
Journal of Solid State Chemistry 186 (2012) 9–16
Contents lists available at SciVerse ScienceDirect
Journal of Solid State Chemistry
0022-45

doi:10.1

$Lab

into the

exists a
n Corr

P.O. Box

E-m
journal homepage: www.elsevier.com/locate/jssc
Hydrogen atom distribution and hydrogen induced site depopulation for the
La2�xMgxNi7–H system$
Matylda N. Guzik a,b,n, Bjørn C. Hauback b, Klaus Yvon c

a Laboratory of Crystallography, University of Geneva, 24 Quai Ernest Ansermet, CH-1211 Geneva, Switzerland
b Physics Department, Institute for Energy Technology, P.O. Box 40, NO-2027 Kjeller, Norway
c MANEP, Physics Department, University of Geneva, 24 Quai Ernest Ansermet, CH-1211 Geneva, Switzerland
a r t i c l e i n f o

Article history:

Received 20 September 2011

Received in revised form

14 November 2011

Accepted 15 November 2011
Available online 25 November 2011

Keywords:

Metal hydrides

Ni–MH batteries

A2B7-structure type

X-ray diffraction

Neutron diffraction
96/$ - see front matter & 2011 Elsevier Inc. A

016/j.jssc.2011.11.026

oratory of Crystallography at the University o

Swiss National Network of Competence MA

s a separate administrative unit.

esponding author at: Institute for Energy Tech

40, NO-2027 Kjeller, Norway. Fax: þ47 638

ail address: Matylda.Guzik@ife.no (M.N. Guzi
a b s t r a c t

La2�xMgxNi7 and its hydrides/deuterides were investigated by high resolution synchrotron powder

X-ray and neutron diffraction. Upon deuteration the single phase sample of the intermetallic compound

with the refined composition La1.63Mg0.37Ni7 (space group: P63/mmc) expands isotropically, in contrast

to the Mg free phase. The hydrogen uptake, �9 D/f.u., is higher than in La2Ni7D6.5. The refined

composition accounts for La1.63Mg0.37Ni7D8.8 (beta-phase). Rietveld refinements using the neutron and

synchrotron diffraction data suggest that deuterium atoms occupy 5 different interstitial sites within

both AB2 and AB5 slabs, either in an ordered or a disordered way. All determined D sites have an

occupancy 450% and the shortest D–D contact is 1.96(3) Å. It is supposed that a competition between

the tendency to form directional bonds and repulsive D–D (H–H) interactions is the most important

factor that influences the distribution of deuterium atoms in this structure.

A hitherto unknown second, alpha-phase with composition La1.63Mg0.37Ni7D0.56, crystallizing with

the same hexagonal symmetry as La1.63Mg0.37Ni7D8.8, has been discovered. The unit cell parameters for

this D-poor phase differ slightly from those of the intermetallic. Alpha-phase displays only one D site

(4f, space group: P63/mmc) occupied 450%, which is not populated in the D-rich beta-phase. This

hydrogen/deuterium induced site depopulation can be explained by repulsive D–D (H–H) interactions

that are likely to influence non-occupancy of certain interstices in metal lattice when absorbing

hydrogen.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

For the last decade, the hydrides in La–Mg–Ni system have
been a subject of numerous studies motivated by the discovery of
superior electrochemical properties compared to Mg free compo-
sitions [1–10]. In particular, compounds with composite struc-
ture, e.g. AB3, A2B7, A5B19 with A—rare earth and B—transition
element, so called superlattice compounds, attract attention due
to their recent application in rechargeable Ni–MH batteries
[1,3,9–22]. High hydrogen capacity, moderate hydrogen equili-
brium pressure as well as light and less expensive elements
makes them remarkable from an economical point of view. On
the other hand, unknown structural properties raise the need for
basic, crystallographic research. Recently, details about the
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structures of Ce2Ni7H4/4.7 [23,24], La2Ni7H6.5 [25], La2Ni7Hx

(x¼6.4, 10.8) [10] and La4MgNi19H(D)x [13,15,16] have been
published, but little is known about the (La, Mg)2Ni7–H system.
The effect of Mg substitution on the hydrogenation behavior,
thermodynamics and structural properties of La1.5Mg0.5Ni7,
La1.5Mg0.5Ni7H9.3 and La1.5Mg0.5Ni7Dx (x¼8.9 and 9.1 measured
ex situ and in situ, respectively) have been investigated recently
[26]. However this data left open questions concerning the
deuterium atom distribution and possible D–D (H–H) distances
in such compounds. Thus, the main objective of the present study
has been to investigate in details the hydrogen sites configura-
tions in hydride(s)/deuteride(s) of La2�xMgxNi7 in order to deter-
mine how the presence of Mg affects the possible structural
changes and influences the hydrogen capacity.

A2B7 intermetallic compounds in the La–Ni system are known
to crystallize either with rhombohedral Gd2Co7-structure type
[27–30] (R-3m, low temperatures, �300–1249 K) or hexagonal
Ce2Ni7-structure type [31] (P63/mmc, high temperatures, �1249–
1287 K). Both phases belong to the family of compounds built up
by AB5 (CaCu5-structure type, Haucke phases) and AB2 slabs
(MgZn2- and MgCu2-structure type, C-14 and C-15 Laves phases

www.elsevier.com/locate/jssc
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Fig. 1. Observed (points), calculated (line) and difference (bottom line) high

resolution SR-PXD patterns (l¼0.40082 Å) obtained for La1.64Mg0.36Ni7 (IC_A).

