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Abstract: La;xMgxNis2sAlg 75 (x=0.0, 0.1, 0.2, 0.3) hydrogen storage alloys were prepared by a three-step induction melting. Their
crystal structures and hydrogen storage properties were investigated. Results show that alloys with x=0.0 and 0.1 contain a single
LaNisAl phase; however, those with x=0.2 and 0.3 are composed of LaNisAl, (La, Mg)Ni; and AlNis phases. With x increasing from
0.2 to 0.3, the abundances of the secondary phases and the plateau pressures in the pressure-composition isotherms are lifted
significantly. Meanwhile, their hydrogen storage capacities are remarkably reduced. It is found that the alloy with x=0.1 possesses
the fastest absorption kinetics compared to the others as well as a good hydrogen capacity and a low plateau pressure.
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The importance of hydrogen as a clean energy carrier is
being widely accepted during recent years, since more and
more people recognize that the combustions of fossil fuels
would produce such greenhouse gases as oxides of carbon,
nitrogen, sulphur, etc.) which are harmful to the environ-
ments and economies. Hydrogen is considered as a potentially
non-carbon-based and alternatively eco-friendly fuel, which
can be generated from clean and renewable sources'.

For the coming hydrogen economy society, efficient
hydrogen storage and delivery are fundamentally important.
ABs-type alloys are preferably used for hydrogen storage.
They can reversibly uptake/release hydrogen in ambient
conditions. Element substitution has been frequently adopted
to improve the ab/de-sorption properties of such alloys®®. As
a favorable material, LaNi,55Alg 75 is used in storing tritium in
such facilities as the Savannah River Site (SRS) of USA!.
Since it is liable to be activated, a delivery pressure higher
than 200 kPa can be easily achieved by a moderate heating
and nearly entire ®He can be captured. So far, LaNigasAlg7s

Received date: January 19, 2015

alloy as the tritium storage medium has been employed for
more than 20 years®. Cheng et al.””! found that the hydrogen
absorption kinetics of the unannealed melt-spun (UMS)
LaNigsAly7s alloy was improved from that of annealed
induction-melt (AIM) one after 1500 cycles. Furthermore, the
utilization of melt-spinning technique resulted in a decreased
hysteresis of pressure-composition (P-C) isotherms and an
improved pulverization resistance.

In recent years, Mg and Mg-Ni-based alloys have been
adopted for on-board hydrogen storage materials because of
their high capacity™™. In addition, Mg-based hydrides
possess some excellent properties such as recyclability,
reversibility and heat-resistance™™. Hence, partial substitution
of La by Mg in LaNigsAly -5 alloy was expected to improve
the ab/de-sorption properties. Moreover, the substitution
would decrease the cost of the product because Mg is much
cheaper than La. However, little attention was paid on the
substitution of La by Mg in LaNi,sAly7s alloy at present.
Therefore, we would focus on the crystal structures and the
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hydrogen storage properties of La;.,Mg,Ni42sAl75(x=0.0, 0.1,
0.2, 0.3) alloys.

1 Experiment

The Lag.4MgxNissAlg7s alloys were prepared by electro-
magnetic induction melting the mixtures of La (99.50%),
Ni (99.90%), Al (99.99%) and Mg (99.95%) ingots, using the
furnace with a cold crucible under argon atmosphere in the
Metallurgical Laboratory of Shanghai University. Because the
saturated vapor pressure of magnesium is remarkably high, a
three-step melting process was adopted to reduce the loss of
Mg. Firstly, La;,NisosAlg7s alloy was prepared with Al, La
and Ni ingots which were placed in crucible from bottom to
top. After the preparation, the as-cast ingot of La;,NissAlg 75
alloy was mechanically pulverized. Secondly, Mg was
plunged into the bottom of crucible and covered with
La; «Nis5Alg75 pieces to produce La; ,Mg,NigosAlg s alloy.
Afterward, the as-cast La;,Mg,Ni,.sAlg75 alloy was crushed
into pieces and melted again under the same conditions in
order to obtain a homogeneous alloy. At last, the as-cast ingots
were sealed in quartz tubes under argon atmosphere for
annealing. The annealing was conducted in a muffle furnace at
1173 K for 4 h. After that, the samples were slowly cooled
down to room temperature. Since magnesium might lose mass
by nearly 15% during the whole process as above mentioned,
an excessive Mg of 15% was added to compensate the loss.

