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Abstract

The paper focuses on structural chemistry of novel intermetallic hydrides with unusual structural properties. In such “anisotropic” hydrides,
a huge expansion proceeds in a sole crystallographic direction and leads to a dramatic differentiation of the properties of the hydrides
along the direction of the expansion and normal to it. The behaviour of the “anisotropic” hydrides is dominated by the metal-hydrogen and
hydrogen—-hydrogen interactions in contrast to the “conventional” intermetallic hydrides where the metal-metal interactions are the most
important ones. In sharp contrast to the known crystal structures of intermetallic hydrides, in “anisotropic” hydrides deuterium atoms do not
fill initially existing interstices but, instead, attract rare earth atoms into their surrounding an@derdx-occupied sites. This paper will
summarise our recent research on the “anisotropic” hydrides with a particular focus on two groups of materials: (a) RENiln-based deuterides
(RE =rare earth metal) containing the shortest known separation of hydrogen atoms in the structures of metal hydrides ane(@GERENi
and RENi;—(LaxNi)-based deuterides which develop unusually large (59-63%) expansion of the constituentayeisi
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction a dramatic differentiation of the properties of the hydrides
along the direction of the expansion and normal to it. This
Hydrogenation of intermetallic compounds (IMC), from paper will summarise our recent research on the “anisotropic”
gas or electrochemically, leads to a storage of atomic, inter- hydrides with a particular focus on two groups of materials.
stitial hydrogen in the metal lattice providing a high ratio of
H/M (>1) and a h.igh volume density of thg store_d hydroge'n (a) RENiln-based deuterides (RE
compared to liquid hydrogen. Intermetallic hydrides exhibit
a close interrelation between crystal chemistry and hydrogen
sorption properties allowing alteration and optimisation of
their H storage performance. Hydrogen accommodation by
the metal lattice is typically accompanied by modest (few

percent) changes of the interatomic metal-metal distances. modynamics of the IMC—kisystems, will be presented
Consequently, H atoms enter the interstices, which are orig- and discussed ’

E‘nall_y a:/ailable in the virgin intermetallics. However, this (b) RENig—(CeNk) and RENi;—(LaNi7)-based deuterides
.typ|cal case_does.n_ot cover a_Iarge group of very interest- are built from the two kinds of metal slabs, RENi
!‘ng _and so.fzirmsufﬁmentlystudled cc_;mpounds,the so—callled and RENp. They stack along [00 by the direction
anisotropic hydrides. In such hydrldgs, a'huge expansion of anisotropic expansion of the lattice. Such an expan-
proceeds in a sole crystallographic direction and leads to sion (20—31%) proceeds within the REIsIabs only and

leads to an incredible (59-63%) expansion of these lay-
* Corresponding author. Tel.: +47 63 80 64 53; fax: +47 63 81 29 05. ers. In sharp contrast to the known crystal structures of
E-mail address: volodymyr.yartys@ife.no (V.A. Yartys). intermetallic hydrides, in CeND> g[2] and LaNi7Dg 5

=rare earth metal) con-
taining the shortest known separation of h}/drogen atoms
in the structures of metal hydrides, 1.56—1468nd, con-
sequently, providing the highest local volume content
of H [1]. The effect of substitution of the constituent
elements, RE, Niand In, on the crystal structure and ther-
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(present study) deuterium atoms do notifiltially exist-

ing interstices but, instead, attract rare earth atoms into
their surrounding and formew D-occupied sites, REgNi

and RENis.

The behaviour of the “anisotropic” hydrides is dominated by
the metal-hydrogen and hydrogen—hydrogen interactions in
contrast to the “conventional” intermetallic hydrides where
the metal-metal interactions are the most important ones.

