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ARTICLE INFO ABSTRACT
Keywords: The work was aimed on reaching a better understanding of the effect of magnesium as a component of the
Metal hydrides hydride-forming LaMgSn intermetallic compound crystallising with the orthorhombic TiNiSi type of structure on

LaMgSn stannide
Neutron diffraction
DFT studies

Mossbauer spectroscopy

the hydrogenation behaviours, crystal structure and bonding interactions with hydrogen. The LaMgSn structure
is significantly expanded as compared to the earlier studied isotypic LaNiSn H storage material (volume
expansion of 23%), as a result of a substitution of the smaller Ni atoms by much larger Mg atoms. This signif-
icantly affects the chemistry of the interaction of the intermetallic compound with hydrogen because a transition
metal, Ni, in replaced by an active hydride-forming metal, Mg. The work involved computational studies of the
electronic structure of the intermetallic compound and its hydride, and experimental studies of the hydroge-
nation behaviour and thermal stability of the formed hydride LaMgSnH, its structural characterisation by SR XRD
and neutron powder diffraction, and Mossbauer spectroscopic studies of the stannide and its hydride. These
studies showed that in the system LaMgSn-Hz a monohydride LaMgSnH is a thermodynamically favourable
hydride composition. PDOS levels show that hydrogen and all constituting elemental metals, La, Mg and Sn, have
peaks of electron density in the range between — 6 and — 4 eV indicating their hybridisation. The results show
the hybridization of H atoms not only with bonded La and Mg atoms forming H-filled tetrahedra LagMg, but also
with Sn despite its atoms do not have bonding interactions with H. This explains the high stability of the metal
substructure which does not disproportionate into the binary hydrides of La and Mg even when heated to 200 °C
@ 20 bar Hy, but instead forms an insertion type hydride. Formation of the monohydride LaMgSnH (Sp.gr. Pnma;
a=8.1628(4); b= 4.5555(3); c= 9.2391(5) JQX; V= 343.56(5) A?’) causes a small (1.26%) expansion of the unit cell
volume compared to LaMgSn, and mainly proceeds along the [100] direction. Hydrogen absorption-desorption
cycle results in a reversible formation of the initial compound LaMgSn, with the peak of hydrogen release
occurring in vacuum at 355 °C, which is intermediate between the temperatures for the vacuum decomposition
of the dihydrides MgH; and LaH,. From the combined refinements of the Synchrotron (SR) XRD and Neutron
Powder Diffraction (NPD) data, deuterium atoms completely and in an ordered way fill a half of the available
LasMg interstitial sites with metal-H/D distances of Mg-D= 2.026 A; La-D= 2.381 and 2.502 A. The occupied
LagMg sites are smaller in size than the vacant MgsLa tetrahedra. Sn and D exhibit a nonbonding interaction with
the closest Sn-D separation of 3.033 A. 11°Sn Mossbauer spectra of LaMgSn and LaMgSnH show isomer shifts of
1.98(2) and 1.99(1) mm/s which are typical for the chemically similar stannides.
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1. Introduction
Hydrides of equiatomic ternary RTX intermetallics

RTX intermetallic compounds with R = Rare Earth Metal; T =
Transition Metal, Fe, Co, Ni; X = Non transition element, Al, Si, Ge, Ga,
Sn, In, crystallize with a variety of closely related structure types which
can be obtained from the hexagonal AlB, type through the ordering of T
and X components and via internal and external deformation of the
structures (see Fig. 1a). When the atoms of a transition metal T are
substituted by the X atoms in an ordered way, this results in the struc-
tures of ZrBeSi, LiGaGe and TiNiSi types (see Fig. 1,b,c,d). These
structure types are closely related through group-subgroup relations [1,
2].

The TiNiSi-type structure is one of the most common structure types
among the equiatomic RTX ternaries. The chemical nature of the con-
stituent elements, rare earth metals R, transitions metals T and non-
transition elements X significantly affects their crystal structures,
magnetism, hydrogenation and other properties [3-5].

The crystal structure of the RTX hydride host structures with an
orthorhombic TiNiSi type contain 5 types of interstitial sites shown in
the Fig. 2a, which are suitable for the accommodation of hydrogen
atoms. The maximum hydrogen storage capacity of the insertion de-
rivative to the TiNiSi type is a dihydride RTXH,. Studies of the crystal
structure data for two dihydrides formed on the basis of TiNiSi-type
intermetallics, LaNiSnD5y [6] and TbNiSiD; 7g [7], showed that inde-
pendent of X (Sn or Si), in both cases a transformation from an ortho-
rhombic TiNiSi to the hexagonal ZrBeSi-type metal matrix (flattening of
the [NiSn] substructure) proceeds on deuteration. The D atoms occupy
all available R3Ni (LagNi or Tb3Ni) tetrahedra. Neutron diffraction study
of the dihydrides LaNiSnD5 and TbNiSiD; 7g showed that the filled by D
atoms R3Ni tetrahedra form a spatial network via connecting to each
other by vertexes and edges (see. Fig. 2b).

