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This paper investigates hydrogenation characterizations and effect of
hydrogenation/dehydrogenation (H/D) cycling on the structural and morphological
properties of MmNi4.22Co0.48Mn0.15Al0.15 (Mm=mischmetal) alloy. The alloy was
prepared by arc melting method and it was re-melted several times under argon
atmosphere. The results indicate that after several H/D cycles, the alloy is pulverized
into fine particles, however, it keeps its hexagonal LaNi5-type structure. The
pressure-composition isotherms of H/D reactions and absorption kinetics were
measured in the temperature range 293-338K. The absorption plateau pressures were
determined to be ~0.51, 1.22 and 2.49 bar at 293, 313 and 333K respectively, with
a maximum hydrogen storage capacity of about 5.78 at 293K. The enthalpy (∆H),
entropy (∆S) and the activation energy of reactions (Ea) were also calculated. The
results show the hydrogenation reaction rate increases with an increase in the
operating temperature or pressure. The Jander diffusion (JDM) and Johnson-Mehl
-Avrami (JMA) models were employed and the kinetic of hydrogenation was
analyzed in detail for hydriding reaction (rate controlling steps) mechanism. The
results indicate that the MmNi4.22Co0.48Mn0.15Al0.15 alloy has potential for use in
practical applications.
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1. Introduction
The problems of energy shortage and environmental
contamination encourage using sustainable and
clean energy sources [1]. Hydrogen as a clean fuel
is an excellent energy carrier to be used in both fuel
cells and internal combustion engines [1]. However,
hydrogen storage is the fundamental key challenge
towards the hydrogen economy [1,2]. Amongst the

conventional hydrogen storage methods, metal
hydrides are the promising candidates due to their
safety advantage along with high volume efﬁcient
storage capacity for on-board applications [3]. In the
metal hydrides family, LaNi5-based alloys have been
found to be very attractive due to their significant
quantities of hydrogen storage capacity, fast and
reversible sorption properties and plateau pressure of
a few bars at room temperature [4] . However, besides
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the high cost of raw materials, they have some
unsatisfactory
properties
such
as
the
disproportionation problem and easy pulverization
after several hydrogen (absorption/desorption) cycles
[4, 5]. In the disproportionation process occurring
during cycling, the alloy decomposes into more
thermodynamically stable decomposition products
[5]. In this context, many attempts have been made
which indicate that the substitution of some amount
of nickel in these materials with other metals such as
Al, Co and Mn while LaNi5-type crystal structure of
alloys remaining the same, can improve some of their
hydrogen storage and electrochemical characteristics
[4,6-11]. The partial substitution of Co for Ni in
LaNi5 is effective in reducing the plateau pressure and
improving the cycling stability of the alloy during
hydriding process [6]. On the other hand, a partial
substitution of Ni by Al can improve the cycling
performance and absorption kinetics, and decrease
the plateau pressure, but it impairs the hydrogen
storage capability to some extent [7]; meanwhile, Mn
substitution can decrease the plateau pressure of the
hydride without reducing the hydrogen content,
although the hydride hysteresis factor slightly
increases [7]. Furthermore, using a combination of
rare earth elements (Mm= mischmetal) including La,
Ce, Pr and Nd in place of La can reduce the initial cost
[12]. Although these methods are used as some of the
most effective techniques to enhance the overall
hydrogen storage properties of hydrides, the results are
not still completely satisfactory [11,13]. The hydrogen
experiments indicated that Mm(Ni,Co,Mn,Al)5 alloys
appear to be a promising materials for practical
applications [14,15].
In this work, the structural, morphological and
hydrogen
storage
characterizations
of
MmNi4.22Co0.48Mn0.15Al0.15 alloy are investigated in
detail, and the results are discussed. The Jander
diffusion (JDM) and Johnson-Mehl-Avrami (JMA)
models were also employed for the kinetic analysis
of hydriding reaction. To the best of our knowledge,
there is no report on the synthesis, hydrogen storage
and different physical properties of this alloy. The
elemental ratio of 4.22/0.48/0.15/0.15 for

Ni/Co/Mn/Al, respectively are particularly selected
to make the alloy suitable for hydrogenation (control
hydride stability) with working practical pressures
below 1.0 MPa and temperatures in the range from
253 to 373K.

