-type slabs accommodate hydrogen, leaving the
CaCus-type layers unexpanded.

Refinements of the SR XRD data (Fig. 4 and Table 1)
showed that Mg ordering within two types of the available
4f R-sites did not change with hydrogenation; only one
type of sites (1/3, 2/3, 0.0166(3)) located inside the Laves-
type slab was statistically and equally filled by La or Mg.
The structure of the metal matrix as refined on the basis of
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SR XRD data have been used as a starting point in the
course of refinement of the PND data.

3.4. PND of deuterides

The Rietveld plots of the calculated and observed PND
intensity data for the in situ and ex situ samples are shown
in Fig. 5. The refinement results are given in Table 3;
selected interatomic distances in the structures of
La1_5Mg0.5Ni7D9.1 and LaI.SMg0_5Ni7D8_9 are provided in
Table 4. Similar to the structure of the hydride described
above, the formation of the deuteride is accompanied by an
isotropic expansion of the unit cell, reaching values of Aa/
a="1737%, Ac/c =9.58% for in situ and Aa/a = 7.10%,
Ac/c = 9.14% for the ex situ measurements. The positions

of the deuterium have been determined by the use of
Fourier synthesis after introduction of positions of the
metallic atoms taken from the refinement of the SR XRD
data for the hydride. The deuterium positions are situated
inside the (La,Mg),Ni,, (La,Mg)Ni; and Niy tetrahedra;
La,Ni; tetragonal pyramids and (La,Mg);Ni, trigonal
bipyramids (for details see Table 4 and Fig. 6). As follows
from the comparison of refinement results for the in situ
and ex situ data sets, the release of deuterium pressure
leads to the slight decrease of deuterium content from 9.1
to 8.9D/f.u. and is accompanied with a small contraction
of the unit cell from ~670 to ~664 A>. The hydrogenation
capacities of both in situ and ex situ samples agree well
with the hydrogen desorption isotherm at 298 K in the
La1_5Mg0.5Ni77H2 system.

a
T T T T T
S
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5 Py, = 0.5 MPa
2.0 —
3
:
© 10 —
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Fig. 5. Observed (+), calculated (upper line) and difference (lower line) PND profiles of the La; sMg, sNi;-based deuterides (1 = 1.551(1)A): (a) in situ
data collected for La; sMgj sNi;Dg ; at applied pressure of 0.5 MPa D, (2@ ranges where contributions from the stainless steel autoclave were observed,
43.2-44.2; 50.35-51.55; 73.85-75.85; 90.35-92.5; 95.8-97.3 and 118.05-120.2, were excluded from the refinements); (b) ex situ data collected for

La; sMgo.sNisDg.
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Table 3

Atomic parameters in the structure of La; sMgq sNis-based deuterides from Rietveld refinements of the powder neutron diffraction data

R V. Denys et al. | Journal of Solid State Chemistry 181 (2008) 812-821

La; sMgo.sNizDo

La, sMgo sNi;Dg o

Lattice a=5.3991(1) a = 5.3854(1)
parameters (A) c=26.543(2) c=26.437(2)
Atom Site  x y z Occ. x y z Occ.
Lal 4 1 2 0.0169(5)  0.50(-) ! 2 0.0160(5)  0.50(-)
Mgl 4 1 2 0.0169(5)  0.50(-) 1 2 0.0160(5)  0.50(-)
La2 4 1 2 0.1723(6)  1.0(-) L 2 0.1735(5)  1.0(-)
Nil 2a 0 0 0 1.0(-) 0 0 0 1.0(-)
Ni2 4 0 0 0.1603(4)  1.0(-) 0 0 0.1603(4)  1.0(-)
Ni3 4 1 2 0.8314(4)  1.0(0) ! 2 0.8323(4)  1.0(0)
Ni4 6k 0.843(1) 0.686(2) ! 1.0(-) 0.841(1) 0.682(2) ! 1.0(-)
Ni5 12k 0.8350(6) 0.670(1) 0.08632)  1.0(-) 0.8366(6) 0.673(1) 0.08692)  1.0(-)
DI 12k 0.310(3) 0.155(1) 0.1800(5)  0.40(1) 0.306(3) 0.153(1) 0.1809(5)  0.371(9)
D2 6h  0.512(1) 0.488(1) ! 0.77(3) 0.509(1) 0.491(1) ! 0.82(2)
D3 4 0 0 0.2186(7)  0.50(-) 0 0 0.2176(6)  0.50(-)
D4 12k 0.342(4) 0.171(2) 0.1419(4)  0.46(1) 0.346(4) 0.1732) 0.1438(4)  0.492(9)
D5 12k 0.174(3) 0.348(6) 0.0892(6)  0.32(1) 0.166(3) 0.332(6) 0.0942(7)  0.28(1)
D6 12k 0.484(2) 0.516(2) 0.0885(7)  0.40(2) 0.480(2) 0.520(2) 0.0878(7)  0.39(2)
D7 12k 0.306(2) 0.153(1) 0.0250(4)  0.50(2) 0.292(2) 0.146(1) 0.0240(4)  0.46(2)
DS 12k 0.527(2) 0.473(2) 0.4461(9)  0.31(2) 0.533(1) 0.467(1) 0.4494(8)  0.29(2)
D9 4 2 L 0.068(1) 0.27(2) 2 L 0.073(1) 0.27(2)
Uiso (1072 A% Uiso (1072 A%
La(Mg) 3.1(2) 2.3(2)
Ni 2.59(6) 2.87(6)
D 1.02) 1.1(1)
R-factors Ryp = 3.88%; R, = 3.23%; 1> = 4.95 Ryp = 4.02%; R, = 3.43%; 1> = 4.33

