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Abstract: Metal hydrides of AB5 compositions have been investigated over the years as they offer
extraordinary volumetric hydrogen densities with high cycling stability and purity of released
hydrogen. Moreover, by doping with different elements, the sorption properties of alloys can be
significantly changed according to their foreseen applications. In this contribution, we report the
synthesis routes and hydrogenation characteristics of Laj_YxNis 5Cugs. The synthesized alloys
exhibit excellent structural purity with all reflections indexed by the hexagonal P6/mmm structure.
It was found that the Y content can easily tune (raise) the equilibrium pressures of the pressure—
composition isotherms, while overall gravimetric density remains at a level exceeding 1.5 wt.%
up to x = 0.3 then strongly decreases. The pressure range for desorption can be tuned from 1.5 to
5 bars at room temperature. Some alloys (x = 0; 0.2) exhibit very good stability during 1000 cycles of
hydrogen loading and unloading. Furthermore, activation of the alloys is prompt, making them good
candidates for stationary hydrogen storage, non-mechanical hydrogen compressors, or soft actuators.

Keywords: hydrogen storage; AB5 alloys; metal hydrides

1. Introduction

Binary metal hydrides of AB5 stoichiometry, mainly derivatives of LaNis crystallizing
in the hexagonal CaCus structure, are important chains in the hydrogen economy, being
used in hydrogen storage and compression systems, fuel cells, purification devices, sen-
sors, catalyst agents, and soft actuators, as well as in gas separators, which has recently
attracted scientific interest [1-9]. Among the above-mentioned purposes, it seems that
stationary storage, purification, compression and further uses for soft actuators, which
will generate growing demand for new materials with a very different range of operating
pressures [8,10,11].

The hydrogen sorption properties of the LaNis5 alloy have been known since the 1970s.
The alloy offers loading and unloading pressure below 2 bar, with relatively low hysteresis
and a maximum concentration of around 1.4 wt.% [12]. The hydriding properties can be
tuned according to the chemical composition of the alloy at a wide range of operating
pressures [8]. However, the problem of alloy stability towards extended cycling is crucial,
as the performance of some LaNi5 derivatives deteriorates rapidly [13,14].

Although the LaNi5 derivatives are quite well-exploited, the compositions tending
toward high pressures are relatively rarely researched. The YNis alloy has been shown to
exhibit a two-plateaus pressure-concentration isotherm (PCI) curve with plateau pressures
of about 300 and 1000 bar and a final concentration of hydrogen around 1 wt.% [15]. It was
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concluded that the high pressure (above 100 bar) required for the formation of the YNisHy
hydrides originates in the rigidity of the compound, which is measured via estimation of
the Debye temperature [16]. The last report on YNi5 brought the PCI curve measurement
to 2000 bar and the conclusion that the results are very different from those previously
reported, as only one plateau was evidenced on the PCI curve above 600 bar [17]. On the
other hand, the LaNi5_Cuy system has been relatively more researched. The LaCus alloy
was reported to absorb hydrogen with PCI plateau pressures of 2-3 bar; however, similarly
to the YNi5 alloy, the hydrogen concentration was much lower than in the parent LaNis
alloy [18]. Recent studies revealed that LaNis_,Cuy alloys exhibit decent electrochemical
properties for storing hydrogen with ease of activation; however, their cycling stability is
suppressed for mediocre Cu concentrations [19]. Interestingly, LaNis_,Cuy alloys were
tested for gas separation (harvesting hydrogen) from mixtures [20]. It was reported that
YCus does not undergo hydrogenation, while it is isostructural to the alloys discussed
above. As a reason for this behavior, a too-small volume of the unit cell was given [21].