2. Experimental

Th Il wer r r rc meltin f mixtur f Fig. 1 Crystal structure of NdNilnD;, containing short D-D distances of
e alloys were prepared by arc melting of mixtures of ' Ziiz" 0 o 06440, 0, 1/2); 2 Nit in2(1/3, 2/3, 0); 1 Ni2in b (0,

high purity constituent metals. A slight excess of rare earth 1/2); 3 Inin 3(0.2473, 0, 0): 3.6 D in 4 (1/3, 2/3, 0.6707).
metals, 1 at.%, was used to compensate their evaporation dur-
ing the melting. As cast alloys were sealed into the evacuatedvery unusual. It is formed via anisotropic expansion of the
quartz tubes and homogenised by high-temperature annealhexagonal unit cell along [00 1]Ac/c=16.5%) leading
ing, followed by quenching into the mixture of ice and water. to the double occupancy of the trigonal bypiramidal (TB)
Phase-structural composition of the alloy and their cor- sites N@Nil, and a formation of the D-D pairs with
responding hydrides was characterised by powder X-ray D-D distance of 1.58 (Fig. 1). At lower D content, in the
diffraction (Siemens D5000 diffractometer; CuxKradia-  g-deuteride NdNiIn[3 6, half of hydrogen is removed from
tion; Bragg—Brentano geometry; position sensitive detector). the bypiramidal sites and deuterium atoms randomly occupy
The prepared alloys were first activated by heating for every second NsNil tetrahedron. Volume expansion in this
1h at 400°C in secondary vacuum<10-°>mbar) and then  case is relatively small, 3.6%, and isotropic.
saturated with deuterium gas (99.8% purity) under pressures  The most important feature of the NdNilaR is that it
of 1-10bar B. does not obey the “rule of &', empirically known for the
The deuterides were studied either ex situicans filled  metal hydrides, the shortest found separation between hydro-
by Ar) orin situ under the pressure of deuterium gas. Inthe lat- gen atoms which has been considered as a lowest possible
ter case, they were placed into the quartz tube (gBNg) or value for the distance between H atoms thus imposing limits
into the stainless steel autoclave (N@NiCu,Iny — yAl,Dy). on the maximum volume hydrogen storage capacity of the
Powder neutron diffraction (PND) data were collected metal hydrides. Naturally, a decrease in this limiting distance
at the R2 reactor at Studsvik Neutron Research Laboratorydown from 2A leads to a corresponding rise in the volume
using SLAD instrument((=1.117A) and the high-resolution  content of hydrogen in the metal hydrides.
diffractometer NPDX = 1.470A). The NPD instrument uses In order to understand better the reasons for the-H
35 3He counters to measure the intensities ths?eps of  pairing in the NdNiln-based hydrides, we have studied the
0.08 to cover a 2 range of 4.0-137 The SLAD instrument  effect of the replacement of the constituent elements by chem-
uses a position sensitive detector system. The data were fullyically related substitutes on the structural and thermodynamic
corrected for scattering due to the absorption and then nor-behaviours. Ni substitution by Cu and In substitution by Al
malised to the vanadium standard. During the refinements ofhave been tried. Two related to NdNiln equiatomic ABC
the in situ experiments peaks from the stainless steel tubeintermetallics, NdCulnd= 7.480;c = 4.2194) and NdNiAl

were excluded from the refinements. (a=7.016;c = 4.062A) are isostructural to NdNiln and crys-
The PND studies of the Cepd, g were performed onthe  tallise with the ZrNiAl type structures. Opposite volume

D1B diffractometer, Institute Laue Langevin, Grenoble. effects are observed on substitution: unit cell volume for the
Crystal structure data were derived by Rietveld profile Cu compound is 6.2% higher compared to NdNiln, while

refinements using the GSAS softw#Bg. Al-based intermetallic has a significantly contracted unit cell

