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The crystal structure of four saturated deuteridesof oxygen-modified intermetallic compounds TiZr «Fe,0y
(x=1, 2, 3;y= 0.25, 0.5) has been investigated by both X-raynd neutron powder diffraction. The
distribution of D-atoms in the metal matrix has bea determined and analysed as function of the Ti/Zand
oxygen content. The obtained crystallographic datavere compared with structural results for other oxygen-
stabilised Ti/Zr-basedh-phases.
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1. Introduction

(x= 0.25-0.6), crystallizing in the-FeW-C structure
type, forms at temperatures above 127(BK Both

Ti—Fe-based alloys are among the easiest available these materials are efficient hydrogen absorbers,

and most inexpensive hydrogen storage materials. In
the Ti-Fe system there is only one hydrogen
absorbing intermetallic compound, TiFe, with the
CsCl type of structurgl]. Hydrogenation of this
compound leads to the formation of the TiEgH
hydride under ambient and the TiFgkl hydride
under elevated hydrogen pressurgg,3]. The
hydrogen absorption properties of TiFe-based
materials have been the focus of many investigation
Some of them observed substantial improvement of
hydrogenation activation parameters (as compared
with oxygen-less alloys) by the presence of the
oxygen-stabilizedh-Ti,FgO, phaseg4,5]. This phase
is characterized by thh-FeWsC type of structure
(insertion derivative of the INi type), variable
oxygen concentration and Ti/Fe solid solution
betweenA,B and equiatomic compositioris]. In its
turn, the hydrogenation capacity of theTi,.F&,.xOy
phase, which is able to absorb hydrogen at room
temperature, substantially depends on both theaxyg
content and the Ti/Fratio. It has been showh] that
an increase of the oxygen content from 7 to 14 @t.%
the TiyFeO, compound is accompanied by a decrease
of the hydrogenation capacity from 5.75 to 1.56.uH/f
The structures of the JHe,0y4 compound and the
Tis,Fe0Ds, o5 deuteride have been studied in details
[6,7].

The ZpFe compound, crystallizing in the CuyAl
structure type, exists in the 1050-1250 K tempeeatu
range [8]. The oxygen-stabilized -phase Zfe,0,
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however, the oxygen-stabilizech-phase reveals
interesting peculiarities during hydrogenation: igt
more stable against disproportionation in hydrogen
than the ZsFe compound10-12]. As for the TijF&0,
compound, the hydrogenation capacity ofF&0,
strongly depends on the oxygen content and incsease
from ~7.7 H/ZgFe,Ops to 9.4 H/ZyFe,0y 5 [13,14]
Because of the low pressure of the hydrogen
absorption-desorption plateau, theR# alloy is used
only as a getter.

Since isostructural O-stabilizedphases exist in
both the Ti-Fe-O and Zr-Fe-O system, and by
analogy with the Ti—Zr—Ni—O alloy§15], we have
predicted the existence of a continuous solid gmut
between these phases in the Ti—Zr—Fe—O system. The
aim of this work was the experimental observatibn o
the continuous solid solution and the influence of
oxygen on the hydrogenation properties of the alloy
A study of deuterate@i-Ti,Zr 6.0y 25.0.5 phases by
XRD and PND allowed us to determine the
distribution of the D atoms as function of the Ti/Z
ratio and oxygen content.

2. Experimental

TisFe0, TisZrFeO, TiZroFeO and TiZgFeO
(x= 0.25-0.5) alloys were prepared from high-purity
compact metals ©9.9%) and compacted powders of
TiO, or ZrG, oxide by arc melting in purified argon.

59



I.Yu. Zavaliyet al.,Hydrogenation of Ti.ZrFe,O, alloys and crystal structure analysis of tideuterides

Table 1 Crystallographic parameters of,JZr,F&,0, compounds and the corresponding hydrides

