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Abstract

Phase-structural transformations during hydride formation and decomposition in the advanced hydrogen storage 2}8g bahlie
studied by in situ synchrotron X-ray powder diffraction (SR-XRD). A specially designed cell for in situ studigsaitmtasphere is attached

to a metal hydride hydrogen storage unit developed at IFE providing hydrogen gas at convenient pressures. The studied sample is kept

a quartz glass capillary. Temperature cycling between RT andQ@® H, pressures of 2—-3 bar was employed to Labbn soH: ; which
resulted in a reversible hydrogen absorption—desorption process. Both a large temperature-dependent homogeneity rasigaloti¢che
and a small hysteresis in the formation-decomposition ofthgdride have been revealed.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction reduce the problem with hysteresis, peak broadening and in-
trinsic degradation. One successful example is LaRip 3
LaNis-related hydrides have a wide range of applications where the B element Ni is substituted by Sn. LapBrp 3
including hydrogen storage and compressiofpttrification is very attractive for the negative electrode in Ni-MH bat-
and separation, heat management and nickel-metal hydrideeries. A lowering of the plateau pressure and a decrease in
batterieg1—-3]. The convenient properties of LaNnclude: a hydrogen capacity is observed with increasing Sn cofignt
desorption pressure slightly exceeding 1 bar at room tempera-+rom an applied point of view, it is also important that small
ture, considerably fast absorption and desorption kinetics andSn levels ensure a single-step formation and decomposition
easy activatiofd,5]. A problem with pure LaNj, however, is of theB-hydride preventing the formation of the intermediate
that after cycling its hydrogen absorption—desorption proper- LaNisH~3 (y-phase)9].
ties are partially deteriorated which goes in parallel with loss  In situ synchrotron X-ray powder diffraction (SR-XRD)
of crystallinity evidenced by a significant line broaden|iép and powder neutron diffraction (PND) can provide impor-
After further cycling of the material, additional problemswith  tant information on metal hydrides during the processes of
disproportionation and reduced storage capacity adgar  hydrogen absorption and desorption. The data concerning
LaNis crystallizes in the CaGutype structure (space mechanisms of phase-structural transformations during
groupP6/mmm; 1 Lain 1a: 0,0,0; 2 Nilin 2: 1/3,2/3,0; 3 hydride formation, decomposition of metal hydrides and,
Ni2in 3g; 1/2,0, 1/2). Doping of LaNj by different A and B furthermore, kinetic data for the absorption/desorption
elements can dramatically improve cycle life of the alloys and processes in “fast” intermetallic hydrides like LaNi,
can be obtained. In this contribution, LaNBny s—H was
studied with SR-XRD on temperature cycling between
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using a specially designed c@ll0,11]for in situ studies in A was determined to-0.50000 or 0.49394 from sepa-
controlled environment (kipressure/vacuum/temperature). rate calibration measurements of a standard Si sample. The
For previous successful experiments on, e.g., hydrothermalgiffractometer is equipped with six counting chains, with an
conversion of zeolites using this cell, please §&@11] angular offset in @ of ~1.1°. For the in situ measurements,
Focus here is to Study the details of the development of thein order to keep the Counting time per scan as low possi_
o- and B-phases during loading and release of hydrogen. ple, the detector bank is moved by 1.@uring one mea-
Present work will make grounds for time-resolved SR-XRD syrement and the data from the six different detectors are
studies of the absorption/desorption process aiming at get-added using a data-binning program. Data were obtained
tlng information of the kinetics of hydrogen absorption and in steps of 0.01 in 2 By applying such a procedure, one
desorption in La_«Mm,Nis_,Sn,;x =0, 0.5,y =0-0.4.  data set (2 = 8.66-1538") was collected in 2min dur-
In addition, ex situ diffraction data of original and hydrogen jng the heating and cooling of the sample under hydrogen
cycled alloy, with focus on studies of the line-broadening pressure.
phenomenon, are described in this paper. In the experiments described below, Lahsm sH, is
heated/cooled between RT and 2@under vacuum or hy-
drogen atmosphere at a constant pressure supplied by the
2. Experimental MH storage unit using a heater gun with an air flow. Fully
hydrogenated LaNi; S 3 was prepared by heating the sam-
LaNis7Srp3 was prepared by argon arc melting of a ple in vacuum to 200C before switching to btatmosphere
stoichiometric mixture of the elements La, Ni and Sn and cooling to room temperature. Data from a desorp-
(>99.9 at.%). From an X-ray diffraction study, annealing at tjon/absorption cycle between 20 and 2@was thereafter
950°C for 1 week resulted in a single-phase material with measured under continuous heating (heating/cooling rate of
a =5.06077(4)A, ¢ = 4.02970(4)A and V = 89.38(2)A3 1°C/min; At between start of each scan2.5 min). The tem-
[12]. Adetailed description of the sample preparationis given perature difference between the start and finish of each scan,
elsewherg12]. AT = 2.5°C, was sufficiently low and was considered as
Prior to the in situ SR-XRD experiments, the sample was “constant” as it did not result in visible variations of the unit-
activated by heating to 35C in dynamic vacuum and cooled  cell parameters due to changes in H-content or thermal ex-
to RT. Subsequent absorption/desorption experiments werepansion/contraction.
repeated until the absorption started instantly after admission  |nformation regarding line broadening of Laj¥iSry 3 as
of hydrogen to the sample and was completed within a few g result of application of 5 hydrogenation cycles was obtained
seconds. The hydrogen loading pressure was varied betweefyom comparative analysis of conventional powder X-ray
3 and 12bar. After the last desorption all handling of the (giffraction data of the virgin and hydrogen cycled alloys (used
sample was done in an argon-filled glove box. for the in situ SR-XRD experiments). The data was collected
Ex situ diffraction data of the starting alloy LaiNiSry 3 with a Siemens D5000 diffractometer in Bragg—Bretano re-
was measured at the Swiss Norwegian Beamline (BMO1B), flection geometry using monochromatic CuKradiation
ESRF to study the Sn and Ni distribution in the metal from a germanium primary monochromator. A Si standard
matrix. To monitor the absorption/desorption process of \as used for internal standard and for instrument calibration.
LaNis.7Srp 3, in situ SR-XRD experiments were performed Data were obtained in steps aP9 = 0.015552 as defined
(BMO1B). by the position sensitive detector (PSD). Instrumental reso-
A setup designed for in situ studies of reactions in |ution specified as FWHM for Si(111) is 0.12°. Rietveld