2. Experimental details
2.1. Synthesis of the alloy
The stoichiometric MmNi4.22Co0.48Mn0.15Al0.15 alloy
(Mm consisted of 48.62 wt% La, 2.04 wt% Ce, 9.85
wt% Pr and 39.49 wt% Nd) was prepared in an arc
furnace under high purity argon atmosphere on a
water-cooled copper hearth. This ingot was turned
over and re-melted three times for homogeneity. The
purity of raw materials was more than 99.9%. The
ingot was then annealed in a sealed evacuated quartz
tube for one week at 1373K and subsequently rapidly
cooled to obtain a single-phase sample.
2.2. Characterization details
The structural analyses of samples including their
X-ray diffraction (XRD) powder patterns, before
and after 30 hydrogenation/dehydrogenation (H/D)
cycles, were examined by means of X'Pert Pro,
PANalytical system (Cu-Kα: λ = 1.540598Å) at room
temperature. To investigate their microstructural
properties, the scanning electron microscope linked
with an energy dispersive X-ray spectrometer (SEMEDS, model VEGA\TESCAN) was employed. The
hydrogen absorption/desorption behaviors of the alloy
were measured by using a volumetric gas absorption
(Sievert) apparatus installed in our laboratory [2]. The
validation and calibration of the Sievert apparatus
was performed by using the standard alloy LaNi5.
This sample was hydrogenated and the hydrogen
storage capacities and pressure-composition (PC)
isotherms were measured at different temperatures.
This procedure was repeated several times. The
results, after calibration of the unit were found to be
in excellent agreement with reputable literature [16].
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Fig. 1. XRD profiles of MmNi4.22Co0.48Mn0.15Al0.15 alloy (a) before hydrogen activation; (b) after 30 H/D cycles.

Then, the hydrogen storage capacities and PC
isotherms of MmNi4.22Co0.48Mn0.15Al0.15 alloy at
different temperatures were measured.
2.3. Materials and techniques
For XRD measurements of the non-cycled
MmNi4.22Co0.48Mn0.15Al0.15 alloy, fractions of the
as-annealed ingot were pulverized in an agate mortar
to fine particles (sample A1) under argon atmosphere
in a glove box. The fine powders cause a good signal
to noise (S/N) ratio, avoid fluctuation in intensity and
spottiness, randomize orientation and also ensure enough
particle participation during XRD measurements
[17,18]. For hydrogenation measurements, the ingot
of the annealed MmNi4.22Co0.48Mn0.15Al0.15 alloy was
crushed to smaller pieces (sample A2) and introduced
into the stainless-steel reactor. The sample was first
activated [5] through several H/D cycles under
4000kPa initial supply pressure of H2 gas at 313K.
The dehydrogenation process was done by heating
the sample to 673K under vacuum of about 1 Pa.
When the sample was completely activated, the PC
isotherms and kinetics behaviors of the hydrogenation
reaction at different temperatures were studied. The

detailed experimental procedure to collect these data
has been described in Ref. 5. After 30 H/D cycles,
hydrogen gas was completely desorbed by sample A3.
Finally, in order to reveal the effect of H/D cycling
on the structural and microstructural properties of
MmNi4.22Co0.48Mn0.15Al0.15 alloy, the dehydrogenated
sample was also characterized by XRD and SEM.

3. Results and discussion
3.1. X-ray and microstructure characterizations
Fig. 1(a, b) shows XRD profiles of the non-cycled and
cycled alloy. The results indicate that this alloy, both
before and after H/D cycling, is a homogeneous single
phase and all the peaks are assigned to the hexagonal
LaNi5-type structure (with space group: P6/mmm;
JCPDS/PDF No.: 98-008-9646). After 30 H/D cycles,
no trace of the disproportionation process is observed
in the alloy, while we observed it in LaNi5 system [2].
This reveals that the cycling stability of this alloy is
better than that of LaNi5.
Table 1 presents the results of XRD analysis using
X'Pert HighScore Plus software. This table lists the
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values of lattice parameters, unit cell volumes, overall
broadening at half maximum (FWHM) of the main
peak (111), average crystallite size (Davg) and lattice
strain (ɛ %) of the samples.
Table 1. Structural parameters, FWHM (111), average
crystallite size and microstrain of the non-cycled and cycled
samples.

