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Abstract. The microstructures and thermodynamic properties of MmNi5-xAlx hydrogen storage alloys are
studied in this article. The structure was assessed with XRD and SEM. Pressure-composition isotherms for
hydrogen absorption/desorption at 0, 25 and 50 °C were used for assessment of thermodynamic properties. XRD
results show that the samples consist of single-phase CeNi5–type. The alloys exhibit second phases, porosities,
and cracks. Al microsegregation is the main reason for the second phase formation. With increasing Al, the
microsegregation and the amount of second phases are increased. The hydrogen storage capacities of MmNi5xAlx (x = 0.2, 0.3, 0.4 at %) alloys are 1.40, 1.37 and 1.34 wt%, respectively. The equilibrium pressures and
hysteresis (1.14, 0.96 and 0.72 for 0.2, 0.3 and 0.4 Al, respectively) for all three compositions decrease with
increasing Al, that proves the formation of more stable hydrides. Furthermore, the enthalpy of hydride formation
decrease to -20.770, -23.565, -26.306 kJ mol-1 H2 for the MmNi5-xAlx (x = 0.2, 0.3, 0.4 at %) alloys, respectively. This shows the improvement of thermodynamic stability and properties.
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1. Introduction
Hydrogen has drawn attention as an alternative energy
source for mobile and stationary applications [1, 2].
Metal hydride is the safest hydrogen storage mode and
attract hydrogen researchers. MmNi5 alloys have received
considerable interest in hydrogen storage due to easy
activation and good operation at ambient condition [1–7].
However, high hydrogenation pressure and low hydrogen
storage capacity decrease the application of this type of
hydrogen storage alloys. Substitution of Ni by other
metals provides the best balanced between good cycle
stability and high hydrogen capacity [8]. The amount of
available interstitial sites for H atoms is increased with
increase of the some substitutional solute such as Fe, Al,
Co, Cu, Mn. So it can reduce the pressure required for
hydrogenation. Effects of substitutional solute atoms on
the hydrogen storage characteristics of metals have been
studied by researchers. Osumi et al [9] assessed the
effect of Mn, Al, Co, Cr, Nb, Ti, V and Zr on elimination the large hysteresis effect. Iwakula et al [10]
investigated the effect of Al on crystallographic electerochemical properties of AB5-type alloys. Zhang et al
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[11] reported the impact of B on Al containing MmNi5
based alloy. Afshari et al [12] studied the structure and
magnetic properties of MmNi4.7Al0.3 hydrogen storage
alloy. Liu et al [13, 14] showed that Al stabilizes LaNi5
lattice structure. Even so, the elemental substitution
impacts on the hydrogen storage properties of MmNi5based AB5-type alloy are still important.
It is important to study the thermodynamic stability of
these alloys in order to improve their temperature and
pressure of operation. The thermodynamic aspects of the
hydride formation of hydrogen storage alloys are described
by pressure-composition isotherms. The equilibrium or
plateau pressure (Peq) severely controlled by temperature
and is related to the variation of enthalpy (DH) and entropy
(DS). The enthalpy distinguish the stability of the metalhydrogen bond [15, 16].
In this study, the effects of Al addition is evaluated on
the microstructure and thermodynamic properties of as-cast
MmNi5-xAlx (x = 0.2, 0.3, 0.4 at.%) hydrogen storage
alloys. It is expected, in the present study, for the as-cast
MmNi5-xAlx alloys to exhibit better hydrogen storage and
hydrogenation/dehydrogenation thermodynamic property
compared with as-cast MmNi5 alloy.
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2. Experimental procedure
MmNi5-xAlx (x= 0.2, 0.3, 0.4) samples were melted and
cast in a 5 Kg vacuum induction melting furnace (VIM).
The purities of starting materials were: Mm (La 40%, Ce
60%), Ni 99.9% and Al 99.95%. The microstructure of the
alloys was revealed using 50%HNO3-50%CH3COOH
solutions and assessed using Olympus BX51 optical
microscopy (OM) and Vega Tescan scanning electron
microscopy (SEM) equipped with energy dispersive X-ray
analysis (EDS). The chemical composition of the samples
analyzed using EDS are listed in table 1.
XRD tests were done with a INEL Equinox 6000
diffractometer using Cu Ka (k=1.54 nm) radiation at 40 kV
and 30 mA.
The pressure composition isotherm (PCI) measurements
during hydrogen absorption and desorption were done using
Sieverts type apparatus at temperatures of 0, 25 and 50 °C
and hydrogen pressures up to 40 MPa (these three temperatures were chosen to investigate the thermodynamic
properties and to plot the DG-T diagram according to Van’t
Hoff equation). Before PCI measurements, the alloys were
activated at temperature of 450 °C and hydrogen pressure
of 40 MPa. After cooling, the samples evacuated and the
absorbed hydrogen was removed. The thermodynamic data
of the alloys were extracted from the PCI data and the
Van’t Hoff equation.