Further to the TiNiSi—ZrBeSi type rebuilding of the orthorhombic
structure into a hexagonal one upon the hydrogenation, the crystal
structures of the intermetallic compounds of the orthorhombic TiNiSi
type undergo two other types of transformations when accommodating
hydrogen atoms, including a) formation of internally deformed ortho-
rhombic CeNiSnD [8], NdNiSnD [9] and TbNiSnD [10] hydride struc-
tures; b) TiNiSi—ZrNiAl type reconstructive rebuilding accompanied by
a small contraction of the unit cell volume which was observed for the
ScNiSnHy ¢ hydride [11].

During the formation of the monohydrides RNiSnD (R = Ce, Nd, Tb),
the volume expansion is rather small, 1.5%— 2.8%, which is equivalent
to a modest specific value of 1.0-1.3 A%/at.D.

Structural, magnetic and hydrogenation properties of the various Ce-
and U-containing ABC intermetallics were described in the reference
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publications [12-17] which considered a variety of interesting phe-
nomena accompanying the formation of their hydrides.

The present paper focuses on a study of the LaMgSn-based hydride.
LaMgSn crystallises with a TiNiSi type structure with the unit cell pa-
rameters a = 7.811; b = 4.689; ¢ = 9.148 A [18].

We wish to study how a change in the chemical composition of the
intermetallic alloy (LaNiSn — LaMgSn; Ni — Mg) and in the average size
of the interstitial sites available for the accommodation of hydrogen
atoms which increases on a replacement of small Ni by large Mg atoms
(1.246 — 1.602 A) affects the hydrogenation behaviours and the prop-
erties of the formed hydrides. Indeed, the chemistry of the interaction of
the intermetallic compound with hydrogen becomes significantly
affected by such a substitution because of a replacement of a transition
metal (Ni) by an active hydride-forming metal (Mg). In turn, the volume
of the unit cell of the crystal structure of LaMgSn, 335.1 A3, is signifi-
cantly larger as compared to LaNiSn, 272.4 A® (by 23%), causing a
corresponding increase in the size of the interstitial sites for the ac-
commodation of H atoms.

The work involved computational studies of the electronic structure
of the intermetallic compound and its hydride, and experimental studies
of the hydrogenation behaviour and thermal stability of the formed
hydride LaMgSnH, structural characterisation by SR XRD and neutron
powder diffraction, and Mossbauer spectroscopic studies of interme-
tallic compound and its hydride.

2. Experimental
2.1. Initial intermetallic compound

The intermetallic compound LaMgSn was prepared from a mixture of
Mg and an arc-melted LaSn precursor sample (purity of the initial metals
was higher than 99.9 wt%) which were milled together after being
mixed in stoichiometric quantities and pressed into the pellets at
25 MPa. An excess of 4 wt% of Mg was added as compared to the stoi-
chiometric 1:1 mixture of Mg and LaSn to compensate for the sublima-
tion of magnesium during the high temperature synthesis. The pellets
were wrapped into a Ta foil and placed into stainless steel tubes. The
tubes were sealed by welding in an Ar atmosphere and then annealed at
800 °C for 24 h. After the annealing the samples were quenched into a
water-ice mixture. X-ray diffraction (XRD) studies were performed on a
Bruker D2 Phaser using monochromated Cu Ka radiation.

2.2. Synthesis of hydride/deuteride
The hydrogenation/deuteration was performed at 200 °C and

20 bar Hy/D, after a heat treatment of the intermetallic compound in
dynamic vacuum at 350 °C. The hydrogenation reaction lasted about

ZrBeSi

LiGaGe

Fig. 1. An overview of the related structure types which for the ABC stoichiometries include the ZrBeSi, LiGaGe and TiNiSi types which are related to the AlB,, Calny
and CeCu, types of the binary intermetallics (a). Comparison of the different related RTX structure types, TiNiSi (b), LiGaGe (c) and ZrBeSi (d). The latter two
structures have AA stacking of the close-packed layers of R and differ by a displacement of the smaller T and X atoms, whereas the former is the most dis-

torted structure.