(deuterides).
Compound A v, A3 Hydride A v, A3 D\(Z)V’ DVE‘;'H’
Ti,F00 25 11.3355(2) | 1456.54(9)] Fe002Du0 11.6838(1) | 1594.96(3) | 950 | 1.77
TisFe,0ps 11.3306(8) | 1454.7(3) | THe0pDss 11.6843(1) | 1595.193) | 9.66 | 251
TisZrFeOys | 11.5771(7) | 1551.7(3) | TrFeO,dHs 12.0413(4) | 1745.9(2) | 1252| 2.43
Ti,ZrFeOp,s | 11.836(1) | 1658.1(6) | FrFeOp.D., | 12.4090(5) | 1910.8(1) | 15.24| 2.19
Ti,Zr,FeOys | 11.805(2) | 1645.3(9) | TrFeO,Dss | 12.2982(3) | 1860.0(6) | 13.05| 2.31
TizrFeOos | 12.015(1) | 1734.4(4) | TizFeO,Hss | 12.5881(7) | 1994.7(3) 15.01| 2.39
ZrFeOu,s* | 12.2183(7) | 1824.1(3) | ZFe0p2Ds0 13.0714(2) | 2233.40(6) | 22.44| 258
ZrFeOus* | 12.236(1) | 1832.2(5) | ZFe0,Ds. 12.9864(6) | 2190.1(2) | 19.53| 2.76

For the comparison, the table contains in additialues for parenb-Zr,F&0 compounds (marked by asterisk,

= 0.25, 0.5) and their hydrides, the structure magerties

The as-cast alloys were annealed in vacuum at 980°C
for 5 days. Hydrogenation was performed at room
temperature in an autoclave under 0.1-0.15 MPa
hydrogen pressure after preliminary activation redf t
samples by heating at 500°C for 15 min. The amount
of absorbed hydrogen was measured volumetrically.
Phase-structural analysis of the alloys and their
hydrides (deuterides) was performed on XRD data
collected on DRON-3.0 (CuK and Bruker D8
(CuK ) diffractometers. The structures of the
deuterides were studied by powder neutron
diffraction, on data collected at the Neutron Redea
Laboratory of Uppsala University (Studsvik, Sweden)
with the use of NPD (= 1.47 A) and R2D2 (=
1.55 A) diffractometers. The structures were refine
by full-profile Rietveld analysis using CSD and GSA
programg16,17].

3. Results and discussion

The formation of single-phase alloys with,A&O ,
TizZrFe&O, TiZr.FeO and TiZeFeO  (x=
0.25-0.5) composition confirms our assumption about
the existence of a continuous;F&0 —Zr,Fe0O solid
solution. The lower limit of this solid solution
corresponds ta = 0.25-0.3, whereas the upper studied
oxygen concentration limit was= 0.5. The existence
of substitutedh-phases with higher oxygen content
(0.6-1.0) can be predicted considering the maximum
hydrogen contents in the Fe0,¢ and TiFeO
suboxides. Hydrogenation of j;Fe0, TizZrFe0,
TixZr,Fe,0 and TiZekFeO alloys revealed that all of
them absorb substantial amounts of hydrogen (from
35 to 7.2 H atoms per formula unit). Upon
hydrogenation the metal matrix of the compounds
preserves the cubic structure of thgNFi( -FeWsC)
type; the expansion of the unit cell reaches 9.3%7
corresponding to 1.77-2.51%Aper one absorbed D
atom. The refined crystallographic parameters ef th
parent h-phases and their saturated hydrides
(deuterides) are provided irable 1 For comparison,
the table contains in addition values for the pahen
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of which will be published elsewhere.

ZrsFe0  compounds (= 0.25, 0.5) and their
hydrides, the structure and properties of which el
published elsewhere.

As expected, an increase of the oxygen content
leads to a decrease of the hydrogenation capacity,
whereas the same hydrogenation capacity increases
with Zr® Ti substitution. The main factors influencing
the structure of the hydrogen sublattice are the of
the interstices and their surrounding. Changeshén t
size of the interstices caused by the replacenfeht o
by larger Zr atoms produce changes in the
hydrogenation capacity. The increase of the overall
volume of the interstices (calculated by the rigall
model forrz, = 1.602 Arrj = 1.462 Aree= 1.274 A)
with increasing Zr content is illustratedfig. 1

The hydrogenation capacity of 41ZrFeOqs
alloys vs. the Zr content is plotted ifrig. 2 The
dependence of the lattice parameters on the Zenbnt
for the initial compounds of the fiZrFeOgs
sequence and their hydrides is showrFig. 3. It is
clear that the increase of the volume of the ititas
caused by ™ Zr substitution changes the equilibrium
hydrogen dissociation pressure in the alloy-hydnoge
system, inducing a transition of the propertiesrira
typical hydrogen storage (Ti-based compounds) to a
getter material (Zr-based compounds).

Fig. 1 Dependence of the total volume of
interstices on the Zr content in
TisZrFe0g 5 alloys.

Chem. Met. Alloy& (2009)
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Fig. 2 Hydrogenation capacity of

TigZrFe0y 5 alloysvs. Zr content.

