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Abstract

The equiatomic RTX intermetallic compounds+{Rrare earth metal; & Fe Co, Ni; X = non-transition element) exhibit interesting crys-
tal structures, hydrogenation and magnetic properties. The hexagonal intermetallics are frequently formed in these systems and can be obtair
via internal and external deformation of the AlB/pe metal sublattice accompanied by a partial substitution of T by X. This work was focused
on studies of hydrogen interaction with LaCuSn and CeCuSn intermetallics. Original compounds crystallise with the hex@ydnabe
structures characterised by ordering of Cu and Sn with a slight internal deformafi@e{was found to be significantly higher forR La.
The structural phase transformations were studied by synchrotron XRD and powder neutron diffraction. The hydrogenation is accompanied b
a small volume expansion (0.8—1.1%) proceeding exclusively along [0 0 1] and leading to a rebuilding of the structures of (La,Ge)§3uSnD
into deformed AIB type (Cu + Sn disordereda* ¢” cells). Deuterium atoms partially occupy trigonal bipyramidabR, sites with D slightly
shifted from the R planes towards thed$n tetrahedra. Thermal desorption properties studied by the vacuum TDS technique show that D
desorption leads to a reversible formation of the initial intermetallics that restores the LiGaGe (Cu + Sn ordered) type structure.
© 2005 Elsevier B.V. All rights reserved.
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properties seemed to be different from the typical ‘block-
ing’ behaviour characteristic for non-metals. Another factor
that has motivated the present work is the special effects Sn
substitution plays in the ABtype of metal hydrides. For the
exhibit interesting crystal structurd4—3], magnetic and LaNis—H system, it has been shown that Sn, when introduced
hydrogenation propertigd—6]. In the present work, hydro-  as a partial substituting metal for Ni, can play a beneficial role
genation properties of two related RTX intermetallics, increasing charging-discharging cycling stabi[ify.

LaCuSn and CeCuSn are studied. Main attention has beento The hexagonal intermetallics are frequently formed in
establish the hydrogen—tin environments. The motivation for the RTX systems and can be obtained via external and

1. Introduction

The equiatomic RTX intermetallic compounds=£Rare
earth metal; & Fe, Co, Ni, Cu; X= non-transition element)

this is two-fold: in previous work on the related LaNiSn—and
CeNiSn-H systemg,6] it was shown that H storage capac-
ity reaches 2 at. H/fu in maximum with a formation of the
ZrBeSi-type related hydrides. Interestingly, for the H-LaNi
sites in LaNiSn—H, when tin partially and slightly substituted
Ni, H-blocking in the formed Lg(Ni,Sn) interstices did not

take place. Thus, the influence of tin on the hydrogenation
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internal deformation of the AlBtype metal sublattice
accompanied by an ordered or disordered distribution of T
and X[2,3]. The structures can be visualised as a stacking
of alternating layers of rare earth trigonal nets (A) and
T-X honeycomb nets (H) in the sequence AHAH'AH”, etc.
(seeFig. 1).

This work was focused on studies of hydrogen interaction
with LaCuSn and CeCuSn intermetallics. Structural work
was performed using synchrotron powder X-ray diffraction
(SRPXD) and powder neutron diffraction (PND). Hydrogen
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Fig. 1. Description of the AIB type related structures showing (a) the rare
earth trigonal nets (A) and T (Cu)-X (Sn) honeycomb nets (H), and (b)
the generated structures by alternating stacking of the nets along the
axis creating corner-shearings®/X)2 trigonal bipyramidals. Structures
with AHA ...stacking (generated by only two nets) will be calletic-

type structures, while structure with AHAH! . will be labelled &*2¢'-type
structures, etc.

was used instead of hydrogen. After activating the sample in
vacuum, the deuterium loading (deuteration) was performed
by the direct gas—solid state reaction where the samples
were kept for 1 h inr~4 bar D, atmosphere at700 K and
subsequently cooled down to room temperature. TDS was
performed under secondary vacuum condition (vacuum in
the range 2« 1072 to 7 x 10~3 mbar).

2.2. Characterisation

Laboratory powder X-ray diffraction data were collected
with a Siemens D5000 diffractometer equipped with a Ge pri-
mary monochromator giving Cudg radiation. SRPXD data
were collected at the Swiss-Norwegian Beam Line (BM01B)
at ESRF, Grenoble, France (Si(1 1 1) channel-cut monochro-
mator, .~ = 0.50000A, scintillation detectors). Powder neu-

desorption properties were investigated using thermal tron diffraction data of the deuterides was collected at the

desorption spectroscopy (TDS).