Surprisingly, only Co, Cu, Zn, Ir, and Pt can be introduced as M in LaNis_, My alloys
in a wide concentration range up to x = 5 [22-26]. Other elements can be introduced with
a limited upper range, usually lower than x = 1. However, such doping substantially
improves hydrogenation properties. For example, introducing Al for Ni leads to a rapid
drop of the equilibrium pressure of two orders of magnitude for x =1 [27]. Another common
substitution for Ni is Sn, which provides excellent stability during thousands of hydrogen
loading /unloading without decreasing the maximum hydrogen capacity of the alloy [28].
On the other hand, La substitutions are restricted mainly to other rare earths such as Ce
for raising the equilibrium pressures, as the CeNis alloy exhibits equilibrium pressures in
the range of 200 bars after activation [29]. To achieve cost efficiency of the storage beds,
mischmetal (Mm) is often used in place of lanthanum. The mischmetal consists mainly
of Ce (~50 wt.%), La(~35 wt.%), Nd, and Pr depending on the actual ore, which was
used for production [30]. However, those alloys suffer from large hysteresis and rather
high equilibrium pressures for hydrogen absorption/desorption because of the smaller
lattice parameters, as La has the highest atomic radius compared to the other rare earths.
Therefore, to tune the properties to be suitable for hydrogen reservoirs, compressors, or
actuators, substitutions for Ni must be used. Apart from most 3d, 2p, and 3p elements,
Al and Mn are the dopants which are commonly used [31]. For example, MmNis_, Al
alloys can be tuned to exhibit equilibrium pressures in the range of 0.1-20 bars [32]. The
LaNis_4Cuy alloys exhibit lower equilibrium pressures than the LaNis, as well as hydrogen
concentration [23,33]. However, the kinetics of Cu-doped LaNi5 was significantly better
than that of the parent alloy [23]. It was even suggested that the LaNi5_,Cuy alloys could
be used for the extraction of hydrogen from gas mixtures [23].

For possible applications, the ease of the activation procedure is as important as other
parameters. Usually, the activation procedure is related to the decrepitation of grains,
which allows hydrogen to enter fresh surfaces. However, other mechanisms can be taken
into account; that is, strains and defects can also play an important role in facilitating the
activation process [34,35]. Neutron imaging studies revealed that the activation process
is random within the entire hydrogen storage bed [34,35]. For the above reasons, rapidly
cooled materials or materials as-synthesized, i.e., without thermal treatment, are particu-
larly interesting in solid-state hydrogen storage. Another factor that limits the performance
of the hydrogen storage bed is decrepitation followed by particle transport. In principle,
decrepitation leads to an increase in the surface-to-volume ratio, which should speed up the
reaction of hydrogenation. However, it decreases thermal transport, which is also crucial
for strongly exothermic hydrogen sorption in metallic materials [34,35].

According to U.S. Department Of Energy, 2025, targets for “Onboard hydrogen stor-
age for light-duty fuel cell vehicles” are as follows: total hydrogen gravimetric density—
5.5 wt.%; total hydrogen volumetric density—0.04 kg/L; price of the system—300 USD
for 1 kg of stored Hj; cycle-life—1500 cycles [36]. Although AB5 metal hydrides do not
meet the gravimetric density for vehicle applications, they are a good choice when it comes
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to stationary hydrogen storage, electrodes for Ni-MH batteries, soft actuators, and non-
mechanical compressors [37]. For all the above-mentioned applications, the repeatability
and consistency of metal hydride beds’ behavior is considered crucial. Therefore, research
on materials which possess those properties is still important.

In this contribution, we report the synthesis, structural, and hydrogen sorption prop-
erties of Laj_4YxNis.5Cug.5 alloys, i.e., alloys that premise convenient operating pressure
adjustment and stability and higher hydrogen concentrations in comparison to the parent
alloys YNi5 and LaCus. The alloys were not subjected to thermal treatment to accommodate
structural imperfections.

2. Experimental Section

The alloys were synthesized via arc melting of the stoichiometric amounts of pure
metals (La and Y—99.99%; Ni and Cu—99.999% by MaTecK GmbH (Jiilich, Germany)) in
protective Ar atmosphere. The products were remelted five times to achieve homogeneity.
After synthesis, no annealing at elevated temperatures was applied, which is a typical pro-
cedure for obtaining alloys with excellent degree of atomic order. However, long annealing,
even under high-vacuum conditions or in a high-purity Ar atmosphere, leads to contami-
nation with oxygen in the form of simple oxides. According to our experience, alloys with
stationary defects activate better (i.e., faster) and their performance is maintained for longer
cycle life.

