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Abstract

The ZRpV 4SH.»3 hydride was synthesized by saturation from gaseous hydrogen at room temperature and 0.12 MPa hydrogen pressure. Th
measured hydrogen absorption capacity ofdbrgV,4S was 1.77 H/M. The refinement of the hydride structure with the use of X-ray powder
diffraction data confirmed the preserved symmetry of the metallic matrix (spéghnmc, a = 9.2715(2),c = 9.0756(4)3, Aaja = 7.3%,

Ac/c =6.1%,AV/V =221%,AV/atH= 2.62,&3). The analysis of interstices in this compound revealed that without positioning hydrogen
atoms in triangular Zrinterstices it is impossible to model the structurekdfydride with the experimentally observed capacity. Neutron
powder diffraction study of the d¥4SD.,3 deuteride (sp.grP63/mmc, a = 9.2779(5),c = 9.0779(5)5\) revealed deuterium atoms filling

two tetrahedral and three triangular interstices. A full occupancy of only one site (D4) was observed in our sample giving the refined
deuterium content of 20.8(2) D/f.u. Filling of the D4 site causes a displacement of the sulphur atoms from the three-fold axis (splitting of 2c to
6h position).

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction formed in systems of d-metals in the presence of p-elements
(B, P, S, O, etc.). The structure of its metallic matrix
Light interstitial non-metallic atoms, even at low concen- is related to the MgAlio type, p-elements atoms filling
trations, can stabilise new phases in the d-metal systemstriangular-prismatic and/or octahedral interstices. The num-
For example, phases ofsB,0,—A3B30, and ABO, sto- ber of inserted non-metallic atoms varies in a wide range (up
ichiometries with the O-content varying in the=0, .. .,1 to AgB4S, stoichiometry for Z§V 1Sy, ZrgNbsS,, etc.)[8—
range are formed in Ti-,Zr-,Hf-based systems and belong to 10]. The occupation of both octahedral and trigonal-prismatic
the filled TiNi (n-FesW3C) and filled RgB-types of struc- interstices by the p-element causes different hydrogen
ture, respectively. Changing oxygen content causes variationabsorption-desorption properties and hydrogenation capac-
of hydrogen absorption/desorption characteri¢fie§]. Sev- ities. Hydrogenation of Ti-, Zr- or Hf-basedphases has not
eral features of this behaviour should be mentioned: (1) the been studied before. In this work we present new experimen-
higher is the oxygen content the lower is the hydrogenation tal results on the formation of-ZrgV4SH-»3 hydride and
capacity (TiFeOy, Zr3V30,, ZrFe0,, ZrsFe(Co,Ni)Q) results of crystal structure determination of the corresponding
[1,2,4-6] (2) the redistribution of oxygen atoms in the unit deuteride by means of X-ray and neutron powder diffraction.
cell during the hydrogenation (2V30,, Zr3NiO,) [5,6] and
(3) decrease of ability to disproportionation with the increase
of non-metallic interstitial atoms concentratigi)7]. 2. Experimental details
A new object of our studies is formation and crystal
structure of the hydrides of high-temperature IMC with The alloys were prepared from pure metals and sulphur
HfgMo4B-type structure (so called-phases), which are by arc melting in a purified argon atmosphere on a water-
cooled copper hearth. Further homogenisation of the as cast
* Corresponding author. Tel.: +380 322 654833; fax: +380 322 649427 samples was performed by an annealing at TZDGor
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Fig. 1. Structure of 3V 4S k-phase.

~10h with the subsequent quenching into the iced water. technique using the program C3D1] for X-ray data and

Hydrogen/deuterium was injected into a stainless steel reac-the program GSA$L2] for the refinement of the structure of

tor containing a preliminary activated sample (350-400 the deuteride. The hydrogen/deuterium absorption character-

for 0.5h in ~1 Pa vacuum). The exposure of the samples istics were determined by a standard volumetric technique.

to 0.12 MPa of the hydrogen/deuterium pressure for 5-10 h The sizes of interstices in the crystal structure of the synthe-

was sufficient for achieving saturation of the alloys with sized deuteride were determined using the rigid ball model

hydrogen/deuterium. The hydrogen (deuterium) absorption (atomic radiiyz, = 1.602A, ry = 1.346A, were taken from

capacity was measured by a standard volumetric method. [13]), graphical presentations of the structure were prepared
Characterization of the parent alloys and their hydrides using ATOMS-4.1 softwargl4].

was carried out by X-ray powder diffraction (powder diffrac-

tometers DRON-3.0 and SCINTAG XDS-2000, Cu&radi-

ation). Crystal structure study of the deuteride was performed 3. Results and discussion

using X-ray as well as neutron powder diffraction (Paul

Scherer Institute, Switzerland, diffractometer HRRT= The parent alloy containg-phase with traces of-Zr

