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Abstract
Pressure–composition (P–C) hydrogen absorption isotherms have been
obtained for MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B and MmNi3.5Al0.5Fe0.5Co0.5

+ 25 wt% polyaniline (PANI) in the ranges 30–100 ◦C and 0.1–40 bar
using a high pressure Seiverts’ apparatus. The phase structure and
microstructure morphologies of as-prepared and ball-milled materials
have been analysed by XRD and SEM respectively. The effect of
particle size, boron addition and PANI dispersion on the hydrogen
absorption kinetics in MmNi3.5Al0.5Fe0.5Co0.5 has been studied and
discussed. The diffusion coefficient and activation energy of dissolved
hydrogen in MmNi3.5Al0.5Fe0.5Co0.5, MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B
and MmNi3.5Al0.5Fe0.5Co0.5 + 25 wt% PANI have been obtained from the
studies of hydrogen absorption kinetics using the first order rate equation and
the results have been discussed.

1. Introduction

Metal hydrides have drawn great interest from the research community due to their potential
advantageous applications in the field of metal hydride based batteries, hydrogen storage
for transportation, switchable mirrors, and heat pump applications [1–8]. Misch metal
(Mm) based AB5 alloys have been investigated in detail because of their low cost and large
cyclic stability due to their low hydrogen decrepitation. However, the main disadvantage
of Mm based alloys is their slow reaction sorption kinetics [9]. It has been shown that the
addition of boron increases the discharge rate characteristics in Mm(Ni0.64Co0.2Mn0.12Al0.04)x

(x = 4.5–4.8) [10], increases the specific capacity in Ti2Ni based electrodes [11], increases
the cyclic stability in rare-earth-based hydrogen storage alloys [12] and enhances the activation
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performance and rate capability of Mm based alloys [13, 14]. Since the hydrogen reaction
sorption kinetics depends strongly on the oxide layers on the surface of the materials, polymers,
which have catalytic action on chemical reactions, are found to enhance the reaction kinetics
of hydrogen absorption in hydrogen storage materials [15]. Further, the improvement in
hydrogen absorption kinetics with decrease in particle size has been studied in FeTi, Mg2Ni
and LaNi5 alloys [16]. Recently, we have investigated the hydrogen storage properties of Zr
based AB2 alloys and Mm based AB5 alloys for hydrogen storage applications [17–20]. The
hydrogen absorption isotherms in polyaniline (PANI) dispersed and ball-milled Zr based AB2

alloy ZrMn0.85Cr0.1V0.05Fe0.5Ni0.5 show improved kinetics of hydrogen absorption [21]. In
the present work, the effect of boron addition and PANI dispersion on the structure and the
hydrogen absorption isotherms of Mm based AB5 alloy MmNi3.5Al0.5Fe0.5Co0.5 have been
systematically studied. In addition, the effect of reduction of particle size on the hydrogen
absorption kinetics has been studied and the results have been discussed.

2. Experimental details

2.1. Sample preparation and characterization

MmNi3.5Al0.5Fe0.5Co0.5 + x wt% B (x = 0, 0.5, 1.0, 2.0, 4.0, 5.0) alloys have been prepared
by arc melting the constituent elements in a stoichiometric ratio under argon atmosphere. The
alloy buttons were re-melted six times by turning them upside down after each solidification
to ensure homogeneity. During the preparation, the weight loss of the sample was less than
0.3%. Powder x-ray diffraction (XRD) patterns were taken with Cu Kα radiation, with Si as
the standard (Shimadzu XD-D1 x-ray diffractometer).

2.2. Preparation of ball-milled and polymer dispersed materials

The arc melted alloys were milled for 4 h using a tungsten carbide vial and stainless steel
balls in the planetary P5 ball mill. The milling was carried out at 300 rpm and ball to powder
(B/P) mass ratio 10:1, under argon atmosphere. At selected intervals of time, small amounts
of powder were successively taken from the mill for structural and morphological analysis.
Polymer-dispersed crystalline materials have been prepared by milling the alloy particles with
polyaniline in a 4:1 mass ratio, under argon atmosphere. The morphological characterizations
of bulk, hydrogenated and polyaniline dispersed MmNi3.5Al0.5Fe0.5Co0.5 have been carried
out using scanning electron microscopy (SEM; JEOL JSM 840A).