As seen, compared with the alloy before cycling,
the lattice constants a and c slightly decreased and
increased after cycling, respectively. Such behavior
was also observed for other LaNi5-based hydride alloys
[2,19-20] which suggests that the metal atoms should
be rearranged with the formation of lattice defects
(vacancy and dislocation) during H/D process [21].
After cycling, FWHM increases indicating that the
H/D cycling causes the peaks to be slightly broadened.
This can be due to the lattice strain generated during
H/D cycling, and reduction in crystallite size (Table
1) [22, 23]. The peak broadening effects caused by
crystallite size and microstrain were separated by
Williamson-Hall (W-H) method [2]. In these
calculations, the contribution of peak broadening

Fig. 2. SEM images of (a and c) alloy ingots put in the reactor
before hydrogenation; (b and d) the alloy after selected 30 H/D
cycles.
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arising from the instrument was considered by
using XRD profile of a pure Si sample. Using W-H
method, the values of average crystallites size
for the non-cycled and dehydrogenated alloy
MmNi4.22Co0.48Mn0.15Al0.15 are estimated to be about
160 nm and 124 nm respectively (Table 1). This means
that the hydrogen absorption/desorption process leads
to alloy pulverization as will be confirmed later by
SEM results (see Figure 2).
Fig. 3 shows the SEM images of the powders analyzed
by XRD (sample A1) at two different magnifications.
The size distribution of particles is mostly less than 5
μm, although some larger particles within a range of
7-20 μm can still be seen. Furthermore, the results of
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EDS analysis, for areas of 1 and 2 indicated as circles
with solid line in Fig. 3b, are presented in Table 2. The
Table 2. EDS results (in weight) of MmNi4.22Co0.48Mn0.15Al0.15
alloy powder.

EDS results show that areas 1 and 2 have nearly similar
elemental composition corresponding to chemical
composition of La0.45Ce0.02Nd0.34Pr0.08Ni4.36Co0.44Mn0.16
Al0.14 and La0.43Ce0.02Nd0.36Pr0.08Ni4.36Co0.43Mn0.15Al0.17.
To clarify the effect of hydrogen absorption/desorption
on the microstructure of the alloy, the SEM images of
non-cycled ingots put in the reactor and that of cycled
sample after 30 H/D cycles were taken and shown
in Fig. 2(a-d). As seen, after H/D cycling the size of
particles significantly decreases, with a nearly uniform
size distribution compared to non-cycled ones. This
means that the hydrogen absorption/desorption
pulverizes the alloy into fine particles, in agreement
with XRD results. Actually, the internal stress created
in the lattice structure due to the volume expansion
(shrinkage) from hydrogen absorption (desorption) is
the driving force that pulverizes the alloy [14, 20]. On
the other hand, no crack was observed on the surface
of non-cycled particles (Fig. 2 (a), (c)), while some
cracks were developed after H/D cycling (Fig. 2 (b),
(d)). Formation of new small particles and hence
pulverization of the alloy might have resulted from
propagations of these microcracks. This indicates that
cracking and pulverization, during H/D cycling, might
take place simultaneously [20].
3.2. Hydrogenation behavior
3.2.1. PC isotherms

Fig. 3. SEM images of MmNi4.22Co0.48Mn0.15Al0.15 alloy powder.
The circles with solid line indicate the areas of (1) and (2).

One of the most important material characteristics
for a metal hydride is PC isotherm curves [24]. The
absorption and desorption PC isotherms of activated
MmNi4.22Co0.48Mn0.15Al0.15 alloy at 293, 313 and 333K
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Fig. 4. (a) PC isotherms; (b) Van’t Hoff plots of the hydrogen
absorption (filled symbols) and desorption (empty symbols)
for MmNi4.22Co0.48Mn0.15Al0.15-H system.

are shown in Fig. 4a. The hydrogen capacity X is
deﬁned as the hydrogen-to-metal atomic ratio H/M (M

= represents alloys or compound metal) [5]. There
are two single-phase regions (α and β) and one dualphase region (α + β) in PC isotherms of the alloy.
Table 3 presents the values of maximum hydrogen
capacity, absorption and desorption equilibrium
pressures at the mid-point of the plateau region ( Peqabs
and Peqdes ) and hysteresis loss which is calculated from
des
1
abs
RT ln ( Peq / Peq ) . The maximum hydrogen storage
2
capacity of about 5.78 (i.e. MmNi4.22Co0.48Mn0.15Al0
H ) was obtained at T= 293K under equilibrium
.15 5.78
pressure ~1600kPa, which is higher than that of
MmNi4.3-xCoxMn0.33Al0.4 (H/M~5.24 at 293K) [25],
MmNi3.55Co0.75Mn0.4Al0.3 (H/M~5.4 at 293K) [26],
MmNi3.6Co0.85Mn0.4Al0.15 (H/M~5.2 at 318K) [11],
but less than that for LaNi5 (H/M~6 at 296K) [27].
Moreover, the reversible hydrogen storage capacity
or plateau width for this alloy was found to be ~4.1
at 293K, larger than that of MmNi3.55Co0.75Mn0.4Al0.3
(~3.3) [26] and MmNi3.6Co0.85Mn0.4Al0.15 (~3.2) [11],
but lower than that of alloy LaNi5 (~5.6) [28], under
the same conditions. As seen, the hydrogen capacity
decreases with temperature, while the values of plateau
pressures significantly increase. It is found that the
variation of the hydrogen absorption and desorption
plateau pressure (105 Pa) with temperature (K) follow
ln Peqabs =-3874.41/T+12.5521 and ln Peqdes =-3885.54/
T+12.4160 relations, respectively (Fig. 4b).
In fact, with an increase in temperature, more hydrogen
gas is desorbed during the hydrogen absorption
that resulted in decreasing the amount of hydrogen
capacity and increasing the equilibrium pressures
[29]. With increasing the temperature to 313K, the
hysteresis loss increases and then with further increase
in temperature, it decreases. This behavior was also
observed for other LaNi5-based alloys [14, 30-31].
The enthalpy (ΔH) and entropy (ΔS) of H/D

