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bstract

‘Hybrid’ RNi3 (R = rare earth metal) crystal structures are built of the slabs of simpler types, CaCu5 and MgZn2. Different affinities of these
labs to hydrogen result in unusual “anisotropic” expansion of the RNi3 and R2Ni7 (R = La, Ce) structures upon hydrogenation. This work focuses
n studies of the hydrogenation behaviour of LaNi3 and on the properties of the hydrides of the modified by Mg and Mn La–Ni alloys. The crystal
tructure of LaNi3D2.8 and the crystal structure and hydrogen storage behaviours of the La1.5Mg0.5Ni7 and La(Ni1−xMnx)3 (x = 0; 0.067; 0.133;
.2; 0.267; 0.3; 0.333; 0.4) alloys were in focus. The deuteration of LaNi3 with PuNi3 type of structure leads to the formation of LaNi3D2.8 and is
ccompanied by a deformation of the metal matrix causing a change of the initial rhombohedral symmetry (space group R3̄m) to a monoclinic one
space group C2/m; a = 8.6408(7) Å, b = 4.9281(4) Å, c = 32.774(3) Å; β = 90.850(8)◦; V = 1395.5(2) Å3). Similar to the earlier studied CeNi3D2.8,
referential occupation by deuterium atoms of the AB2 layers takes place, leading to the “anisotropic” expansion of the unit cell along [0 0 1]
�c/c = 30.6%). 14 occupied D crystallographic sites have 4 chemically different types of metal-atom surroundings, including Ni4 (2), La2Ni2 (2),
a3Ni (6), and La3Ni3 (4). Modification of the La–Ni alloys by magnesium and manganese leads to the formation of intermetallic compounds
rystallising with the PuNi3, CeNi3, and Ce2Ni7-type structures. An ordered substitution of La by Mg in the MgZn2-type slabs was observed,
ausing a complete alteration of the hydrogenation behaviour of the original LaNi3 alloy. La1.5Mg0.5Ni7D9 isotropically expands upon its formation

nd leads to a substantial increase of the stability against hydrogenation-induced amorphisation. On the other hand, replacement of Ni by Mn leads
o the change in crystal-structure type from PuNi3 to CeNi3 in the LaNi3−xMnx alloys (x > 0.1). An ordered substitution of Ni by Mn proceeds
nside the RNi5 slabs only. This decreases the stability of the initial alloy against amorphisation on hydrogenation.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The hexagonal/trigonal AB3 and A2B7 structures (A –
tom of larger size, rare earth metal, Mg; B – atom of
maller size, Ni and Mn) are formed by stacking of AB5
nd A2B4 (2 × AB2) layers of, CaCu5 and MgZn2 types, r
n different ratios yielding AB3 (AB5 + 2 × AB2 = 2 × AB3)

nd A2B7 (AB5 + AB2 = A2B7) stoichiometries. The alter-
tion of the CaCu5 and MgZn2-type slabs proceeds along
he [0 0 1] direction and gives either hexagonal CeNi3 and

∗ Corresponding author. Tel.: +47 63 80 64 53; fax: +47 63 81 29 05.
E-mail address: volodymyr.yartys@ife.no (V.A. Yartys).
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e2Ni7 types or rhombohedral PuNi3 and Er2Co7 structure
ypes.

Hydrogen-absorbing AB3 intermetallic compounds (A = La,
e, Y) are known already for more than 30 years [1]. However,

ncreased interest in these AB3 “hybrid” compounds as hydro-
en storage materials has appeared in recent years [2–6], mainly
ecause of the prospects of their electrochemical applications.

The structures of intermetallic hydrides with filled PuNi3-
ype alloy lattices have been studied for a rather large number
f systems such as HoNi3H1.3–1.8 [7,8], ErNi3H1.2–3.75 [9],

rCo3H4.3 [10,11], and YCo3D4 [10]. Their hydrogenation is
ccompanied by different types of lattice expansion, includ-
ng “anisotropic” enlargement of the unit cell mostly along the
001] direction and relatively modest �c/c values of 7–8%, and

mailto:volodymyr.yartys@ife.no
dx.doi.org/10.1016/j.jallcom.2006.12.137
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3.1.3. Structure of the La2−xMgxNi7
X-ray data indicated that the synthesis process described

above did not yield an alloy with AB3 (La0.67Mg0.33Ni3) com-
position. A single-phase compound with A2B7 (La1.5Mg0.5Ni7)
R.V. Denys et al. / Journal of Alloys a

sotropic expansion, which was observed for ErNi3H3.75 [9].
he crystal structures of the hydrides retained the initial trigonal
ymmetry of the intermetallic compounds.