2.3. Hydrogen absorption isotherms and kinetic studies

Hydrogen absorption pressure–composition (P–C) isotherms and kinetics of hydrogen
absorption have been studied by a conventional gasometric technique [22] using Seiverts’
apparatus in the temperature and pressure ranges 30–100 ◦C and 0.1–30 bar respectively. The
volume of gas contained in the sample cell at various pressures and temperatures in the absence
of sample was precisely determined. At high pressures, the ideal gas law was corrected
using the van der Waals equation for the volume of gas molecules and molecular interactions.
Each time, about 0.5 g of sample was taken in the high pressure reactor and evacuated to
10−6 Torr. The sample was well activated by repeated hydrogenation and dehydrogenation,
thus enabling the exposure of fresh surface for quantitative measurements. Before each cycle
of hydrogen absorption, the alloys were degassed at 200 ◦C under a vacuum of 10−6 Torr for
3 h. The P–C isotherms were obtained by calculating the hydrogen concentration in the sample
(r = nH/nf.u.) from the pressure drop during the absorption reaction at constant volume and
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Figure 1. Powder x-ray diffractograms of MmNi3.5Al0.5Fe0.5Co0.5, MmNi3.5Al0.5
Fe0.5Co0.5 + 0.5 wt% B and 4 h ball-milled MmNi3.5Al0.5Fe0.5Co0.5 + 25 wt% PANI.

constant temperature. The kinetics data were collected by recording the change in pressure as
a function of time at constant temperature.

3. Results and discussion

3.1. Crystal structure

Room temperature Cu Kα powder XRD patterns confirm the single-phase nature in
MmNi3.5Al0.5Fe0.5Co0.5 which crystallizes in CaCu5 structure with space group P63/mmm.
MmNi3.5Al0.5Fe0.5Co0.5 + x wt% B (x = 0, 0.5) alloys crystallize in CaCu5 structure, whereas
the alloys with 1.0, 2.0, 4.0 and 5.0 wt% B contain Fe3B and MmCo4B secondary phases.
These phases grow with increase in B content and the CaCu5 parent phase disappears for
alloys with 4 and 5 wt% of B (figure 1). The lattice constant and hence the unit cell volume
of MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B alloy is less than those of pure alloy. This reveals
that the boron atoms directly occupy the substitutional sites instead of the interstitial sites
as reported in C15 cubic Laves phase Dy0.7Pr0.3Fe2 alloy [23]. Figure 2 shows the XRD
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MmNi3.5Al0.5Fe0.5Co0.5+ 0.5% B + 25 wt %  PANI

MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt %  B
4h ball milled

MmNi3.5Al0.5Fe0.5Co0.5
4h ball milled

Figure 2. Powder x-ray diffractograms of 4 h ball-milled MmNi3.5Al0.5Fe0.5Co0.5, 4 h ball-milled
MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B, and MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B + 25 wt% PANI
ball milled for 4 h.

of 4 h ball-milled MmNi3.5Al0.5Fe0.5Co0.5 and MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B. The
decrease in the intensity of Bragg’s reflections indicates a reduction in particle size upon
ball milling. A single phase of hexagonal structure has been observed for polyaniline-
dispersed MmNi3.5Al0.5Fe0.5Co0.5 and MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B (figures 1 and 2).
Figures 3(a)–(c) show the SEM images of as-melted MmNi3.5Al0.5Fe0.5Co0.5, after three
hydrogen absorption/desorption cycles of MmNi3.5Al0.5Fe0.5Co0.5 and 4 h ball-milled
MmNi3.5Al0.5Fe0.5Co0.5 + 25 wt% PANI. SEM images show the reduction in particle size
upon ball milling. An average particle size of 5–10 µm has been observed for the alloy
particles after ball milling. The SEM image of polyaniline dispersed MmNi3.5Al0.5Fe0.5Co0.5

material shows that the polyaniline is dispersed on the surface of the alloy particles.