2. Experimental part

2.1. Synthesis

The alloys CeCuSn and LaCuSn were prepared by arc

melting in argon atmosphere (Ce, La, Cu,:$89.9%). The

R2 reactor at The Studsvik Neutron Research Laboratory
(NFL), Studsvik, Sweden, with use of the high-resolution
NPD instrument [a double Cu (2 2 0) monochromatog:
1.470A, 20-range= 1.2-137, A20 = 0.08°, 35°He detec-
tors, T = 293 K]. The sample was contained in a vanadium
sample holder sealed with an indium washer to prevent con-
tact with air.

All the powder diffraction data were analysed according
to the Rietveld-type metho@] using the General Structure

ingots were remelted several times to increase their homo-Analysis System (GSAS) softwaf®]. Adopted scattering
geneity and, after cooling, subjected to annealing treatments lengths for the elements were taken from the library of the
The quality of the samples was confirmed by laboratory pow- Program. Combined Rietveld analysis were performed for the

der X-ray diffraction.

To reduce incoherent scattering contribution during the

PND and SRPXD data of the deuterides.
Details concerning the collected diffraction data and crys-

PND experiments, a deuterium (purity 99.8%) loaded sample tallographic structure data are givenTiable 1

Table 1

Crystal structure data (unit cell parameters and summary of the diffraction-daéb K) derived from Rietveld refinements of powder diffraction data for

CeCusSn, CeCuSnf23, LaCuSn, and LaCuSnf7)

CeCuSn CeCuSnixs(z) LaCuSn LaCuSnBuz(s)
Space group P63mc P3ml P63mc? P3ml
a(A) 4.58537(1) 4.53244(5) 4.5808(1) 4.54106(6)
Aa (%)° - —-1.15 - —-0.87
c(A) 7.8576(1) 4.0660(1) 8.1693(3) 4.19101(9)
Ac (%)° - 3.49 - 2.60
Vv (A%) 143.077(3) 72.337(2) 148.458(6) 74.845(2)
z 2 1 2 1
AV/V (%)° - 1.12 - 0.83
Specific volumeé 23.85 24.11 24.74 24.95
Data collection SRPXD SRPXD/PND SRPXD SRPXD/PND
Wavelength ,(°\) 0.5 0.5/1.47 0.5 0.5/1.47
Angle range (2) 5-25 3-34/4-140 5-25 2-35/4-140
Step lengths 426) 0.008 0.005/0.8 0.008 0.005/0.8
Rp (%) 4.09 6.38 4.89 10.58
Rwp (%) 5.84 14.1 8.02 14.89

Calculated standard deviations in parenthesis.

@ LaCusSn can also be fitted using centro symmetric space gt6slpumnc.

b Compared to the respective value for the initial alloy.

¢ Specific volume defined a&.ei/ N, whereN is the number of metal atoms in the ceVl & 6 for the alloys,N = 3 for the deuterides).
d Combined Rietveld refinements of SRPXD and PND data.
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3. Results and discussion ' I

3.1. The initial alloy

1.0

For both CeCuSn and LaCuSn, some small R-containing
impurities were present. After completing a hydrogenation —
dehydrogenation cycle, itwas observed that the relative inten-
sity of the impurity reflections compared to the (Ce,La)CuSn
reflections increased. ;

From SRPXD measurements it was found that both L1 i bt l
CeCuSn and LaCuSn crystallise in the2¢” type struc- L £
tures with a layer packing sequence of AHAH'A ... char- j
acterised by ordering of Cu and Sn. For both CeCuSn and 5.0 10.0 15.0 20.0 25.0
LaCuSn the LiGaGe-type structure (space grB6gnc, a = 2-Theta, deg

4.58537(1)¢ = 7.8576(1)Afor CeCuSnand = 4.5808(1), Fig. 2. Rietveld type plots of SRPXD pattern for LaCuSn showing observed

c= 8.1693(3)A for ITaCuSn) gave the best fits to th‘_a EXPEr-  (crosses), calculated (upper line), and difference (bottom line) plots. The
imental data. Details concerning the collected diffraction positions of the Bragg peaks are shown as ticks.