On the other hand, a number of “hybrid” compounds dur-
ng the hydride formation reveal large expansions along the
0 0 1] axis, which reach 25–30% (the basal plane remains almost
nchanged). Although this phenomenon has been known for a
ather long time [12,13], the structures of such “anisotropic”
ydrides have been determined in recent years for only
eNi3D2.8 [14], La2Ni7D6.5 [15], and CeY2Ni9D7.7 [16].

The aim of the present work was to study the unusual hydro-
enation behaviour of LaNi3, as well as the properties of the
ydrogenated and virgin La–Ni alloys modified by Mg and Mn.

The choice of constituents was aimed at replacing the heavier
nd more expensive La by lighter and cheaper Mg and reaching
igher hydrogenation capacities by replacement of Ni by Mn.

. Experimental

LaNi3 and LaNi3−xMnx alloys were prepared by arc-melting mixtures of
he corresponding high-purity metals. The 1 at.% excess of La and 2 at.% of Mn
ere introduced into the alloy in order to compensate for their evaporation during
elting. The alloys were sealed in evacuated quartz tubes and annealed for five
eeks at 600 ◦C (LaNi3) or 550 ◦C (Mn-series). The samples were quenched in

ce water after the annealing.
The Mg-substituted material was prepared using the following procedure. A

ixture of LaNi3, Mg (with excess of 10 at.%) and Ni powders was compacted
nto a pellet, wrapped in a Ta foil, and sealed in a quartz tube under 0.5 bar
r pressure. It was then sintered with the temperature increased in four steps

600, 700, 800, and 980 ◦C; holding time 4 h at each temperature; heating
ate 1 ◦C/min) and subsequently annealed at 750 ◦C for 4 days followed with
uenching.

Hydrides were synthesised by charging the vacuum-activated (at 300 ◦C)
lloys with H2 (D2) gas using two different synthesis routes: (a) a very “mild”
ynthesis route (small aliquots of D2 added into an autoclave cooled down to
20 ◦C) for LaNi3 and Mn-containing samples or (b) constant application of

ydrogen synthesis (5 bar H2(D2) at room temperature) for the Mg-containing
ntermetallics.

The prepared alloys and their hydrides have been characterised by means
f X-ray diffraction (Siemens D 5000 diffractometer, Cu K�1 radiation,
ragg–Brentano geometry). Powder neutron diffraction (PND) data were col-

ected at the R2 reactor at the Studsvik Neutron Research Laboratory using
he high-resolution R2D2 instrument (λ = 1.55134 Å; 2Θ step 0.05◦; 2Θ range
0–120◦) [17]. Crystal structure data were derived by Rietveld profile refine-
ents of the XRD and PND data using the GSAS software [18]. Neutron

cattering lengths, bLa = 8.24, bNi = 10.30m, bMn = –3.73, and bD = 6.67 fm,
ere taken from the GSAS library. The details of the monoclinic distortion
f the crystal structure of LaNi3D2.8 deuteride were investigated using high-
esolution SR XRD diffraction studies of the deuteride (λ = 0.37504 Å, at the
M1B instrument, SNBL, ESRF, Grenoble, France).

. Results

.1. Intermetallic alloys LaNi3−xMnx and La2−xMgxNi7

.1.1. Structure of the LaNi3 alloy
Phase-structural analysis of the prepared LaNi3 material

evealed the formation of a single-phase LaNi3 intermetallic

ompound crystallising with rhombohedral structure and unit
ell parameters a = 5.0817(2) and c = 25.092(1) Å [1]. Refine-
ent of the structure indicated the formation of a PuNi3-type

tructure with the following refined parameters: sp. gr. R3̄m (No.

F
i
d

ig. 1. Increase of the unit cell volumes upon Mn substitution for Ni in the
tructure of LaNi3 showing area of existence of two types of the structures
dopted by the alloys (PuNi3 and CeNi3).