#U;so parameters have been constrained to be equal for the chemically and structurally identical groups of atoms: Lal, Mgl and La2; Nil-Ni5; D1-D9.

3.5. Structure analysis of La; sMg sNi;Dg ;

We will present here the detailed analysis of the structure
of the deuteride based on refinement results of the in situ
data (La; sMgy sNizDo ).

The hydrogenation/deuteration leads to the expansion
of all three types of slabs, which, however, varies from
a minimum 22.56% for the “outer” LaNis sub-slab
to maximum 29.78% for the LaMgNi, slab (Table 2).
In agreement with larger expansion (26.64% for the
“inner” LaNis slab), a much higher hydrogen content
(5.71at.D/f.u.) is observed for this internal layer.

3.5.1. LaNis slabs

The hydrogen sublattice in the “inner” layer LaNisDs 7,
is formed by hydrogen occupation of the following sites (to
simplify the comparison we use notation of sites as that for
the CaCus-type Haucke structure; space group P6/mmm):
1.0 D in Niy/4e; 2.30 D in La,Ni,/6m; and 2.41 D in LaNis/
12n. This sublattice is essentially the same as reported for
LaNisDg 37 [19] (0.95 D in 4e; 3.00 D in 6m; 2.42 D in 12n).

Due to the proximity of the “outer”” LaNis slab to the
Mg-containing LaMgNi, layer, the former expands less
than the “inner” LaNis slab and accommodates 4.92 at.D/
LaNis (2.12 D in 6m+2.76 D in 12n); the Niy 4e site

remains unoccupied. The hydrogen sublattice in this layer
is similar to that of the structure of the LaNisDs s,
deuteride [20]. The introduction of Mg decreases the
overall D content in the ABs layer from 5.71 to
4.92 at.D/f.u.; however, the occupancy of the interstitial
sites formed by Mg replacement increases as compared to
the original La-neighbouring sites. In contrast, the Niy4 sites
become completely unoccupied by D. No D-ordering is
observed in neither the “inner” nor “outer” LaNis slabs.
The La atoms inside the LaNis layer are surrounded by a
21-vertex polyhedron of D-sites, of which only 12 can be
occupied simultaneously when considering the limitations
imposed by D---D blocking for very short D interatomic
distances (Fig. 7c).

3.5.2. LaMygNiy, slab

The main feature of the MgZn,-type LaMgNiy slab is the
occupancy of all four available types of the R,Ni5 sites that
are 6hy, 6h,, 12k, and 24/ sites according to the notation
adopted for the MgZn,-type hydrides [21]. D occupies
simultaneously these four types of sites in the structures of
ZrMn2D2_76 [22], SCF62D2‘53 [23], and Tillenlth&l [24]
In addition to (La,Mg),Ni,, one of the RNij sites, 4f, is
also occupied also as is observed in the structure of
ZrVFeD; ¢ [21]. The (La,Mg),Ni, sites are preferably filled
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Table 4
Selected interatomic distances (A) in the crystal structures of
La; sMg sNi;-based deuterides