data and unit cell dimensions are givenTiable 2 Atomic

coordinates, temperature factors and fractional occupationder in the Sn—Cu sublattice (one site contains 10at.% Cu
numbers are reproduced Tiable 3 Example of a Rietveld  and 90 at.% Sn, while the other site contains 90 at.% Sn and
type fit of the SRPXD data (LaCuSn) is givenfiig. 2 The 10at.% Cu) gave the best fit. From reference data, Sn(lll)
(c/a)nex for R= La is significantly higher than for R Ce; has a radius of 1.628 in intermetallic compounds, while
(¢/a)nex = 0.892 and {/a)nex = 0.857, respectively. Sn(1V) has a radius of 1.545[10]. The latter radius is closer

The possibility for partial disorder in the Cu-Sn sublat- to the Cu radius (1.278), and thus Sn(IV) is more likely to

tice was explored by refining cells with mixed occupations be randomly substituted by Cu atoms. This may indicate a
in the 2b positions (se&able 3. A model of 10% disor-  statistical distribution of Sn(lll)-Sn(lV) in the structure. It

Counts X10E 5
0.5

0.0

Table 2
Crystal structure data (atomic coordindtesccupation#) and isotropic temperature factoigid, x 100A2)) as derived from Rietveld refinements of SRPXD
data for CeCuSn and LaCuSn, and combined Rietveld refinements of SRPXD and PND data for Gyl LaCuSni7(s)

Atom Site CeCuSn Site CeCuSpkx Site LaCuSn Site LaCuSnf27
RP Uiso 2a 0.81(4) la 1.06(8) 2a 0.71(4) la 0.97(3)
n 1° 0.959(5) £ 1°
z 0.2% o° 0.2% o°
Cu Uiso 2b1 1.03(8) 1b 1.05(6) 2b1 0.84(4) 1b 0.67(5)
n 0.91(1f 0.57(1) 0.890(%) 0.5
z 0.026(4¥ 0.517(4) 0.007(H 0.441(1)
Cu Uiso 2b2 1.03(8) 1c 1.05(6) 2b2 0.84(4) 1c 0.67(5)
n 0.1y 0.43(1) 0.101(5 0.5
z —0.017(4% 0.626(5) —0.004(1§ 0.583(1)
Sn Uiso 2b1 1.03(8) 1b 1.05(6) 2b1 0.84(4) 1b 0.67(5)
n 0.91(1f 0.43(1) 0.110(%) 0.5
z 0.026(4% 0.474(4) 0.007(H 0.523(1)
Sn Uiso 2b2 1.03(8) 1c 1.05(6) 2b2 0.84(4) 1c 0.67(5)
n 0.09(1% 0.52(1) 0.899(5) 0.5
z —0.017(4% 0.475(5) —0.004(1§ 0.477(1)
D Uiso - 1c 0.5(6) - 1c 2(1)
n 0.33(2) 0.47(5)
z 0.959(8) 0.96(3)

Calculated standard deviations in parenthesis.

@ Occupied positions are for LaCuSn (space gr8agimmc): 2a (0, 0, 0), 2c (1/3, 2/3, 1/4), 2d (2/3, 1/3, 3/4); for CeCuSn (space gtésipc): 2a (0, 0,
z), 2b1 (1/3, 2/3, z), 2b2 (2/3, 1/3, z); for RCuSn{R= Ce or La, space group3ml): 1a (0, 0, z), 1b (1/3, 2/3, z), 1c (2/3, 1/3, z).

b R=_Ceorla.

¢ Fixed.

d 1 in same site constrained such t@n =1

€ z for atoms in same site constrained to be equal.
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Table 3
Estimations of the amount of Sn—Cu ordering in the alloy CeCuSn (LiGaGe-type structure, spac€@aupby Rietveld refining of SRPXD data using
different starting configurations for the two 2b sites occupied by Sn/Cu (ateooierdinatesy), occupations) and isotropic temperature factotgd, x 100A2)

Site 2b1 (1/3, 2/3, 2) Site 2b2 (2/3, 1/3, z) Goodness of fit Notes
nSn nCu n Sn n Cu ¥ Rp (%) wRp (%)