Vertical bars indicate the positions of Bragg peaks. w2
¼4.7.
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in the hexagonal and rhombohedral crystal system, respectively)
alternating along the [0 0 1] direction with a various ratio [32].
The structure of the hexagonal A2B7-type compound can be
described as a stacking of n[AB2]/m[AB5] (with n¼m¼2, where
both types of structural slabs are double). The high temperature
ternary derivative of (La,Mg)2Ni7 reveals the same hexagonal
symmetry as the Mg free analog within the similar temperature
range of �1243–1273 K [33]. It has been confirmed that Mg
substitutes La atoms only in the AB2 units [17,21,26,34]. La2Ni7

expands anisotropically upon hydrogenation, retaining the sym-
metry of the intermetallic compound [25]. However recently, it
has been suggested that La2Ni7H7.1 has an orthorhombic distorted
structure (space group: Pbcn) [10]. In La2Ni7D6.5 the four D sites
are occupied exclusively in LaNi2 slabs [25]. One of them,
tetrahedral La2Ni2, is present in the parent structure of the
intermetallic, while the remaining three sites, two types of
octahedral La3Ni3 and one tetrahedral La3Ni, are created upon
deuteration. Based on neutron and synchrotron powder diffrac-
tion data, Denys et al. have shown that deuteration of
La1.5Mg0.5Ni7 leads to an isotropic expansion of the unit cell and
formation of deuterides with overall compositions La1.5Mg0.5-

Ni7D8.9 and La1.5Mg0.5Ni7D9.1 (measured ex situ and in situ,
respectively) [26]. The symmetry of the deuterides is unchanged
with respect to the intermetallic compound. In contrast to the
nearly ordered La2Ni7D6.5, the publication by Denys et al. on
La1.5Mg0.5Ni7D8.9(9.1) presents 9 deuterium sites populated exclu-
sively in a disordered way over both AB2 and AB5 structural units
with occupancy r50% for 8 of them.
Fig. 2. Observed (points), calculated (line) and difference (bottom line) PND

patterns (l¼1.494 Å) obtained for deuterated sample of IC_A under gaseous

mixture of Ar (8 bar) and D2 (2 bar). Vertical bars indicate the Bragg peaks

positions of contributing phases (top: D-rich beta-phase, bottom: D-poor alpha-

phase). w2
¼8.1.
2. Experimental

2.1. Syntheses of intermetallics and their hydrides/deuterides

The syntheses of all intermetallic compounds were performed
from high purity elements in two steps (La, Mg, Ni—Merck 99.9%).
First, the pieces of La and Ni were arc melted according to the
desired composition and then the grinded pellets were mixed with
proper amount of Mg powder. The mixture was subsequently
pressed in a new pellet, wrapped in tantalum foil and sealed under
argon atmosphere in a stainless steel tube. The sample was placed in
a furnace under protective argon atmosphere, heated up to 1273 K
(DT¼473 K/h) and kept at this temperature for 10 h. Finally, it was
annealed at 1223 K for 4 days and subsequently quenched. In this
paper results obtained for two batches of powder with the nominal
composition La1.548Mg0.516Ni6.536 are presented (see Fig. 1). Their
refined compositions differ slightly, thus in the further part of the
text a following distinction is introduced: IC_A for La1.64Mg0.36Ni7
and IC_B for La1.63Mg0.37Ni7.

The hydrogenation and deuteration processes were carried out
under various conditions. Both samples were activated under
dynamic vacuum at �353 K. 1 g of IC_A powder was then
exposed to 10 bar of hydrogen gas at 373 K and left under same
conditions for 3 days. As a result, a well crystalline, single phase
sample of hydride was obtained. With the same conditions, using
deuterium gas instead of hydrogen, a partial sample amorphisa-
tion and decomposition of the intermetallic compound took place.
To partly eliminate those undesirable effects and knowing that
deuteration/hydrogenation properties depend not only on
obvious parameters as pressure and temperature but also on less
obvious factors as a total sample mass, grain size or deuetration/
hydrogenation speed, a mixture of deuterium and argon gas (ratio
1:4) was used. This gave two phases in the deuterated sample of
IC_A: D-poor and D-rich phase named alpha- and beta-phase,
respectively (see Fig. 2). However, a substantial diffraction peaks
broadening was still present in a corresponding powder
diffraction pattern. This suggested that rapid deuteration of a fine
powder having a significantly large mass could increase a con-
centration of defects in the structure of both D-poor and D-rich
phase. A modulated background was also observed what indi-
cated the presence of an amorphous phase coexisting with
crystalline ones. Such a feature in the powder diffraction pattern
could also suggest a partial disorder present in the crystalline
phases. Thus, one continued with the optimization of synthesis
conditions. Further development of synthesis pathway resulted in
a single phase sample of the deuteride prepared from IC_B. The
deuteration was carried out at room temperature and 5 bar of
pure deuterium gas (see Fig. 3) and resulted in a much better
sample crystallinity. The collected NPD data showed a signifi-
cantly lower contribution of the amorphous background and
narrower diffraction peaks. The presented beta-phase of IC_B
was prepared during an in situ powder neutron diffraction
experiment.
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2.2. Powder X-ray diffraction (PXD)