The materials were subjected to microstructural investigation by means of scanning
electron microscopy (SEM) using JEOL JSM-7100F equipped with X-ray energy dispersive
spectroscopy detector (EDS). The tests revealed a homogeneous distribution of elements
without traces of spurious phases. The samples were powdered and examined via X-ray
diffraction using a Panalytical Empyrean diffractometer, which was calibrated for the
position of the lines and profiles widths using NIST 660 (LaB¢). Calibration was used for
Rietveld refinements of the collected data, which were quantified by FullProf suite software
(https:/ /www.ill.eu/sites/fullprof/) [38].

TEM measurements were obtained using the JEOL JEM-2100 with an acceleration
voltage of 200 kV. The samples were investigated using a bright field mode at various
magnifications, high resolution at 400 kV, and diffraction with a camera length of 60 cm.

Hydrogen sorption studies were performed using a Setaram-automated PCT-PRO
volumetric sorption analyzer. The sample of known mass, about 0.4 g for all alloys, was
placed in Inconel steel container, then flushed 10 times with high purity He (99.9999%) and
evacuated to remove residual gases from the powder. Subsequently, the residual volume
of the container was estimated volumetrically by the expansion of the helium from the
calibrated volume. The activation of the samples was carried out at a temperature of 30 °C
via cycling at Hy of 30 bar for 5 min, followed by evacuation for 5 min. When the sample
showed stability for 5 subsequent cycles, PCI curves were measured on the same sample
(without exposing it to the air). After the last desorption, the maximum concentration
of hydrogen was checked at 25 °C. The pressure for that experiment was chosen on the
basis of the PCI curve; the highest pressure of the plateau was doubled. Then, cycle life
experiments were carried out for chosen samples to determine the deterioration of the
specimens (1000 cycles at pressure set as described above).

3. Results
3.1. Structural Properties

The alloys turned out to be single-phased with good homogeneity, as evident from
Figure 1. The high-resolution TEM images show atomic layers with distances, respectively,
for the P6/mmm structure. In Figure 1a, some atomic layers (described by 111 and 002
Miller indices of the P6/mmm space group) with corresponding interplanar distances are
revealed. The crystallite sizes show a distribution between 50-400 nm, which is typical
for samples without annealing. TEM investigation also revealed the occurrence of various
defects, as expected, via the synthesis route.
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Figure 1. Electron microscopy results for the Lag 5Y(5Nis 5Cug 5 sample: transmission image (TEM)
with layers of P6/mmm structure marked together with interplanar distances (a); scanning electron
microscopy image (b) with elemental distribution—La (c); Cu (d); Y (e); Ni (f).

X-ray diffraction data were refined using the Rietveld method. For all investigated
samples, the refined structural models showed reliability factors (Rpragg and Rg) below 8%,
which proves a proper choice of the structural model. To verify whether the substituting
elements are located in the expected positions, different structural models were tested.
Namely, the distribution of Y over the La 1a site, as well as the Ni 2c and 3g sites, was
considered. The lowest reliability factors were obtained for Y solely occupying the 1a site.
The possibility of Y occupation of the Ni 2c and 3g sites were excluded as it produced
much higher Rp,g; and R factors, exceeding 13%. On the other hand, the Cu substitution
was expected to occur solely for Ni atoms at 2c and 3g sites. Indeed, the models with
Cu distributed over the 1a site increased the reliability factors above 12%. Therefore, the
substitution of the copper atoms for the La/Y 1a site was excluded. There was an open
question as to whether the Cu atoms are evenly distributed between both Ni sites (2c and
3g). As the difference in Cu and Ni atomic scattering factors for X-rays is very small, the
X-ray diffraction is not a reliable tool for verifying this issue. The reliability factors for
models with Cu evenly distributed over both Ni sites, or Cu located exclusively in the 2¢ or
3g sites, gave similar reliability factors. However, for the isostructural Lag 75Ce 25Nis gAlg 2
alloy, the Al was reported to occupy only the 3g site, according to the neutron diffraction
studies [39]. Hence, the positions of the atoms are as follows:

Y /La at the 1a site: 0; 0; 0,

Ni at the 2c¢ site: %,‘ %,‘ 0,

Ni/Cu at the 3g site: %,‘ 0; %

Results of the X-ray diffraction of the synthesized alloys are presented in Figure 2.
Usually, when mixing two elements over some crystallographic position, the 50:50 ratio
has the highest possibility of disproportionation. As is apparent, this is not the case for
the Lag5Y(5Nis5Cugs sample, which shows excellent phase homogeneity, without the
occurrence of non-indexed reflections. Rietveld refinements revealed that all samples
crystallize in the hexagonal P6/mmm structure. The results of the refinements are also
collected in Table 1.
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Table 1. Rietveld refinement for La; _ YxNig 5Cuq 5 alloys. The lattice parameters (a, ¢, V) as well as
strains related to static defects are given. Uncertainty levels are given in parentheses.

Sample a(A) c(A) V (A3) Strain (%)
LaNig5Cugs 5.0203(1) 3.9991(1) 87.29(1) 0.211(6)
Lag oY1 Nig5Cug s 5.0102(1) 3.9957(2) 86.86(1) 0.216(8)
LaggY2Nig5Cugs 5.0001(1) 3.9930(1) 86.45(1) 0.206(7)
Lag7Y03Nig5Cugs 4.9867(1) 3.9909(1) 85.94(1) 0.196(7)
Lag ¢Yo.4Nig5Cug 5 4.9732(1) 3.9904(1) 85.47(1) 0.209(7)
Lag5Y05Nig5Cugs 4.9605(1) 3.9884(1) 84.99(1) 0.214(6)
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Figure 2. Rietveld refinement for the X-ray diffraction pattern of the Lag5Y(5Nig 5Cug 5 sample. The
insert presents comparison of all collected patterns. Only the main reflections area is displayed, along
with dependence of the unit cell volume on yttrium concentration.

It can be concluded that the lattice parameters change nearly linearly (i.e., decrease) with
the concentration of Y, which could be expected since yttrium has a lower metallic radius
than lanthanum (1.80 vs. 1.87). This is reflected in the unit cell volume drop with the increase
in the yttrium concentration, as presented in the insert to Figure 2. The strains in the crystal
are nearly at the same level, which means that their origin is purely due to the preparation
procedure. However, the strains are surprisingly low for non-annealed materials.

3.2. Hydrogen Sorption Properties

The activation of the La;_4YxNis5Cug5 alloys with a low Y content is immediate,
as shown in Table 2. Up to x = 0.3 activation is carried out in seven cycles of hydrogen
loading and unloading according to the procedure described in Section 2. For higher
yttrium concentrations, activation requires a much larger number of cycles. As the single
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absorption and desorption (evacuation) cycle lasted 10 min (5 + 5 min) at 30 °C, it can be
concluded that the activation of the samples with x < 0.4 took up to 70 min, while the highest
concentrations were significantly longer. This is related to the rising of the equilibrium
pressures of the specimens as the yttrium concentration increases. The PCI curves for
the chosen samples are collected in Figure 3. When the yttrium content is rising, initially,
only the equilibrium pressure in the middle of the plateau rises. However, the overall
concentration is not affected, as can be inferred from Table 2. For x = 0.3 the maximum
uptake was reduced. From that concentration, a higher amount of yttrium results in a
gradual decrease in the maximum uptake. The decrease is strongly non-linear; therefore,
the literature-based belief that purely geometric factors can be taken into account is obsolete
in this case as the unit cell volume decreases linearly with the Y concentration. Also, the
plateau pressures are rising with the Y concentration in a strongly non-linear (exponential)
manner. In the insert to Figure 3¢, this is presented as the equilibrium pressures rising
linearly with x parameter on the semilog scale.

