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bstract

The deuterium atoms in both Ce2Ni7D∼4 and CeNi3D2.8 occupy interstices in the CeNi2 structural slabs only, while the interstices in the bulk of
he CeNi5 slabs remain empty. A considerable fraction of these deuterium atoms surround nickel in deformed tetrahedral configurations reminiscent
f the [NiH ]4− complexes found in complex metal hydrides, like Mg NiH and LaMg NiH . The hydrogen equilibrium pressures of both systems
4 2 4 2 7

re similar (0.1–0.2 bar at 50 ◦C). These findings not only provide further evidence for directional bonding effects in hydrides that are traditionally
onsidered as “interstitial”, but also suggest that the thermal stability of metal hydrides having composite crystal structures is correlated with
etal-hydrogen bond formation/breaking in specific structural units.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Metal hydrides based on nickel-rich intermetallic compounds
f composition R2Ni7 and RNi3 (R, Rare earth) and their substi-
ution derivatives are of renewed interest because their properties
n rechargeable metal hydride batteries are superior to those of
heir congeners of composition RNi5 [1]. In a previous paper
e have reported structure data for the cerium-nickel deuteride
e2Ni7D∼4 [2]. Deuterium was found to occupy interstices in

he CeNi2 slabs only, while those in the bulk of the CeNi5 slabs
emain empty. Interestingly, a significant fraction of these deu-
erium atoms was bonded in tetrahedral configurations around
ickel, similar to those in nickel based complex metal hydrides
uch as Mg2NiH4 and LaMg2NiH7 [3]. These site preferences
annot be explained by the interstitial concept usually applied
o rationalize hydrogen atom distributions in such hydrides.

The purpose of this paper is to investigate the nickel atom

nvironment in RNi2 structure slabs of other hydrides and to
ompare the hydrogen equilibrium pressures of the correspond-
ng metal-hydrogen systems. It will be shown that quite a few
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ompounds display tetrahedral D atom configurations around
ickel in RNi2 structure slabs, and that the hydrogen equilibrium
ressures of the corresponding hydrides do not much differ.

. Composite crystal structure, lattice distortion and
ydrogen equilibrium pressure

The intermetallic compounds RNi3 and R2Ni7 have closely
elated but significantly different crystal structures. Both are
uilt up by MgCu2-type and CaCu5-type slabs that correspond
o structural fragments of RNi2 and RNi5, respectively, and are
tacked along the hexagonal axes. However, the slab thickness
n these composite crystal structures differs. Ce2Ni7, for exam-
le, contains two sorts of alternating slabs, one consisting of
ouble layers of CeNi5 and the other of double layers of CeNi2
4]. CeNi3 has the same building principle except that it con-
ains single, instead of double, layers in the CeNi5 slabs [5].
oth compounds react easily with hydrogen and form so-called
interstitial” hydrides. Those which have been structurally fully
haracterized are deuterides of composition Ce2Ni7D4.1 [2] and

eNi3D2.8 [6]. A striking aspect of the corresponding hydrides

s their hydrogen equilibrium pressures. For CeNi3H2.8 and
e2Ni7H4, these pressures were reported to be, respectively,
.1 bar and 0.2 at 50 ◦C [7]. Such small differences are surprising
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ig. 1. Crystal structure of Ce2Ni7D4 (a), CeNi3D2.8 (b), �1–HoNi3D1.3 (c) an
mall circles (white). Atom labels and Ni–D bonds (black lines) are shown for all
For interpretation of the references to colour in this figure legend, the reader is

n view of the significantly different chemical compositions and
rystal structures involved.

Another striking aspect of these hydrides is their lat-
ice expansion and lattice distortion. Both hydrides show
nomalously large expansions along the hexagonal axes of
he respective alloys (�c/c ∼ 21% for Ce2Ni7D4, ∼30% for
eNi3D2.8), while their basal planes remain nearly unchanged.

nterestingly, the expansion of Ce2Ni7D4 is similar to that of
ts lanthanum analogue La2Ni7D6.5 (�c/c ∼ 20% [8]), there-
ore it is unlikely to be the result of a possible valence change
f the lanthanide atoms. The fact that the expansion is very
nisotropic is presumably due to the hydrogen-inactive CeNi5
labs in the structure that “block” its expansion in the basal plane.
urthermore, in contrast to the lanthanum system La2Ni7–H
hich appears to remain hexagonal (La2Ni7D6.5: space group
63/mmc [8]), the cerium system undergoes various degrees
f orthorhombic lattice distortions, δ = (b/

√
3 − a)/a. Hydrogen

ressures of ∼30 bar, for example, stabilize a phase having a
egative distortion (δ < 0), while decreasing the pressure leads
o another phase having a positive distortion (δ > 0) [2]. Both
hases are nearly isostructural, and have the same space group
ymmetry and nearly the same composition. The origin of these
nisotropic expansion and lattice distortions cannot be explained
y simple atomic size arguments.