V.A. Yartys et al.

Journal of Alloys and Compounds 976 (2024) 173198

b

Fig. 2. a) Selected possible hydrogen sites in RTX hydride with TiNiSi-type related ZrBeSi-type structure. Interstitial sites: R3T site (o), RsTX(H), R3X (*), RoTX (A)
and T3R ( °). The coordination polyhedra are outlined. MgsLa (H1) and LazMg (H2) sites which are discussed in the Chapter 3.1 (Theoretical studies) are highlighted.
(b) Structure of LaNiSnD, [6] illustrated as D (LagNi) tetrahedra sharing La-La edges and Ni corners. Isolated Sn atoms do not form bonds with hydrogen.

3 h. To ensure a complete saturation, the sample was kept at at the re-
action conditions for 24 h. Hydrogen/deuterium absorption resulted in
the synthesis of the LaMgSn(H/D); o hydride/ deuteride. The hydrogen
content was determined from the changes of gas pressure in a calibrated
volume. Approximately 2.615 g of the sample has been used to prepare
its deuteride, which has been used during the NPD studies. Deuterium
gas used during the synthesis of the deuteride had a purity of 99.9%.

2.3. Thermal desorption spectroscopy

The TDS study was performed at a heating rate of 2 K/min in a
temperature interval of 20-550 °C. The sample for the TDS experiment
(~300 mg) was loaded inside an Ar glove box into the autoclave made of
a '»”’ 88316 tubing and equipped with a port for K-type thermocouple.
The pressure for starting the measurements was 1 x 10~° mbar and was
provided by a turbomolecular pump. During the gas evolution in the
course of the TDS studies, the gas pressure at the entrance of the tur-
bomolecular pump, was measured by Pirani-Penning vacuum sensor and
was between 3 * 107> and 2 * 10”2 mbar; thus, the pressure drop
related to the flow of the evacuated Hy can be considered to be equal to
the display of the vacuum sensor. Further calibration allowed to calcu-
late the Hy desorption flow (Nem®min~'g™!) from the measurements
data of the Pirani-Penning sensor during the TDS experiments. The TDS
measurements were performed in a sequence described in our earlier
publication (see Table 1 in [19]). Use of the TDS spectrum allowed to
accurately determine the amount of hydrogen released during the
desorption experiments.

2.4. Powder diffraction studies

XRD examination of the intermetallic compound was performed
using a Bruker D2 Phaser diffractometer with Cu K-o (A = 1.5406 A)
radiation in Bragg-Brentano configuration and showed the formation of

Table 1
Crystallographic data for LaMgSn, its monohydride LaMgSnH and the sample
LaMgSnH g after hydrogen release.

LaMgSn LaMgSnH Change, % LaMgSnH_g
a, A 7.8482(1) 8.1628(4) 4.01 7.8155(4)
b, A 4.70977(7) 4.5555(3) -3.28 4.6825(2)
¢ A 9.1795(1) 9.2391(5) 0.65 9.1297(5)
v, A3 339.30(2) 343.56(5) 1.26 334.11(3)

a high purity TiNiSi-type LaMgSn intermetallic compound. SR XRD was
collected at beamline BM01, SNBL, ESRF, Grenoble, France, using a
wavelength of 0.75334 A (LaMgSn) and 0.71073 A (LaMgSnH). The
powdered samples were sealed in 0.3 mm glass capillaries. The instru-
ment used to collect the data and the azimuthal integration method used
on the 2D detector images are described in [20]. The refinements of the
SR XRD data (Fig. S1; Table S1) yielded the unit cell parameters of a
=7.8482(1); b = 4.70977(7); ¢ = 9.1795(1) A; V = 339.30(2) A% which
are slightly larger as compared to the reference data (see the Supple-
mentary Information file for further details on the crystal structure
data).

NPD data was collected at the 2 MW research reactor of Delft Uni-
versity of Technology (Netherlands) using a PEARL diffractometer [21]
and a wavelength of 1.67 A obtained with a Ge monochromator. The
powdered sample, around 2 g, was hermetically sealed in a vanadium
6 mm ILL type sample holder.

The refinements of the SR XRD and NPD pattern were performed
using WinCSD software package [22].