(@) 81N b)12 . (c)e0 ,
LaNi, ;Cu, 5 ( ) Lay oYy ,Ni, ;Cug g 55 1 Lag 5y sNi, sCu, g
—0—25°C 10|—o—25°C 50 ]—0—25°C
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Figure 3. PCI curves for selected Laj_yYxNig5Cugs5 alloys with x =0 (a), x = 0.1 (b), and x = 0.5
(c), collected at three different temperatures. The insert in part (c) shows the dependence of the
equilibrium pressure at 25 °C on the yttrium concentration. The pressure scale is logarithmic.

The enthalpy (AH) of the formation changes consistently with the concentration of
yttrium. The only exception is a sudden change between the reference LaNi4 5Cug 5 and
Lag9Yp1Nig5Cugs. After the measurements of PCI, the kinetics studies were performed
according to the procedure described in the experimental section.

The results are presented in Figure 4a. It can be concluded that for samples from
x = 0 to x = 0.3, the process of hydrogen uptake process is homogeneous. The curves
look very similar; however, some changes in the speed of the reactions are apparent. The
LapgYp2Nis5Cup s sample, which shows the highest hydrogen concentration, exhibits
the highest kinetic ratio, as evident from Figure 4a. All the above-mentioned samples
have some upturn in kinetic curves around 20 s from the reaction start, then they reach
saturation asymptotically. For a higher yttrium content, the curves apparently have a
different character, with significantly lower kinetic. The above-mentioned upturn is not
visible here, also yielding the result that the characteristic is significantly different in
comparison to other samples. Similar conclusions can be drawn after inspection of cycle life
measurements, which are presented in Figure 4b. Samples with x < 0.2 show better cycling
stability, while for Lags5Y(5Nis5Cugs, the deterioration of the maximum concentration
proceeds much faster and the apparent shape of the curve is different from the other
investigated samples.
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Table 2. Results of hydrogen sorption studies for alloys Laj_4YxNig 5Cug 5: number of cycles for full
activation, enthalpy, and entropy of hydride formation (AH and AS), maximum uptake, and plateau
pressures absorption and desorption at 25 °C (P,ps and Pyes).

AHaps ASABs
#Cycles to Full Max. Uptake P.bs Pes
Sample Activation AHpes ASpes (Wt.%) (bar) (bar)
(kJ/moleH,) (kJ/moleH,K)
. —30.1(1 —107.3(3
LaNiy 5Cug s 3 30.9(1()) 10 6_8(2()) 1.56(1) 2.1 14
. —27.2(1 —99.8(4
Lag9Yp.1Nig5Cup5 7 27'5(1()) 100, 4(2)) 1.56(1) 3.6 2.7
. —26.9(1 —104.2(3
La0,8Y042N14,5Cu0,5 6 29.0(1()) 107.7(:§)) 1.58(1) 45 35
. —26.5(1 —105.9(3
La0.7Y0,3N14‘5Cu0.5 6 287(‘5)) 1090(3()) 146(1) 7.2 5.8
. —26.0(1 —107.2
La0_6Y0.4N14_5Cu0_5 31 2962((){)) 1122(‘8)’) 131(1) 11.1 11.7
. —23.6(1 —105.1(2
Lag5Y05Nisg5Cugs 46 e ({)) 1141 (2()) 1.01(1) 21.8 19.6
(a) o La,YxNiy sCug 5 (b)1.0 La,,YxNi, sCuq 5
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Figure 4. Kinetics of hydrogen uptake for investigated alloys on a double logarithmic plot (a) and
cycle life studies for chosen samples (b).