Atoms Interstitial site La; sMgysNi;Dg; La; sMggsNisDgg
D1---2 La2 Tetragonal pyramid  2.709(2) 2.703(2)
La2,Ni2Ni3Ni4
DI1---Ni2 1.54(1) 1.52(1)
D1---Ni3 1.70(1) 1.72(1)
D1---Ni4 1.86(1) 1.83(1)
Dl1---D3 1.77(2) 1.72(2)
Dl1---D4 1.02(1) 1.00(1)
D2---2 La2 Tetrahedron 2.65(1) 2.61(1)
La2,Ni4,
D2---2 Ni4 1.556(6) 1.551(5)
D3---Ni2 Tetrahedron 1.55(2) 1.52(2)
Ni2Ni4;
D3.--3 Ni4 1.69(1) 1.72(1)
D3.--3 D1 1.77(2) 1.72(2)
D3---D3 1.67(4) 1.71(3)
D4---2 La2 Tetragonal pyramid  2.818(5) 2.805(4)
La2,Ni2Ni3Ni5
D4---Ni2 1.67(2) 1.67(2)
D4---Ni3 1.68(2) 1.63(2)
D4---Ni5 1.48(1) 1.51(1)
D4---Dl 1.02(1) 1.00(1)
D5---(La,Mg)l Tetrahedron 2.43(2) 2.59(2)
(La,Mg)1La2Ni5,
DS---La2 2.66(2) 2.62(3)
D5---2 Ni5 1.59(1) 1.55(1)
D5---D6 1.45(1) 1.49(1)
D6---(La,Mg)l Tetrahedron 2.36(2) 2.34(2)
(La,Mg)1La2Ni5,
D6---La2 2.63(2) 2.65(2)
D6---2 Ni5 1.65(1) 1.667(8)
D6---D5 1.45(1) 1.49(1)
D6---D8 1.01(2) 1.10(3)
D6---D9 1.79(2) 1.78(2)
D7---2 Trigonal bypyramid 2.711(2) 2.708(2)
(La,Mg)1 (La,Mg)15NilNi5
D7---(La,Mg)1 2.02(1) 2.041(9)
D7---Nil 1.58(1) 1.50(1)
D7---Ni5 1.63(1) 1.67(1)
D7.---2 D7 1.96(2) 1.86(2)
D7---2 D8 1.71(1) 1.71(1)
DS8---(La,Mg)l Tetrahedron 2.29(3) 2.16(3)
(La,Mg)1,Ni5,
DS8---(La,Mg)l1 2.06(1) 2.08(1)
D8---2 Ni5 1.69(1) 1.74(1)
D8---D6 1.00(2) 1.10(3)
D8---2 D7 1.71(1) 1.71(1)
DS§---D9 1.36(2) 1.38(2)
D9---(La,Mg)l Tetrahedron 2.26(3) 2.34(4)
(La,Mg)1Ni5;
D9---3 Ni5 1.65(1) 1.63(1)
D9---3 D6 1.79(2) 1.78(2)
D9---3 D8 1.36(2) 1.38(2)

Table provides the values of the “blocking” distances between neighbour-
ing D positions (1.0-1.9 A). Due to partial occupancy of D sites the
“blocked” sites are never simultaneously filled; minimum distance between
neighbouring D atoms in the structure exceeds 1.9 A.

(93% from overall hydrogenation capacity of 7.56at.D/
LaMgNiy). For the 24/ sites, the D atoms are shifted into a
common triangular (Mg/La)Ni, face, which makes this
deuterium position co-ordinated by a trigonal bipyramid
(Mg/La);Ni».

Similar to the structures of the hydrides of MgZn,-type
intermetallics the hydrogen sublattice within the LaMgNiy
slab is not ordered. This is in contrast with the structure of
La,Ni;Dg s where all D--- D distances are larger than 1.8 A,
and the deuterium sublattice is completely ordered. In the
latter case the capacity of the MgZn,-type layer corre-
sponds to LaNi,Ds, which is significantly higher than the
capacity of the LaMgNiy slab. This agrees with the values
of the expansion of the layers, which are 47.68% and
29.78%, respectively (Table 2).

