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Abstract: The effects of partial substitution of La by Ce and Ni by Al, Fe, or Co in LaNis-based alloys on hydrogen storage performance
were systematically studied. All samples were prepared using vacuum arc melting in an argon atmosphere. The results showed that for La-
Nis_,M, (M = Al, Fe, or Co) alloys, the lattice constants and unit cell volumes increased with an increasing amount of Al and Fe. On the
other hand, these parameters decreased upon partial substitution of La by Ce. In addition, the lattice constant remained almost constant in the
Lay ¢Cep 4Nis_,Coyalloys regardless of the value of x (x = 0.3, 0.6, or 0.9), as Ce might enhance the homogeneity of the CaCus-type phase in
Co-containing alloys. The hydrogen storage properties of the alloys were investigated using pressure, composition, and temperature iso-
therms. The experimental results showed that the plateau pressure decreased with an increasing content of Al, Fe, or Co, but it increased with
Ce addition. Furthermore, the plateau pressures of all Co-containing alloys were almost identical upon substitution with Ce. Finally, the en-
thalpy (AH) and entropy (AS) values for all alloys were calculated using van’t Hoff plots. The relationship between the lattice parameters and

enthalpy changes for hydrogenation will be discussed.
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1. Introduction

Hydrogen has been widely studied as a clean energy me-
dium due to its abundance and non-polluting properties.
Suitable methods to store hydrogen play an important role
for hydrogen applications. One method under consideration
is using metal hydrides because of their safety advantages
and low volume requirements [1-3].

The AB:s-type alloys with a CaCus structure are consi-
dered one of the most ideal hydrogen storage alloys because
the techniques for their industrial production have been es-
tablished and are widely used for applications such as nega-
tive electrodes in Ni-MH batteries and hydrogen storage
tanks. LaNis has been widely researched as a typical
AB:-type alloy with good cycle and easy activation proper-
ties. For example, the partial substitution of La or Ni is pro-
posed to cut costs and modify the hydrogen absorp-
tion-desorption equilibrium pressure. The substitution of La
by the relatively inexpensive metal Ce caused a striking in-
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crease in the hydrogen equilibrium pressure [4]. The partial
substitution of Ni by various metals (Al, Mg, Fe, Co, Cu, Sn,
Mn, or Cr) has also been studied extensively [5-7]. The
substitution of Ni by Al in LaNis dramatically lowered the
decomposition pressure without impairing the kinetics or
hydrogen-carrying capacity [8—9]. The substitution with Cu,
likewise, could reduce the hydrogen dissociation pressure
and its production costs. In addition, the substitution with Cr
increased the cell volume and reduced the plateau pressure,
whereas the substitution with Mg could increase the dis-
charge capacity of the alloy [10-12]. Fe-containing alloys
that exhibit better hydrogenation characteristics than the
parent LaNis alloy have also been studied [13]. Although
substitution on one side of the unit cell has been studied well,
the effects of different amounts of combined substitution on
the hydrogen storage properties have not been systematical-
ly studied. Combined substitution is a viable way to optim-
ize the proportion of elements in the alloy and control the
hydrogen equilibrium pressure to ensure that it remains
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within a proper range.

In this study, La was substituted with Ce and Ni with Al,
Fe, and Co in three different elemental ratios. The aim was
to investigate the effects of partial substitution and elemen-
tal proportions on hydrogenation properties, especially the
enthalpy and entropy of the different compositions. The re-
sults were analyzed using van’t Hoff plots.

2. Experimental

All alloys used in this study were prepared by vacuum
arc melting on a water-cooled copper hearth under a purified
argon atmosphere. The purities of the raw metals were as
follows: La (99.9%), Ce (99.9%), Al (99.99%), Fe (99.9%),
and Co (99.3%). Each alloy ingot was melted and turned
over four times in the arc chamber to ensure homogeneity.
The obtained ingots were heat-treated at 1273 K for 24 h
under an argon atmosphere. The crystal structure and phases
of the samples were determined by X-ray diffraction (XRD,
Rigaku Corp. SmartLab) using Cu-K, radiation. The pres-
sure, composition, and temperature isotherms (P—C—T) were
measured with a Sieverts-type apparatus. The enthalpy (AH)
and entropy (AS) values were calculated from the desorption
plateau pressures using van’t Hoff plots with the following
equation [14]:

Y AH AS
In(ﬁ = —ﬁ+? (@)
where R, T, P°, and Peq are the ideal gas constant, experi-
mental temperature, standard pressure, and equilibrium pla-
teau pressure, respectively.