3.3. Structural Properties after Cycle Life Studies

An important issue of cycle-life stability can also be addressed via X-ray diffraction
measurements performed after samples were removed from the sorption analyzer. Prior
to exposing samples to air, the samples were desorbed for 6h at 50 °C under vacuum
(10~ mbar). This procedure is essential, while hydrided AB5 and AB2 alloys often shows a
tendency to self-ignite after exposure to air. The X-ray diffraction patterns of the desorbed
samples exhibited a broadening of the reflections, while for the highest Y concentration,
some amorphous contribution was noticed as well. The desorbed alloys exhibited some-
what higher lattice parameters in comparison to the parent ones, as apparent in Table 3.
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However, for x > 0.3 desorbed samples showed a more expanded lattice in comparison to
samples with smaller Y content. In general, the structure of the parent alloys was main-
tained. Only for the Lag5Y(5Nis5Cugs compound was a small amorphous contribution
noticed. Its abundance was estimated to be less than 2 wt.%. Analysis of the strains arising
due to static defects in the crystal lattice revealed that for higher Y concentrations (x > 0.3),
hydrogenation leads to a significant increase in strains with respect to the parent alloys.
Interestingly, strains in the specimens with best cycle-life performance were found to be
the smallest (x = 0.3).

Table 3. Rietveld refinement for cycled and desorbed La;_,YxNig 5Cug 5 alloys. The lattice parameters
(a—v) and strains related to static defects are given. Uncertainty levels are given in parentheses.

Sample a(Ad) c(A) V (A3) Strain (%)
LaNiy 5Cugs 5.0211(1) 3.9998(1) 87.33(1) 0.523(9)
LagoYo1NigsCuos 5.0110(1) 3.9963(1) 86.90(1) 0.482(9)
LagsY02Nisg5Cug 5 5.0021(1) 3.9941(1) 86.55(1) 0.412(8)
Lag7Y03Nig5Cu 5 4.9892(1) 3.9982(1) 86.19(1) 0.487(8)
LagY0.4Nig5Cugs 4.9796(1) 3.9978(1) 85.85(1) 0.591(8)
La°~5YoiI§/}gcu°~5 * 4.9674(1) 3.9899(1) 85.26(1) 0.638(8)

4. Concluding Remarks and Summary

The investigated La;_,YxNis 5Cug 5 alloys crystallize in the hexagonal P6/mmm space
group, similar to the parent LaNi5 compound. The lattice parameter decreases linearly
with the increase in the yttrium content, while the lattice strain is at a low level despite the
lack of thermal treatment after arc melting.

The hydriding properties are not a simple (linear) function of the lattice parameters;
the pressures of PCI plateaus follow the exponential growth with respect to decreasing
the volume of the unit cell. The corresponding dependence is presented in Figure 5. One
may conclude that a rise in the equilibrium pressure with the lowering of the unit cell
volume originates from restricted volumes for the hydrogen sites and smaller potential
H-H distances, which both require higher energies for hydrogen insertion.

Activation of alloys up to x = 0.3 is prompt and occurs in fewer than 10 cycles. For a
higher yttrium content, activation requires at least 30 to 46 cycles for x = 0.4 and x = 0.5,
respectively. The best kinetics, hydrogen concentration, and cycling stability parameters
are evidenced for LaggY(2Nis5Cug 5. The alloy shows very good stability over 1000 cycles
of hydrogen loading and unloading, with 88% of the highest H, capacity retained. The
cycle-life performance seems to be correlated with residual stresses in the lattice arising
due to hydriding; that is, the stresses may be an indicator of structural deterioration upon
extended cycling. The desorption pressure of 3.5 bar at room temperature makes it a good
candidate for stationary hydrogen storage, the first stage of compressor units, and Hp
supply for soft actuators.

It may be concluded that doping the LaNis alloy with yttrium is a good option with
which to tune desorption pressures in the range of 1.4 to 5 bar at room temperature. The
pressure range is suitable for stationary storage systems and compressors; however, the
alloys seem to be best-suited for soft actuators.
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Figure 5. Dependence of the absorption equilibrium pressure on the unit cell volume of the
Lal,XYXNi4_5CuO_5 alloys.
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