66); La1 in 3a: 0, 0, 0; La2 in 6c: 0, 0, 0.1410(1); Ni1 in 3b: 0, 0,
; Ni2 in 6c: 0, 0, 0.3327(3); Ni3 in 18h 0.500, 0.500, 0.796(2).
hese data agree well with the reference publication [19].

.1.2. Structure of the LaNi3−xMnx alloys
The substitution of smaller Ni atoms by larger Mn atoms

esults in a monotonic and almost linear increase of the unit
ell volumes from 62.4 to 64.0 Å3 per formula unit (Fig. 1).
t a substitution level exceeding x = 0.1, the structures of the
aNi3−xMnx alloys adopt the hexagonal CeNi3-type structure

nstead of the rhombohedral PuNi3-type structure characteristic
f the initial LaNi3 compound.

In order to study the effect of Mn substitution, the
aNi2.67Mn0.33 compound has been investigated by PND (see
ig. 2). From the data presented in Table 1, it can be concluded

hat Mn substitutes mostly for Ni inside the CaCu5-type layer
ith a very small amount of Mn replacing Ni atoms in the
agome nets connecting the AB5 and AB2 slabs.
ig. 2. Powder neutron diffraction pattern of the LaNi2.67Mn0.33 alloy (R2D2
nstrument, λ = 1.5514 Å) showing observed (+), calculated (upper line) and
ifference (lower line) pattern. Positions of the peaks are marked.
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Table 1
Crystal structure data for the LaNi2.69Mn0.31 alloy (ordered CeNi3 type of structure) refined on the basis of the powder neutron diffraction data

Atom Site x y z Uiso × 100 (Å2) SOF

La1 2c 1/3 2/3 1/4 2.1(1) 1.0(−)
La2 4f 1/3 2/3 0.4585(2) 1.18(8) 1.0(−)
Ni1 2a 0 0 0 0.7(1) 1.0(−)
M2 2b 0 0 1/4 1.3(4) 0.472(8)Ni + 0.528(8)Mn
M3 2d 1/3 2/3 3/4 1.6(2) 0.728(9)Ni + 0.272(9)Mn
Ni4 12k 0.8338(2) 0.6676(4) 0.37166(6) 0.72(4) 0.981(6)Ni + 0.019(6)Mn

Space group P63/mmc (No. 194); a = 5.1404(1) Å, c = 16.7547(6) Å; V = 383.41(2) Å3

Mn0.03(1).
Rp = 0.0300; Rwp = 0.0376; χ2 = 1.727.

Table 2
Crystal structure data for La1.5Mg0.5Ni7 alloy (ordered Ce2Ni7 type of structure)
refined on the basis of the X-ray diffraction data

Atom Site x y z SOF

La1 4f 1/3 2/3 0.0209(3) 0.49(1)
Mg1 4f 1/3 2/3 0.0209(3) 0.51(1)
La 4f 1/3 2/3 0.1728(2) 1.0(−)
Ni1 2a 0 0 0 1.0(−)
Ni2 4e 0 0 0.1650(4) 1.0(−)
Ni3 4f 1/3 2/3 0.8309(5) 1.0(−)
Ni4 6h 0.834(1) 0.668(2) 1/4 1.0(−)
Ni5 12k 0.8271(7) 0.6542(14) 0.0834(2) 1.0(−)
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responding slabs of the unit cells leads to the corresponding
shortening or elongation of the relevant interatomic distances.
The La(Mg) La(Mg) bonds become 4% shorter than the rel-
evant La La bonds in the structure of LaNi3. As a result of

Table 3
Selected crystallographic parameters of the AB2 and AB5 slabs in the crystal
structures of LaNi3, LaNi2.69Mn0.31, and La1.5Mg0.5Ni7

Compound LaNi3 LaNi2.69Mn0.31 La1.5Mg0.5Ni7
Str. type PuNi3 CeNi3 Ce2Ni7
a (Å) 5.0817(2) 5.1404(1) 5.02822(7)
pace group P63/mmc (No. 194); a = 5.02822(7) Å, c = 24.2032(6) Å;
= 529.95(2) Å3.

p = 0.0284; Rwp = 0.0371; χ2 = 1.706.

toichiometry was obtained instead. This slight shift in sto-
chiometry is due to a significant evaporation of Mg during
ynthesis. Results of the X-ray diffraction data refinements for
he La1.5Mg0.5Ni7 alloy are given in Table 2 and Fig. 3. As can
e seen from Table 2, magnesium substitutes for La exclusively
ithin the AB2 slabs of the structure.