gas/vacuunj10,11]was used. A small amount of the sam- analysis of the powder neutron diffraction data was carried
ple is contained in a 0.5 mm quartz glass capillary and fills gut using the GSAS softwaf@3].

approximately 1-2 mm in the bottom of the capillary. The

capillary is hermetically connected to the gaseous system us-

ing a carbon ferrule mounted inTapiece, which, in turn, is 3. Results and discussion

attached to the goniometer head. A two stringed flow system

makes it possible to change between hydrogen gas and vac- The unit-cell dimensions for LaliySng3 deter-
uum during the experiment. Connection of the microreaction mined from ex situ SR-XRD datai (= 0.49391A); a =

cell to the goniometer head restricted rotation of the sample. 5.06099(1}&, c= 4.02986(3)&, V= 89.390(1),&3 cor-
Thus, we have restricted analysis of the Rietveld refinementsrespond well with previously published values for
mainly to the information concerning the modifications ofthe LaNis75Sno.25 (a = 5.065A, ¢ = 4.025A, V = 895A3)
unit-cell dimensions. During the experiments, hydrogen gas [14]. Site occupations of Sn and Ni were refined. The refine-
is supplied from a portable metal hydride storage unit devel- ments showed that Sn preferred tigesBe compared to aran-
oped at IFE, Kjeller (La&_.Mm,Nis, plateau pressure 2.5— dom Z + 3g model. However, a small Sn occupancy in the 2
3 bar). Vacuumis created via a turbomolecular vacuum pump. site could not be ruled out. The stoichiometry of the sample
Stainless steel tubes were used for the connections to prevenivas constrained to the initial composition and the displace-
oxygen diffusion through the tubes during the experiments. ment factors for Ni and Sn, respectively, were kept equal.
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Fig. 1. SR-XRD pattern of LaNi;Srp3H~s showing observed (+), calcu-

lated (line) and difference (bottom line) plots. The peak positions are marked Fig. 2. Powder diffraction profiles during transformationgephase tax-

by vertical lines. phase on heating the saturated with hydrogen sample from 25 taC1i60
H» gas and subsequent cooling to°Z5to form back the3-phase.

