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Magnesium base alloys are very attractive for hydrogen storage due to their large hydrogen capacity,
small weight and low-cost. We have designed a new synthesis method for the ternary metal hydride
perovskite system Na;_,LiyMgHs3, based on the direct reaction of simple hydrides under high-pressure
and moderate-temperature conditions. Well-crystallized samples were obtained in a piston-cylinder
hydrostatic press at moderate pressures of 2 GPa and temperatures around 750 °C from mixtures of MgH,,
NaH and LiH enclosed in gold capsules. X-ray and neutron powder diffraction analysis were used to
identify the purity of the samples and provide an accurate description of the crystal structure features
(GdFeOs; type). Na;_xLixMgHs; hydrides series (0 <x < 0.18) show an orthorhombic symmetry with space
group Pnma (No. 62). Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) have
been carried out to determine the hydrogen desorption temperatures.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Ternary compounds with perovskite structure ABX3 have been
exhaustively investigated over the last fifty years, due to their
astonishingly varied panoply of properties, including dielectric,
electronic, magnetic and optical phenomena. Most of the better
known materials are oxides (X=0), for which the crystal chem-
istry has been deeply studied in connection with the properties of
interest. Much less scarce are the perovskites containing hydro-
gen ions at the X sublattice. Some of them have been recently
described, and immediately attracted the attention of the sus-
tainable technologies community [1], since they can be used
as hydrogen storage materials. In particular, ternary hydrides
between magnesium and alkali elements are particularly good
candidates for advanced hydrogen storage systems, due to their
light weight and low cost [2]. The perovskite-type hydrides com-
posed of light elements are expected to present as much as
twice energy density as the conventional ones, based upon LaNis
alloys. The perovskite hydrides are formulated as ABH3, where
A and B are monovalent and divalent cations, respectively [3-5].
Thus, most of the perovskite-type hydrides are mainly com-
posed by 1A group elements and 2A group elements of the
periodic table. In the Mg-based perovskite-type hydrides, AMgH3
(A=Na, K, Rb), the main types of structural distortion described in
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perovskite-oxide have been identified [6]. For instance, NaMgH3
[7] has an orthorhombic perovskite structure analogous to the
GdFeOs3 type (space group Pnma) which is common in low toler-
ance factor oxide perovskites, where the singly charged Na cation
occupies eight-fold coordinated voids. Along the series of hydrides
NaMgHj3, KMgH3, and RbMgH3 [8-10] a progressive structural dis-
tortion is observed; NaMgHj3 is orthorhombic as mentioned, KMgH3
is reported to occur in the ideal cubic perovskite structure, while
RbMgH3 has a non-ferroelectric hexagonal P65/mmc structure, of
the type seen in some high tolerance factor oxides and fluorides
[11].

The usual procedure to prepare metal hydrides is by hydrogena-
tion of metal alloys, for instance, TiFe;_yMjy (M = Co, Ni, or Al,x < 0.5)
intermetallic samples were prepared in an arc furnace under an
argon atmosphere and then hydrogenated by exposing them to
5.0 MPa H, at room temperature for several cycles [12]. An alter-
native, traditional method is the mechanochemical synthesis, by
high-energy ball-milling under H,, which presents several disad-
vantages since (i) the sample can be easily polluted by the steel
balls, (ii) the sample can be easily oxidized in air, (iii) the reac-
tion times are, in general, very long and (iv) the obtained samples
exhibit a poor crystallization, which make them not suitable for
a complete structural characterization. Concerning NaMgH3; and
related hydrides, they have been synthesized by heating mixtures
composed of NaH and Mg (or MgH;) in a molar ratio Na:Mg=1:1
[1,7,13]. Ternary hydrides were obtained by sintering or melting
methods at temperatures lower than 500 °C and under a hydrogen
pressure between 10 and 200 bar, at temperatures spanning from
400°C to 480°C [4,7,14,15].
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Solid-state high-pressure synthesis is a powerful and effec-
tive technique to explore new compounds in a variety of research
areas. In the field of the hydrogen storage materials, this method
is being used recently to obtain new hydrides as a different
approach from traditional methods [16]. The aim of the present
study was to investigate the formation of NaMgH3; under hydro-
static pressure conditions at moderate temperatures, as well as the
formation of new Li-substituted derivatives with nominal compo-
sition Naj_xLixMgH3 (x=0, 0.25 and 0.5). The replacement of Na
by Li would be advantageous for the hydrogen storage ability of
the parent material [17,18] since (i) Li is lighter than Na, so the
amount of hydrogen per hydride mass should be improved and (ii)
the stability of the Li perovskite is found to be lower, therefore
the hydrogen desorption proceeds at lower temperatures. In this
work we describe a comprehensive study of the crystal structure
and thermal analysis of the Na;_yLixMgH3 series, prepared by the
mentioned high-pressure method.