2.5. 119Sn Mossbauer spectroscopy

A Ca''®™sn0s source was used for the *1°Sn Méssbauer spectro-
scopic experiments on LaMgSn and its hydride LaMgSnH. Source, sam-
ple and detector were arranged in the usual transmission geometry. To
reduce the tin K X-rays emitted by this source a palladium foil (0.05 mm)
was inserted in front of the detector. Due to the high moisture sensi-
tivity, the preparation of the sample was performed in a glove box to
avoid any contamination. The samples were mixed with a-quartz and
placed inside thin-walled PMMA containers at a thickness corresponding
to about 10 mg Sn per cm?. They were subsequently cooled to 78 K using
a commercial liquid nitrogen-bath cryostat, while the source was kept at
room temperature. The counting time for each spectrum was about three
days. Fitting and plotting of the spectra were performed with the Win-
Normos for Igor6 program package [23] and graphical editing with the
program CorelDRAW2017 [24].

2.6. Theoretical studies of the electronic structures

Total energies were computed using the projected augmented plane
wave (APW) implementation within the Vienna ab initio simulation
package (VASP) [25-28]. The Perdew, Burke, and Ernzerhof (PBE)
exchange-correlation functional was employed for these calculations
[29]. The interaction involving core and valence electrons was described
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using the projector augmented wave (PAW) method [30,31].
Ground-state geometries were determined through stress and
Hellman-Feynman force minimization, utilizing the conjugate gradient
algorithm with a force convergence threshold of less than 1073 eV AL
During all relaxation processes, Brillouin zone integration was carried
out employing a Gaussian broadening of 0.1 eV. Our analysis indicated
that 1280 k-points uniformly distributed across the entire Brillouin zone,
using a 600 eV plane wave cutoff, ensured optimal accuracy for the
calculated results. These k-points were generated using the
Monkhorst-Pack method with a 10 x 16 x 8 grid for structural optimi-
zation. A commensurate k-point density and energy cutoff were applied
to determine the total energy as a function of volume for all considered
structures. The iterative relaxation of atomic positions was terminated
when the change in total energy between consecutive steps was less than
1 meV per cell.

Journal of Alloys and Compounds 976 (2024) 173198

3. Results and discussion

3.1. Theoretical studies of the electronic structure of LaMgSn and its
hydride LaMgSnH

The total and site-projected electronic density of states (DOS) at the
equilibrium volumes for LaMgSn, and for the hypothetical mono- and
dihydrides LaMgSnH and LaMgSnHa phases are presented in Fig. 3, a-c.
Furthermore, the orbital-projected DOS for the all the studied phases are
shown in Fig. 4. Each of the studied phases exhibits a finite number of
electrons at the Fermi energy (Ep). The number of electrons at the Eg
varies from 2.67 states/eV for LaMgSn to 0.21 states/eV in LaMgSnH
and 1.53 states/eV in LaMgSnHo.

Among the three studied phases, the monohydride LaMgSnH dis-
plays a lower metallicity than the other two phases, LaMgSn and
LaMgSnH,. A characteristic feature of the total DOS in the LaMgSnH
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Fig. 3. Calculated total and site projected density of states for LaMgSn (a), LaMgSnH with H filling the LazMg tetrahedra (b), and LaMgSnH, with H equally filling

LagMg and LaMgs tetrahedra (c). The Fermi level (Ep) is set to zero energy.
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hydride is the presence of what is referred to as a pseudogap, charac-
terized by a sharp valley around the Fermi energy [32]. Two mecha-
nisms have been proposed to explain the formation of this pseudogap in
binary alloys: one is of ionic origin, and the other one is attributed to
hybridization effects. In LaMgSnH, the H, La, Mg and Sn hybrid states
peaking between — 6 and — 4 eV exhibit a significant localization which
is more pronounced as compared to LaMgSn and LaMgSnH.

3.2. Formation energy

We calculated the formation energy of the studied phases (Fig. 5) in
order to compare the relative stability of the studied compounds. This
has been done using the following expression written for the LaMgSn
intermetallic, which has been chosen as an example:

AH = E(LaMgSn) — [E(La) + E(Mg) + E(Sn)] (@D)]

Here, E(LaMgSn), E(La), E(Mg), and E(Sn) represent the total en-
ergies of the bulk LaMgSn, La, Mg, and Sn, respectively. The results are
depicted in Fig. 5. From the calculations, it is evident that LaMgSnH is
the most thermodynamically stable compound as compared to LaMgSn
or LaMgSnH; phases. To determine the stable position of hydrogen (H)
within LaMgSnH, we explored three different structural models:

- H atom placed in a tetrahedral MgsLa H1 site (0.56, 1/4, 0.58;
r=0.72 10\) (referred to as LaMgSnH (a)). This MgsLa (H1) site is
highlighted in Fig. 2 where it is labelled as T3R site ( °);

- H in a tetrahedral site LasMg H2 site ((0.05; 1/4; 0.40; r = 0.54 [o\)
(referred to as LaMgSnH (b)). This LagMg (H2) site is highlighted in
Fig. 2 where it is labelled as R3T site (e);

- Partially occupied H1 and H2 sites (H in sites H1 and H2 with a 50%
occupancy, labelled as LaMgSnH (mix)).