—25%;Aa/a = —1.2%;AV/V = —5.0% between 20 and
Further analysis of SR-XRD and powder neutron diffraction 82.5°C). A small hysteresis in the unit-cell dimensions takes
data are planned to conclusively determine the Sn and Nip|ace between hydrogen absorption and desorption which
distribution. again is more pronounced alorg[0.09% alonga versus
Synthesis of the LaNiSmys-based B-hydride was  0.28% along: at 60°C]. Both solubility range and hysteresis

achieved by applying the following procedure. The pre- ofthea-phase are significantly smaller than foiThe change
activated LaNj 7S 3 was heated under vacuum to 2@

before switching to hydrogen atmosphepgHf ~ 2.6 bar) MR A b A bagg g, T
and coolingin H to 25°C. Refinement of the unit-cell dimen- I ',_:_: Ba,, i

sions of the collected in situ data showed that Lgfing sH,,
reached a complete saturation with hydrogen. This conclu- 1 i

sion is reached on the basis of comparison of the unit-cell I FEEE L ERD S
parameters from the Rietveld refinements= 5.3944(1) . ]
A, ¢ =4.2813(2)A, V = 107.89(1)A3] (see Fig. 1) and | =wmoggg, ga cemmmnoa
the reference data for LalNisSmn.2sHe.1 [14]; a = 5.41A, i CREEdEggy g ]
¢ = 4.29A andV = 1085A3. The observed H-induced vol- - —~

ume increaseAV/V, is 21.1% both for LaNj75Smy 25 [14]
and LaNi; 7oShy.30. Hydrogen content H/LaMi;Srp 3 esti- I
mated from comparison of the measured volume effectsand =

c

v AL

literature data, is close to 6 at.H/f.u. L TeBeseaggg FRg g

The hydride sample was cycled between 20 and®T0d . W 0 o i
H> gas. The cycling resulted if<>a transformations dur- : ~~ ‘o &
ing hydrogen release from LalNioSmy 30H~s and loading . :
of the a-phase by H. Fig. 2 shows the development of the . ssesenec
powder diffraction profiles during hydrogen desorption and - 4
absorption. Atthe applied pressure of 2.6 baytHe-phase okt b P _:T
decomposes in thE-range~ 82.5-925°C and forms back : -—

froma-phase between 70 and 80. This difference is caused z
by application of not completely equilibrium conditions of -
Open symbols: Desorption (healingu

the experiment; such type of conditions is anticipated during 7| Closed symbols: Absorption (cooling)
hydrogen loading/unloading in an MH hydrogen storage unit. '
A complete reversibility of the transformations was achieved _
on cycling. Unit-cell dimensions in the single-phase regions B o+p
as determined by Rietveld refinements are showkign 3. '

The B-—phase appears to have a |.arge homogeneity range rig. 3. variations of the unit-cell dimensions@fydride andx-phase as a
most evidently seen from the variation along(Ac/c = function of temperature.
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in unit-cell dimensions is slightly more pronounced along clusion of[17] claiming that upon substitution of Ni by Sn
a (Aaja = —0.12%;Ac/c = —0.06%;AV/V = —0.30%). in LaNis_,Sn, this effect vanishes for > 0.20.
The homogeneity range afis larger on absorption than dur-
ing desorption while that g8 is smaller.

The thermal expansion of LalNjSry 3 during heating in 4. Conclusions
vacuum over the same temperature range, 202C0Was
measured for a reference. This measurement yielded the val-  Hydrogen absorption/desorption properties of the
uesAc/c = 0.3%;Aa/a = 0.4%;AV/V =10%andledto | aNij,;Sry3 intermetallic alloy, which is a prospective
the conclusion that the effects caused by changes in hydrogemnaterial for a wide range of applications, have been success-
solubility dominate the behavior of the material and that the fy|ly studied using in situ SR-XRD in controlled gaseous and

contribution from the thermal expansion/contraction effect is temperature environments. The results can be summarized as
significantly weaker. follows:

By disregarding the temperature-dependent unit-cell
changes in the rather narrow temperature window, the reduc- (i) The B-hydride has a large homogeneity range from 4.6

tion in unit-cell-volume ofg corresponds to a homogeneity to 6.1 at.H/f.u. LaNi 7Smy 3;

range of approximately LalizoSry 30H~6.1—4.6 between 20 (i) A small hysteresis effect takes place between hydrogen

and 82.5C. The homogeneity range afaround 100C in absorption and desorption;

Hz-atmosphere is very small judging from the small changes (jii) The region of phase-structural transformatiens-g is

in unit-cell dimensions. very complex and a high time-resolution of the in situ
Complex transformations take place in the material in the studies is required to uncover its mechanism.

area between the single-phase regions of the diagram. An

a + B model with constant unit-cell dimensions over the

multiphase region, was considered as oversimplified as itAcknowledgements
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