2. Experimental procedure

Pollycrystalline samples of nominal composition Na; _xLiyMgHs, x=0, 0.25 and
0.5 were prepared from stoichiometric mixtures of MgH,, NaH and LiH. The reac-
tants were intimately mixed and ground in a glove box under N, atmosphere. This
mixture was placed into a gold capsule (8 mm diameter, 10 mm length), sealed inside
the glove box and then set into a cylindrical graphite heater (10 mm internal diam-
eter). The reaction took place in a piston-cylinder press (Rockland Research Co.),
at a moderate reaction pressure (2 GPa) and temperature (750 °C), for short reac-
tions times of less than 1h. Then, the products were quenched under pressure.
The ramp-up for the material synthesis is rather fast, near 150°Cmin~'; we reach
750°C in approximately 5 min. The ramp-down is a quenching process; in a mat-
ter of seconds the sample is quenched from 750°C down to RT. We found these
optimal synthesis conditions after performing several experiments upon different
conditions (temperature, starting materials, synthesis time, etc.).

The initial characterization was carried out by X-ray diffraction (XRD)
with a Bruker-axs D8 Advanced diffractometer (40kV, 30 mA), controlled by a
DIFFRACTPWS software, in Bragg-Brentano reflection geometry with Cu K, radia-
tion (A =1.5418 A) and a PSD (Position Sensitive Detector). A filter of nickel allows
the complete removal of Cu Kg radiation. For the study of the crystal structure, neu-
tron powder diffraction (NPD) experiments were carried out in the high-resolution
powder diffractometer D2B at the Institut Laue-Langevin at Grenoble, with a wave-
length of 1.594 A. The patterns were collected at room temperature. About 0.8 g of
sample was contained in a vanadium can, and a time of 3 h was required to collect
a full diffraction pattern. The NPD data were analyzed by the Rietveld method [19]
with the FULLPROF program [20]. A pseudo-Voigt function was chosen to generate
the line shape of the diffraction peaks. The following parameters were refined in
the final run: scale factor, background coefficients, zero-point error, pseudo-Voigt
corrected for asymmetry parameters, positional coordinates and isotropic thermal
factors for all the atoms. The coherent scattering lengths for Na, Li, Mg and H were
3.63, —1.90, 5.375 and —3.739 fm, respectively.

Thermal analysis was carried out in a Mettler TA3000 system equipped with
a TC10 processor unit. Thermogravimetric (TGA) curves were obtained in a TG50
unit, working at a heating rate of 10°Cmin~", in a reducing H»(5%)/N2(95%) flow
of 0.3Lmin~'. About 50 mg of sample were used for each experiment. Differen-
tial Scanning Calorimetry (DSC) experiments were performed in a DSC30 unit, in
the temperature range of 35-500°C. The heating rate was 10°C min~"', using about
70 mg of sample in each run.

3. Results and discussion
3.1. Crystal structure

The samples were prepared under an external hydrostatic pres-
sure of 2 GPa. The x-ray diffraction patterns of the Na;_yLixMgH3
hydrides show sharp and well-defined reflections, as shown in
Fig. 1. The samples present a high crystallinity, in contrast with
the compounds obtained by the traditional ball-milling method.
This feature is important in order to determine the nature and pro-
portion of the different phases present in the patterns, refined by
the Rietveld method, and to define some structural peculiarities.
The diffraction peaks of unreacted MgH, and MgO were detected
in the samples with nominal compositions x=0.25 and 0.5 (¢ and
O symbols in Fig. 1, respectively). Excess Li is not observed by XRD,
probably because it is eventually present as an amorphous phase.
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Fig. 1. XRD patterns of Na;_xLiyMgHs3 hydrides prepared by high-pressure tech-
niques. The indexed peaks correspond to ¢ MgH, and O MgO.

In the NaMgHj3 pattern, the Bragg reflections were identified to be
those belonging to a distorted perovskite structure. These peaks,
corresponding to the main phase structure, shift to higher diffrac-
tion angles as Na atoms are replaced by Li (inset of Fig. 1). This is
due to the smaller size of the Li cations, which initially confirmed
that Li ions are incorporated into the perovskite crystal structure.