.2. Comparison of the structure of AB2 and AB5 slabs in

tudied intermetallics

Although all three studied intermetallic compounds crys-
allise with different types of structures, it is nevertheless

ig. 3. Powder X-ray diffraction pattern of the La1.5Mg0.5Ni7 alloy showing
bserved (+), calculated (line) and difference (lower line) pattern. Positions of
he peaks are marked.

�

c
D

A

A

V

; composition: 3 × LaNi2.69(2)Mn0.31(2) = LaNi4.14(1)Mn0.86(1) + 2 × LaNi1.97(1)

ossible to compare them by analysing the structures of the
onstituent AB2 and AB5 slabs. The relevant crystallographic
arameters are provided in Table 3. As can be seen, substi-
utions of larger La by smaller Mg and smaller Ni by larger

n have opposite effects on the structures of the intermetallic
ompounds. As expected, the most significant impact of substi-
ution is observed within the slabs accommodating the “guest”
toms. As compared to the LaNi3 intermetallic, the AB2 slab
hrinks by 9.6% upon substitution of La by Mg; in contrast, the
B5 slab expands by 4.5% upon substitution of Ni by Mn. The
ther, “unmodified” slabs vary their parameters very marginally,
y less than only 1.2%. Shrinking or expansion of the cor-
a/aLaNi3 – 1.2% −1.1%
(Å) 25.092(1) 16.7547(6) 24.2032(6)
ata source XRD PND XRD

B2 layer
Composition 2 × LaNi2 2 × LaNi1.97Mn0.03 2 × La0.5Mg0.5Ni2
cAB2 4.371 4.299 4.037
ΔcAB2 /cAB2 – −1.6% −7.6%
c/a 0.86 0.84 0.80
V 97.8 98.4 88.4
ΔVAB2 /VAB2 – 0.6% −9.6%
La(Mg)–La(Mg) 3.204 3.277 3.074
La(Mg)–Ni 3.004–3.186 3.048–3.211 2.885–2.947
Ni–Ni 2.541–2.632 2.578–2.610 2.420–2.518

B5 layer
Composition LaNi5 LaNi4.14Mn0.86 LaNi5
cAB5 3.993 4.077 4.032
ΔcAB5 /cAB5 – 2.1% 1.0%
c/a 0.79 0.79 0.80
V 89.3 93.3 88.3
ΔVAB5 /VAB5 – 4.5% −1.1%
La–Ni(Mn) 2.934–3.232 2.968–3.280 2.904–3.317
Ni(Mn)–Ni(Mn) 2.541–2.632 2.519–2.524 2.420–2.905

AB2 /VAB5 1.09 1.05 1.00
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The results of the Rietveld refinements of PND data are
presented in Table 4. The crystal structures of the initial
intermetallic LaNi3 compound and corresponding LaNi3D2.8
deuteride are shown in Fig. 5.
R.V. Denys et al. / Journal of Alloys a

hrinking of the AB2 slab in the Mg-substituted material, the
olumes of the AB2 and AB5 slabs become equal (Table 3).

.3. Hydrogenation properties

Only very low synthesis temperatures and starting pres-
ures of hydrogenation allowed us to synthesise the crystalline
aNi3D2.8. Deuterium was introduced step-by-step in small
ortions starting from 0.01 to 0.05 bar D2, in about 20 steps,
efore reaching a final pressure of 1 bar. This yielded a deuteride
ith the stoichiometry LaNiD∼3. The hydrogenation of LaNi3
y immediate injection of 1 bar D2 into the autoclave resulted
n almost complete amorphisation of the material, because of
he high reaction rate and high heat of hydrogenation caus-
ng the temperature increase. For the Mn-substituted alloys the
morphisation occurred even at −20 ◦C. The volumetrically
easured capacity of these amorphous hydrides were found

o be approximately the same as those reported for LaNi3 [4]:
aNi2.8Mn0.2D4.3 and LaNi2.6Mn0.4D4.5.

On the other hand, the magnesium compound was deuterated
sing a synthesis pressure of 5 bar D2 with saturation reached
n just 15 min. The synthesis led to a formation of crystalline
a1.5Mg0.5Ni7D9. It is formed via an isotropic expansion of

he unit cell (�a/a = 7.1%, �c/c = 9.3%, �V/V = 25.3%) [20].
he structural data for the deuteride La1.5Mg0.5Ni7D9 will be
ublished elsewhere [20].