Fig. 3 Dependence of the lattice parameters of
TigZrFe,0ps compounds (IMC) and their
hydrides (IMCH) on the Zr content.

Using powder X-ray and neutron diffraction
analysis we have studied the structures of dewsrid
of Ti-based (TijFeO,) and partially substituted
Ti-Zr-based (TiZr,Fe,0) h-phases with different
oxygen contentX= 0.25, 0.5). X-ray and neutron
diffraction patterns for some of the studied dadts,
refined by the full-profile Rietveld method, are
presented ifrigs. 4-6

Fig. 7 shows 1/8 of the unit cell of the structure of
the -phase, in which all types of tetrahedral,
octahedral and triangular interstices are showre Th
notation for the interstices used in our work
corresponds to that proposed in earlier studies of
isostructural hydridefl8-21] The triangular interstice
between the D7 octahedron and D1 tetrahedromdilli
of which has not been reported before, is marked as
T2. The results of the structure refinement for the
deuterides are given imable 2 The number of
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deuterium atoms in different positions and the Itota
number per unit cell in the studied deuterides is
provided inTable 3 Relevant data for JFe,OD, s are
taken from[7].

The structure of the hydrogen sublattice in thdisd
oxygen-stabilizech-phases obeys the principles of the
crystal chemistry of metal hydrides) the radii of
occupied interstices exceed 0.40 A; b) all H-H
distances are at least 2.0 A); interstices formed by
active hydrogen-forming metals (Ti, Zr) are filléa
the first turn. However, the strongest impact oa th
H-capacity and distribution of H atoms is providad

- blocking, the distance of which should be at least
2.6 A[21].

It can be seen from the refined structural data
(Tables 2,3that hydrogen atoms fill tetrahedral Jié]

— D1 (32), D2 (192) and D3 (96) as well as octahedral
interstices [M] — D7 (8). Other types of interstice,
namely tetrahedral [Mre)] — D4; [MFe)] — D6 and [Fe4]
— D5 are not favourable for the insertion of hydnog
atoms. In our work we have also observed fillinghaf
triangular faces T1 and T2 [M1 situated between the
interstices D7/D8 and D7/D1, respectively. The siak
these interstices depend on the level of zirconium
substitution for titanium, therefore we observdith§j of
these interstices only for JAr,Fe,0, compositionsX =
0.25, 0.5). At equal content of Ti and Zr the fitii of
triangular faces depends on the oxygen contertian t
alloy, which is reflected in the hydrogenation capa
of these alloys. D2 and D3, the most occupied sites
the studied hydrides, have the radi 0.35A in the
parent Ti-based alloys. In the Zr-substituted conmols
oz = 0.42-0.44R andrpz = 0.46-0.48R, respectively.
Filling of (Zr,Ti)s octahedra by D atoms was observed
in all studied compounds JAeO and TpZr.Fe0
(x= 0.25, 0.5). The diagrams iRig. 8 show the
distribution of D-atoms among the different
interstices.

Generalizing the results of the structural studies
should first emphasize that the hydrogen sublattice
all studied hydrides is disordered, similarly tdeat
earlier studied hydrides d¢f-phases. This is caused by
partial filling of oxygen positions in octahedral
interstices. Because of the repulsion between
hydrogen atoms (— blocking) and between H and O
atoms (O-H blocking) the other interstices are also
partly filled. The decrease of the oxygen contarthe
compounds and the occupancy of these octahedral
interstices is accompanied by an increase of the
number of interstices that can be filled by hydrge
For example, the hydrogenation capacity of the
TisF&0, compound, in which only two interstices (D7
and D3) are large enough to accommodate hydrogen
atoms (0.40 A), can be expressed by the formula:
Cq = (np7+Nnp3x(1x))/16, where G is the capacity per
formula unit; x the oxygen contentn; the site
multiplicities (p7 = 8, npz = 96). Capacity values
calculated by this formula agree well with the
experimental data. The decrease of the hydrogen
content with increasing oxygen content can be
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Table 2 Atomic parameters for saturated deuterides gfZriFe,O, alloys, space groupd m, origin at m.
The radii of filled intersticesr{) are calculated by the rigid ball model usingnaitoradii ofM1 andM2,
averaged taking into account the site occupatioBryi.