In order to carry out a more accurate structural study and also to
identify, locate and quantify light atoms as H and Li, we performed a
neutron powder diffraction investigation at room temperature for
all the samples. NPD on hydrides (instead of deuterides) is possible
nowadays owing to the availability of better neutron diffraction
facilities. Henry and Weller have demonstrated the possibilities and
limits of NPD on 'H (protium) in much detail [21-23]. Despite the
incoherent scattering of H, good NPD patterns were collected in
the present case, showing an excellent crystallinity for the samples.
The analysis of the obtained data confirms the perovskite structure
for the Na;_,LixMgHs3 hydrides with Pnma space group (No. 62),
corresponding to the orthorhombically distorted GdFeOs type. In
this setting, the Na/Li cations are placed at 4c(x, 1/4, z) sites, the Mg
cations at 4b (0, 0, 1/2) sites, and the two kinds of nonequivalent
hydrogen atoms (H1 and H2) at 4c (x, 1/4, z) and at 8d (x, y, z) sites,
respectively.

Fig. 2 illustrates the good agreement between the observed and
calculated NPD patterns at room temperature for Naj_yLixMgH3
hydrides and Table 1 summarizes the unit-cell, atomic, thermal
parameters and discrepancy factors after the Rietveld refine-
ments of the crystal structures. The lattice parameters of the
Na;_xLixMgH3 hydrides decrease as the amount of Li increases, as
shown in Fig. 33, being the shrinkage more pronounced along the ¢
axis. It is due to the smaller ionic size of Li* respect to the replaced
Na* ions. This effect can clearly be seen in the reduction of the
unit-cell volume along the series (Fig. 3b). The occupancy factors
for Na/Li as well as for H atoms were refined in order to obtain the
stoichiometric formula for each compound; the results are included
in Table 1. After the final refinement, the crystallographic formulae
for the three ternary hydrides are NaMgHs3 o, NaggsLigosMgH> 73
and Nag g, Lig.1sMgHs 55. The hydrogen deficiency found in the Li-
containing samples can be due to H desorption from the sample
after their synthesis. The maximum Li content in the samples was
0.18 (for nominal x=0.5), indicating the difficulty of Li atoms to be
introduced in this system.

Table 2 contains the main interatomic distances and angles.
The MgHg octahedra maintain a nearly ideal configuration with
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Fig. 2. Comparison of the observed (crosses), calculated (solid line), and difference
(at the bottom) NPD patterns for (a) x=0, (b) x=0.25, and (c) x=0.5 (nominal com-
positions) at T=295K. The three series of tick marks correspond to the positions of
the allowed Bragg reflections for the main phase, MgH, and MgO.

similar Mg—H bond length, and the tilting of the MgHg units leads
to a distorted cuboctahedral environment for the Na*/Li* cations.
The distortion mechanism is a tilting of essentially rigid MgHg
octahedra. It occurs when the A-site cation is too small for its
12-coordinated cavity in the cubic perovskite structure. The tilting
angle ((Mg—H—Mg)) decreases as x increases, as shown in Fig. 3c,
from 155.12° for NaMgH3 to 153.64° for Nagg,Lig18MgH ss,
indicating that the structure is more distorted as Li is introduced
at A positions.It is interesting to compare the present description
of the crystal structure of NaMgH3 with precedent determinations.
Bouamrane et al. [7] described very distorted MgHg octahedra,
with individual distances Mg—H2 of 2.237A and 1.7521A; our
data (Table 2) show much more regular octahedra with Mg—H2
distances of 1.958(1)A and 1.971(1)A. Along the Na;_,Li\MgH;
series we observe a progressive distortion of the MgHg octahedron,
to reach Mg—H2 bond-lengths of 2.001(1)A and 1.937(2)A for
x=0.18, as a consequence of the structural distortion induced by
Li as it is incorporated into the crystal structure. Ikeda et al. [24]

Table 1

Unit-cell and thermal parameters for Na;_,LiyMgH3 in orthorhombic Pnma (No. 62)
space group, from NPD at 295 K. (Na, Li) are placed at 4c (x, 1/4, z), (Mg) at 4b (0, O,
1/2), H1 at 4c (x, 1/4, z) and H2 at 8d (x, y, z) positions.