3. Results and discussion
3.1. Character of hydrogen storage alloys

The XRD patterns of LaNisCo, and LagysCeq4Nis Coy
alloys (where x = 0.3, 0.6, or 0.9) are shown in Fig. 1. All
the alloys had a hexagonal CaCus-type structure as their
main phase. Other phases were generated, such as the LaNis;
phase shown in Fig. 1, but the content was very low and did
not affect the experimental results. The lattice parameters, a
and c, as well as the unit cell volume of each alloy are
shown in Fig. 2. The values for lattice parameter, a, and the
unit cell volume increased with an increasing amount of the
substitute elements Al, Fe, and Co in the B location in the
AB;s structure. The larger radius of these elements compared
to Ni may be the reason (Al (143 pm), Fe (126 pm), Co (125
pm), and Ni (124 pm)). Moreover, the rate of increase for
the Al case was significantly higher than that for Fe and Co.
Therefore, the lattice parameter increments are proportional

to the constituent atomic radius based on geometric consid-
erations.

Fig. 1. X-ray diffraction (XRD) patterns of LaNis_Co, and
Lay 6Cep4NisCoy (x = 0.3, 0.6, and 0.9) alloys.

Upon replacing part of the La with Ce, the lattice para-
meter, a, and unit cell volume decreased markedly, likely
because the atomic radius of Ce (181.8 pm) is smaller than
that of La (187 pm). In addition, it was reported previously
that Ce forms a close-packed face-centered cubic structure,
which is a less dense hexagonal structure [15]. Valgen et al. [4]
reported that the lattice parameter, c, increased due to Ce
substitution in LaNis. The reason for this phenomenon may
be related to the maintenance of proper atomic distances
between the A and B atoms in the ABs alloy. When the lat-
tice parameter, a, decreases, the lattice parameter, ¢, must
increase. The more the lattice parameter, a, decreases, the
greater the lattice parameter, ¢, must increase [4].

3.2. P—C-T performance of hydrogen storage alloys

The hydrogen storage properties were measured using
the Sieverts method in the pressure range from 0.001 to 10
MPa at four different temperatures from 233 to 413 K. The
hydrogen desorption curves for LaNiy;Mgz (M = Al, Fe, or
Co) and LageCeosNiz7sMosz (M = Al, Fe, or Co) alloys
measured at 313 K are shown in Fig. 3. For comparison, the
basic LaNiswas also characterized. The equilibrium hydro-
gen pressures were considerably changed by the substitu-
tions of La by Ce and Ni by M. The substitution of Ce led to
an increase in plateau pressure due to the smaller atomic ra-
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dius of Ce than that of La. Ce forms a less dense hexagonal
structure, and this was mentioned above as a possible reason
for this trend [15]. The plateau pressure decreased upon
substituting metals at the B location in the unit cell (Al, Fe,

Fig. 3. P-C-T desorption curves for LaNis;Mg3; and
Lag sCe4Nis7Mg 3 alloys at 313 K.

The combined effects of A and B-side substitution (A is
the metal on the left side of hydrogen storage alloy, while B
is the right side metal) in LaNis-type alloys were also inves-
tigated to determine the impact on plateau pressure and hy-
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Co). Furthermore, the plateau pressure decreased more ra-
pidly upon adding Al. The difference between Al and Ni is
greater than that between Fe, Co and Ni, which likely could
explain above results.

Fig. 2. Relation between various lat-
tice parameters a (a) and c (b), unit cell
volume (c) and different contents of
substituting elements.

drogen capacity. The hydrogen desorption curves were rec-
orded for both LaNis M, (M = Al, Fe, or Co) and the
Ce-containing alloys Lag¢Ceq4Nis_xM, (M = Al, Fe, or Co).
The data for the Al-containing alloys at 353 K is shown in
Fig. 4(a) and in Figs. 4(b) and 4(c) for the Fe- and
Co-containing alloys at 313 K.

The equilibrium hydrogen pressure was changed by the
compositions of the alloy. An increasing substitution at the
B-side by Al, Fe, or Co led to a lower equilibrium pressure.
However, the opposite phenomenon was observed by partial
substitution of La by Ce. A significant decrease of both pla-
teau pressure and hydrogen capacity were observed for
Al-containing alloys, which was attributed to great differ-
ences between the lattice parameters at different Al contents.

In the Fe- and Co-containing alloys, on the other hand,
the plateau pressure decreased only slightly with an in-
creasing amount of Fe and Co. Simultaneously, no signifi-
cant loss of hydrogen capacity was observed upon increas-
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ing the Fe and Co content. These results indicate that the
substitution both A- and B-side elements can control the
plateau pressure within the desired range. In addition, it was

It has been reported that the activation energies for phase
transformations from B phase to y phase are higher than for
a phase to B phase, and that the substitution of Co increases
the activation energies for both phase transformations [16].
It has also been found that the equilibrium pressure of the
phase transformations from a phase to B phase is strongly
reduced as the Co content increases [17]. The plateau pres-
sures for the LagsCeq4Nis Coy alloys, however, were ex-
tremely close, and the above-mentioned double plateau
phenomenon caused by Co in the LaNis_,Co, alloys was
eliminated after Ce was added. The plateau regions of the
Ce-containing alloys were flatter than those of the alloys
without Ce. This is an attractive trend for the development
of hydrogen storage systems for various applications. In
practical applications, when storing hydrogen, a flatter equi-
librium pressure is better for controlling the hydrogen pres-
sure of the hydrogen storage tank and is, therefore, condu-
cive to the stability of the system. The latter phenomenon
was also confirmed to exist at different temperatures (273,
293, 313, and 333 K), as shown in Fig. 5.