The chemical composition of the alloys was determined by
inductively coupled plasma optical emission spectrometry
(ICP-OES, SPECTRO ARCOS SOP type, Germany). About
200 mg powder with uniform composition was weighed for
ICP-OES analysis. Three parallel samples were analyzed for
each alloy to ensure reproducibility.

The crystal structures of the alloys were determined by an
X-ray diffractometer (XRD, Bruker, D8 ADVANCE type,
Germany). The X-ray diffractometer worked with the X-ray of
Cu Ka and scanned in the 26 range from 10°to 90<at room
temperature. The scanning step size and dwell times per step
were 0.02<and 0.15 s, respectively. For the XRD analysis, the
alloy samples were mechanically crushed and ground into
powders. The Rietveld refinements on the XRD pattern were
applied to determine the phase abundances and lattice
parameters by the TOPAS software (Bruker).

The hydrogen absorption/desorption P-C isotherms of the
alloys were measured on a Sieverts apparatus™® with 99.999%
purity hydrogen gas at New Energy Material & Technology
Laboratory of Yangzhou University. The samples of about 1g
were put into the reaction chamber, evacuated at 373 K for 30
min, and then reacted with 9 MPa hydrogen. After 10
absorption-desorption cycles, the alloys were fully activated.
Subsequently, the P-C isotherms of the hydrogen
absorption/desorption and the hydrogen absorption Kkinetics
curves were measured at 363, 383 and 403 K. In the present

paper, tyo represents the time taken for absorbing 90% of the
maximum hydrogen capacity of an alloy. The slope factor S;
was defined as:

s, = Ig Pue=os )

pwt%:O.lA

where puioe=0s and Pww-014 are the plateau pressures for a
hydrogen storage capacity of 0.8 wt% and 0.14 wt%,
respectively.

2 Results and Discussion

2.1 Alloy phases and crystal structures

The comparison of the ICP-OES results with the designed
compositions of La;.,MgNi,sAly 75 alloys in Table 1 reveals
that the ICP-OES results agreed well with the designed alloy
compositions, with a relative deviation of La, Ni, Al and Mg
content of about #5% for most of the alloy samples.

The XRD patterns in Fig.1 have characterized three phases
in the La;,Mg,Ni;2sAlg75 (x=0.0, 0.1, 0.2, 0.3) alloys, which
are LaNi,Al phase with a CaCus-type hexagonal structure,
(La,Mg)Ni; phase with a PuNis-type rhombohedral structure
and AlINi; phase with an AuCus-type cubic structure. The
LaNi,Al and the (La,Mg)Ni; are hydrogen absorbable phases,
but the AINij; is not such kind of phase™*'. The Rietveld
method was applied in this study for a quantitative phase
analysis. As an example, the Rietveld refinement pattern for
the alloy with x=0.3 is exhibited in Fig.2. The patterns
calculated using the Rietveld method fit well with the patterns
obtained by the XRD analysis. For the Rietveld refinements,
the structural models for LaNi,Al, (La,Mg)Ni; and AINij
phases were taken from the reported CaCus"®, PuNi,"*" and
AuCu,™® structures, respectively. Crystal structure characteri-
zations and the evolution of phases abundances for the alloys
reveal that the phase structures and abundances of the alloys
change with Mg content (Table 2, Fig.3). When x is equal to
0.0 and 0.1, LaNigAl is the single phase in the alloys,
suggesting that Mg fully dissolves into the alloy with x=0.1.
However, when x is increased to 0.2 and 0.3, the (La,Mg)Nis
and AINi; phases appear in the alloys. When x is increased
from 0.2 to 0.3, the abundance of the LaNi,Al phase drops
from 67.3 wt% to 52.8 wt%, whereas the abundances of AlNi,
and (La,Mg)Ni; phases increase from 18.30 wt% to 25.63
wt% and 14.35 wt% to 21.51 wt%, respectively. These
structural changes most likely affect the ab/de-sorption
properties of the alloys.