.4. Crystal structure of the LaNi3D2.8 deuteride

The X-ray diffraction study of LaNi3D2.8 showed a pro-
ounced linear expansion of the original trigonal unit cell along
0 0 1], �c/c = 27.8% together with a slight contraction in the
asal plane, Δa/a ∼ −2.5%. From the analysis of the syn-
hrotron X-ray diffraction pattern, the splitting of the h k l, h h l,

nd h k 0 peaks was evident with the 0 0 l reflections remaining
nsplit (see inset in Fig. 4 as illustration). Thus, lowering of
he symmetry of the original trigonal structure was concluded.
rom group–subgroup relations, the following transformation

ig. 4. Powder neutron diffraction pattern of the LaNi3D2.8 deuteride showing
alculated (upper line), observed (+) and difference (lower line) pattern. Posi-
ions of the peaks are marked. Arrows indicate peaks, which are not allowed in
he trigonal symmetry. Inlets show splitting of the peaks in the SR XRD pattern
ecause of a monoclinic distortion of the metal matrix of the deuteride.
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f the original trigonal unit cell into the monoclinic one for
he hydride was deduced: R3̄m → P 3̄m1 → C2/m (amon =
a + 2b)trig; bmon = −atrig; Cmon = Ctrig; Vmon = 2 Vtrig).
he monoclinic deformation of the structure was further con-
rmed by analysis of the PND profiles. Besides the broadening
f the pattern due to the splitting of the peaks, extra peaks
ppeared in the diffraction profile in addition to those allowed
y the trigonal symmetry; the most distinct of these peaks are
arked in Fig. 4.
The refinement of the XRD data revealed a strong expan-

ion of the AB2 layers of the structure with the AB5 layers
emaining unchanged. This feature makes the structure of the
onoclinically deformed LaNi3D2.8 deuteride similar to the pre-

iously studied, chemically related, “anisotropic”, orthorhombic
eNi3D2.76 [14] and hexagonal La2Ni7D6.1 [15] deuterides.

Starting from the known structure of the metal sublattice,
btained from a transformation from the trigonal unit cell to the
onoclinic expanded one, the deuterium atoms were located

sing the difference Fourier synthesis process. Several steps of
uch a process were applied before all 14 D sites were located.
ll deuterium atoms in LaNi3D2.8 are located inside the MgZn2-

ype layers or on the borders between the AB5 and AB2 slabs
D7 and D8 sites in the Table 4) with no D atoms inside the AB5
labs.
ig. 5. Crystal structures of the LaNi3 intermetallic compound (a) and the
aNi3D2.8 deuteride, (b) “anisotropic” expansion of the metal sublattice upon
ydride formation is shown for two different types of the available structure
labs (I –MgZn2 and II –CaCu5). Due to monoclinic distortion, the AB2 slabs
n the structure of hydride become nonequivalent, having LaNi2D4.5 (Ia) and
aNi2D3.2 (Ib) compositions. Difference in deuterium content between the AB5

ayers (IIa and IIb) is less pronounced, LaNi5D0.25–0.28.
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Table 4
Crystal structure data for LaNi3D2.8

Atom Site x/ya z Fraction Occupied intersticeb

(corresponding site in the IMC)

La1 2a 0 0 1.0(−) (La1)
La2 4i 0.636(2) 0.3387(6) 1.0(−)

La3 4i 0.002(3) 0.8760(6) 1.0(−) (La2)
La4 4i 0.378(2) 0.7823(6) 1.0(−)
La5 4i 0.665(3) 0.4461(7) 1.0(−)

Ni1 2c 0 ½ 1.0(−) (Ni1)
Ni2 4i 0.667(2) 0.8586(5) 1.0(−)

Ni3 4i 0.016(2) 0.6615(4) 1.0(−) (Ni2)
Ni4 4i 0.676(3) 0.0002(6) 1.0(−)
Ni5 4i 0.668(2) 0.6627(5) 1.0(−)