Table 3. The maximum hydrogen content (H/M), mid-absorption and desorption plateau pressures and hysteresis loss of
MmNi4.22Co0.48Mn0.15Al0.15 hydride at different temperatures.
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process were evaluated from PC isotherms using
the Van’t Hoff plot method [32] shown in Fig. 4b.
The values of ΔH and ΔS of hydrogen absorption
(desorption) reaction for the alloy were estimated
to be ~ -32.21±0.67 (+32.31±0.41) J/mol H2.K-1 and
-104.37±2.15 (-103.23±1.32) kJ/mol H2, respectively.
These differences are a consequence of the hysteresis
effect [33]. The estimated enthalpy for the hydride
formation of investigated alloy is found to be more
negative than that of LaNi5 (-27.76 kJ/mol H2
[34]) implying more thermodynamic stability of
MmNi4.22Co0.48Mn0.15Al0.15 alloy compared to LaNi5.
It has been suggested that for practical applications,
the heat of alloy hydride formation should be between
−40 and −15 kJ/mol [35]. In case it is more positive
than −15 kJ/mol, the alloy hydride is not stable
enough for hydriding at room temperature. On the
other hand, the hydrides that are too stable make
dehydrogenation very difficult. As concluded, the
values of the equilibrium pressures and hence enthalpy
of hydriding reaction of MmNi4.22Co0.48Mn0.15Al0.15
alloy fall within an appropriate range to make it
suitable for practical applications.
3.2.2.

Hydrogen absorption kinetics

A hydrogen storage device is also characterized by its
storage capacity and the rate at which it stores or releases
the hydrogen [36, 37]. Accordingly, the hydriding
kinetic measurements of MmNi4.22Co0.48Mn0.15Al0.15
alloy were carried out within two schemes: (i)
absorption kinetic at constant temperature (314K)
under different initial supply pressures of storage
cell (Fig. 5), and (ii) absorption kinetic at different
temperatures by keeping the driving pressure ratio (Pr)
equal to 4 for all experiments (Fig. 6a).
As seen, the hydrogen content X signiﬁcantly
increases with an increment in hydrogen applied
pressure: 2.26, 4.10, 4.93, 5.43 and 5.70 for 600,
1000, 1300, 1800 and 3600 kPa hydrogen pressures,
respectively. Furthermore, the characteristic reaction
time (t0.9), which is shown on the figure and is the
required time that sample reaches 90% of maximum
hydrogen capacity, becomes smaller. This means
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that the hydriding reaction rate becomes faster with
pressure.

Fig. 5. The hydriding kinetic plots of MmNi4.22Co0.48Mn0.15Al0.15
alloy at 314K under different initial supply pressures.

At a given temperature, the main driving force of the
hydrogen absorption for a hydrogen storage media is
the initial hydrogen pressure. So the increase of the
initial pressure during the hydriding reaction means
the increase of hydrogen concentration in the surface
of the sample. In other words, the driving force
which diffuseses the H atoms into the bulk of sample
increases with increasing of initial pressure [36].
This is why the hydrogen capacity and reaction rate
increase with pressure. On the other hand, because
of the larger difference between applied and hydride
equilibrium pressures the absorption rate is high at the
beginning and gradually decelerates and approaches
to zero at the end of the process.
The inﬂuence of operating temperature (T = 293, 314
and 338K) on the hydrogen absorption kinetics of the
alloy under a constant driving pressure ratio (Pr = 4)
is shown in Fig. 6a. The pressure ratio was defined as
ratio of gas pressure to equilibrium pressure [38]. The
equilibrium pressure values of the alloy were obtained
from PC isotherms.
It can be seen that hydriding reaction rate increases with
temperature. Actually, with increasing temperature,
more H2 molecules are dissociated to H atoms [39]
which cause the reaction rate to be increased. For
analysis of the hydrogen absorption reaction, we
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employed different fitting models. Depending on the
rate controlling mechanisms, different kinetic models
have been proposed in the literature [38, 40-41].