3.2. P–C isotherms

Hydrogen absorption isotherms have been studied for MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B
and MmNi3.5Al0.5Fe0.5Co0.5 + 25 wt% PANI in the temperature and pressure ranges
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Figure 3. SEM image of (a) as-melted MmNi3.5Al0.5Fe0.5Co0.5, (b) after three
hydrogen absorption/desorption cycles of MmNi3.5Al0.5Fe0.5Co0.5, and (c) 4 h ball-milled
MmNi3.5Al0.5Fe0.5Co0.5 + 25 wt% PANI.

30–100 ◦C and 0.1–40 bar respectively and are shown in figure 4. These hydrogen absorption
isotherms indicate the presence of two single-phase regions (α and β) and one two-phase
region (α + β) in the temperature and pressure ranges studied. A maximum hydrogen
storage capacity of around 4.8 hydrogen atoms per formula unit has been obtained at 27 bar
and 30 ◦C in MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B. The hydrogen plateau pressure of the
hydrogen absorbing alloy strongly depends on its unit cell volume of the alloy [17–21]. In the
present work, at any particular temperature, the plateau pressure increases with the inclusion
of boron due to contraction in unit cell volume. This can be attributed to the increase in
the strain energy necessary to insert hydrogen atoms in the smaller interstitial sites of the
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Figure 4. Hydrogen absorption isotherms of MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B and
MmNi3.5Al0.5Fe0.5Co0.5 + 25 wt% PANI.

MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B. Further, at any particular pressure and temperature,
the hydrogen concentration in MmNi3.5Al0.5Fe0.5Co0.5 + 25 wt% PANI is less compared to
MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B due to the fact that the polyaniline does not participate
in the hydrogen absorption process.

3.3. Thermodynamics of dissolved hydrogen
From the hydrogen absorption isotherms, the relative partial molar enthalpy (�HH) and the
relative partial molar entropy (�SH) of dissolved hydrogen can be obtained at a particular
hydrogen concentration from the van’t Hoff equation [24]:
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Figure 5. The dependence of �HH on the hydrogen concentration in [MmNi3.5Al0.5
Fe0.5Co0.5 + 0.5 wt% B]–H and [MmNi3.5Al0.5Fe0.5Co0.5 + 25 wt% PANI]–H.

Table 1. Lattice parameters and unit cell volume for MmNi3.5Al0.5Fe0.5Co0.5 + x wt% B
(x = 0, 0.5) and their hydrides with accuracies of 0.002 Å and 0.1 Å3 respectively.

Alloy a (Å) c (Å) v (Å3)

MmNi3.5Al0.5Fe0.5Co0.5 4.978 4.058 87.1
MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B 4.973 4.053 86.8
[MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B]–H4 5.181 4.120 95.7
[MmNi3.5Al0.5Fe0.5Co0.5 + 25 wt% PANI]–H3.8 5.218 4.150 97.8

ln PH2 = 2

(
�HH

RT
− �SH

R

)
(1)

�HH and �SH for dissolved hydrogen for a particular hydrogen concentration have been
obtained by a least squares technique from the slope and intercepts of ln PH2 versus 1/T plots,
respectively, and the variation of �HH with the hydrogen concentration is shown in figure 5.
The Gibbs free energy (�µH = �HH − T�SH) at 30 and 50 ◦C, along with �HH and �SH,
are listed in table 2. The dependence of �µH on the unit cell volume for the alloys (tables 1, 2)
suggests that the strain energy necessary to insert the hydrogen atoms increases with decrease
in the unit cell volume of the alloy.

3.4. Hydrogen absorption kinetics

Figure 6 shows the hydrogen absorption kinetics of MmNi3.5Al0.5Fe0.5Co0.5, MmNi3.5Al0.5

Fe0.5Co0.5 + 0.5 wt% B and MmNi3.5Al0.5Fe0.5Co0.5 + 25 wt% PANI alloys respectively at 30,
50, 75 and 100 ◦C. The kinetics graphs for these alloys show that the hydrogen concentration,
r , increases with time and reaches an equilibrium value. This corresponds to an experimental
point in the P–C isotherm of the corresponding alloy. The rate of absorption of hydrogen
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Figure 6. Kinetics of hydrogen absorption of MmNi3.5Al0.5Fe0.5Co0.5–H, [MmNi3.5Al0.5
Fe0.5Co0.5 + 0.5 wt% B]–H and [MmNi3.5Al0.5Fe0.5Co0.5 + 25 wt% PANI]–H in the temperature
range 30–100 ◦C.