Ni6 4i 0.493(2) 0.9319(6) 1.0(−) (Ni3)
Ni7 8j 0.740(1)/0.749(3) 0.0592(3) 1.0(−)
Ni8 4i 0.855(2) 0.7288(6) 1.0(−)
Ni9 8j 0.899(2)/0.262(3) 0.2704(4) 1.0(−)
Ni10 4i 0.154(2) 0.3972(6) 1.0(−)
Ni11 8j 0.916(2)/0.261(3) 0.3999(4) 1.0(−)

Layer Ia
D1 4i 0.4930(2) 0.1587(1) 1.0(−) La3Ni c
D2 4i 0.134(3) 0.1804(4) 1.0(−) La3Ni c
D3 4i 0.334(2) 0.1965(8) 1.0(−) La3Ni c
D4 8j 0.240(2)/0.249(2) 0.1518(6) 1.0(−) La3Ni c
D5 4i 0.8979(4) 0.06109(4) 0.57(7) La2Ni2 a
D6 4i 0.650(2) 0.092(1) 1.0(−) La3Ni3 d
D7 4i 0.017(3) 0.2387(9) 1.0(−) La3Ni3 d
D8 4i 0.326(7) 0.249(2) 0.75(4) La3Ni3 e
D9 4i 0.331(5) 0.09566(4) 1.0(−) Ni4 b

Layer Ib
D10 4i 0.138(2) 0.4727(8) 0.70(7) La3Ni c
D11 8j 0.435(5)/0.218(4) 0.5026(4) 0.5(−) La3Ni c
D12 4i 0.5126(2) 0.39418(5) 0.25(6) La2Ni2 a
D13 4i 0.406(9) 0.4275(3) 0.54(5) La3Ni3 d
D14 4i 0.001(5) 0.4727(7) 0.80(4) Ni4 b

Space group C2/m (No. 12): a = 8.6392(2) Å; b = 4.9265(5) Å; c = 32.780(4) Å; β = 90.85(1)◦; V = 1395.8(2) Å3. Uiso was constrained to be equal for the chemically
similar types of the atoms: La1–La2 (0.5(3)), La3–La5 (1.3(2)); Ni1–Ni2 (3.6(5)); Ni3–Ni5 (1.1(1)); Ni6–Ni11 (0.75(7)); D1–D14 (2.2(2) Å2 × 10−2); Rwp = 0.0397;
R

4

s
p

–

–

–

i
(

p = 0.0310.
a y = 0 if the other values are not stated.
b Letter after the type of interstice corresponds to the labeling in the Fig. 6.

. Discussion

The study of the substitution of the constituent atoms in the
tructure of LaNi3 by Mg and Mn revealed that it selectively
roceeds in the different layers of the structure:

In La0.75Mg0.25Ni3.5 Mg substitutes for 50% of La within the
Laves-type AB2 slabs only: (LaNi2 → La0.5Mg0.5Ni2). The
AB5 slab remains unchanged and has the LaNi5 composition.
An opposite behaviour is observed when Ni is substituted by
Mn in LaNi3 forming LaNi2.69Mn0.31: LaNi2 slabs remain
nonmodified while the Ni substitution by Mn proceeds
inside the AB5-type slabs until reaching the stoichiometry

LaNi4.14Mn0.86. Such a substitution reveals an opposite trend
to those observed in the structures of the AB5 LaNi4.1Mn0.91
intermetallic, where Mn atoms mostly substitute for Ni atoms
within the Kagome nets [21]. The unit cell of the latter AB5

t
e

r

phase has smaller volume (91.6 Å3 compared to 93.3 Å3 for
the AB5 layer in LaNi2.69Mn0.31 (Table 4)).
Substitution of Ni by Mn proceeds until reaching a Mn con-
tent of at least 0.4 at. Mn/f.u. Increase of the Mn content
above 0.1 at. Mn/AB3 leads to the change of the structure type
from trigonal PuNi3 to hexagonal CeNi3. The substitution is
accompanied by an approximately linear increase in the unit
cell volumes with the rise in Mn content from 62.4 up to
63.9 Å3/f.u. AB3.

Similar ways of both types of substitution were observed
n [22] during the synthesis of the hexagonal La4Mg(Ni,Co)19
Pr5Co19 structure type), where the 3d-element, cobalt, substi-

utes for Ni in the AB5 layers only and Mg replaces La atoms
xclusively in the AB2 layer.