(AVIV=—10%).
A complete range of solid solutions is formed between
3. RENilIn-based hydrides NdNiln and NdCuln; a gradual increasexgéxandV accom-
panies an increase of Cu content. In contrast, in case of
NdNiln intermetallic crystallises with the ZrNiAl- Al only a limited solubility takes place between composi-
type hexagonal structure (space group62m; a= tions NdNiln and NdNilg 75Al g 25. The substitution signifi-
7.5202; ¢=3.9278R). Two different deuterides, B cantly decreases bothandV leavingc practically constant.
(0.4-0.67 at.H/f.u.) andy (1.2-1.6at.H/f.u.) formed by Three types of interstices most favourable for the inser-
NdNiln were structurally characterised by PNIJ. Struc- tion of hydrogen atoms, which exist in the structures of the
tural properties of the highet-deuteride NdNilnR > are Nd(Ni,Cu)(In,Al) intermetallic alloys are shown Fig. 2 TB
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Table 1
Ni/Cu distribution in the 2 and b sites of the NdNi_ ,Cu,In-based materials
Ni/Cu stoichiometry Ni/Cu 2 (PND) Ni/Cu B (PND) dni(cu)-D (A, PND)
NdNig 75Cup 25In 3/1 7/1 11 1.667
NdNig 50Cup 50ln 1/1 714 1/3 1.84
Table 2
Types of hydrides formed in the NdNi ,Cu,In; _ ,Al,—D> systems
Structure type of hydride X y Expansion Filled interstices (asig. 2)
i
| vy-LaNilnD1 63[3] <0.05 <0.05 A
. AT
Il B-RNilnDg 67 [1] >0.25 0 |
~,
1] NdNiln g g75Alp.125D0.7 0 0.125 | o »
e
. e
v NdNiln o 75Al0 2D1 3 0 0.25 A %} }

A, anisotropic; |, isotropic.

Type Il hydrides are present as secondary phases in all the Type | hydrides-based samples. (I) D-D phiilin(8d) + D in NdsNi2In, (D2); (Il) single
occupancy of the NgNi1; (1) single occupancy of the NgiNi1 (D1) + D in NcgNi2Inz (D2); (1V) single occupancy of the Ndli1 (D1) + D in NcbNilln (D2).

Nd3[(Ni,Cu)1],; O octahedron Ng[(Ni,Cu)2](In,Al)o and T
tetrahedron Ng(In,AD[(Ni,Cu)1].

Analysis of the PND data concludes that Cu substitu-
tion for Ni proceeds with a strong preference for thiesite
(Table J); the level of Ni substitution in the@site is much
lower. In the b site, transition element is surrounded by a
trigonal prism of In. Possibly, In—Cu bonds are stronger com-
pared to the Ni-In ones.

Substitutions significantly affect the mechanism of the for-
mation of the hydrides. Four different types of the hydrides

In(Al)

Ni(Cu)1

Fig. 2. Hexagonal ZrNiAl-type structure formed in the Nd(Ni,Cu)(In,Al)
alloys. Three most favourable for the insertion of hydrogen atoms
types of interstices, TB Ng(Ni,Cu)1],, O Nds[(Ni,Cu)2](In,Al)2 and T
Nda(In,AD[(Ni,Cu)1] are shown.

were identified in the studied systems and are characterised
in Table 2

Hydride | containing the B -D pair was formed in the
samples with low copper and aluminium contents:(0.05)
only. In addition to the double-occupied Bil, trigonal
bipyramids, the octahedral NNi(Cu)2In, sites are simulta-
neously filled by D atoms. It seems that the filling of these
sites becomes possible only as associated with the forma-
tion of short D-D distances in the trigonal bipyramid. The
probable reason for that is an isotropic expansion of the unit
cell which makes In—-D2 distances sufficiently large (In-D
%2.28,&) thus lifting the blocking effect of In on hydrogen
insertion into the site.

4. RENi3-D; and RE;Ni7;—D; systems

From structural point of view, in NdNilnD», the appear-
ance of short H-H distances correlates with an anisotropic
uniaxial lattice expansion on hydrogenation (16%). Thus, we
have extended our studies to the hydrides where this feature
is even more pronounced.