Laboratory PXD measurements of intermetallics and hydrides/
deuterides were performed with Bruker D8 Advanced diffract-
ometer. High resolution synchrotron radiation powder X-ray
diffraction (SR-PXD) experiments were performed at the Swiss-
Norwegian beam line (SNBL) at ESRF (Grenoble, France), at the
BM01B station (l¼0.40082 and 0.52002 Å). Some of the samples
were measured at the BM01A station (l¼0.72756 Å) with
MAR345 image plate at different sample-to-detector distances.
In all SR-PXD experiment the powders were sealed in boron-glass
capillaries (d¼0.2 mm) (see Fig. 1).
2.3. Powder neutron diffraction (PND)

Ex situ and in situ PND measurements were carried out with
the HRPT diffractometer (l¼1.494 Å) at SINQ (Villigen, Switzer-
land). For the ex situ experiment the sample was loaded into a
vanadium container and sealed with indium wire to avoid any
desorption of deuterium. During the in situ measurements, the
powder was introduced into an airtight stainless steel container
(see Figs. 2 and 3).
Fig. 3. Observed (points), calculated (line) and difference (bottom line) PND

patterns (l¼1.494 Å) obtained during ex situ measurements of La1.63Mg0.37-

Ni7D8.8.Vertical bars indicate the Bragg peaks positions. w2
¼7.4.

Table 1
Rietveld refinement results on SR-PXD data for two batches of La2�xMgxNi7 (nominal

Refined composition La1.64Mg0.36Ni7 (IC_A)

Instrument Wavelength High resolution diffractometer (SNBL) 0.40

Space group P63/mmc

Cell parameters a¼5.04914(1) Å

c¼24.3229(1) Å

V¼537.009(3) Å3

Crystal structuren

Atom Wyckoff position x y z B

La 1 4f 1/3 2/3 0.02771(6) 0

La 2 4f 1/3 2/3 0.17086(5) 0

Mg 1 4f 1/3 2/3 0.02771(6) 0

Ni 1 2a 0 0 0 0

Ni 2 4e 0 0 0.1684(1) 0

Ni 3 4f 1/3 2/3 0.83306(9) 0

Ni 4 6h 0.8327(6) 0.665(1) 1/4 0

Ni 5 12k 0.8331(4) 0.6661(8) 0.08485(5) 0

n

During preliminary refinements Ni atoms occupancies did not vary more than 7
2.4. Pressure–composition isotherm (PCI) measurement

Thermal stability and hydrogen storage capacity of the IC_B
deuteride were studied with the Sieverts apparatus PCTPro-2000
from HyEnery. 0.6176 g of powder was evacuated under dynamic
vacuum at room temperature for 5 h and subsequently at 573 K
overnight. PCI data were collected during absorption under up to
6.4 bar deuterium pressure at 308 K for a total measuring time of
750 h and desorption down to 10�5 bar deuterium pressure
during 255 h at the same temperature.

2.5. Structure refinements

In order to determine the distribution of deuterium atoms the
parallel tempering algorithm in the FOX program [35,36] was
used. All Rietveld refinements were performed with FULLPROF

[37]. X-ray scattering factors and neutron cross-sections were
taken from the FULLPROF library. The laboratory PXD and SR-PXD
refinement backgrounds were modeled by interpolations
between manually chosen points. Due to a presence of the
modulated background, especially pronounced in the PND pattern
of the deuterated two-phase sample, 12-coefficient Fourier-cosine
polynomial and Fourier filtering procedure were used to fit the
PND data. This method allowed to refine global temperature
displacement parameter for D-poor and D-rich phase and elimi-
nated the negative values of some thermal parameters during
refinement of beta-phase of IC_B (see Table 3). Pseudo-Voigt and
Thompson–Cox–Hasting pseudo-Voigt profile function were
applied to model peaks shape.
3. Results and discussion

3.1. Metal atom substructure

3.1.1. Intermetallic compounds

SR-PXD data (see Fig. 1 and Table 1) confirmed the high purity
of the samples, even though the final refined compositions
differed from the nominal La1.548Mg0.516Ni6.536. The well crystal-
line phase reveals close similarity to La2Ni7 but with reduced unit
cell parameters due to the smaller magnesium radii (see Table 2).
This suggests the substitution by Mg in the structure even though
a significant loss of Mg was observed during sample preparation,
1.35 and 1.48 wt% of Mg for IC_A and IC_B, respectively, after
annealing treatment vs. 2.05 wt% of Mg in samples before the
reaction. Based on the SR-PXD data, the crystal structure of
composition: La0.774Mg0.258Ni3.268).

La1.63Mg0.37Ni7 (IC_B)

082 Å High resolution diffractometer (SNBL) 0.52002

P63/mmc

a¼5.04731(8) Å

c¼24.3186(4) Å

V¼536.52(2) Å3

iso Occup x y z Biso Occup.