Table 2 shows the crystallographic parameters of all phases
in the alloys, which coincides well with those published in
literatures ™* ** % The cell volume of the main phase LaNi,Al
slightly decreases with increasing Mg content. While the cell
volume of the (La,Mg)Ni; phase decreases when x is changed
from 0.2 to 0.3. The LaNisAl phase has a CaCus-type
hexagonal structure. In the present work, the transfer energy
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Table 1 Comparison of the designed alloys compositions with the ICP-OES results

Element content/wt%

Alloy -
La Mg Ni Al
. Designed 34.00 - 61.05 4.95
LaNis.25Alo75
ICP-OES 33.0940.03 — 63.2840.11 4.9940.01
. Designed 31.48 0.61 62.81 5.10
Lao.sMgo.1Nis 25Al0.75
ICP-OES 32.8642.07 0.6340.03 65.4544.15 5.264).25
. Designed 28.81 1.26 64.68 5.25
LaosMgo.2Nis 25Al0.75
ICP-OES 27.7740.20 1.1140.01 67.4040.23 5.1340.08
. Designed 25.98 1.95 66.66 5.41
Lao.7Mgo.sNis25Al075
ICP-OES 25.1640.0004 1.8440.01 67.9240.54 5.2840.03
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Fig.2 Rietveld refinement of the observed XRD pattern

for the alloy with x=0.3

of a Mg atom substituting a La atom in the CaCus-type phase
was calculated to 2.37 eV based on first-principle calculation®.
This indicates that the Mg atom can substitute La atom in the
LaNi,Al phase. The PuNis-type (La, Mg)Ni; phase is a stacking
of LaNis and MgCu, (MgZn,) units along the c-axis. The Mg
atom can substitute the La atom only inside the MgCus, unit (6¢
site)®. The atomic radius of Mg (0.1602 nm) is obviously
shorter than that of La (0.1897 nm)™**.. Therefore, the decrease of
the cell volumes of the LaNi Al and (La, Mg)Ni; phases might
be due to the substitution of La by Mg. Fig.3 shows the relation
between phase abundance and Mg content in the alloys.
2.2 Pressure-composition isotherms

The hydrogen absorption and desorption P-C isotherms of
the La;xMg,Nis2sAlg7s (x=0.0, 0.1, 0.2, 0.3) alloys at 363 K
are shown in Fig.4. Only one plateau is found in the curves for
the alloys with x=0.0 and 0.1, which is attributed to the
LaNigAl phase. While two plateaus appear in the curves for
the alloys with x=0.2 and 0.3. These two regions might be
correlated to the LaNi,Al and (La,Mg)Nis phases, respectively.
Zhang L et al. reported that the plateau pressure observed for
the LaNis phase was higher compared to that of the
(La,Mg)Ni; phase®, and Zhang X.B. et al. showed that the
difference between the plateau pressures of ABs and AB;-type
compounds is too small to be observed®®". In the present study,
the low plateau region turns narrower and the high plateau
region becomes wider as the Mg content increases from 0.2 to
0.3. This change is correlated with the decrease of the LaNi,Al

Table 2 Lattice parameters and phases abundances of the La-xMgxNis2sAlo7s (x=0.0, 0.1, 0.2, 0.3) alloys

Alloy Phase Space group a/nm c/nm Vinm? Abundance/wt%
LaNi4,25A|o,75 .
Rup=9.03%, S=1.93 LaNijAl P6/mmm 0.50504 0.40469 0.08939 100.00
Lao.sMgo.1Nis 25Al0.75 .
Rup=10.84%, $=2.42 LaNijAl P6/mmm 0.50488 0.40455 0.08930 100.00
Lan Mot sNis sl LaNijAl P6/mmm 0.50432 0.40381 0.08895 67.35
ao.sMJo.2N14.25Al0.75 . a
Pm3m . - . .
Rup=8.91%, $=2.03 AlNi; - - 0.35772 0.04577 18.30
(La,Mg)Nis R3m 0.49783 2.40887 0.51702 14.35
Lo Mo <Nis scAl LaNijAl P6/mmm 0.50431 0.40390 0.08891 52.86
ao.7IMJo.3N14.25Al0.75 . 5
Rup=9.37%, $=2.22 AlNi3 - Pm73m 0.35782 — 0.04581 25.63
(La,Mg)Nis R3m 0.49760 2.40996 0.51678 21.51