Nominal composition x=0 x=0.25 x=0.5
a(A) 5.4651(6)  5.4656(5) 5.460(1)
b (A) 7.7026(9)  7.7024(8) 7.698(2)
c(A) 5.4135(6)  5.4065(6) 5.399(1)
V (A3) 227.88(4) 227.61(4) 226.96(9)
Na/Li 4c (x, 1/4, z)

X 0.0154(4) 0.0169(5) 0.0121(1)
z —0.0084(5)  0.0000(6) —0.003(1)
Biso 2.31(2) 2.53(4) 1.01(6)
Na/Li focc 1.0 0.962(1)/0.038(1) 0.824(1)/0.176(1)
Mg 4b (0,0, 1/2)

Biso 0.843(8) 0.43(1) 1.43(3)
Soce 1.0 1.0 1.0

H1 4c (x,1/4, 2)

X 0.4677(4)  0.4808(6) 0.499(1)
z 0.0808(3)  0.0845(4) 0.0878(5)
Biso 2.56(3) 2.18(6) -0.11(7)
Soce 1.0 0.708(2) 0.568(2)
H2 8d (x,y, z)

X 0.2858(2)  0.2912(2) 0.3014(4)
y 0.0367(1)  0.0367(1) 0.0311(3)
z 0.7119(2)  0.7136(2) 0.7061(4)
Biso 2.34(2) 1.77(2) 3.24(5)
foce 1.0 1.0 1.0
Reliability factors

x> 2.65 2.20 3.03

Rp (%) 1.33 1.19 1.35

Ruwp (%) 1.76 1.54 1.80

Rexp (%) 1.10 1.06 1.04

Ry (%) 8.62 8.61 113

described extremely high displacement factors for hydrogen atoms
of 5.0A2 (unrefined); our present NPD data allowed us to refine
these parameters, obtaining reasonable values between 2 and
3 A2 (see Table 1). As observed before [7,24], the Mg displacement
factors take moderate values around 0.8 A2,

In ABH3 hydride perovskites, the tolerance factor has been used
to predict their structural types assuming a constant size of H= ions,
i.e. 1.3A or 1.4A [4,7]. Although this assumption is generally valid
for oxides, it is problematic for hydrides. In contrast to 02~ or halide
anions, which usually assume nearly constant radii, hydrides show
a diffuse and non-spherical character of the electron distribution
around H. In the AAeHs3 (Ae = alkali-earth ion) perovskite hydrides,
the H™ anion radius (coordination number =6) can be derived from
the M—H bond either in B-site octahedra or A-site cuboctahedra
[25], but there is no constant size relationship for the different

Table 2

Selected atomic distances (A) and angles (deg) for Na;_LiyMgHs at 295 K.
Nominal composition x=0 x=0.25 x=0.5
Distances (A)
(Na/Li)y—H1 2.519(3) 2.576(5) 2.703(6)
—H1 2.329(3) 2.255(4) 2.244(6)
(Na/Li)—H2 (x2) 2.679(2) 2.710(3) 2.791(5)
—H2 (x2) 2.342(2) 2.357(2) 2.316(4)
—H2 (x2) 2.735(2) 2.704(3) 2.645(4)
(Na/Li—H) 2.545 2.547 2.556
Mg—H1 (x2) 1.9826(5) 1.9820(6) 1.9823(8)
Mg—H2 (x2) 1.958(1) 1.987(1) 2.001(1)
—H2 (x2) 1.971(1) 1.944(1) 1.937(2)
(Mg—H) 1.971 1.971 1.973
Angles (°)
Mg—H1—Mg 152.43(3) 152.61(3) 152.29(6)
Mg—H2—Mg (x2) 156.44(4) 155.85(5) 154.31(10)
(Mg—H—Mg) 155.12 154.77 153.64
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Fig. 3. Variation of (a) the unit-cell parameter, (b) cell volume, and (c) (Mg—H—Mg)
tilting angle for Na;_,LixMgHs as a function of the actual amount of Li at the A
position of the perovskite.

cation species. For instance, from the (Mg—H) distance observed
for NaMgHs, of 1.971 A, we obtain a size for H- of 1.25 A (assum-
ing r(V'Mg2*)=0.72 A [26]). However, from the average (Na—H)
distances of 2.545 A we obtain a size for H- of 1.37 A (assuming
r(V'Na*)=1.18 A [26]). The large H™ anion size derived from Na—H
bond can presumably be explained by the polyhedral tilting.

On the other hand, as the tolerance factor (t) is a geometrical
parameter based on rigid spheres of constant radius, in the case
of hydrides the polarization of H~ and the covalence of the M—H
bond should also be considered. Using a constant H- radius of 1.3 A,
we determined that the tolerance factor for NaMgHs is t=0.87.
As we replace Na by Li, the tolerance factor decreases. When the
covalence effect on shortening of the Li—H bond length is consid-
ered, the tolerance factor will be even smaller, reducing the stability
for a perovskite. Indeed no perovskite structure was found in the
Li-Mg-H system (t=0.77), and we found a maximum Li incorpora-
tion level of x=0.18. In fact, the crystal structure of the hypothetical
LiMgH3 hydride has been predicted from ab-initio calculations [27],
and the most stable arrangement has been found to be the trigo-
nal LiTaOs-type (R3c space group) structure, which contains highly
distorted octahedra.