.91(4) 0.64(1) 1/3 2/3 0.02698(8) 1.03(6) 0.63(1)

.85(3) 1.01(1) 1/3 2/3 0.17108(6) 0.98(4) 1.00(1)

.91(-) 0.36(-) 1/3 2/3 0.02698(8) 1.03(-) 0.37(-)

.84(8) 1.00(-)n 0 0 0 0.9(1) 1.00(-)n

.94(5) 1.00(-) 0 0 0.1678(1) 0.98(7) 1.00(-)

.55(4) 1.00(-) 1/3 2/3 0.8329(1) 0.61(6) 1.00(-)

.37(4) 1.00(-) 0.8326(8) 0.665(2) 1/4 0.50(6) 1.00(-)

.54(3) 1.00(-) 0.8330(5) 0.666(1) 0.08486(6) 0.84(4) 1.00(-)

5%, thus during final refinement all of them were fixed to 100%.



Table 2
Comparison of selected crystallographic parameters for chosen hexagonal A2B7-type compounds and their deuterides in La–Ni and La–Mg–Ni systems.

Parameters Compound

La2Ni7 [51] La2Ni7D6.5 [25] La1.5Mg0.5Ni7 [26] La1.5Mg0.5Ni7D8.9 [26] La1.63Mg0.37Ni7 (IC_B) La1.64Mg0.36Ni7D0.56

(alpha-phase of IC_A)
La1.63Mg0.37Ni7D8.8

(beta-phase of IC_B)

a [Å] 5.058 4.9534 5.0285 5.3854 5.0473 5.1041 5.4151

c [Å] 24.71 29.579 24.222 26.437 24.3186 24.8824 26.5392

V [Å3] 547.47 628.52 530.42 664.01 536.52 561.39 673.95

VAB5 [Å3] 177.37 171.96 175.77 216.47 177.20 183.42 217.73

VAB2 [Å3] 96.35 142.30 89.01 115.24 91.05 97.28 119.25

Da/a [%] – �2.1 �0.6 7.1 �0.2 1.1 7.3

Dc/c [%] – 19.7 �2.0 9.1 �1.6 2.3 9.1

DV/V [%] – 14.8 �3.1 25.2 �2.0 4.6 25.6

DV2xAB5/V2xAB5 [%] – �3.1 �0.7 24.6 �0.1 3.5 22.9

DV2xAB2/V2xAB2 [%] – 47.7 �7.6 29.8 �5.5 6.9 31.0

Table 3
Rietveld refinement results on neutron data for beta-phase of La2�xMgxNi7–D system.

Refined
composition

La1.64Mg0.36Ni7D7.19(5)

(deuteride of IC_A—multiphase sample)

La1.63Mg0.37Ni7D8.8(1)

(deuteride of IC_B—single phase sample)

Instrument HRPT at SINQ (Villigen) HRPT at SINQ (Villigen)

Wavelength 1.494 Å 1.494 Å

Space group P63/mmc P63/mmc

Cell parameters a¼5.3854(3) Å a¼5.4151(1) Å

c¼26.336(2) Å c¼26.539(1) Å

V¼661.50(6) Å3 V¼673.95(4) Å3

Fraction 49.6(9) wt% 100 wt%

Crystal structure
Atom Wyckoff

position
x y z Occup. x y z Biso Occup.

La 1 4f 1/3 2/3 0.0085(6) 0.64(-) 1/3 2/3 0.0135(6) 3.7(3) 0.63(-)

La 2 4f 1/3 2/3 0.1753(5) 1.00(-) 1/3 2/3 0.1758(4) 1.1(1) 1.00(-)

Mg 1 4f 1/3 2/3 0.0085(6) 0.36(-) 1/3 2/3 0.0135(6) 3.7(-) 0.37(-)

Ni 1 2a 0 0 0 1.00(-) 0 0 0 0.9(1) 1.00(-)

Ni 2 4e 0 0 0.1719(5) 1.00(-) 0 0 0.1702(3) 1.3(1) 1.00(-)

Ni 3 4f 1/3 2/3 0.8348(4) 1.00(-) 1/3 2/3 0.8323(3) 2.2(1) 1.00(-)

Ni 4 6h 0.829(3) 0.658(5) 1/4 1.00(-) 0.839(2) 0.678(4) 1/4 1.36(9) 1.00(-)

Ni 5 12k 0.840(2) 0.681(3) 0.0876(2) 1.00(-) 0.835(1) 0.670(2) 0.0885(2) 2.37(8) 1.00(-)

D 1 6h 0.495(2) 0.505(2) 1/4 0.75(3) 0.503(1) 0.497(1) 1/4 3.2(1) 1.00(-)

D 2 4e 0 0 0.1039(9) 0.65(3) 0 0 0.1062(6) 3.2(-) 1.00(-)

D 3 12k 0.354(7) 0.177(4) 0.1520(4) 0.64(2) 0.349(8) 0.175(4) 0.1512(4) 3.2(-) 0.67(2)

D 4 12k 0.480(3) 0.520(3) 0.0570(8) 0.52(2) 0.485(1) 0.515(1) 0.0712(7) 3.2(-) 0.66(2)

D 5 12k 0.336(4) 0.168(2) 0.0355(5) 0.64(2) 0.325(6) 0.163(3) 0.0231(4) 3.2(-) 0.77(2)