One important example of “anisotropic” structures rep-
resents hexagonal (trigonal) hydrides formed on the basis
of RENiz and RENi7 intermetallics in the binary systems
of rare earth metals with nickel. Their crystal structures are
closely related, and can be presented as a stacking of the



276 V.A. Yartys et al. / Journal of Alloys and Compounds 408—412 (2006) 273-279

SLABS NETS CeNkD2 gsome of these tetrahedra become so expanded that
they do not exist any more (sdable 3. The same conclu-
—J J—D =N sion is valid for the aligned along [0 0 1] Cesites: Ce—Ni
LaNi ] ) bonding is broken in the 0fdirection.
————""C)‘d“d" L Occupancy/vacancy of the CeNind CeNj parts by deu-
, - LaNi terium is in agreement with the observed values of volume
J ° J J ¢ expansion. All D atoms are located inside the Cghdirt and
2xLaNig ____‘C)‘QC}_ Nij on the border of CeNiand CeNi leaving CaCy-type part
[ , empty. Deuterium atoms occupy eight different sites. The
J ° Q W LaNi; limiting stoichiometric composition is D/Cefl 3.0.
o alie
2xLaNi, \) g e J Laz Ni 6. LazNi7Dg s
DI ———— N _Studies of the_ crystallographically similar to CeNp g
| . anisotropic hydrides are necessary to understand general
9 9 o Q N features governing their formation. A related new exam-
: I . ple is the LaNi7Dg5 deuteride. The hexagonal crystal
2xtals rOP@r—— N structure of the original L#Ni7 intermetallic alloy (CeNi-
Q J o Q LaNi, type of structure; space group6s/mmc; a=5.059(3);
c=24.68(2)7A) similarly to CeNg expands exclusively
— PP M along [001] (LaNi7Dgs a=4.9534(6);c=29.579(5A;
LaNi, 0 _ Aala=—2.1%; Aclc=19.8%; AVIV=14.9%). The expan-
_'J J ' J sz M sion is less pronounced compared to CgMig. The
observed in present study volume expansion of the unit cell
T[om] of LapNi7 on hydrogenation is less pronounced compared to

the data published if] for LagNi7H, (¢=5.01;c= 31.0A;
Fig. 3. The crystal structure of khiz shown as composed of the slabs A V/y = 23.1%). This difference indicates that further hydro-
LaNi and LaNg and the nets Lali Nis and LaNi. gen absorption takes place during an increase of the synthesis
pressure from 10 bar used in currentwork to 80 baapplied
CaCuw- and MgZn-type slabs along [001]. Combination in [4].
1 x RENis +2 x RENi; provides the overall stoichiometry For the two types of the constituent slabs, the hydro-
3 x RENig. Forthe RENiz compoundstheratioofthe RENi  genation behaviour is opposite: the Mgziype slab
and REN;j slabs is 1:1. CeNistructure contains 12 types expands alonge by 58.7% while the CaGutype slab
of tetrahedral sites with three kinds of surrounding; e, remains unaffected by hydrogen absorption and even slightly
CeNi and Niy. The same type of the surrounding of the tetra-  shrinks (Ac/c = —0.5%). These features of the crystal struc-
hedral sites, RiNi2, RENiz and Ni, can be found for the  ture of LgNizDg5 completely resemble the behaviour of
RE;Ni7 crystal structures. Stacking of the LaNind LaNg CeNiDs g.
slabs and containing the plain @\ind LaNp) and “buckled” Furthermore, PND study revealed that hydrogen does not
(LazNi) nets in the structure of LilNi7 is shown inFig. 3. enter the LaNj layers at all residing only at the borders
of the LaNi and LaNp slabs (within the Kagome Ni-nets)
and inside the LaNislabs. In total, four different sites are