Note: Ry = Weighted pattern factor, S=goodness of fit
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Fig.4 P-Cisotherms of the La;-xMgxNis25Alo 75 alloys at 363 K

phase abundance and the increase of the (La,Mg)Ni; phase
abundance (Fig.3). Thus, the low and high plateau regions
most likely belong to the ab/de-sorption of LaNi,Al phase and
the (La,Mg)Ni; phase, respectively. Particularly, for the alloy
with x=0.3, it is obviously found that the high plateau region
is wider than the low plateau region, probably due to the
increase of the Mg/La ratio as the Mg content increases in the
(La,Mg)Ni; phase, resulting in an increase of the hydrogen
storage capacity .

As x increases from 0.2 to 0.3, the hydrogen absorption/

desorption plateau pressures increases correspondingly as well.

However, only slight increase can be observed for the alloy
with x=0.1. These results indicate that the stability of the alloy
hydrides decreases as the Mg content in the alloys increases
because the increment of the plateau pressure can be regarded
as a measure of the stability for the alloy-hydrogen system!®!.
The variation of the plateau pressure might be related to the
contraction of the unit cell volume of the LaNi Al phase and
the (La,Mg)Ni; phase in the alloys (Table 2) because the
smaller the unit cell volume, the smaller the interstitial hole
size, and hence the larger the strain energy produced when
hydrogen atoms occupy interstitial sites “\. Therefore, the
plateau pressure will be higher for a compound with a smaller
unit cell volume.

On the other hand, increasing of Mg content from 0.2 to
0.3 results in a degradation of the hydrogen storage capacity
from 0.97 wt% to 0.79 wt%. But the hydrogen storage
capacity changes very slightly when x is increased from 0.0 to
0.1 (Fig.4). The results of the XRD analyses show that the
alloys with x=0.2 and x=0.3 consist of the LaNi,Al, the
(La,Mg)Ni; and the AINi; phase (Fig.1). AINi; phases is not a
hydrogen absorbable phase. The formation enthalpy of AlNis;
is low, which means that AlINi; is easily generated and very
stable™?]. The quantitative phase analyses show that the
phase abundance of AlNi; increases from 18.30 wt% to 25.63
wt% as x increases from 0.2 to 0.3 (Table 2). Thus, the
degradation of the hydrogen storage capacity may be mainly
attributed to the increment of the AINi; phase in the alloys. In
addition, the decrease of the unit cell volume of the hydrogen
absorption phase would lead to the degradation of the
hydrogen storage capacity because the hydrogen storage
capacity would be geometrically relevant with the free
interstitial space and chemically affected by the electronic
properties of the lattice atoms surrounding interstitial
hydrogen atoms!??.

The plateau slope factor Sf is often used to evaluate the
homogeneity of the crystal lattice through distribution of the
chemical potential of hydrogen in the hydride®”. An
increasing of S; usually suggests a poor homogeneity of the
alloy. As described above, for the alloys with x=0.2 and 0.3
two plateaus are observed in the P-C isotherms, but only one
plateau for the alloys with x=0.0 and 0.1 (Fig. 4) can be
identified. Thus, the S; values for the alloys with x=0.2 and 0.3
would be much higher than the corresponding values for the
alloys with x =0.0 and 0.1, implying a lower homogeneity of
the crystal lattice for the alloys with x = 0.2 and 0.3 compared
to the alloys with x = 0.0 and 0.1. By means of the Eq. (1), the
St values for the alloys with x=0.0 and x=0.1 were calculated
to 0.3 and 0.2, respectively. It indicates that there is no
obvious difference between the two alloys. As already
mentioned, the magnesium dissolve into a solid solution of the
alloy with x=0.1. Therefore, the small amount of Mg in the
LaNig4 sAlg 75 alloy has little effect on the homogeneity of the
alloy.