Biso_overall¼2.30(4) Å2
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(La,Mg)2Ni7 seems to retain the hexagonal Ce2Ni7-structure type
(see Table 1). The unit cell parameters for samples IC_A and IC_B
do not differ significantly suggesting that the syntheses give
repeatable results. The Rietveld refinements show that Mg partly
substitutes La, exclusively in the LaNi2 slabs (4f site) and occupies
statistically �37% of the available sites. Compared to pure La2Ni7,
the contraction of the unit cell due to the introduced Mg for IC_B
is: DV/V¼�2.0% with Da/a¼�0.2% and Dc/c¼�1.6%, without
any change of the symmetry (hexagonal, P63/mmc). The volume of
double layer of the AB2 units in IC_B, with the refined composition
corresponding to La1.26Mg0.74Ni4, significantly contracts,
DVAB2¼�5.5%, because of the large difference in the atomic radii
of La (1.877 Å) and Mg (1.602 Å). Selective occupation of Mg in
the La sites shortens the La–La interatomic distances in the AB2

slabs as compared to the Mg free analog with (La,Mg)–(La,Mg)
3.196 Å and La–La 3.394 Å, respectively. Due to contraction in the
basal ab plane of the unit cell, minor changes also proceed in the
AB5 layers, DVAB5¼�0.1%. Results for IC_A are listed in Table 2.
These data are in agreement with published ones [17,21,26,34].
3.1.2. Hydride/deuterides

Upon hydrogenation/deuteration La2�xMgxNi7 behaves differ-
ently from A2B7-type compounds, e.g. La2Ni7–D [25] or Ce2Ni7–D
[23,24,38]. Both La2Ni7 and Ce2Ni7 expand significantly, DV/
V¼14.9% and 21.1%, but only in one direction with Dc/c¼19.9%
and 21.5%, respectively, and thus represent so called anisotropic
hydrides. La1.63Mg0.37Ni7D8.8 (beta-phase of IC_B) also reveals a
significant expansion, DV/V¼25.6%, but the volume increases iso-
tropically and almost equally in the [0 0 1] direction and in the basal
ab plane, Da/a¼7.3% and Dc/c¼9.1%, respectively (see Tables 2 and
3). Upon hydrogenation/deuteration, the occupancy of the 4f site by
the Mg atoms remains unchanged (see Table 3). However, the
presence of Mg influences drastically the distribution of deuterium
atoms in the structure. For the La2Ni7 and Ce2Ni7 deuterides
[23,25,38], deuterium atoms are situated exclusively within the
AB2 units, while in La1.63Mg0.37Ni7D8.8 both the AB2 and AB5

structural slabs host D atoms (see Fig. 4). Mg substitution increases
the hydrogen storage capacity by making the AB5 units deuterium-
active with a resulting isotropic expansion of the lattice.



Fig. 4. Crystal structure of the beta-phase of La2�xMgxNi7 (La1.63Mg0.37Ni7D8.8 and

La1.64Mg0.36Ni7D7.19). For atoms labeling see Table 3.
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The lattice of the second, hitherto unknown alpha-phase with
the refined composition La1.64Mg0.36Ni7D0.56 expands also almost
isotropically upon deuteration, but the effect is rather weakly
pronounced (DV/V¼4.6%, Da/a¼1.1%, Dc/c¼2.3%, see Table 2 and
Table 4). The symmetry of this phase is the same as for the
intermetallic compound.

3.2. Deuterium site configurations

The distribution of deuterium atoms in La1.63Mg0.37Ni7D8.8 is
comparable with the previously reported La1.5Mg0.5Ni7D8.9(9.1),
but the occupied positions differ significantly. This could be
related to the contribution of Mg atoms to the structure. For the
present La1.63Mg0.37Ni7D8.8, a satisfactory fit between the calcu-
lated and observed powder diffraction data is obtained with D
atoms in only five sites (see Figs. 1, 3, 4 and Table 3), and thus
opposite to the reported nine sites for La1.5Mg0.5Ni7D8.9(9.1) [26].
D1 and D3–D5 are present in the model by Denys et al., while the
D2 is located in the same type of site (4e) but with different value
of z-coordinate compared to [26]. The remaining four deuterium
atom positions reported for La1.5Mg0.5Ni7D8.9(9.1) have not been
found in the present work. A summary of the distribution of the D
atoms is given as follows (see Fig. 4):
�
 D1 is located within the La2Ni2 tetrahedron in the AB5

structural unit. The site exists in the parent structure of the
intermetallic compound. It is equivalent to D2 in La1.5Mg0.5-

Ni7D8.9(9.1) and has no analog in La2Ni7D6.5 [25];

�
 D2 is located close to the boundary between the AB5 and AB2

slabs, and within the Ni4 tetrahedron. The same type of site
(4e) is occupied in La1.5Mg0.5Ni7D8.9(9.1) (D3) but the z-coordi-
nate differs, 0.1062(6) vs. 0.2176(6), respectively. The site is
equivalent to D1 in La2Ni7D6.5;

�
 D3 is located in the La2Ni4 deformed octahedron within the

AB5 slabs. This interstice is equivalent to D4 in La1.5Mg0.5-

Ni7D8.9(9.1) and has no analog in the Mg-free deuteride;

�
 D4 is located in the (La,Mg)2Ni2 tetrahedron in the AB2 units

and close to the boundary between the slabs. It is equivalent to
D6 in La1.5Mg0.5Ni7D8.9(9.1) and is comparable to D4 in
La2Ni7D6.5;

�
 D5 is located in the AB2 slabs, within the trigonal bipyramid

(La,Mg)3Ni2. It is an analog of D7 in the La1.5Mg0.5Ni7D8.9(9.1)

and D3 in the La2Ni7D6.5.