Fig. 6. (a) The hydriding kinetic plots; the results of (b)
JDM, (c) JMA: first order, (d) JMA: antilog models for
MmNi4.22Mn0.15Co0.48Al0.15 alloy.
Table 4. Some conventional ﬁtting models used for hydriding
reaction kinetic.

The most extended model is Johnson-Mehl-Avrami
(JMA) [42] which has been validated with different
absorption experimental data, not only for LaNi5, but
also for other alloys [41]. In the present work, Jander
Diffusion Model (JDM) [43], first order and antilog
JMA models [42] were employed as fitting models
to analyze the hydriding reaction mechanisms of the
alloy in α+β phase (Table 4).
In these models, f(t), t, k and n are the reacted fraction,
absorption time, rate constant and order of reaction,
respectively [38]. f(t) is defined as the ratio between
the mass of sample at time t and that of saturated one
at infinite time.
In JDM model, the particles are considered as
spherical in shape, and diffusion is the only
rate-controlling mechanism [43], whereas JMA model
includes both diffusion and nucleation and growth as
the rate-controlling mechanisms [41]. From Table 4,
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it can be seen that for a constant temperature, plots of
[1 − (1 − f (t ))1/3 ]2 and −ln(1 − f (t )) vs. absorption
time (t) respectively for JDM and first order JMA
models, are the straight lines with slope k. For antilog
JMA model, a plot of ln ♣♣♣
vs. ln(t )
−ln − f t
is a straight line with slope n and intersect ln(k).
Fig. 6(b-d) shows the results of JDM, first order and
antilog JMA models, respectively. The values of
calculated rate constant along with linear regression
equations (R2) are presented in the figures. For JDM
model, the derivation of experimental data is rather
larger at 314K. Similar to this behavior has been
observed for La(Ni,Al)5 alloy by Muthukumar et al.
[38]. The results indicate that the values of linear
regression equations (R2) at 293, 314 and 338K are
highest for the first order JMA, JDM and antilog JMA
models, respectively. Therefore, we can conclude that
the rate-controlling step at 314K is diffusion, while
the diffusion along with nucleation and growth are
the rate-controlling steps at 298 and 338K. Similar
behavior has been reported for other LaNi5-based
alloy [38]. However, all three models confirm that the
rate constant and hence the reaction rate increase with
temperature. Then, by using the calculated values of
rate constant k, the activation energy Ea of hydrogen
absorption reaction was evaluated by Arrhenius
relationship:
k =A exp (-Ea/RT)

(1)

where A and R are the pre-exponential factor and
universal gas constant, respectively [38]. A plot of
ln(k) vs. 1/T is a straight line with slope -Ea/R. The
values of Ea are estimated to be about 35.17, 35.76 and
37.26 kJ/mol H2 using JDM, first order and antilog
JMA models respectively. These results are also close
to activation energy of MmNi5 alloy, 35.7 kJ/mol H2
[44].

4. Conclusions
In this work, the structural and morphological
properties
of
a
newly
developed
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MmNi4.22Co0.48Mn0.15Al0.15 alloy were studied
before and after 30 hydrogenation /dehydrogenation
(H/D) cycles. Although after cycling the diffraction
peaks were slightly broadened, hexagonal LaNi5type structure of the alloy was maintained, without
trace of the disproportionation process. SEM
images confirmed that H/D cycling pulverizes
the alloy ingot into fine particles. The pressurecomposition isotherms of hydrogen absorption/
desorption were determined in the temperature
range of 293-333K, and the values of enthalpy and
entropy of hydrogen absorption (desorption) were
evaluated to be about -32.21 (+32.31) kJ/mol H2 and
-104.37 (-103.23) J/mol H2.K-1 respectively. The
hydriding kinetic measurements showed that the
hydrogen storage capacity of the alloy increases
with the applied pressure at constant temperature.
Moreover, the rate of hydriding reaction increases
with temperature under a constant driving pressure
ratio of H2 gas. The hydriding kinetic mechanism
of the alloy was clarified using JDM and JMA (first
order and antilog) models. The results indicated that
diffusion along with nucleation and growth are the
rate-controlling steps for the hydriding reaction at 293
and 338K, while the rate-controlling step at 314K is
diffusion. The activation energy of the hydride alloy is
calculated to be about 35.17, 35.76 and 37.26 kJ/mol
H2 by JDM, first order JMA and antilog JMA models,
respectively.
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