TisF&002dD49 | TisF&00 D35 TioZrFe0g D72 | TipZroFe0gsDs g
Lattice parameter a A 11.6838(1) 11.6843(1) 12.4091(5) 12.2982(3)
M1 in 49 X 0.3194(4) 0.3159(1) 0.3139(4) 0.3143(5)
(x 1/8 1/8) Uiso A2 | 0.013(2) 0.0112(4) 0.004(2) 0.009(2)
n 1.0(-) 1.0(-) 0.336(5)Ti 0.331(7)Ti
0.664(5)Zr 0.669(7)Zr
M2 in 1& Uisoy A2 0.01(-) 0.016(1) 0.01(-) 0.009(3)
(2/2 1/2 172) n 0.854(4)Ti 0.948(3)Ti 0.993(5)Ti 1.0(-)Ti
0.146(4)Fe 0.052(3)Fe 0.007(5)zr
Fein 32 X 0.7060(1) 0.70647(4) 0.70004(9) 0.7010(1)
(XXX Uiso 0.0152(8) 0.0088(3) 0.0094(4) 0.0142(8)
n 1.0(-) 1.0(-) 1.0(-) 1.0(-)
Oinl6c Uiso, A 0.018(5) 0.011(2) 0.01(-) 0.0141(5)
(000) n 0.348(7) 0.558(3) 0.24(1) 0.54(3)
ri, A 0.77 0.74 0.78 0.76
D1lin 32e X - - - 0.033(1)
(X x% Uisoy A 0.026(1)
n 0.149(9)
r, A 0.45
D(T1) in32e X - - 0.0648(5) 0.062(4)
(xx Uiso, AZ 0.0192(8) 0.026(1)
n 0.266(8) 0.048(9)
ri, A 0.36 0.35
D(T2) in32e X - - 0.185(4) -
(XX Uiso, A? 0.0192(8)
n 0.035(6)
I, A 0.37
D2 in192 X 0.492(3) 0.499(2) 0.4800(5) 0.4806(7)
(xy2 y 0.575(3) 0.558(2) 0.5721(6) 0.5675(7)
z 0.362(3) 0.352(1) 0.3617(5) 0.3621(6)
Uisoy A2 0.019(2) 0.0146(7) 0.0192(8) 0.026(1)
n 0.038(3) 0.033(1) 0.217(2) 0.201(5)
r, A 0.35 0.36 0.44 0.42
D3 in96g X 0.2788(2) 0.2792(1) 0.2839(2) 0.2810(4)
(xx2 z 0.1496(2) 0.1515(2) 0.1566(4) 0.1554(5)
Uiso A2 | 0.019(1) 0.0146(7) 0.0192(8) 0.026(2)
n 0.652(7) 0.442(3) 0.566(5) 0.434(7)
ri, A 0.41 0.41 0.48 0.46
D7 in8a Uiso, A 0.048(4) 0.036(1) 0.0192(8) 0.057(6)
(1/8 1/8 1/8) n 0.99(2) 0.990(8) 0.35(2) 0.81(4)
ri, A 0.83 0.77 0.80 0.77
R-factors R, % 3.54 2.69 3.06 3.24
Rup, % 4.77 3.83 3.84 2.49
c? 2.33 2.00 1.841 1.869
Refined composition Thsafeu1s1) | TisossaFerosas Tizo0fr2002F€ | Tivoeell2010F e
" Og.351Pas79) | Ooss83P354(3) " Op2401P6.78(9) " Op543Ps502)
Refined D content 4.87(9) 3.54(3) 6.78(9) 5.8(2)
per formula unit
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Table 3 Distribution of hydrogen atoms among differenenstices irh-Ti, ZrFe0,-based hydrides
(deuterides).

3 - Number of hydrogen atoms per unit cell

g 2y 0 o 5 $

= . : = s g 3

= ~

D1 (32y) (Ti,Zr)sFe - - 4,77 -
T1(32%) (Ti,Zr)3 - - - 1.12
T2 (32) (Ti,Zr)3 - - 1.54 8.51
D2 (193) (Ti,Zr)sFe 18.7 6.53 7.30 38.59 41.66
D3 (969,) (Ti,Zr)sFe 8.7 41.95 62.59 41.66 54.34
D4 (969,) (Ti,Zr)Fe - - — _
D5 (8b) Fe, - - - -
D6 (32&y) (Ti,ZnFe; - - - -
D7 (8a) (Ti,Zr)g 8 8 8 6.48 2.83
D8 (1&c) (Ti,Zr)e - - - - -
Total amount of hydrogen atoms 354 56.48 77.86 0493. 108.46

Fig. 4 Observed (+), calculated (line) and differencettfa line) Rietveld profiles for powder neutron
diffraction of the TiFe;0q .44 deuteride (= 1,551 A).