No additional sites were determined in La1.63Mg0.37Ni7D8.8.
La1.5Mg0.5Ni7D8.9(9.1) and La1.63Mg0.37Ni7D8.8 differ significantly in
a view of the D sites occupancies (see Table 3). In La1.63Mg0.37-

Ni7D8.8 the D1 and D2 positions are fully occupied while in
La1.5Mg0.5Ni7D8.9(9.1) the occupancies of the similar sites are equal
to 77% and 50% (fixed), respectively. The occupancies of D3, D4
and D5 in La1.63Mg0.37Ni7D8.8 are partial and between 66% and
77%, while for La1.5Mg0.5Ni7D8.9(9.1) the occupancies of equivalent
sites are 46%, 40% and 50%, respectively. The hydrogenation/
deuteration leads to expansion of both types of slabs, 22.9% for
AB5 and 31.0% for AB2 in the most saturated beta-phase (see
Table 2) with deuterium atoms occupying both types of structural
blocks almost evenly. The refined compositions of slabs account
for AB5D4.5 and AB2D4.3, in the La1.63Mg0.37Ni7D8.8. The deuterium
sublattice in the AB5 slabs is essentially the same as reported for
LaNi5D7 [39] and includes three D positions: La2Ni2 (D1/
occupancy¼1.00), Ni4 (D2/occupancy¼1.00) and La2Ni4 (D3/
occupancy¼0.67). For latter one, the D3 atom is shifted from
the center of La2Ni4 by �0.02 Å towards Ni5 and thus reveals a
rather uncommon triangular metal coordination (Ni2, Ni3 and
Ni5) with Ni–D distances: 1.71(4), 1.55(4) and 1.67(1) Å, respec-
tively. Such surrounding has been observed for the LaMgNi4–H
system [2] and some saline metal hydrides (TMg2H7, T—La, Ce,
Sm) [40,41]. The lattice parameters of the double AB5 unit in
La1.63Mg0.37Ni7D8.8 (a¼5.415 Å and c¼8.574 Å) are similar to
LaNi5D6 [42] (a¼5.410 Å and c¼8.586 Å, double cell in z direc-
tion). Opposite to La1.5Mg0.5Ni7D8.9(9.1), partial ordering of deu-
terium atoms on the 4e and 6h sites is observed within this type
of slabs. The total hydrogen uptake in AB5 layers is smaller in
present La1.63Mg0.37Ni7D8.8 than in previously investigated
La1.5Mg0.5Ni7D8.9(9.1). In these subunits, volume increase of the
all occupied polyhedra is observed compared to the H(D)-free
intermetallic. The estimated volume changes correspond to 17%,
16% and 19% for D1 (La2Ni2), D2 (Ni4) and D3 (La2Ni4), respectively.

Two deuterium sites have been determined within the AB2

layers: D4 in (La,Mg)2Ni2 and D5 in (La,Mg)2Ni2 with occupancy
66% and 77%, respectively. The structure of these units resembles



Table 4
Rietveld refinement results on PND data for alpha-phase of La1.64Mg0.36Ni7–D system.

Refined composition La1.64Mg0.36Ni7D0.56(2) (deuteride of IC_A—multiphase sample)

Instrument HRPT at SINQ (Villigen)

Wavelength 1.494 Å

Space group P63/mmc

Cell parameters a¼5.1041(3) Å

c¼24.882(2) Å

V¼561.39(7) Å3

Fraction 50.5(8) wt%

Crystal structure
Atom Wyckoff position x y z Biso Occup.

La 1 4f 1/3 2/3 0.0263(3) 0.6(2) 0.64(-)

La 2 4f 1/3 2/3 0.1719(6) 1.1(1) 1.00(-)

Mg 1 4f 1/3 2/3 0.0263(3) 0.6(-) 0.36(-)

Ni 1 2a 0 0 0 0.6(2) 1.00(-)

Ni 2 4e 0 0 0.1744(3) 0.8(1) 1.00(-)

Ni 3 4f 1/3 2/3 0.8310(4) 1.5(1) 1.00(-)

Ni 4 6h 0.840(2) 0.679(4) 1/4 0.8(1) 1.00(-)

Ni 5 12k 0.837(1) 0.674(2) 0.0866(1) 1.00(7) 1.00(-)

D 1 4f 2/3 1/3 0.0597(5) 0.1(3) 0.56(2)
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closely hydrides/deuterides of MgZn2-type compounds [43] with
four RE2Ni2 interstitial sites available for deuterium atoms. In the
present study only two of them are populated. This is different
from what has been reported for the same slabs in La1.5Mg0.5-