. Deuterium atom distribution and tetrahedral nickel
oordination

In Ce2Ni7D4 only 5 out of 11 Ni sites have D atoms among

heir nearest neighbors. As shown in Fig. 1, these D atoms are
ocated in the CeNi2 structural slabs only (or at the boundary
etween the CeNi2 and CeNi5 slabs), while the bulk of the
eNi5 slabs remains empty. A significant fraction of these D

r
s
t
s

ErNi3D3.8 (d). Ce: big ellipsoids (yellow), Ni: smaller spheres (blue), D: very
Ni atoms participating in tetrahedral NiD4 and pyramidal NiD3 configurations.

red to the web version of the article.)

toms (∼50% of the total D-content) surrounds nickel (Ni1) in
ully occupied deformed tetrahedral configurations (D3, 2 × D5,
6) displaying Ni–D bond lengths and D–Ni–D bond angles in

he ranges 1.56–1.89 Å and 77–128◦, respectively. These con-
gurations are presumably at the origin of the very strong and
nisotropic expansion of the CeNi2 slabs (∼60%, as compared
o ∼21% average expansion of the structure along the stacking
irection c), and the creation of new interstices in the CeNi2 slab
hat are occupied by deuterium. Clearly, these hydrogen induced
tructural changes cannot be explained by the interstitial con-
ept alone but suggest that the rigid nature of the tetrahedral H
tom configurations around nickel plays a major role. In fact,
hese configurations are reminiscent of the tetrahedral [NiH4]4−
omplexes found in complex transition metal hydrides such as
g2NiH4 and LaMg2NiH7 (for a review see Ref. [9]). The lat-

er derive both from stable intermetallic compounds (Mg2Ni
nd LaMg2Ni) that undergo reconstructions and/or distortions
f their metal atom substructure due to the formation of such
etrahedral complexes. The LaMg2Ni–H system is of particular
nterest due to its metal-insulator transition that accompanies the
ormation of the [NiH4]4− complexes [3].

Similar H-site preferences are also observed for CeNi3H2.8.
s shown in Fig. 1b, the D atoms in the deuteride are located

n the CeNi2 structural slabs (or at the boundary between the
eNi2 and CeNi5 slabs), while the bulk of the CeNi5 slabs

emains empty. As in Ce2Ni7D4 a significant fraction of these
atoms (∼50% of the total D-content) surrounds nickel in

eformed tetrahedral configurations with fully occupied D sites.
he Ni–D bond lengths and D–Ni–D bond angles cover the
anges 1.50–1.65 Å and 91–122◦, respectively. As Ce2Ni7D4 the
tructure of CeNi3H2.8 is orthorhombically distorted compared
o the structure of the parent alloy. A hydrogenation induced
ymmetry breaking due to the formation of Ni–H species also
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ccurs in the closely related holmium and erbium systems
oNi3–H [10] and ErNi3–H [11]. Their hydrogen/deuterium

ree structures are centrosymmetric and made up by rhombo-
edrally stacked RNi2/RNi5 slabs (R = Ho, Er). As shown in
ig. 1c, they form deuterium-poor non-centrosymmetric �1-
hases at low deuterium pressure, and their RNi2 slabs contain
rdered pyramidal D atom configurations around nickel. The
hape and a rigid nature of these configurations are presum-
bly responsible for the loss of the inversion symmetry. At high
euterium pressures evidence for the formation of tetrahedral
iD4 configurations has been obtained at least for the ErNi3–D2

ystem [11]. As in the cerium compounds, the main structure
xpansion during deuteration occurs in the RNi2 slabs and is
irected along the c axis. Although the expansion is relatively
mall (�c/c ∼ 14%), the structural changes are very similar to
hose observed in Ce2Ni7D4 and CeNi3D2.8, especially at low D
ontents of ∼1.3 D-atoms per RNi3 unit. In the more D rich high-
ressure �-ErNi3D3.8 phase the tetrahedral NiD4 configurations
o not break the symmetry further, but order in a parallel orien-
ation (Fig. 1d). Note that the tetrahedral NiD4 configurations
n Ce2Ni7D4 and CeNi3D2.8 order in anti-parallel orientations
Fig. 1a and b). As to the RNi5 slabs in this series they tend to
ecome occupied by deuterium only at relatively high pressures,
s shown by �-ErNi3D3.8 (Fig. 1d).