5. CeNizDy g filled with D. All three interstitial sites occupied by D inside
the LaNp layers do not exist in the initial crystal structures
During the hydrogenation, the hexagonal Celtans- and are formed during a modification of the crystal struc-

forms into an orthorhombic CepD, gand an extremely pro-  ture of LgNi7 on hydrogenation. These sites include two
nounced expansion along the [0 0 1] direction, 30.7%, occurstypes of the LgNiz octahedra and one type of the3Mi
[2]. PND of this deuteride has shown that in the Cdlig tetrahedron. In addition, deuterium atoms fill the;N&
the lattice elongation does not touch the Geplarts which tetrahedra, which are present in the original structure of
even “shrink” along [00 1] £2.8%). This contrasts to the LazNi7 and equally belong to Lakiand LaNg slabs. Deu-
behaviour of the CeNislabs where the expansionis uniquely terium content of the LaNislabs is rather high, 5 at.D/f.u.
high (63.1%). Thus, the metal sublattice is completely rebuilt. in maximum. Approximately 1/4 of the overall deuterium
Especially pronounced changes are observed for the chaingontent is associated with the LaNslab (1.5at.D/f.u.;
of the Niy and CeNs tetrahedra, which are aligned along LayNi7Dg5=LaNi>Ds g+ LaNisD1 5). The Rietveld plot of
[001]. Inthe CeNg intermetallic compound the blietrahe- the NPD data for LgNi7Dsg 5 is shown inFig. 4. The crystal
dra are nearly regular. In contrast, after the expansion to formstructure data for LaNi;7Dg 5 are given inTable 4
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Table 3
Coordination of the D atoms in the structures of Ggig and LaNi7De 5 as related to the interstices available in the crystal structures of intermetallic
compounds

Intermetallic alloy Deuteride CebD; s LayNi7Dg 5

New coordination of D is achieved via deformation of the metal sublattice

D1 D1
D6

Niy
D2 D2
D7

RNi;

Formation of a new type of interstice due to the strong expansion of the pAgpe layer

D3 D3
D5

Interstice does not exist RE;Ni

Filling of the available RENiI tetrahedra at the boundary between the Ga@uod MgZn-type layers

D4 D4
D8

RE:>Ni» RE;Ni>

All D-D distances in the structure are high and exceed coordination polyhedra formed by D around the La atoms
1.8A. Maximum stoichiometric composition, which can be belonging to the LaNislabs (se€ig. 5).
reached by increasing the occupancy of the 50% filled D3  Analysis shows that Ni-hydrogen interaction in
site to 100%, is LgNi7Dg o. This will not require any extra  LagNi7Dg 5 does not result in a formation of the NjH
deformation of the structure. The shortest Ni-D and La—D units observed for the complex Ni-containing hydrides.
distances are 1.515(5) and 2.385(18)espectively. The most important common features of the formation of

Further D uptake inside the Lafliayers is anticipated at  the crystal structures of Cefb; g and LaNi7Dg s related
higher Dy pressures with D entering the 414, sites inside to the coordination of H atoms in their structures are summa-
the LaNg layers and, in addition, the Lap{12» in the LaNEg rized inTable 3 As can be seen from this table, “traditional”
structure) sites. mechanism of hydrogenation when H atoms enter the avail-

An ordered hydrogen sublattice in the structure of ableinthe crystallattice interstitial sites (tetrahedraRig),
LapNi7Dg 5 can be described as a stacking of the 15-vertex the other occupied by D sites are formed via a pronounced
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La2Ni7D6 Hist 1
Lambda 1.5517 A, L-S cycle 514 Obsd. and Diff. Profiles
- gk T T T . T T T T T T T T T
w |
o 4
Hois, |
@ it LaNi,
) ,
2 4
i LaNig
= B i e + -
% v\iwww;{wnwww\ewHMJ»,%WMMW L
8 8 = 1 1 1 1 1 1 1 1 1 | 1= 5
20.0 30.0 40.0 50.060.0 70.0 80.0 20.0100.0 110.0 120.0 130.0
2-Theta, deg.
Fig. 4. Powder neutron diffraction pattern foriNizDg 5 (NPD instrument, 2xLaNi,
A=1.5517A) showing observed (dots), calculated (line) and difference
(line in bottom) pattern. Positions of the peaks are markd: 4.41%;
Rup=5.57%.
LaNij
deformation of the structures. This deformation significantly
increases amount of rare earth atoms in the surrounding of LaNig
H (REsNi3 octahedra) or even creates new tetrahedral sites
RE3NI.
Comparison of the structural features of two different LaNi,

anisotropic hydrides, CefD2g and LaNi7Dgs, allows
drawing the following conclusions.