3. Results and discussion
The SEM microstructure and EDS analysis of the as-cast
MmNi5-xAlx alloys are shown in figure 1. All the three
alloys exhibit second phases, porosities and cracks in the
matrix. The porosities and cracks are because of the brittleness features of the alloys. The second phases are rich of
Al and it seems that Ce reacts with Al and forms the second
phase. Al microsegregation is the major reason of the
second phase formation. With increasing Al, the
microsegregation and the volume fractions of the second
phase increased.
Figure 2 shows the XRD patterns of the MmNi5-xAlx (x =
0, 0.3, 0.4 at%) alloys. XRD analysis admit single–phase
CeNi5–type hexagonal structure for all samples. Table 2
shows the computed unit cell volume and lattice parameters
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of the three samples. These values specify that the unit cell
volume of the alloys is increased with increasing Al.
XRD patterns indicate broadening of the XRD peaks
with increasing Al. Apparently, accompanying with the
increasing of Al content, the main peaks of the XRD pattern
moved towards the lower angles gradually. According to
Bragg rule (nk=2dsinh), there is inverse relationship
between the distance of crystalline planes X-ray and
diffraction angle. Also, the direct ratio of lattice constant to
distance of crystal planes for the cubic systems
2
2
2
( 12 ¼ h þak2 þl ) show that Al decreased the X-ray angle and
d
increased the matrix lattice parameters of c from 3.9880 to
_ The shift in XRD peak is as a result of the
4:0090A.
changes in lattice parameters differences between Al and
Ni atomic size. The metallic radii of Al and Ni are 1.43 and
_ respectively [16].
1:25A,
Figure 3 shows the PCI plots of the activated MmNi5xAlx (x = 0.2, 0.3, 0.4 at%) alloys at 25°C. The PCI curve
show three regions during metal hydride formation. The
first region is the solid solution phase (a-phase). In this
phase, the pressure increases with H/M ratio and H2 gas
diffuse into the crystal structure in the form of hydrogen
atoms. The second one is the plateau region (a ? b-phase)
that material absorbs considerable amount of hydrogen at
constant pressure during phase transformation. And, the
third region is the hydride phase (b-phase). In this region,
again pressure increase and b-phase forms.
Figure 3 shows that due to the hysteresis effect, hydrogen
absorption pressure is more than desorption one. It is
reported [17] that hysteresis is because of the irreversible
plastic work needs for hydrogen absorption in metal
hydrides, to serve the volume variation that is relative to the
dislocation formation and shear modulus.
The real PCI shows slope in plateau region due to different level of surface inhomogeneity, impurities and
stresses in the microstructure of the alloys that cause
hydrogen absorption at different pressures [18].
The hydrogen storage capacities, equilibrium pressures
and hysteresis of the three alloys were calculated from
figure 3 and listed in Table 3. It is obvious that the
hydrogen storage capacity moderately decreases with
increasing Al. The equilibrium pressure and hysteresis are
also decreased with Al increase which is a sign for more
stable hydride formation that can compensate the reduction

Table 1. Chemical composition of the alloys.
Al

La

The alloy

at%

wt%

at%

MmNi4.8Al0.2
MmNi4.7Al0.3
MmNi4.6Al0.4

3.18
5.25
6.81

1.2
2.0
2.6

6.70
7.09
6.66

Ce
wt%
13
13.9
13.1

Ni

at%

wt%

at%

10.47
10.01
10.69

20.5
19.8
21.2

79.64
77.64
75.84

wt%
65.3
64.3
63
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Figure 1. Back-scattered SEM images of the as-cast MmNi5-xAlx a) x=0.2, b) x=0.3 and c) x=0.4 (White and Gray arrows indicate the
matrix and the second phases, respectively) and d) secondary SEM images of microstructure: (1) second phases and (2) porosities.

Figure 2. XRD patterns of a) MmNi5-xAlx alloys before hydrogenation, b) comparison of the main peak of MmNi4.8Al0.2, MmNi4.7Al0.3
alloys.