Ni7D8.9(9.1) and most of the C-14 Laves phase deuterides where
deuterium atoms occupy at least three or all tetrahedral RE2Ni2-
type sites in a disordered way. Furthermore, in La1.63Mg0.37Ni7D8.8

none of the RENi3 sites is filled with D atoms. Even though the
distances between deuterium sites in the AB2 slabs for
La1.63Mg0.37Ni7D8.8 exceed 1.9 Å, no ordering of deuterium sub-
lattice is found. Similar to La1.5Mg0.5Ni7D8.9(9.1), D5 is shifted into
the common triangular face of the (La,Mg)2Ni2 tetrahedron and
thus coordinated by a trigonal bipyramid (Mg/La)3Ni2. The refined
composition of the AB2 layers accounts for La0.63Mg0.37Ni2D4.3.
Deuterium content is higher than in the LaMgNi2D3.8 layer for
La1.5Mg0.5Ni7D8.9(9.1) but lower than in the Mg free analog [25].
The estimated volume change of the occupied interstices equals
30% and 18% for D4 ((La,Mg)2Ni2) and D5 ((La,Mg)3Ni2), respec-
tively. The higher change obtained for (La,Mg)2Ni2 tetrahedron
could explain the much higher volume expansion observed for
the AB2 slabs compared to AB5 ones. A possible reason is a
presence of Mg that reveals high hydrogen affinity and thus
results in a higher occupancy of such sites in general. Interatomic
distances for atoms coordinating interstitial sites in La1.63Mg0.37-

Ni7D8.8 and La1.5Mg0.5Ni7D8.9(9.1) are comparable suggesting simi-
lar expansion of corresponding polyhedra in both compounds
upon deuteration. Observed variations in the deuterium atoms
distribution in La1.63Mg0.37Ni7D8.8 and La1.5Mg0.5Ni7D8.9(9.1) give
different arrangements of deuterium around the nickel atoms. For
La1.63Mg0.37Ni7D8.8 all five Ni atoms located in both types of slabs
have deuterium atoms as their nearest neighbors. The surround-
ing is similar to what was previously observed in ErNi3Dx [44],
HoNi3D4 [45], Ce2Ni7D�4 [24,38], where the Ni atoms reveal a
tendency to be surrounded by D atoms in tetrahedral or tetra-
hedral-like configurations as in some complex transition metal
hydrides [46–48]. In our cases, the same feature is apparent (see
Fig. 4). Only one of five Ni atoms (Ni5) is surrounded by
deuterium in a deformed tetrahedral configuration and displaying
Ni–D bond lengths and D–Ni–D angles in the range of 1.62–1.71 Å
and 76–1201, respectively. For Ni2, Ni3 and Ni4 such tendency can
be clearly seen as rigid, trigonal pyramids and thus similar to the
structure of ErNi3D1.3 [44]. The Ni–D bond lengths and D–Ni–D
bond angles vary in the range of 1.55–1.71 Å and 112–1151,
respectively. The deuterium atoms around Ni1 form a disordered
and deformed saddle-like configuration. The average distance
from Ni to the surrounding D5 is equal to 1.65 Å and the angles
vary from 731 to 1801. The shortest observed D–D distance is
equal to 1.96(3) Å (D5–D5). Selected interatomic distances are
listed in Table 5.
3.2.1. Hydrogen/deuterium induced site depopulation

In the alpha-phase only one site (4f) within the AB2 slabs is
partially occupied (see Table 4). This site is located in the LaNi3

tetrahedron and is no longer populated in the beta-phase. This
phenomenon showing depopulation of hydrogen sites as a func-
tion of hydrogen concentration is relatively rare in transition
metal based metal hydrides. However, there exist few examples
of such behavior in the literature, e.g. depopulation of Ni4 and
LaNi3 sites in the LaMgNi4–H system, Ho6 site in the Ho6Fe23–H
system, La4Pd2 interstitial site in La3Pd5Si–H system, ErCo3

interstice in ErCo3–H system and (Ti,Zr)4 type sites in the
Ti0.64Zr0.36Ni–H system [2]. Some of these structural features
could be rationalized by atomic size considerations and repulsive
H–H interactions originating from the proximity of the other
occupied interstices. However, some cases clearly suggest the
presence of other structure determining factors, for example
directional metal–hydrogen bonding [46], metal–hydrogen bond
strength [49], and distribution of paired electron density [50]. In
the present alpha-phase the size of the occupied site is relatively
big with r¼0.45 Å and thus it could easily accommodate deuter-
ium/hydrogen atoms. On the other hand, the size of the same hole
in the D-rich beta-phase is even bigger (r¼0.49 Å), but it remains
unfilled. Such behavior could indicate that repulsive D–D inter-
actions are likely to influence the non-occupancy of certain
interstices. The 4f site in the beta-phase, is presumably unoccu-
pied because of its proximity to occupied (La,Mg)2Ni2 tetrahedron
(D–D�1.45 Å).