is controlled by different mechanisms as the reaction proceeds through different regions.
The different mechanisms are (a) surface process corresponding to the α phase, (b) interface
process corresponding to the (α + β) phase and (c) the diffusion process corresponding to the
β phase. During the initial stage of absorption, the surface process, chemisorptions and
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Table 2. The equilibrium pressure, plateau slope, �H α→β
H , �Sα→β

H and �µ
α→β
H for alloy

hydrides at r = nH/nf .u. = 2.0.

Equilibrium �µ
α→β
H

pressure (bar) (kJ/mol H)

Plateau −�H α→β
H −�Sα→β

H
Alloy hydrides 30 ◦C 50 ◦C slopea (kJ/mol H) (J/K/mol H) 30 ◦C 50 ◦C

MmNi3.5Al0.5Fe0.5Co0.5–H b 0.83 1.61 1.4 16.8 ± 0.1 54.7 ± 0.2 −0.27 0.82

(MmNi3.5Al0.5Fe0.5Co0.5 0.73 1.41 2.4 14.3 ± 0.3 46.0 ± 0.3 −0.4 0.5
+ 0.5 wt% B)–H

(MmNi3.5Al0.5Fe0.5Co0.5 1.0 2.13 2.6 16.2 ± 0.2 53.4 ± 0.5 0.0 1.0
+ 25 wt% PANI)–H

a ln[PH/f .u. = 4.0/PH/f .u. = 1.0].
b Reference [19].

nucleation of hydride take place. As the absorption proceeds further, the hydride phase
nuclei starts growing. At one stage, the growing hydride phase nuclei overlap with each
other with a corresponding decrease in the interface area. In this process, the reaction rate is
controlled by the phase transformation at the (α + β) interface. When the β-phase hydride is
formed completely, hydrogen atoms probably get redistributed in the hydride phase and hence,
diffusion of hydrogen seems to be the rate-determining step in the β phase [25, 26].

The reaction mechanism is analysed by comparing the observed rate with the Avrami–
Erofeev type of equation [27]

F = 1 − e−Btm
. (2)

The rate equation which best fits the observed data can be found for the appropriate value
of m. For the present systems, the reaction order was determined as 1.0 for all phases by fitting
the experimental data to the following equation:

− ln

(
1 − m − m0

m∞ − m0

)
= − ln(1 − F) = kt (3)

where F is the equilibrium rate which is m
m∞

for m0 = 0 at t = 0. To obtain reaction constants k
using equation (3), the results of hydrogen absorption process for various constant temperatures
are plotted as − ln(1− F) versus t (figure 7). It is seen from figure 7 that the experimental data
fit to different linear segments and a gradual slope change occurs. This implies that different
processes are controlling the rate, at initial and final stages of the absorption reaction. It is
found from the P–C isotherms that the concentration at which the slope changes corresponds
to the α phase to (α + β) phase and (α + β) phase to β phase transition region [28]. The
rate constants (k) have been calculated for the different phases, at various temperatures from
the slopes of the linear region of the fit shown in figure 7. The activation energy Ea can be
calculated from the temperature dependence of the rate constant

k = k0 exp

(
− Ea

kBT

)
. (4)

Figure 8 shows the Arrhenius plots of lnk versus 1/T for the interface processes (α+β) and
ln D versus 1/T for diffusion process (β) respectively for these alloy hydrides, and from the
slope a relative activation energy (Ea) is obtained. It is also possible to determine the diffusion
coefficient (D) from the rate constant of the diffusion controlled reaction. The hydrogen
diffusion coefficient can be obtained for the hydrogen content mt at time t with spherical



7540 A Leela Mohana Reddy and S Ramaprabhu

0 20 40 60 80 100

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

0 10 20 30 40 50 60

0

1

2

3

4

(α + β)

(α + β)

(α + β)

β

β

β

 T = 100o C

 T = 75o C

 T = 50o C   

MmNi
3.5

Al
0.5

Fe
0.5

Co
0.5

-H

β β

β

β

 30o C

 50o C

 75o C

 100o C

β

β

 30o C
 50o C
 75o C
 100o C

Time (min) Time (min)