Table 2. Lattice parameters of a and c and the crystalline volume
of alloys before hydrogenation.
The alloy

v (A°)3

c (A°)

a (A°)

MmNi4.8Al0.2
MmNi4.7Al0.3
MmNi4.6Al0.4
Ref. CeNi5

83.1220
83.5973
83.7722
82.7600

3.9880
3.9880
4.0090
4.0130

4.9058±0.0004
4.9137±0.0004
4.9120±0.0004
4.8800±0.0004

of hydrogen storage capacity. For MmNi5, in reference
[19], the absorption, desorption pressure and hysteresis are
reported 49.60, 18.5 bar and 1.10, respectively that reaches
to 6.90, 3.35 and 0.72 in MmNi4.6Al0.4.
In the ideal MmNi5 structure (P6/mmm) only three distinct crystallographic sites of 1a (0,0,0) for Mm (La and Ce)
and 2c (1/3, 2/3, 0) and 3g (12, 0, 12) for nickel are present. In
structure, also, H atoms are distributed among the 3f (12,0,0),
4h (13, 23,0.369) 12o (0.204, 0.408 ,0.354) 12n (0.455, 0,
0.117) 6m (0.136, 0.272 , 12) [20]. Al atoms because of
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Figure 3. Pressure–composition isotherms of the as-cast MmNi5xAlx at 25°C.
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larger atomic size than Ni enter the 3g site stated in the less
dense atomic plane (z=1/2) and cause to expansion in 3g
plane and increasing the lattice parameter. As shown in
table 2, the lattice parameter of MmNi5-xAlx before
_ by
hydrogen absorption increase from 4.9058 to 4:9120A,
increasing x=0.2 to 0.4. So, it cause to lattice expansion.
The unit cell volume of MmNi5-x Alx are 82.76, 83.122,
83.59 and 83:77A_ for x=0, 0.2, 0.3 and 0.4, respectively, so
substitution of Ni with Al makes the unit cell expand in the
c and a direction. The expansion of the atomic distance
indicates that H atoms have entered to its sites more easily
in lower pressure and in large amounts.
Figure 4 represents the XRD analysis of the MmNi5-xAlx
(x = 0.2, 0.3, 0.4 at %) alloys after absorption and desorption hydrogen. The alloys contain crystalline CeNi5 type
phase. So the type of the alloys phases before and after
hydrogen sorption remains unchanged and no hydride

Table 3. List of absorption and desorption plateau pressures, Hysteresis and slope of absorption and desorption for MmNi5-xAlx at
25°C.

The alloy
MmNi4.8Al0.2
MmNi4.7Al0.3
MmNi4.6Al0.4

Maximum absorption
H/M wt%

Absorption
pressure (bar)

Desorption
pressure (bar)

Hystersis

Slope of
absorption curve

Slope of
Desorption Curve

1.40
1.37
1.34

22.86
14.52
6.90

7.28
5.53
3.35

1.14
0.96
0.72

15.05
9.01
6.50

6.84
4.45
3.28

Figure 4. XRD patterns of a) MmNi5-xAlx alloys after hydrogenation, b) MmNi4.8Al0.2 before and after hydrogenation, c) MmNi4.8Al0.2
and MmNi4.7Al0.3 after hydrogenation.
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Table 4. Lattice parameters of a and c and the volume of alloys
crystal after hydrogenation.
The alloy

v (A°)3

c (A°)

a (A°)

MmNi4.8Al0.2
MmNi4.7Al0.3
MmNi4.6Al0.4

83.8301
83.8886
84.6946

4.0080
4.0108
4.0232

4.9144±0.0004
4.9154±0.0004
4.9303±0.0004

phases form. It can be concluded that the alloys have
stable microstructure and Hydrogen desorbs completely.
Table 4 represents the unit-cell parameters of CeNi5
phases of all the three samples after hydrogen absorption
and desorption that obtained from the rietveld refinement
analyses. The lattice parameters and crystalline volume of
CeNi5 phases gradually increase after H absorption and
desorption. It is reported [20]; nearly five H atoms are
always distributed among the 6m, 12n and 3f sites. The 3f
is an interstitial site in the basal plane, so, its occupation is
attributed to the ‘a’ parameter. So that, the lattice parameter
increase from 4.9120 to 4.9303 A_ after Hydrogen absorption and desorption. The changes are related to the
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moderately larger atomic size of Al than Ni. It is probably
due to the rearrangement of atomic sites as a result of
defects (dislocations and vacancies) created in the hydrogen
absorption and desorption cycles. Alavi et al [21] described
that with increasing crystalline size, the lattice strain would
rise slightly. It can also happen in this study and cause grain
refining of the alloy.
The absorption and desorption PCT isotherms of LaNi5-x
Alx alloy at 273, 298 and 323 K are displayed in figures 5
(a, b and c). The three regions of a, b and plateau are
evident in all diagrams. Absorption and desorption pressure, hydrogen storage capacity and hysteresis are tabulated
in table 5. As it is shown in table 5, with increasing temperature, the maximum hydrogen storage of alloys
decreases the pressure, hysteresis and the slope of plateau
increases.
According to eq.(1) and Le Chatelier’s principle, when
the temperature of the system decreases, the exothermic
hydrogenation reaction goes to the right and the alloy
absorbs more hydrogen. As shown in table 5, the maximum
hydrogen capacity of MmNi4.65Al0.4 at 50°C is 1.14 wt. %
that increase to 1.59 wt. % at 0°C. The decrease in