3.3. Pressure–composition relationship

The PC isotherm (see Fig. 5) exhibits a sloped equilibrium
plateau pressure attributed to coexistence of the alpha- and beta-
phase. The maximum hydrogen capacity at 308 K is high, D/
f.u.¼10.18, thus comparable with values obtained for the Mg free
analog at 263 K with H/f.u.¼10 [26], and higher than for
La1.5Mg0.5Ni7 with H/f.u.¼9 at 298 K [26]. The deuterium storage
capacity obtained during the PCI experiment is higher than values



Fig. 5. Pressure-composition isotherm of La1.63Mg0.37Ni7–D system during

absorption (upper line, triangles) and desorption (lower line, circles) at 308 K.

Table 5

Selected interatomic distances (Å) in La1.63Mg0.37Ni7D8.8 from PND data (cut-off values: 3.0 Å and 1.8 Å for D and Ni atoms’

environments, respectively).

D atoms’ environment Ni atoms’ environment

D1–La2 2.53(1)�2 D4–(La1,Mg1) 2.09(2)�2 Ni1–D1 1.64(3)�4

D1–Ni4�2 1.58(1)�2 D4 – (La1,Mg1) 2.82(2)�2 Ni1–D1 1.64(4)�4

D1–D1 2.66(1)�2 D4 – La2 3.12(2) Ni2–D2 1.70(2)

D1–D1 2.75(1)�2 D4 – Ni5 1.71(1) Ni2–D3 1.71(4)�2

D2–Ni1 2.18(12) D4 – Ni5 1.71(1) Ni2–D3 1.71(5)�2

D2–Ni2 1.70(2) D4 – D2 2.866(9)�2 Ni3–D3 1.55(4)�2

D2–Ni5 1.620(8)�2 D4 – D3 2.66(3)�2 Ni3–D3 1.55(5)�2

D2–Ni5 1.62(1) D4–D4 2.46(1) Ni4–D1 1.58(1)

D2–D3 2.03(3)�2 D4–D4 2.95(1) Ni4–D3 1.58(2)

D2–D3 2.03(5)�2 D4–D5 2.09(3)�2 Ni5–D2 1.620(8)

D2–D4 2.866(9)�2 D4–D5 2.93(2)�4 Ni5–D3 1.67(1)

D2–D4 2.87(1)�4 D5–(La1,Mg1) 1.87(3) Ni5–D4 1.71(1)�2

D2–D5 2.68(2)�2 D5–(La1,Mg1) 2.72(4)�2 Ni5–D4 1.74(1)

D2–D5 2.866(3)�2 D5–Ni1 1.64(3)

D3–Ni2 1.71(4) D5–Ni5 1.74(1)

D3–Ni3 1.55(4) D5–D2 2.68(2)

D3–Ni4 2.625(1) D5–D4 2.09(3)�2

D3–Ni5 1.666(1) D5–D4 2.93(2)�2

D3–D2 2.03(3) D5–D4 2.93(3)�2

D3–D3 2.58(4) D5–D5 1.96(3)

D3–D3 2.58(7)�2 D5–D5 1.96(4)�2

D3–La2 2.79(5) D5–D5 2.64(3)

D3–La2 2.78(5) D5–D5 2.65(5)�2

D3–D3 2.83(4) D5–D5 2.78(3)

D3–D3 2.83(7)�2 D5–D5 2.78(5)�2

D3–D4 2.66(4)�2
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refined from PND data but still lower than one could expect for a
deuteride with a full occupancy of all determined D sites (what
would account for La1.63Mg0.37Ni7D11.5). The equilibrium plateau
pressure in deuterium absorption and desorption at 308 K is
observed at �0.58 bar and �0.07 bar, respectively. For the
studied compound only one hydrogen charging cycle was per-
formed. However, it is known that absorption isotherms tend to
change during first cycles in these types of compounds. Thus, in
order to compare a hydride stability with similar intermetallic
compounds, only desorption isotherms have been taken into
account. Interestingly, the different Mg contribution affects the
stability of La2�xMgxNi7 hydrides. Based on the obtained data, it
seems that La1.63Mg0.37Ni7Dx forms more stable deuteride/
hydride than La1.5Mg0.5Ni7Hx with 0.15 bar desorption equili-
brium pressure at 298 K [26]. The present value is also signifi-
cantly lower than in La2Ni7Hx with 0.6 bar at 273 K [10] and
La1.4Mg0.6Ni5.6Co1.0Hx; 0.3–0.5 bar at 333 K [11]. Ce2Ni7Hx with
0.065 bar desorption equilibrium pressure at 313 K [23], has
almost the same deuteride/hydride stability as La1.63Mg0.37Ni7Dx.

A subsequent decrease in deuterium pressure to ambient
conditions during 255 h at 308 K caused the sample to desorb
deuterium only partially with release of 8.35 D/f.u.
4. Conclusions

The present study confirms an important influence of Mg
atoms on the distribution of hydrogen/deuterium in hydrides/
deuterides of La2�xMgxNi7. Observed Mg substitution within the
AB5 slabs results in occupation of only 5 interstitial sites in the
D-rich beta-phase and one interstitial site in the D-poor alpha-
phase. The latter is different from any occupied site in the
saturated hydride/deuteride. Obtained results suggest that both
H–H (D–D) repulsive interactions and tendency to create direc-
tional transition metal–hydrogen bonding are the main factors
responsible for the arrangement of D atoms in the investigated
crystal structures of La1.63Mg0.37Ni7D8.8 and La1.63Mg0.37Ni7D0.56.
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