Among these models, we found that the hydride with H in the H2 site
is highly stable as compared to the other options. This observation is
consistent with the results obtained from the NPD study. It is interesting
that the size of the preferred H2 LazMg site, r = 0.54 A, is smaller as
compared to a rather “loose” H1 MgsLa site, r = 0.72 A.

As the heat of formation of LaMgSnH from LaMgSn is negative, we
conclude that LaMgSnH is more thermodynamically stable than
LaMgSn.

Two complementary features cause the observed behaviours. These
include.
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Fig. 5. Calculated formation energy (AH) for LaMgSn, LaMgSnH [LaMgSnH (a)
- H in a tetrahedral MgsLa site, LaMgSnH (b)- H in a tetrahedral LazMg site, and
LaMgSnH(mix)- H in both tetrahedral sites with an equal occupancy], and a
hypothetical LaMgSnH.
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(a) Formation of stronger chemical bonds. Indeed, in LaMgSnH the
chemical bonds between the constituting elements become stronger as
compared to LaMgSn. This is because further to the bonds between the
metallic elements, very strong Me-H bonds (La-H and Mg-H) are formed
in addition. More energy is released during the formation of these strong
bonds resulting in a more negative heat of formation of LaMgSnH as
compared to LaMgSn.

(b) Thermodynamic favourability of the hydride formation. Ther-
modynamics of the multicomponent systems determines the stability of
the formed compounds. As the interaction of hydrogen with LaMgSn
yielding LaMgSnH is thermodynamically favourable as compared to the
system La+Mg+Sn and Hy with no hydride formed, this will result in a
negative heat of formation and a greater stability of LaMgSnH. As the
formation of intermetallic hydrides proceeds because of their negative
heats of formation, thus, in general hydrides are more stable compounds
as compared to the intermetallic alloys.

3.3. Synthesis and thermal desorption spectroscopy study of LaMgSnH

The LaMgSn-hydrogen interaction resulted in the synthesis of the
monohydride LaMgSnH. The hydride was thermally stable and decom-
posed in vacuum showing a broad and symmetrical peak of hydrogen
evolution with a maximum at 355 °C (Fig. 6). The peak temperature is
higher as compared to the magnesium hydride, showing a peak of
hydrogen desorption at 310 °C [33], but much lower as compared to
lanthanum dihydride, peaking at 800 °C [34] (see Fig. 6). Furthermore,
hydrogen evolution from LaMgSnH proceeds at higher temperatures as
compared to LaNiSnH2, 250-340 °C [6] (see Fig. 6 for the details).

These observations indicate that both lanthanum and magnesium
atoms should be involved into the formation of the interstitial sites ac-
commodating H atoms in the structure of LaMgSnH. This conclusion
accounts the facts that a) The structure of LaMgSn contains two types of
tetrahedra jointly formed by La and Mg, LagMg and LaMgs (see Fig. 2),
while in the studied structure the interstices solely formed by La or Mg
are not available; b) In the intermetallic hydrides, Sn never exhibits
bonding interactions with hydrogen, as Sn-containing interstices are not
occupied by H atoms in any of the known ternary hydrides.

—— LaNiSnH,
LaMgSnH .
1,04 MgH LaNisnH -LaNisn ~ L@H,La @800 °C
5 .
LaH @ 250-340 °C Hinla,
5 084 an, H in LagNi
®
= 06 MgHz-Mg LaMgSnH-LaMgSn
® | @stc A
B Hin Mg, / =438
£ 044
0,2
0,0-

1(|)0 2(|)0 3(I)O 4(|)0 S(I)O 6(|JO 7(|JO 8(|)0 9(|)0
Temperature, °C

Fig. 6. Thermal Desorption Spectroscopy spectrum of LaMgSnH measured at a
heating rate of 2 K/min showing a peak of hydrogen desorption at 355 °C, with
an onset of the desorption at 220 °C and its completion at 500 °C. The TDS data
for MgH, [33], LaH3 [34] and LaNiSnH, (peak of hydrogen desorption at
250-340 °C) [6] are presented as a reference and show that a decomposition of
LaMgSnH proceeds at higher temperatures as compared to MgH, and LaNiSnH,
while at a significantly lower temperature as compared to LaH,. We note that
the decomposition of LaH; is a two-step process, with a transformation
LaH3;—LaH, spanning a broad temperature range between 100-500 °C while
dihydride LaH, decomposes to La metal at high temperatures and this process
peaks at 800 °C.
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3.4. Crystal structure of LaMgSnD from SR XRD and NPD studies