Time (min)

-ln
 (

1-
F

)

-ln
 (

1-
F

)

-ln
 (

1-
F

)

[MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt % B] - H

[MmNl3.5Al0.5Fe0.5Co0.5 + 25 wt % PANI] - H

0

0 5 10 15 20 25 30 35

1

2

3

4

5

Figure 7. − ln(1 − F) versus t plots for MmNi3.5Al0.5Fe0.5Co0.5–H, [MmNi3.5Al0.5
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particle of radius r , from the first term of the series expansion of Fick’s second law [29, 30].

1 − mt

m∞
= 6

π2

∞∑
l=1

1

l2
exp

(−l2π2 Dt

r2

)
. (5)
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for MmNi3.5Al0.5Fe0.5Co0.5–H, [MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B]–H and [MmNi3.5Al0.5
Fe0.5Co0.5 + 25 wt% PANI]–H.

For sufficiently long times, all except the l = 1 term can be neglected and the solution is

1 − F = 6

π2
exp

(−π2 Dt

r2

)

1 − F = 6

π2
exp(−KDt)

(6)

where KD = π2 D
r2 .
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Table 3. The activation energy and diffusion coefficients for MmNi3.5Al0.5Fe0.5Co0.5–H,
[MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B]–H and [MmNi3.5Al0.5Fe0.5Co0.5 + 25 wt% PANI]–H.

Ea (meV) Ea (meV) D (cm2 s−1)
Sample (α + β) phase β phase D0 (cm2 s−1) 50 ◦C

MmNi3.5Al0.5Fe0.5Co0.5–H 382 ± 5 506 ± 10 1.1 × 10−2 1.5 × 10−10

[MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B]–H 324 ± 10 433 ± 8 1.7 × 10−3 2.6 × 10−10

[MmNi3.5Al0.5Fe0.5Co0.5 + 25 wt% PANI]–H 268 ± 20 331 ± 12 7.4 × 10−5 3.0 × 10−10

Table 4. Time required for ball-milled, boron added and polyaniline dispersed
MmNi3.5Al0.5Fe0.5Co0.5 materials to reach absorption kinetics equilibrium at 50 and 75 ◦C.

Time (min)

Sample 50 ◦C 75 ◦C

MmNi3.5Al0.5Fe0.5Co0.5 110 45
MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B 75 49
MmNi3.5Al0.5Fe0.5Co0.5 (4 h ball milled) 37 16
MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B (4 h ball milled) 32 12
MmNi3.5Al0.5Fe0.5Co0.5 + 25 wt% PANI 8 6
MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B + 25 wt% PANI 10 5

Hence, by measuring the hydrogen content as a function of time (mt ) and the equilibrium
hydrogen content mα at a particular temperature, one can calculate the diffusion coefficient
of hydrogen. The diffusion coefficients have been calculated from the slope of linear fit-
ting corresponding to the β phase (see figure 7) using an average particle size of 20 µm for
hydrogenated MmNi3.5Al0.5Fe0.5Co0.5 and MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B and 10 µm
for 4 h ball-milled MmNi3.5Al0.5Fe0.5Co0.5 + 25% PANI (see figure 3). The diffusion co-
efficients of hydrogen in the investigated temperature range for MmNi3.5Al0.5Fe0.5Co0.5–H,
[MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B]–H and [MmNi3.5Al0.5Fe0.5Co0.5 + 25 wt% PANI]–H
are comparable with the value of 2.55×10−10 cm2 s−1 at 30 ◦C for MmNi3.8Al0.4Fe0.4Co0.4–H
obtained by hydrogen absorption kinetics [19]. Activation energies (Ea) calcu-
lated from the slope of the Arrhenius plot (figure 8) in the (α + β) phase
and β phase for MmNi3.5Al0.5Fe0.5Co0.5–H, [MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B]–H
and [MmNi3.5Al0.5Fe0.5Co0.5 + 25 wt% PANI]–H are listed in table 3. Figure 9
shows the comparison of hydrogen absorption kinetics in MmNi3.5Al0.5Fe0.5Co0.5,
MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B, MmNi3.5Al0.5Fe0.5Co0.5 + 25 wt% PANI, MmNi3.5