The hydrogenation of the LaNi3 under mild conditions
esulted in the synthesis of the LaNi3D2.8, whose formation is
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ccompanied by the monoclinic distortion of the metal matrix
nd leads to the insertion of the D atoms only into the AB2 slabs
f structure. This leads to a large elongation of the unit cell along
he [0 0 1] direction by 30.6%, the AB2 layers being expanded
y 50.7–56.3%. The basal plane of the unit cell contracts dur-
ng the hydride formation by −1.8/−3.0%. Such features of the
aNi3D2.8 deuteride structure are common to the other known
tructures of the “anisotropic” hydrides [14–16].

Monoclinic distortion of the unit cell reveals differences in
he expansion of the metal sublattice caused by variations of

content of the initially equivalent in the trigonal structure
ayers of the AB2 or AB5 types. This distortion results in for-

ation of stronger (Ia: AB2; IIb: AB5) and weaker (Ib: AB2;
Ia: AB5) expanded layers, where a more pronounced expansion
grees well with higher hydrogen content in the corresponding
B2-type Ia layer–LaNi2D4.52 (�c/c = 56.3%) compared to the

b layer with lower D content, LaNi2D3.17, and smaller linear
xpansion, �c/c = 50.7% (Fig. 5). Coordination numbers of La
toms in LaDx polyhedra withing the Ia layer are 12 and 9.
hese coordination characteristics are similar to those observed

n the crystal structure of CeNi3D2.8 (12 and 7 D atoms for Ce
toms) [14]. In case of the Ib layer, formation of disordered
aD11 polyhedra takes place.

In the structure of LaNi3D2.8, hydrogen atoms occupy 14
ypes of interstices with 5 different types of surroundings
Fig. 6). These include 4 types already existing in the structure
f LaNi3 intermetallic alloy interstices (two types of La2Ni2
nd two types of Ni4 tetrahedra Fig. 6a–b) and ten new types of
ites formed due to the distortion of the metal matrix within the
B2 slab (Fig. 6c–e). The latter include 4 La3Ni3 and 6 La3Ni

nterstices. These new types of sites are similar to those filled by
atoms in the “anisotropic” structures of CeNi3D2.8 [14] and

a2Ni7D6.5 [15].
We note that D3 and D8 atoms occupy neighbouring inter-

tices with a common La3 triangular face (upper and lower parts
f the cluster shown in Fig. 6e. This results in a D3–D8 separa-

ion of 1.74 Å. Such a feature is similar to that observed for the
exagonal RNiInD1.33−x deuterides with short D. . .D distances
1.56–1.63 Å) formed because of a double filling by D atoms of
he trigonal bipyramids R3Ni2 [23].

ig. 6. Types of occupied interstices in the structure of LaNi3D2.8, both existing
n the LaNi3 structure (a, b) and, also, formed due to the deformation of the AB2

ayers (c–e).
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The shortest interatomic distances observed in the structure
f LaNi3D2.8 are: La–La 3.58 Å, La–Ni 2.67 Å, Ni–Ni 2.38 Å
within a contracted LaNi5-layer), La–D 2.16 Å, Ni–D 1.47 Å,
nd D–D 1.74 Å. All other D–D distances except D3–D8 exceed
.8 Å. The D sites distanced at 1.44 (D12–D13) and 1.13 Å
D11–D11), are never simultaneously occupied since their occu-
ation numbers are low.

Maximum hydrogen capacity for the considered model of the
euterium sublattice corresponds to LaNi3D3.11. This means that
t higher hydrogen content exceeding 3.11 at. H/LaNi3, hydro-
en atoms should also occupy the AB5 slabs.

The formed crystalline LaNi3D2.8 deuteride has a much lower
ydrogen storage capacity compared to the maximum capacity
bserved for the completely amorphous LaNi3H4.5 [4] which
ndicates that on amorphisation, the structure of the metal sub-
attice changes.