(a) Both types of the initial structures, REfNaind RENi7,
are composed of the slabs with a compositions RENi
(CaCuw-type) and RENi (Laves phase type), which stack
in different sequence (1:2 and 1:1, respectively) along
the c-axis of the hexagonal (trigonal) unit cells. At low
applied hydrogenation pressures, all expansion of the (b) The absorbed hydrogen does not enter the BEYiers
“composite” unit cells proceeds within the RENay- and is accumulated exclusively inside the RENIabs

Fig. 5. Deuterium sublattice in the crystal structure oM Dsg s built as
a stacking of the Lal; polyhedra.

ers only and is very anisotropic confined to the [001]
direction. Within the layers with the compositions LaNi
and CeNj, the expansion is very similar being close to

60%.

Table 4
Crystal structure data for L&li7De 5

and on their borders.

(c) A deformation of the RENilayers occupied by H is so

significant that the stacking and coordination character-
istics of the metal atoms in these layers are significantly

Uiso (x1072A2)

Atoms Site X y b4 D surrounding
Lal 4 1/3 2/3 0.4514(8) 3.3(8)

La2 4 1/3 2/3 0.3124(7) 1.4(5)

Ni1 2q 0 0 0 1.6(5)

Ni2 4e 0 0 0.3188(8) 3.7(7)

Ni3 4f 1/3 2/3 0.6854(7) 3.3(4)

Ni4 6h 0.840(2) 0.679(4) 1/4 1.0(3)

Ni5 12% 0.834(1) 0.668(3) 0.3868(2) 0.6(2)

D1 de 0 0 0.0864(8) 35 O LaNi53
D2 a4 1/3 2/3 0.5586(11) 35 O LaNi53
D3 1% 0.330(6) 0.165(3) 0.020(5) 35 T Lgldil

D4 1% 0.485(3) 0.970(6) 0.120(1) 35 T LalLa2Ni5

Space group6z/mmc; a=4.9534(6);c = 29.579(5)&.

Occupancy: =0.5 for D3. For all other D atoms, it was constrainea tol.
Actual deuterium content in the deuteride will be refined further using the data of the PCT studies, which are in progress. The latter studid?.indicate (
Denys, unpublished results) that it could be close to 5 at./falNLaslightly reducing the occupancy of the completely filled D sites to approximately 77%.
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modified creating new types of positions (octahedra Norwegian Research Council and travel funds from the Visby
RE3Ni3, tetrahedra RENi) which do notexistinthe orig-  Programme of the Swedish Institute is gratefully acknowl-
inal structures and became occupied by H. edged. We thank &kan Rundbf and Anders Wannberg of
(d) The RE-H and H-H interactions dominate the structural NFL for skilled assistance with the collection of the neu-
behaviour of these anisotropic hydrides. Their hydrogen tron diffraction data and Marit Stange (IFE) for assistance in
sublattices contains H atoms with all interatomic H-H the XRD measurements. We are grateful to Prof. O. Isnard
separations greater then ABwhich can be built as 12-, (Laboratory of Crystallography, CNRS, Grenoble) for the
7- or 15-vertex polyhedra formed by D around Ce or La. cooperation.
(e) Since the behaviour of La- and Ce-containing hydrides
is essentially very similar, the structural features of the
anisotropic hydrides do not have roots in the valence peferences
decrease of Ce during the hydrogenation.
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