Finally, it is worth mentioning that the symmetry and D
tom distributions in the cobalt analogues differ significantly
rom those in the nickel analogues. The ErCo3–D system, for
xample, is centrosymmetric and shows disordered octahedral
ather than ordered tetrahedral D atom configurations around the
ransition (T) metal [12]. Locally, however, the configurations
round cobalt could be square-pyramidal such as those of the
CoD5]4− complexes found in Mg2CoD5 [9]. This lends further
upport to the idea that the hydrogen atom distributions in these
ypes of metal-hydrogen systems are governed by electronic fac-
ors rather than by atomic size effects, i.e. the T metals tend to
orm relatively rigid metal-hydrogen moieties whose geometry
epends mainly on the nature of the T element and less on atomic
ize effects.

In conclusion, hydrogen in R2Ni7–H and RNi3–H sys-

ems cannot simply be considered as a sphere which has a
ertain radius but is otherwise stereochemically inactive. It
hould be rather considered as a ligand capable of forming
ransition metal-hydrogen moieties that govern major struc-
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ural changes during hydrogenation. In this context it is worth
entioning that the equilibrium pressures for the CeNi3–H

nd Ce2Ni7–H systems (0.1–0.2 bar at 50 ◦C) and some other
Ni3–H and R2Ni7–H systems are very similar. Binary LaNi3,
rNi3 and NdNi3, for example, readily absorb hydrogen at
ressures below 1 bar at room temperature [13], while ternary
a1/3Y2/3Ni3 and Ce1/3Y2/3Ni3 have hydrogen equilibrium pres-
ures of 0.1–0.12 bar at 25 ◦C [14]. The La2Ni7–H system has
n equilibrium pressure of 0.6 bar at 25 ◦C [15]. Whether or not
he thermal stability of hydrides in such systems can be corre-
ated with metal-hydrogen bond formation/breaking in specific
tructural units needs to be further investigated.

cknowledgements

This work was supported by the Swiss National Science
oundation and the Swiss Federal Office of Energy.

eferences

[1] S. Yasuoka, Y. Magari, T. Murata, T. Tanaka, J. Ishida, H. Nakamura, T.
Nohma, M. Kihara, Y. Baba, H. Teraoka, J. Power Sources 156 (2006)
662–666.

[2] Y.E. Filinchuk, K. Yvon, H. Emerich, Inorg. Chem. 46 (2007) 2914–
2920.

[3] K. Yvon, G. Renaudin, C.M. Wie, M.Y. Chou, Phys. Rev. Lett. 94 (2005)
066403.

[4] D.T. Cromer, A.C. Larson, Acta Cryst. 12 (1959) 855–859.
[5] D.T. Cromer, A.C. Larson, Acta Cryst. 12 (1959) 689–694.
[6] V.A. Yartys, O. Isnard, A.B. Riabov, L.G. Akselrud, J. Alloys Compd.

356–357 (2003) 109–113.
[7] R.H. van Essen, K.H.J. Buschow, J. Less Common Met. 70 (1980) 189–

198.
[8] V.A. Yartys, A.B. Riabov, R.V. Denys, M. Sato, R.G. Delaplane, J. Alloys

Compd. 408–412 (2006) 273–279.
[9] K. Yvon, G. Renaudin, Hydrides: Solid State Transition Metal Complexes,

in: Encyclopedia of Inorganic Chemistry, second ed., John Wiley & Sons
Ltd., 2005, pp. 1814–1846.

10] Y.E. Filinchuk, D. Sheptyakov, K. Yvon, J. Alloys Compd. 413 (2006)
106–113.

11] Y.E. Filinchuk, K. Yvon, J. Alloys Compd. 404–406 (2005) 89–94.
12] Y.E. Filinchuk, K. Yvon, J. Solid State Chem. 179 (2006) 1041–1052.
13] V.V. Burnasheva, B.P. Tarasov, K.N. Semenenko, Russ. J. Inorg. Chem. 27
(1982) 1722–1724.
14] M. Latroche, V. Paul-Boncour, A. Percheron-Guégan, J. Solid State Chem.

177 (2004) 2542–2549.
15] K.H.J. Buschow, P.C.P. Bouten, A.R. Miedema, Rep. Prog. Phys. 45 (1982)

937–1039.


	Deuterium site occupancies in Ce2Ni7Dprotect protect unhbox voidb@x penalty @M  {}4 and comparison with CeNi3D2.8
	Introduction
	Composite crystal structure, lattice distortion and hydrogen equilibrium pressure
	Deuterium atom distribution and tetrahedral nickel coordination
	Acknowledgements
	References