3.2. Thermal analysis (TGA and DSC)

The thermal stability was studied by recording the TGA curves,
in order to determine the hydrogen contents and the desorp-
tion temperatures. The measurements were performed in a H,/N;
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?
g 98 T X:0.5
Ny
2 o
(0]
S o7 |
1 I 1 I 1 I 1 I 1 I
- T I T I T I T I T I
(b)
0
x=0.25
=
E o
g
= i 417.8 °C
©
(0]
T 184
420.9>C
L S e B e I S R

200 250 300 350 400 450
T (°C)

Fig. 4. (a) TGA and (b) DSC curves for Na;_xLiyMgHs, obtained under a H,/N,
(5%/95%) flow.

(5%/95%) flow. The quantity of desorbed hydrogen is always cal-
culated from the weight loss between the weight sample at room
temperature and the weight sample at the minimum of the peak,
corresponding to the highest rate of weight loss. Fig. 4a shows the
normalized TGA curves for all the samples prepared. It is possible to
determine an approximate value of the hydrogen desorption tem-
perature using the first derivative of the curves. Table 3 shows the
desorption temperatures obtained from these curves for the stud-
ied samples, in the temperature range between 413 and 435°C. It is
important to highlight that the desorption temperature decreases
along the series as Li ions are introduced in the compounds, which
is certainly related with the lower stability of the hydrides as the
tolerance factor of the perovskite structure diminishes when Li is
incorporated at the A positions. In fact, a theoretical approach [8]
finds out that Li substitution of Na in NaMgHs linearly reduces
the dehydrogenation reaction enthalpy and may result in a favor-
able modification of the thermodynamics. The obtained calculation
suggests that Li substitution in NaMgH3; may result in a favorable
modification for onboard hydrogen storage application, which is in
the line of the present results.

Table 3 also shows the quantity of desorbed hydrogen that
corresponds to the hydrogen capacity of each sample. The values of
hydrogen loss are in between 1.39 and 1.76 H atom/formula com-
pared to the ideal 3 H atoms/formula. This difference is attributed
to the fact that the decomposition of the compounds into the

Table 3

Desorption temperatures and amount of desorbed hydrogen for Na;_,LiyMgHj3.
Nominal composition x=0 x=0.25 x=0.5
H loss (at./formula) 1.76 1.41 1.39
H (wt.%) 3.41 2.95 2.82
T desorp. (°C) 435 427 413
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elemental Na, Li and Mg [23] is followed, almost in parallel, with
the subsequent oxidation of these elements to the corresponding
oxides, even in the presence of a reducing H, /N, flow, since the TGA
equipment is not perfectly sealed. The oxidation at elevated tem-
peratures (above 400-425 °C) is clearly observed in the TGA curves
as a continuous weight gain which is probably superimposed to
the H release, masking the net value of the hydrogen capacity.

Differential scanning calorimetry (DSC) was also used to observe
the phase transition connected to the thermal dehydrogenation
of the samples. We used a Hy/N, (5%/95%) flow to avoid oxi-
dation of the samples. As it is shown in Fig. 4b for nominal
x=0.25 perovskite, there is an endothermic peak associated with
the desorption of H in the sample. The decomposition (desorp-
tion) temperature obtained by DSC is around 420°C. It takes
place in two steps (first step: NaMgH3 — NaH + Mg + H; and second
step: NaH+Mg+H; — Na+Mg+3/2H5), as it has been previously
reported by Ikeda et al. [22]. The desorption temperatures observed
in the TGA curves (Table 3) are in good agreement with the values
found out from the DSC experiments.

4. Conclusions

We have prepared, by an original synthesis procedure, the
ternary hydrides Na;_yLixMgH3 in one single step using a
high-pressure technique in a very short reaction time and
moderate temperatures. This high-pressure method produces well-
crystallized samples in contrast with the compounds obtained by
the traditional ball-milling technique. The direct structural char-
acterization of the hydrides by NPD has been possible in spite of
the H incoherent scattering. The crystal structure corresponds to
an orthorhombic superstructure of perovskite, defined in the Pnma
space group for all the compounds. As Li is introduced in the sys-
tem, the unit-cell parameters decrease, the tilting angle increases
and the MgHg octahedra become more distorted due to the smaller
ionicsize of Li* vs Na*. The hydrogen desorption temperature deter-
mined from thermogravimetric and DSC analysis, in the 413-435°C
range, decreases as Li is introduced into the structure, due to the
lower structural stability of the Li-containing perovskites.
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