2.3 Thermodynamic properties

The enthalpies AH and the entropies AS for the
hydrogenation/dehydrogenation of the La;. MgNisasAlg 75
alloys were calculated according to the following Van’t Hoff
equation:

|n[p“2j:AH_AS @
P,

where py, , T and R denote the equilibrium hydrogen gas
pressure, the sample temperature and the universal gas
constant, respectively. The Gibbs free energy AG was then
calculated using the following equation:
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Table 3 Thermodynamic properties of the La;xMgxNia2sAlg 75 (x=0.0, 0.1, 0.2, 0.3) alloys

AH/KJ mol™* AS/J {mol K)* AG/KkJ mol ™ (363 K)
Alloy ; : - - . - H content/wt%
Absorption  Desorption Absorption Desorption Absorption Desorption
LaNig 25Alo 75 —38.45 38.38 -104.9 104.1 -0.37 0.57 1.12
Lao_gMgo_lNi4_25A|o_75 -38.32 38.34 -105.1 104.5 -0.17 0.39 1.11
Lao_gMgo_zNi4_25A|o_75 -37.81 37.66 -107.2 105.9 1.10 -0.80 0.97
Lao_7Mgo_3Ni4_25A|o_75 -37.52 37.03 -107.3 105.1 1.43 -1.11 0.79
AG =AH-TAS (3)

The results of the thermodynamic calculations show that the
absolute values of enthalpies decrease with increasing of Mg
content, indicating that the hydride stability decrease with
increasing of Mg content (Table 3). The results in the table
coincide well with the correlation between the increment of
the plateau pressure and the increase of the Mg content (Fig.4).
The negative values of the Gibbs free energy for the hydrogen
absorption (AG,) confirm that the La;,Mg,Ni,sAlq75 alloys
form stable hydrides and that the hydride stability decreases
with increasing of Mg content because the hydrogen
absorption reaction is spontaneous in the direction in which
the free energy decreases Y.

2.4 Hydrogen absorption kinetics

The hydrogen absorption kinetics of the investigated alloys
were assessed by means of isothermal curves. The time taken
by the alloys with x=0.0, 0.1, 0.2 and 0.3 to attain 90% of their
maximum hydrogenation capacity is 56, 36, 68 and 59 s,
respectively (Fig.5). It is found that the hydrogen absorption
kinetics of the alloy with x=0.1 is the most significantly
improved among these alloys. The capability of the absorption
kinetic of an alloy may be correlated to the particle size, the
driving force and the hydrogen diffusivity™. In order to
investigate the powdered features of the alloys, the
morphology of the alloys was investigated by scanning
electron microscope(SEM) after 15 hydrogen absorption/
desorption cycles (Fig.6). The SEM images show that there is
no obvious variation in particle size among the different alloys.
Previous research has suggested that the lower the absorption
plateau, the greater the driving force for hydriding at the same
initial pressure, and hence the absorption kinetics will be
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Fig.5 Hydrogen absorption of the La;-xMgxNis 2sAlo 75 alloys
at 363 K

Fig.6 SEM images of the alloys after 15 hydrogen absorption/
desorption cycles: (a) LaNig 2sAlg.75, (b) LaosMgo.1Nis 25~
Alg.75, () LaosMgo2Nia2sAlg 75, and (d) Lag7MgosNias-
Alo7s

fast®. The structure of an alloy is better-ordered and its
hydrogen diffusivity is faster’®™. As discussed above, the
alloys with x=0.0 and 0.1 show a lower absorption plateau and
a better homogeneity of the crystal lattice than those with
x=0.2 and 0.3. Therefore, the enhanced hydrogen absorption
kinetics observed for the alloys with x = 0.0 and 0.1 might be
attributed to the greater driving force and hydrogen diffusivity.

3 Conclusions

1) The La;,Mg,Nis Al 75 (x=0.0, 0.1, 0.2, 0.3) alloys show
a single phase with a CaCus-type structure for x=0.0 and 0.1.
For x=0.2 and 0.3, however, the presence of secondary phases
with a PuNis-type and an AuCus-type structures can be
identified, and the abundances of the secondary phases
increase with increasing of Mg content.

2) With the increase of Mg content from 0.2 to 0.3, the
plateau pressure of the alloy increases correspondingly. At the
same time, their hydrogen storage capacity decreases from
0.97 wt% to 0.79 wt%, which can be attributed to the increase
of the AINi; phase abundance in the alloy.

3) The alloy with x=0.1 possesses the fastest absorption
kinetics among these alloys, and its plateau pressure and
hydrogen capacity are almost the same as those of
LaNig4 »5Al, 75 alloy.
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