3.5.3. Deuterium sublattice

The R-site inside the LaMgNi, slab has an equal
probability to be occupied by Mg or La. There are 22
partly occupied D-sites around the R-site; of these six are
at distances of 2.02-2.06A and 16—at 2.252.71A.
Accounting for the substantial difference in atomic radii
of Mg and La, we can consider that the distances of
2.02-2.06 A correspond to an octahedron around the
Mg atom, whereas a l6-vertex external polyhedron
surrounds the La atom (Figs. 7a and b). In total, D atoms
fill nine types of interstitial sites (Fig. 6 and Table 4). In
contrast to the previously studied anisotropic La,;Ni;Dg s
hydride, where the hydrogen sublattice is layered and
limited only to Laves-type layers, the spatial framework
of hydrogen atoms extended throughout all the structure
of La; sMgg sNi;Dyg is observed. This framework is formed
by polyhedra of three types: an octahedron around each
Mg atom as well as 16-vertex polyhedra around the La
atoms (Fig. 7). The MgDg octahedra sites are completely
occupied by H; thus, these octahedra are completely
ordered. The LalD¢ polyhedron within the LaMgNiy slab
is partially ordered and could have a maximum of 12
simultaneously occupied vertices—six D7, three D8 and
three either D5 or D6 sites, on the boundary between
LaMgNi, and the “outer” LaNis slabs. For the case of
complete ordering of La and Mg atoms inside the
LaMgNi, slab, the D9 position will remain empty, since
it is blocked by three D8 atoms surrounding the Mg atoms.
The previously mentioned 21-vertex La2D,; polyhedron
inside the LaNis slab also can not have more than 12
simultaneously occupied vertices—half of twelve mutually
blocking D1 and D4 sites, three D2 sites and the same
type of the occupancy of the D5 and D6 sites as described
for the LalD;¢ polyhedron. The maximum H storage
capacity based on the structure thus described is
La; sMgysNi;D;; and can be presented as % (LaNisD5
(inner) + LaNisDg (outer) + LaMgNiyDy). Obviously, the
isotropic expansion of the unit cell is caused by the fact
that all the layers, Laves-type, and both Haucke types,
reach a high content of H compared to their maximum
theoretical capacities.
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4.7%

12.6%
LaMgNi4D7 ¢

% LaNigD, o

LaNisDs 74

% LaNisD, op

Fig. 6. Crystal structure of La; sMgg sNi;Dy | showing the stacking of the LaNis and LaMgNiy slabs with their relative expansion during deuteration. The
coordination of each D site is shown and each site location is indicated.

Fig. 7. (a) Hydrogen sublattice inside the LaMgNiyD; s¢ layer. The central position is jointly occupied by La and Mg. Hydrogen sites form two different
coordination spheres—an internal one, with dye p = 2.02-2.06 A, and an external sphere with much larger Me-D distances, 2.25-2.71 A. The internal D
sphere forms an octahedron around the metal atom; because of much smaller Me-D distances, this atom can only be Mg. The external sphere forms a
16-vertex polyhedron centred on La atom, LaD¢. (b) Assuming local ordering of Mg and La in the layer, gives packing of the MgDg octahedra and LaD ¢
polyhedra as shown. (c) Hydrogen sublattice inside the LaNis layer formed by a 21-vertex polyhedron of D sites of which only 12 can be occupied
simultaneously when considering the limitations imposed by D---D blocking for very short D interatomic distances.

The decrease of hydrogen content with the decrease of  desorption plateau pressure at room temperature. The
pressure from 0.5 to 0.1 MPa is not very substantial, only slight decrease in H content is accompanied by a moderate
0.25 H/La; sMgysNi; as these pressures exceed the reduction of the unit cell volume. However, the desorption
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in such a case occurs mostly from the LaMgNiy layer,
which indicates that Mg reduces the affinity of this layer to
hydrogen compared to that of the LaNis layers. Interest-
ingly, the partial release of hydrogen from the LaMgNiy
layer is not accompanied by contraction of this layer (see
Table 2); instead both the “inner” and “outer’” LaNis slabs
slightly contract.

4. Conclusions

Our results show that Mg has an important influence
on different aspects of hydrogen interaction with the
(La,Mg),Ni; alloy.

These changes are caused by partial replacement of La
by Mg inside the Laves type slabs and include:

o Increase of the reversible hydrogen storage capacity;

o Change of the mechanism of hydrogenation from an
“anisotropic” hydride to an “isotropic” one;

® Absence of amorphisation and disproportionation of
the metal matrix on cycling of hydrogenation and
decomposition because of the stabilisation of the metal
sublattice by Mg;

o Change of the thermodynamics of the metal-hydrogen
interaction where smaller values of enthalpy of hydro-
genation indicate formation of the interstitial type
hydride.

Theoretical studies will be invaluable in gaining knowl-
edge of the nature of the metal-hydrogen interactions in
these structures. Successful synthesis of new materials will
depend on the Mg-assisted ability to create new additional
sites for hosting hydrogen. The present work contributes to
the design of new Mg-containing materials with higher
hydrogen discharge capacities for technological applica-
tions such as electrode materials in rechargeable Ni/MH
batteries.
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