Rietveld refinements of the SR XRD pattern shown in Fig. 7 resulted
in an excellent fit (R, = 0.0848) and showed a formation of a single
phase TiNiSi-type hydride with the parameters of an orthorhombic unit
cell (Sp.gr. Pnma) of a= 8.1628(4); b= 4.5555(3); c= 9.2391(5) A.

The hydrogenation / deuteration does not change the TiNiSi type
metal substructure. Hydrogen absorption is accompanied by a slight
volume expansion, 1.26% (see Table 1). The expansion mostly proceeds
along the [100] direction, appr. 4%. At the same time, expansion is very
small along [001], while a contraction of the unit cell takes place along
[010].

After the TDS was accomplished at 560 °C, the hydride releases all
absorbed hydrogen, as this follows from the refinements of the XRD
pattern (Fig. 8) and TDS study (Fig. 6).

Neutron powder diffraction pattern were collected for the mono-
deuteride LaMgSnD. Their indexing showed that the unit cell and the
TiNiSi type of the crystal structure remain unaltered indicating that the
deuterium sublattice has the same symmetry as the metal atoms. The
joint refinements of the SR XRD and NPD pattern showed an excellent fit
(see Fig. 9; Rp,=0.0856) and concluded that D atoms are completely
filling one type of positions — the LagMg tetrahedra.

The crystal structure data of LaMgSnD are given in the Table 2.

The crystal structure of LaMgSnD is shown in Fig. 10. The D-occupied
LagMg tetrahedra are connected by vertexes and by edges. One half of
the tetrahedra occupied by D atoms in the structure of LaNiSnDy, is filled
in an ordered way.

In the D@LasMg tetrahedra, the bonding distances metal-H are
Mg-D, 2.026(7); La—D, 2.381(3); La—D, 2 x 2.502(2) A. Sn and D show
a non-bonding interaction with the shortest Sn—D distance of 3.033(4)
A. For comparison, the shortest interatomic distances in the structure of
LaNiSnD, [3] are: La-D, 2.6118(5) /o\; Ni-D, 1.619(2) A and Sn-D, 2.718
2) A. In both hydrides the shortest D-D separations are well above 2 A
(2.943(5) A in the studied structure of LaMgSnD and 2.780(2) A in the
structure of LaNiSnD [6]).

Recently, a chemically related but structurally different [35] hydride
has been studied by Prof. Vitalij K. Pecharsky and coworkers [35].
Similar to the present work, a close composition-structure-property
interrelation has been revealed. Further work on the studies of the
behaviour of multicomponent intermetallics as hydrogen storage ma-
terials will help to refine the guiding principles allowing to identify
metal hydrides with the desired application properties and to optimise
their performance.

3.5. Mossbauer spectroscopic characterization

The 11°Sn Méssbauer spectra (78 K data) of the stannide LaMgSn and
its hydride LaMgSnH are presented in Fig. 11 along with transmission
integral fits. The corresponding fitting parameters are summarized in
Table 3. In agreement with the data derived from the diffraction ex-
periments, also the 11°Sn Mdssbauer spectra revealed single tin sites for
both samples. As a consequence of the non-cubic site symmetry, both
spectra are subjected to electric quadrupole splitting. The line width
parameters are in the usual range observed for stannides [36].

The isomer shift is a measure for the s electron density at the tin
nuclei. An increasing isomer shift corresponds to an increasing s electron
density as is the case in going from CaRhSn, to CaPdSn; [37] and other
pairs of stannides. For the currently studied pair LaMgSn / LaMgSnH we
observe no change in the isomer shift within one combined standard
deviation, indicating almost similar electron density at the tin nuclei.

In a Zintl conform manner one can write an electron-precise formula
La>*Mg?*sn* e for the ternary stannide accommodating the excess
electron in the conduction band vs. La>*MgZ*sn*"H~ for the hydride.
This is in excellent agreement with the densities of states (vide ultra),
revealing residual DOS for the stannide (i.e. a metallic conductor) and
pseudo-gap formation for LaMgSnH; thus the enhanced stability of the
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Fig. 9. Rietveld refinement of the NPD pattern of LaMgSnD collected using a PEARL diffractometer at a wavelength of 1.67 A at the TU Delft Reactor. R,= 0.0856.

monohydride. The tin is thus not involved in the hydrogenation process.
The excess electron is simply transferred from the conduction band to
the hydrogen atom and trapped there in the form of H".