As it follows from the data of the Table 4 and Fig. 5, in the
tructure of the LaNi5D2.8 deuteride ∼ 90% of deuterium atoms
re located within the AB2 slabs, and 10% are situated on the
oundaries between the AB2 and AB5 slabs (sites D7–D8 in the
able 3). Such a distribution corresponds to the alternation of the
aNi2D3.17–4.52 and LaNi5D0.25–0.28 layers. Hydrogen contents
f the AB2 layers for both LaNi3D2.8 and CeNi3D2.76 are rather
imilar (4.0 and 3.0 at. H/f.u. in both cases). These values are
lso close to the hydrogen storage capacity of the amorphous
aves-type LaNi2-based hydride LaNi2H>3.5 [24]. However, in

he hybrid “anisotropic” structures, the hydrogenated AB2 layer
emains crystalline, possibly because of a stabilising effect of
he nonhydrogen-absorbing AB5 slabs. When the AB5 slabs
ecome expanded, the crystallinity of the hybrid hydride struc-
ure worsens before vanishing. The LaNi3D2.8 in this relation
s less stable compared to the CeNi3D2.8, since the pressures of
ydrogen uptake by the AB5 phases LaNi5 and CeNi5 are 2 and
8 bar, respectively [14]. Since they are significantly lower for
aNi5, this makes its hydrogenation inside the AB3 alloy much
ore easily achievable.
Ni substitution by Mn in the structure of LaNi5 is known

o reduce the hydride formation pressures [21]. Increase of Mn
ontent leads to the expansion of the AB5

− slabs in the Mn-
ontaining samples; thus, hydrogenation pressures for the AB5
labs should be at lower pressures compared to LaNi3. Such
asier hydrogenation, furthermore, explains why these alloys
ppear to be less stable against the hydrogen-induced amorphi-
ation. This difference in hydrogen affinity of the different slabs
f the structure can be concluded from the analysis of the struc-
ures of the initial intermetallics. As long as the volume of the
B2 slab is larger than that of the AB5 slab, the AB2 slabs remain
ore active with respect to hydrogenation and, thus, the forma-

ion of the “anisotropic” hydrides can be expected. When the
olumes of slabs in the initial compound become equal because
f expansion of the AB5 slabs caused by the doping elements
Mn), this reduces differences in the hydrogenation affinities of
he AB5 and AB2 slabs. Similar H uptake by both layers causes

lteration of the hydrogenation behaviour from an “anisotropic”
H in the AB2 layers and no H uptake by the AB5 layer) to
n “isotropic” hydride with even distribution of the H atoms
etween these two types of slabs. Such changes can be reached
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y a selective substitution of the constituent atoms within the
B2 layer of the initial AB3 intermetallic phase. The examples
f such substitution are La replacement by Mg (this work) or Y
n the structure of LaY2Ni9D12.8 [16].

. Conclusions

‘Hybrid’ crystal structures of the La–Ni intermetallics formed
y the stacking of the AB2 (Laves phase) and AB5 (CaCu5) type
labs were selectively modified by a partial substitution of La
y Mg and of Ni by Mn. Mg atoms enter the AB2 slabs only,
hereas Mn atoms mostly replace Ni atoms inside the AB5

−
lab, with just small amounts of Mn observed in the network
oining the AB5 and AB2 slabs.

Because of the thermodynamically metastable character of
he hydride formed, LaNi3 easily becomes amorphous on hydro-
enation. Its crystalline hydride was synthesised only during the
ynthesis at −20 ◦C and by using low hydrogenation pressures,
elow 1 bar. Mg increases the stability of the metal sublat-
ice towards its disproportionation in hydrogen: the crystalline
ydride was obtained at room temperature and a hydrogen charg-
ng pressure of 5 bar. In contrast, Mn reduces stability of the
ntermetallic alloy; only amorphous hydrides were obtained even
hen proceeding with synthesis of the hydride at subzero tem-
eratures and at reduced H2 pressures.

Upon hydrogenation, the rhombohedral LaNi3 forms a mon-
clinically distorted LaNi3D2.8 deuteride. Hydrogen atoms
ccupy only AB2 slabs in the structure. They fill interstices both
xisting in the original LaNi3 and formed because of the H-
nduced deformation of the metal matrix. Such selective filling
y H of the metal sublattice results in a very pronounced expan-
ion of the AB2 slabs and of the unit cells in total along the
0 0 1] direction (50.7–56.3% and 30.6%, respectively). Deu-
erium atoms occupy 14 different types of interstices with

different types of surroundings, La2Ni2, Ni4 (both present
lready in the initial intermetallics), La3Ni and La3Ni3 inter-
tices (formed because of substantial shifts of the atoms within
he AB2 slabs). La atoms in the AB2 slabs are surrounded by
2, 11, or 9 hydrogen atoms.
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