0 1 1 0 29 5.2 72 A

0.1 0.9 0.9 0.1 2 43 58 A

0.2 0.8 0.8 0.2 g 4.9 69 A

0.3 0.7 0.7 0.3 12 55 87 A

0.4 0.6 0.6 0.4 14 5.9 Q9 A

0.5 0.5 0.5 0.5 14 6.1 103 A

0.09 0.91 0.097 0.90 .8 43 58 B

A, Constraints: sam&jso and position for both atoms in same site. Refined/gg andz. B, Constraints: saméis, and position for both atoms in same site.
Refined onliso, n andz

should also be noted that from refining the atomic fractions positions, indicating the possibility for non-similar positions
for completely ordered cells, it was found an improvement (z-coordinates) for Cu compared to Sn in the same crystallo-
of the fits for both alloys if allowing the Ce/La and Sn graphic site. Thus, refinements pand occupation numbers
content to be lower than unity (i.e. 64 CuUSH.gs6() of both the Cu and Sn atoms were performed. By perform-
and La&.920(6)CUS.875(s)- Both models, the 10% disordered ing a combined Rietveld analysis of SRPXD data and PND
model and the completely ordered model with excess of Cu, data, it was found that deuterium only occupies one out of
gave approximately the same goodness of fit. The rather largetwo possible B(Cu/Sn) sites. Refining the-position of the

Cu over-stochiometry for the latter model seems unreason-deuterium atom showed that the atom is not located in the
able. In addition, diffraction studies of NdCuSn by Pacheco et centre of the bipyramidal but shifted slightly along thaxis
al.[11,12]also revealed a partial disordered Cu—Sn sublattice towards one of the Sn/Cu positiorig (= 0.18,&).

(10% disordered). For both deuterides, relatively broad extra reflections were
From the literaturg2], CeCuSn should form a Cain observed in the diffraction patterns. These reflections are
type structure, while LaCuSn should form a*¢” AlB »- not present in the alloys after completing a hydrogenation—

type structure, both with disordered Cu + Sn. The results dehydrogenation cycle. No reasonable superstructures were
obtained in this work do not confirm those findings. SRPXD found that could explain these reflections. The D contents
investigation of the alloys after completing a hydrogenation— of the samples as estimated from the Rietveld refinements
dehydrogenation cycle showed that the alloys reverted to theirare somewhat lower than the volumetric estimations. The

initial “ordered” crystal structures. presence of an unknown additional hydride (R-containing)
as aresult of a disproportionation effect can explain the pres-
3.2. Deuterides ence of both the extra reflections, and the lower D content of

the (La/Ce)CuSnPdeuterides. The individual atomic coor-

The two deuterides CeCuSpD(x =0.5+0.1) and dinates for CeCuSngx3(2) and LaCuSnkys) are given in
LaCuSnD (x = 0.7 & 0.1) were prepared as described inthe Table 2 while selected interatomic distances are given in
experimental part. The deuterium content given in the formu- Table 4 The combined Rietveld type fit of the SRPXD and
las above was estimated from the volumetric measurementsPND data of CeCuSngx3(2) is shown inFig. 3.
Crystal structure data for the deuterides are giveTainles 1 To get some more information about the neighbourhood
and 2 The ordering of Sn and Cu found for the initial alloys of the deuterium atoms, the interatomic distances to all its
is not observed for the deuterides. From SRPXD of both possible surrounding atoms were calculatédbie 5. For
deuterides, best fits were obtained usiat” type of struc- CeCuSnlg 33(2), assuming that the D site is located inside
tures. The structure is built up by corner-sharing@®/Sn)» CesCuwp or CeCuSn bipyramidals, results in D—Cu inter-
bipyramids. During hydrogenation, a small volume expan- atomic distances of 1.45and/or 2.60A. The first distance is
sion is observed (0.8% for=RLa, 1.1% for R= Ce) pro- unreasonably short (Cu radius is 128while typical radius
ceeding exclusively along [001]. for Dis Rp > 0.4A), while the last results in a Cu atom that