Finally, it is interesting to compare the isomer shifts of the pair
LaMgSn/LaMgSnH with those of related equiatomic stannides (Table 4).
Among the stannides listed in the Table, LaMgSn and its hydride defi-
nitely have the highest ionic bonding contribution and consequently we

observe the highest electron density at the tin nuclei, i.e., the highest
isomer shifts. For the transition metal containing stannides, the isomer
shift depends on the varying electron count (substitution of the transi-
tion metal). The rhodium and iridium phases (with one valence electron
less than the nickel and palladium compounds) show slightly reduced
isomer shifts.

Ingoing to the hydrides we observe three different binding situations:
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Table 2
Atomic parameters for the deuteride LaMgSnD, space group Pnma (No. 62), a
= 8.1628(4); b = 4.5555(3); ¢ = 9.2391(5) A. V = 343.56(5) A%. R,= 0.0856.

Atom Position X/a y/b z/c B (is/eq), A2
La 4c -0.0154(2) 1/4 0.6707(2) 0.93(2)
Mg 4c 0.3266(5) 1/4 0.4305(2) 2.07(5)
Sn 4c 0.2049(2) 1/4 0.1180(3) 1.11(4)
D 4c 0.0784(7) 1/4 0.4267(3) 3.72(6)
Sn@
Mg Q°
La
Do @
(o

Fig. 10. The crystal structure of LaMgSnD. Occupied by D atoms LasMg
tetrahedra are connected by vertexes and edges forming the columns aligned
along [010].

relative transmission

LaMgSnH

8 %

1 1 .
-5 0 5
velocity / mm-s-1

Fig. 11. Experimental (dots) and simulated (blue lines) '°Sn Mossbauer
spectra of LaMgSn (top) and LaMgSnH (bottom) measured at 78 K. They red
line serves as a guide to the eye.

(i) a decrease of the isomer shift (ScNiSnHj s); (ii) a constant isomer shift
(LaMgSnH); and (iii) an increasing isomer shift (LaNiSnH,, CeNiSnH,
CeRhSnHy g, CePdSnH, CelrSnHyy). Thus, the s electron density is
reduced in ScNiSnHj 5, remains constant in LaMgSnH and increases in
the remaining hydrides; however, the few examples with different
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Table 3

Fitting parameters of ''° Sn Mossbauer spectroscopic measurements of LaMgSn
and LaMgSnH at 78 K. § = isomer shift, AEq = electric quadrupole splitting, I"
= experimental line width.

Sample 5 (mmes™) AEq (mmes ™) I (mmes™)

LaMgSn 1.98(2) 0.93(1) 1.18(2)

LaMgSnH 1.99(1) 0.82(1) 1.09(2)
Table 4

1191 isomer shifts for various pairs of equiatomic stannides and their corre-
sponding hydrides.

Stannide Type T (K) S (mm/ Hydride S (mm/ References
s) s)
LaMgSn TiNiSi 78 1.98(2) LaMgSnH 1.99(1) This work
ScNiSn TiNiSi 78 1.773(1) ScNiSnHy 5 1.732(3) [11]
LaNiSn TiNiSi 293 1.888(7) LaNiSnH, 1.999(4) [38]
CeNiSn TiNiSi 293 1.900(7)  CeNiSnH 1.917(6) [38]
CeRhSn ZrNiAl 78 1.84(7) CeRhSnHpg  1.87(2) [39]
CePdSn TiNiSi 293 1.89(1) CePdSnH 1.94(1) [40]
CelrSn ZrNiAl 78 1.76(3) CelrSnHg 7 1.85(1) [39]

hydrogen content make a precise correlation difficult. In any case, the
1196 isomer shifts precisely reflect the changing electronic situation at
the tin nuclei.

Additionally, we need to consider the differences induced by the
nature of the elements. La®>" and Mg?" are closed-shell cations and we
get the electron-precise description. The d elements and cerium are
prone to different f-d hybridization and induce small changes in the
electron density at the tin nuclei. This behaviour is also comparable to
the pair CeRhSb and CeRhSbHy, [41] studied by 121gh Mossbauer
spectroscopy, where the Kondo semiconductor CeRhSb upon hydroge-
nation transforms to the Ty = 3.6(2) K antiferromagnet CeRhSbHj >
paralleled by a decrease of the 121gh shift from —7.38(1) to —7.47(1)
mm/s.