Figure 5. Pressure–composition isotherms of the as-cast MmNi5-xAlx a) x=0.2, b) x=0.3 and c) x=0.4 alloys at 0, 25 and 50°C.
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Table 5.. Absorption and desorption plateau pressures, Maximum absorption and Hysteresis for MmNi5-xAlx at 0, 25 and 50°C.
Hystersis

Desorption pressure (bar)

Absorption pressure (bar)

Maximum absorption H/M wt%

0.93
1.14
1.17
0.85
0.96
1.04
0.46
0.72
1.04

2.74
7.28
14.33
2.45
5.53
9.95
2.03
3.35
6.44

6.99
22.86
36.47
5.75
14.52
27.34
3.22
6.90
19.22

1.51
1.40
1.17
1.58
1.37
1.17
1.59
1.34
1.14

T (°C)
0
25
50
0
25
50
0
25
50

The alloy
MmNi4.8Al0.2

MmNi4.7Al0.3

MmNi4.6Al0.4

Table 6. List of DH and DS of hydrogenation for MmNi5-xAlx
alloys.
DS°(J) (mol H2)
-101.43
-99.41
-92.386
-97.042
-100.93
-82.853
-105.57
-67.75

DH°(kJ)(mol H2)
-20.356
22.548
-20.772
24.067
-23.565
20.494
-26.306
17.016

process
absorption
Desorption
absorption
Desorption
absorption
Desorption
Absorption
Desorption

The alloy
MmNi5 [19]
MmNi4.8Al0.2
MmNi4.7Al0.3
MmNi4.6Al0.4

number r is increased with increase of Al, possibly due to
repulsive interactions between H and solute atoms [22].

Figure 6. DG°-T diagrams of hydrogenation for MmNi5-xAlx
alloys.

hydrogen capacity causes increase of pressure and
hysteresis.
Pressure-composition isotherms express the thermodynamic features of hydride formation from hydrogen. The
alloys heats of solution, free gibes energy and entropy are
calculated on the basis of PCT curves and the Van’t Hoff
DH
equation (ln Peq ¼ RT
þ DRS) and the data is plotted in figure 6. The hydride stability is evaluated by its heat of
formation (the enthalpy change because of the reaction of 1
mol of H2 with a metal to form hydride). Table 6 shows that
in MmNi5-xAlx alloys, DH of absorption decreases with
adding Al. DH is -20.772, -23.565 and -26.306 for x=0.2,
0.3 and 0.4, respectively. These values are less than LaNi5
in ref. [19]. The DH of desorption is also decreased. It can
be concluded that MmNi4.8Al0.2, MmNi4.7Al0.3 and
MmNi4.6Al0.4 are more thermodynamically stable than
MmNi5 and have better operation. Furthermore,jDS j
increases a little with adding Al and it can be assumed
constant. This indicate that the obtainable interstitial sites

4. Conclusions
MmNi5-xAlx (x = 0.2, 0.3, 0.4 at%) alloys were melted and
cast using induction melting furnace and the impacts of Al
on the alloys microstructure, thermodynamic and hydrogen
storage properties were assessed. The following are the
results of the present study.
(1) The alloys exhibit second phases, porosities and cracks
into the matrix. The porosities and cracks are because of
the brittleness features of the alloys. The second phases
are rich of Al and it seems that Ce reacts with Al and
forms the second phase. Microsegregation of Al causes
to form the second phase that increases with Al
increasing.
(2) MmNi5-xAlx (x = 0.2, 0.3, 0.4 at%) alloys are consisted
of single–phase CeNi5–type hexagonal structure with
no structural change with increasing of Al.
(3) The PCI curves show three regions according to the
phases formed during metal hydride formation. The
hydrogen storage capacity slightly decreases with Al
increasing i.e. to 1.40 wt%, 1.37 wt% and 1.34 wt%, for
MmNi5-xAlx (x = 0.2, 0.3, 0.4 at%) alloys, respectively.

Sådhanå

(2021) 46:127

(4) The hydride formation enthalpy of absorption
decreases from -20.356 to -26.306 for MmNi4.8Al0.2
and MmNi4.6Al0.4, respectively. DH of desorption is
also decreased. It can be concluded that MmNi4.8Al0.2,
MmNi4.7Al0.3 and MmNi4.6Al0.4 are more thermodynamically stable than MmNi5 and have better operation.
Furthermore,jDS j increases a little with adding Al and
it can be assumed constant. This indicates that the
obtainable interstitial sites number r is increased with
increase of Al, possibly due to repulsive interactions
between H and solute atoms.
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