The addition of appropriate amounts of Ce might have
enhanced the homogeneity of the CaCus-type phase in the

found that the curves of LaNis_Co,alloys had two plateau
regions, and this phenomenon was more obvious as the Co
content increased.

Fig. 4. P-C-T desorption curves for La-
Nis_M, and LagysCe.sNis_ M, alloys: (a) M =
Alat 353 K, (b) M=Feat 313K, and (c) M =
Coat 313 K.

Co-containing alloys. In Fig. 2, the lattice parameter, a, and
unit cell volume curves for LaggCeg4Nis_Coy, are compared
to those for LaNisCo,. The curves are nearly flat, which
confirms the above analysis.

.’ —A— La‘,(,CC(HNi4 4C01m
l ——La, Ce,,Ni, , Coy,
0.01 9L |

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Hydrogen content, H/M

Fig. 5. P—C-T desorption curves for LagCeq4NisCoy (X =
0.3,0.6, and 0.9) at 273K, 293K, 313K, and 333K.

3.3. Lattice parameter analysis of hydrogen storage alloys

To investigate the relationship between the hydrogen
equilibrium pressures and lattice constants of alloys, Figs.
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6(a) and 6(b) present the plateau pressure as a function of
lattice parameter, a, and the unit cell volume, respectively.
A relatively linear character can be observed for the rela-
tionship between the equilibrium pressure and lattice para-
meter, a. The greater the lattice parameter, a, the lower the
equilibrium pressure. A downward trend can also be ob-
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served for the relationship between the equilibrium pressure
and unit cell volume, However, as opposed to the relation-
ship with lattice parameter a, no clear linear correlation ex-
ists for the lattice parameter c. This is likely because the pa-
rameters ¢ and a changed in opposite directions upon Ce
addition, as shown in Fig. 2.

Fig. 6. Relation between the hydrogen equilibrium pressure and lattice parameter a (a) and the unit cell volume (b).

The van’t Hoff plots for LaNis_,M, (M = Al, Fe, or Co)
and LaggCeg4Nis_M, (M = Al, Fe, or Co) are shown in Fig.
7. The enthalpy and entropy values were calculated by the
slopes and y-intercepts of the function diagram, respective-
ly.

It was found that the plots of Al-containing alloys had
relatively larger slopes, which indicates that the enthalpy
was higher than for the Fe- and Co-containing alloys. The
enthalpy also increased significantly when the Al content
increased, whereas increases in the Fe or Co content did not
make a great difference. When Ce was added, the slopes
became smaller, which indicated that the substitution of La
by Ce reduced the enthalpy.

The relationships between AH and different lattice para-
meters are summarized in Fig. 8, which includes all alloys
measured in this study. Downward trends can be observed
for both parameter, a, and unit cell volume. However, the

correlation between the enthalpy and unit cell volume is
more linear than the correlation between the enthalpy and
lattice parameter, a.

Fig. 7. The van’t Hoff plots for LaNis_ M, and Lay¢CeqNis_M,
(M = Al, Fe, Coand x = 0.3, 0.6, and 0.9 respectively).

Fig. 8. Relationship between AH of the alloys and (a) lattice parameter a and (b) the unit cell volume.
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4. Conclusions

The combined effects of substitution at both the A and B
unit cell locations in LaNis-based alloys were investigated
systematically, where La was substituted by Ce and Ni by
Al, Fe, or Co. The XRD profiles and lattice parameters of
the alloys indicated that all alloys crystallized in a hexagonal
CaCus structure. The partial substitution with Al resulted in
the most significant impact on the lattice parameters.

The P—C-T curves showed that partial substitution of La
by Ce raised the equilibrium pressure without decreasing the
hydrogen capacity, whereas partial substitution of Ni by Al,
Fe, or Co reduced the hydrogen equilibrium pressure. This
decrease was greater when increasing the amount of substi-
tution. Al in particular, caused the most significant decrease
in the hydrogen capacity and equilibrium pressure.

In addition, the partial substitution of La by Ce (final ra-
tio of 3 to 2) stabilized the crystal lattice parameters of the
Co-containing alloys, which resulted in almost identical
equilibrium pressures even when the Co content was in-
creased. This study may serve as a good reference for the
optimization of alloy compositions.
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