1.494A). The crystal structure was refined by the Rietveld and\,-ZrV,. Lattice parameters for the hexagoraZroVsS

Table 1
Interstices in the structure of g¥,SH- 23
Interstice Site X y y rA Neighbours
Octahedral interstices
Zrl3Zr23 4y 1/3 2/3 0.5952 0.95 A12k; 4f;; 2x6g; P
Zr1yZr24 69 1/2 0 0 0.90, 0.75%2 Ax2415; 2x 4fq; 2x S
Tetrahedral interstices
Zr1Zr2,V2 12j 0.0526 0.3241 1/4 0.51°¢ 2x24l; 6h; S
Zr1,Zr2V2 12k 0.2083 0.4166 0.6775 0.57 x241y; 12k ; 4f1
Zr1Zr2,V2 24 0.3290 0.0506 0.1315 0.52 12j; 12k ; 24lp; 69
Zr2;V2;, 6h 0.1265 0.2530 1/4 0.50 x2A2ky; 2x12j
Zr2,V1v2 241, 0.1931 0.0234 0.0694 0.49 24Px24l; 12k,
Zr2V1V2, 12k, 0.0809 0.1618 0.1342 0.44 2x24l,; 4e; 6h
V1V23 4e 0 0 0.1821 0.32 4e312ky
Triangular interstices
Zrls 2d 1/3 2/3 3/4 0.52 2x4f;
Zr23 4f, 1/3 2/3 0.0594 0.52 4f
Zr1Zr2; 12ks 0.5797 0.1594 0.462 0.47 4f1; 69
ZrlzZr2, 12k, 0.5626 0.1252 0.6129 0.40 6g; S

Structure of metallic matrix of the g% 4SH-23 hydride: P63/mmc; a = 9.2715(2),c = 9.0756(4)7\; 6 Zrl in 6h: 0.5445 2 1/4; 12 Zr2 in 12k: 0.201 2
0.0565;2V1in2000; 6 V2in6h0.878421/4;2 Sin 2 1/3 2/3 1/4.

2 Indicese anda mean equatorial and axial radii of octahedron.

b polyhedron S denotes the trigonal prism with additional caps over lateral facésigs&a), centred by S atom.

¢ Radii of interstices, occupied in the proposed model are shown in bold.
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(a = 8.6321(5), c = 8.6241(7)A) fit well with the litera-
ture datd8]. The measured hydrogen (deuterium) absorption
capacity ofk-ZrgV4S is 1.77 H/M, which is slightly higher
than that of other earlier studied Zr-based IMC Z&—
1.66, ZBV30p6—1.6, Zr\o—1.63). The Rietveld refinement
of hydride structure with the use of X-ray data confirmed
preserved metal atoms substructure (SpR§iz/mmc, a =
9.2715(2),c = 9.0756(4)A, Adla = 7.3%, Ac/c = 6.1%,
AV/V = 221%, AV/atH=2.62A3). The fragment of
structure of the ZV4S k-phase with outlined frameworks
of Zr and V atoms is shown iRig. L The Zr-framework is
made of two types of Zroctahedra and S-centred trigonal
prism with three additional caps. The V-framework consists
of chains of \4-tetrahedra. The rest of unit cell space is
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divided between different tetrahedra having both Zr- and V- Fig. 2. Rietveld plot of neutron powder diffraction data 0b¥;SD-~23

atoms in their surrounding.

The analysis of types and sizes of available interstices
and interconnections between them in the structure of
ZrgV 4SH-23 hydride has been performed to predict the pos-
sible models of the hydrogen sublattice and to facilitate the
experimental determination of the crystal structure by neu-
tron diffraction. The characteristics of interstices in this struc-
ture are provided iffable 1

The unit cell of the ZgV4SH-»3 hydride contains 104
interstices, including 10 groctahedra of two types, 94 tetra-
hedra — ZgV (48: 3 types), Z5V, (30: 2 types), Zr\é (12)
and V4 (4). Analysis of possible location of hydrogen atoms
in these interstices, which accounts the size of the filled inter-
stice (should be larger than A and the distance between
two neighbouring H atoms=( 2 A) revealed that these inter-
stices could accommodate not more than 18 at. H/f.u., which
is much lower than the experimentally observed23 at.
H/f.u. Higher capacity could be possible when H atoms are
situated in the Zy triangles between Zroctahedra rather
than in the centres of these octahedra. Such filling of triangu-
lar face between empty octahedra is observed as well in the
structures of ZgV30g D9 [5] and HLFeDy [15].

The most probable model of the structure of the
hydrogen sublattice with completely occupied Zr1Ar2
(241y), Zr2;V2;, (6h), Zrlg (2d) and Zrlzr3 (12ks) sites

1/3 of H atoms fill triangles between gioctahedra. The

deuteride.