Choosing the AIB structure type, no discrimination can lies outside the immediate neighbourhood of the deuterium
be made betweendSn, and RRCuw, sites, and therefore lower — atom. Assuming the other possibility, that the D site is inside
symmetry groups were tested. Using space grB88p:1, a CgSnp bipyramidal gives D-Sn interatomic distances
a Cu/Sn disordered structure can be represented by allow-of 2.11 and 1. 94\, both distances within what one would
ing both the two honeycomb-net generating positions to be expect. The latter distance |nd|cates that D prefers neigh-
occupied by 50% Cu and 50% Sn. Anisotropic temperature bourhood of Sn(lV) Rsngiy = 1. 62A, RSn(N) =1 55A)
factors were refined showing a considerable expansion ofAn illustration of the possible D-sites is given Fig. 4
the anisotropic thermal ellipsoids along thexis for these For the LaCuSnp47 deuteride, the shorter D—Cu inter-
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Table 4
Selected interatomic distancef!s)Qn CeCuSn, CeCuSnix3z, LaCuSn and LaCuSnf)7
Atoms CeCuSh CeCuSnQs3 LaCuSRk LaCuSnDR.47
R-R2 3.92879(7) 4.0660(1) 4.0846(1) 4.19101(9)
R-Sn 3.22(2) - 3.38(2) 3.27(1)-3.41(1) 3.32196(6)-3.36126(6) 3.296(4)-3.418(4)
R-Cu 3.18(2) — 3.42(2) 3.03(1)-3.38(1) 3.306(5)-3.377(5) 3.15109(3)-3.51613(4)
Sn-Sn - 2.6180(5) - 2.6291(%
Cu—Cu - 2.649(2) - 2.68843(3)
Sn-Cu 2.6685(5)-3.594(4) 2.629(2)-2.681(3) 2.64628(3)-3.995(5) 2.6260(4)-2.6336(6)
Calculated standard deviations in parenthesis.
aR=Ceorla.

b |nteratomic distance to R for the 90% occupied Sn/Cu site.
¢ ‘Artificial’ interatomic distance due to the mixed Sn/Cu occupancy.

atomic distance is somewhat larger (D—Cu = ]A‘;,Ebut still
suspiciously short gassuming D-CuRe, + Rp this gives
Rp = 0.31A < 0.4A). Thus, it seems reasonable to con-
clude that the deuterium atoms prefersSR-bipyramidals
and avoids neighbourhood of Cu.

3.3. Thermal desorption spectroscopy

Several TDS experiments were performed on both sam-
ples. Typically, the TDS patterns showed two peaks, one at
relatively low temperaturesTj,y) and one at higher tem-

D-Sn: 1.95A
D-Cu: 2.60A

D-Sn: 2.11A
D-Cu: 1.45A
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Fig. 3. Plots of the combined Rietveld type refinement of (a) SRPXD and
(b) PND patterns for CeCuSn3s(2) showing observed (crosses), calculated
(upper line), and difference (bottom line) plots. The positions of the Bragg
peaks are shown as ticks. Un-indexed broad reflections attributed to non
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identified additional hydride are marked with asterisks.

Fig. 4. Trigonal bipyramidal D-sites in CeCuSg§ as observed from the
combined Rietveld type refinements of SRPXD and PND data assuming
space group3m1 and mixed Cu—Sn occupation.

peratures Thigh). However, a large discrepancy in the des-
orption temperatures were observed between the different
TDS experiments, ranging from 350 to 570K ffigy, and
from 440 to 760K forThigh. From the measurements, it
seemed likely that the (La, Ce)CuSn system also could form
lower deuterides. However, SRPXD data of samples pre-
pared by heating the respective deuterides in vacuum up to
570K did not reveal new diffraction features corresponding
to a presence of lower deuterides. To investigate this fur-
ther and to reveal whether the samples undergo some sort
of disproportionation process, a LaCuSyosample was
prepared (D content estimated by the volumetric method).
The sample was then divided into two parts, where one was
immediately tested by TDS, while the other was tested by
TDS after first keeping it under Dpressure at 873K for

Table 5
Calculated deuterium—metal interatomic distan(fe)sim the P3m1 model
of the deuterides CeCuSgks, and LaCuSnb47

Atoms CeCuSnbs3 LaCuSnDy 47
D-R 2.618(1) 2.62657(3)
D-Cul 145(3) 1.58950(3)
D-Cu 2 260(3) 2.60214(3)
D-Sn1 2.11(4) 2.156(6)
D-Sn2 1.95(4) 2.035(6)

Calculated standard deviations in parentheRis Ce or La.
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530 K g peratures above 800 K, the Cu/Sn ordering reappears. In the
i deuteride phase, D atoms tend to favowSR> bipyrami-
j \ i dal sites, avoiding close contact with Cu atoms. From TDS
@ | experiments and SRPXD data it is proposed that a dispropor-

[ g
| Not treated samp|e|/ i tionation process occurs at elevated temperatures.
7o 3 Heat treated sample
] (2.7barD, at 875 K

for 2 hours)
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