explained by blocking of the filling of D3 siteshigh both compounds being almost equal. A similar effect
at 1 O at./f.u. become impossible. The decreasheof was observed earlier for hydrogenation ofNHO,
hydrogenation capacity observed with increasing alloys[22,23]

oxygen content is accompanied by a substantial The presence of oxygen, in addition to inducing
increase of the hydrogen-induced expansion of the changes in the structure and hydrogenation pregserti
unit cell. For the TjFe,0q D4 ¢ deuteride it represents modifies some other physicochemical propertiehef t
1.77A3, whereas for the TFe,0os 35 hydride it is alloys as well: it facilitates activation of Ti—Fdloys
equal to 2.513 the volume of the initial unit cell of [5], and decreases the affinity of the&x compound
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a b
Fig. 5 Observed (+), calculated (line) and differencettro line) Rietveld profiles of the JFe0gsDs 5

deuteride: XRD Cu K (a) and PND (= 1.551A) (b). Positions of Bragg’s peaks are marked bgtica!
bars.

Fig 6 Observed (+), calculated (line) and differentialottbm line) Rietveld profiles for PND of
Ti,Zr,Fe0p.D7,( = 1.551A) () and TpZrFe0ysDss( = 1.47A) (b) deuterides.
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Fig. 7 Types of interstice in the structure of (Ti,&&O,.

a b

Fig. 8 Diagram of D-atom distribution in the structurdghe deuterides Tre,0p D49 and TiFe0g 5D 5
(@), ThZrFe0g 29072 and TpZrFe,Og sDs g (b).

to disproportionation during hydrogen absorption- appeared — Tik) TiO and TiFe [Fig. 99. The sample
desorption cyclingl12]. It order to verify the influence with higher oxygen content under the same condition
of the oxygen content on disproportionation we remained single-phasgif. 9b).

performed hydrogenation of ;JAe,0g o5 and TiF&Oq 5

alloys at high temperatures. The first experiment,

where the alloys were kept at 550°C under 0.1 MPa Conclusions

hydrogen gas for 5hours did not cause any

degradation — both JFe0p,s and TiFeOgs

remained single-phase. However, under more severe The existence of a continuous solid solution of
hydrogenation conditions (0.5 MPa, lat 750° for h-phases between jFe,0, and ZyFe0,, confirmed

2 hours) the sample with lower oxygen content partl  in this work, makes it possible to modify the hygka
disproportionated. XRD patterns of the freshly absorption characteristics of these materials from
disproportionated material show that in additiornihte getter onesh-Zr,Fe,0,) to those of typical hydrogen
main TiyFeO, phase, three additional phases have storage material$i(TisF&0,).

Chem. Met. Alloy& (2009) 65
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Ti4Fezoo'5Hx
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Fig. 9 X-ray diffraction profiles of TjF&0q 25 (a) and TiF&Oq 5 (b) alloys after heat treatment in hydrogen

at 750°C (P(H) = 0.5 MPa, 2 hours).

The hydrogenation properties of a series of
TissZrFe0y(x=0, 1, 2, 3y = 0.25, 0.5) -suboxides
have been studied. An increase of the Zr content in
(Ti,Zr4Fe0y5 is accompanied by a monotonous
increase of the unit cell dimensions, hydrogenation
capacity and relative unit cell expansion, the
symmetry of the parent compounds being retained
during the hydrogenation.

The crystal structure of four deuterides:
TisF&00.28D4.0 TisFe00 D35 TizZrFe;Op 29072, and
TiyZr,Fe,0y sDs g has been investigated by both X-ray
and neutron powder diffraction. In all these dedts
two types of [(Ti,Zr)Fe] tetrahedron and one
[(Ti,Zr)g] octahedron accommodate D atoms. In
addition, in Zr-substituted deuterides the occuyati
of [(Ti,Zr)5] triangular faces was observed. All the
studied structures are characterised by a disatdere
hydrogen sublattice.

Reduction in the O content at constant Ti/Zr ratio
leads to increase in hydrogenation capacity, wharh
be attributed todiminishing of the O-H blocking
effect (the most attractive sites for H atoms apated
around the octahedron filled by O, thus with
decreasing oxygen occupancy of this octahedron the
number of sites available for H accommodation
increases). High-temperature hydrogenation of
TisFe0g2s and TiFeOqs alloys revealed lower
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resistance against disproportionation for materials
with lower oxygen content.
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