. . . Fig. 3. Splitting of sulphur position in the structure 0¥ SD-.3 revealed
gives a capacity of 22at. H/f.u. In this model almost by the differential Fourier synthesis (neutron diffraction data).

Table 2

Crystallographic data of ZV4SD-23 (P63/mmc, a = 9.2779(5),c = 9.0779(5)A, Ry, = 0.046,2 = 6.43)

Atom Site Surrounding x/a v/b z/c B(Az) Occupation
Zrl 6h - 0.5445(6) 0.0891(6) 1/4 1.18(3) 1.0

Zr2 12k - 0.2010(4) 0.4019(4) 0.0565(3) 1.18(3) 1.0

V1 2a - 0 0 0 1.18(3) 1.0

V2 6h - 0.8784(9) 0.7569(9) 1/4 1.18(3) 1.0

S 6h - 0.264(3) 0.5286(33) 1/4 1.18(3) 1/3

D1 244 O: Zr1Zr2,V2 0.3361(4) 0.0464(3) 0.1268(3) 1.64(3) 0.840(6)
D2 12k 0O: Zr2vivz, 0.0797(6) 0.1595(6) 0.1339(7) 1.64(3) 0.638(4)
D3 2d AiZrls 1/3 2/3 3/4 1.64(3) 0.852(6)
D4 12k, A:ZrlZr2, 0.435(1) 0.870(1) 0.366(1) 1.64(3) 0.334(0)
D5 12ig A:ZrlZr2, 0.5890(8) 0.178(1) 0.4555(7) 1.64(3) 0.668(5)

Notes: T: tetrahedrali: triangular interstices.
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Fig. 4. Cluster of Zr atoms around S atom in structures @¥46 (a) and Z§V4SD-23 (b). In parent compound S atom occupies the centre of trigonal prism
(1/3 2/3 1/2). In hydride S atom shifts from the three-fold axis, allowing positioning D4 atoms @2 triangles (both S and D4 in this case are occupied
by one third).

proposed model meets the criterion of interstices size the ZiyV4SD. >3 deuteride revealed deuterium atoms filling
(rint = 0.44, . . ., 0.52,&), which values are close to those twotetrahedralandthreetriangularinterstices. The deuterium
of other Zr-based hydrides. All distances between two sites can be theoretically fully occupied, which would give
neighbouring H-atoms are longer thah 2 25 D/f.u. However, a full occupancy of only one site (D4) was

Neutron powder diffraction study of gV4SD-,3 deu- observed in our sample giving the refined deuterium content
teride (single phase sample) was carried out to localize theof 20.8(2) D/f.u. Filling of the D4 and D5 triangular sites
deuterium atoms. Experimental, theoretical and differential causes a displacement of the sulphur atoms from the three-
neutron diffraction profiles are shown Fig. 2 The crys- fold axis (splitting of 2c to 6h position).
tallographic parameters are given Table 2 Locating 14
deuterium atoms (7 D/f.u.) by neutron diffraction ingZri-
angular faces has confirmed the theoretical prediction. This Acknowledgements
feature makes the structure similar to those of related deu- . . ]
terides HpFeDys [15], Zr3V30,Do [5] and ZgNiO,D, 'I_'h|sworkwascarr|eo_l outlntheframe of INTAS 99-01884
[6]. The deuterium sites can be theoretically fully occupied, Project. The help of P. Fischer (PSI) with the neutron powder
which would give 25 D/f.u. However, a full occupancy of only  diffraction experiment is highly appreciated.
one site (D4) was observed in our sample giving the refined
deuterium content of 20.8(2) D/f.u.

The refinement using the neutron powder diffraction data
showed the absence of the sulphur atom in the initigddsi- _ .
tions. The differential Fourier synthesls¢. 3) demonstrated [1] K. Hiebl, E. Tuscher, H. Bitiner, Monatsh. Chem. 110 (1979) 9.

. o [2] M.H. Mintz, Z. Hadari, M.P. Dariel, J. Less-Common Met. 74 (1980)

that these atoms are shifted from the 3-fold axes byAl.1 287.
into 6g position, filled by 1/3. Such displacement of sulphur [3] B. Rupp, J. Less-Common Met. 104 (1984) 51.
atoms, probably due to a repulsive deuterium—sulphur inter- [4] I.Yu. Zavaliy, J. Alloys Compd. 291 (1999) 102-109.
action (all observed deuterium—sulphur distances are longer [2] I:Yu- Zavaliy, W.B. Yelon, P.Yu. Zavalij, I.V. Saldan, V.K. Pecharsky,

o - . . J. Alloys Compd. 309 (2000) 75-82.
than 2.94), allows the filling of D4 triangular sites by deu- [6] I.Yu. Zavaliy, R.Cerry, |.V. Koval'chuck, I.V. Saldan, J. Alloys Compd.
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