Studies on the corresponding cerium-based pair CeMgSn/CeMgSnH
are under way in our group aimed at comparing these stannides with the
corresponding lanthanum phases.

4. Concluding remarks

This work was aimed at studies of the effect of magnesium as a part of
the chemical composition of the equiatomic intermetallic alloy LaMgSn
with orthorhombic TiNiSi type of structure and the size of the interstitial
sites occupied by hydrogen atoms on the hydrogenation behaviours and
the properties of the hydrides formed. We have used LaNiSn interme-
tallic alloy forming a dihydride LaNiSnHj as a reference point.

Replacing Ni with Mg in the intermetallic compound LaNiSn causes a
23% volume expansion when forming LaMgSn, induced by the much
larger size of the Mg atoms as compared to the Ni atoms. However, the
crystal structure type - orthorhombic TiNiSi - remains unaltered. Tin
creates strong bonds with the surrounding La atoms forming trigonal
prisms [Sn@Lag]. Because of this, when the compound interacts with
hydrogen at 200 °C under a pressure of 20 bar Hj it forms an insertion
mono-hydride, rather than disproportionating to the binary hydrides
MgH; and LaH; 3. However, LaMgSn shows a lower hydrogen storage
capacity (1 at.H/f.u.) than the dihydride LaNiSnHj [3]. A computational
study of the LaMgSn-H; system shows that the formation of the mono-
hydride LaMgSnH is much more thermodynamically favourable
compared to that of the dihydride LaMgSnH,. However, formation of
LaMgSnH,; from LaMgSn remains possible as a thermodynamic driving
force for the transformation LaMgSn — LaMgSnH> does exist, and might
be activated at higher hydrogenation pressures.

Hydrogen is more strongly bound in LaMgSnH as compared to
LaNiSnH, [3], as the peak of hydrogen vacuum desorption for the
Mg-containing hydride is observed at 355 °C, while for LaNiSnHjy
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hydrogen desorption starts at 130 °C and reaches its maximum at
325°C. This is not surprising, as magnesium is an active
hydride-forming metal while nickel is a transition metal which forms its
binary monohydride when applying a kbar level of hydrogen pressures
only.

Metal-H distances in LaMgSnH show shorter La—H bonds (2.38 and
2.50 A) compared to LaNiSnHj, 2.61 A. This is because the Ni—H dis-
tances in the LasNi tetrahedra occupied by H in LaNiSnHj, 1.619 10\, are
much shorter than the Mg—D distances in the filled by D atoms LazMg
tetrahedra of LaMgSnD, 2.026 A.

The size of the LagMg interstices occupied by hydrogen (r = 0.54 A)
is smaller than the empty Mgsla tetrahedral sites (r = 0.72 A). This
means that the sites occupied by H atoms should have an optimal size to
become favourable for the accommodation of hydrogen atoms, and too
large interstitials as MgsLa tetrahedra are not favoured for the accom-
modation of H atoms. Earlier a preferable occupancy by H atoms of the
interstices having a similar range of radii 0.48 <r < 0.53 A’ as for the
LaszMg sites has been observed for the saturated hydrides ZrsFeDg 7 [42,
43] and ZryFeDso [43,44]. Thus, the structural chemistry of
LaMgSnH/D resembles the typical for the intermetallic hydride
dependencies.

We believe that the variation in the electronic density is the factor
controlling occupancy by H atoms of the particular sites, further to the
size factor. A higher local electronic density in the LagMg sites assists the
creation of the bonds with H atoms and favours H insertion into the La-
rich LagMg tetrahedra while preventing H insertion into the Mg-rich
MgsLa sites which are deficient in electronic density.

This paper is a part of a Virtual Special Issue of Journal of Alloys and
Compounds dedicated to the memory of a late Prof. Vitalij K. Pecharsky
who left us too early. Vitalij will be remembered for his contribution to
the materials science, including his works on the metal hydrides as the
materials for the reversible hydrogen storage. Among others, these
works covered his studies of the hydrides containing light elements,
aluminium, boron and nitrogen - alane and alanates [45-47], borohy-
drides [48] and amides [49]. He was one of the fond and successful users
of the mechanochemical methods of synthesis and modification of the
properties of the metal hydrides.

We will remember Vitalij as a warm and sincere colleague and friend
who was leading the Journal of Alloys and Compounds as the Editor-in-
Chief in the dissemination of the research outcome dedicated to
hydrogen and energy storage. We will miss Vitalij and will keep him in
our grateful memories.
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