Al0.5Fe0.5Co0.5 + 0.5 wt% B + 25 wt% PANI, 4 h ball-milled MmNi3.5Al0.5Fe0.5Co0.5 and 4 h
ball-milled MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B alloys at 50 and 75 ◦C respectively. The
time required to reach the hydrogen equilibrium (Peq) at 50 ◦C in polyaniline dispersed
MmNi3.5Al0.5Fe0.5Co0.5 is around 10 min, compared to 110 min in pure alloy (see table 4). In
Zr based ZrMn0.85Cr0.1V0.05Fe0.5Ni0.5 + 1 wt% B alloy, the time required to reach Peq at 50 ◦C
is 76 min in polyaniline dispersed alloy compared to 95 min in parent alloy at the same initial
hydrogen pressure [21]. Thus the effect of polyaniline dispersion on hydrogen absorption
kinetics is more prominent in AB5 alloys rather than in AB2 alloys, due to the presence of
active rare earths in AB5 alloys. Thus polyaniline is an excellent catalyst for improving the
reaction kinetics of Mm based AB5 alloy. Further work is in progress to verify the catalytic
activity of polyaniline for hydrogen absorption kinetics in other Mm based AB5 alloys.
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Figure 9. Kinetics of hydrogen absorption in ball-milled, boron added and polyaniline dispersed
MmNi3.5Al0.5Fe0.5Co0.5 at 50 and 75 ◦C.

3.5. X-ray diffractograms of alloy hydrides

Change in crystal structure from hexagonal to orthorhombic has been observed with
hydrogenation of SmCo5 and PrCo5 [31, 32]. However, C14 hexagonal type AB2

alloys such as ZrMnFe0.5Ni0.5 and PuNi3 type AB3 alloys such as ErFe3 and YFe3

and Zrx Tb1−x Fe3 retain their structure upon hydrogenation [17, 33–36]. Further,
hydrogenation on LaNi5, LaNi1−x Mx (M = Mn, Cu, Al, Fe; x = 0.25, 0.50) and
MmNi4.2Al0.8 show no structural change with increase in cell volume [37, 38].
Figure 10 shows the powder XRD for [MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B]–H3.8 and
[MmNi3.5Al0.5Fe0.5Co0.5 + 25 wt% PANI]–H4.0. The powder XRD patterns show that there is
no structural change upon hydrogenation and the Bragg reflections are identical to that of the
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Figure 10. Powder x-ray diffractograms of hydrides of MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B and
MmNi3.5Al0.5Fe0.5Co0.5 + 25 wt% PANI.

parent alloy with increase in the unit cell volume. The unit cell volume expansion is around
10% in MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B and MmNi3.5Al0.5Fe0.5Co0.5 + 25 wt% PANI.

4. Conclusions

MmNi3.5Al0.5Fe0.5Co0.5 + x wt% B (x = 0, 0.5) alloys crystallize in CaCu5 structure, whereas
the alloys with 1.0, 2.0, 4.0 and 5.0 wt% B contain Fe3B and MmCo4B secondary phases. These
phases grow with increase in B content and the CaCu5 parent phase disappears for alloys with 4
and 5 wt% of B. The hydrogen absorption isotherms of MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B
show that with the inclusion of boron the hydrogen storage capacity decreases and plateau
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pressure increases due to the contraction of unit cell volume. This is attributed to the increase
in the strain energy necessary to insert hydrogen atoms in the smaller interstitial sites. The
reaction kinetics of hydrogen absorption increases with inclusion of boron. Polymer dispersed
and 4 h ball-milled alloys show rapid kinetics of hydrogen absorption when compared to
the parent alloy. Polyaniline is found to be an excellent catalyst for improving the hydrogen
reaction kinetics in the present system. The diffusion coefficient of hydrogen has the activation
energy E = 506 ± 10, 433 ± 8 and 331 ± 12 meV and pre-exponential factor D0 =
1.1 × 10−2, 1.6 × 10−3 and 7.4 × 10−5 cm2 s−1 respectively for MmNi3.5Al0.5Fe0.5Co0.5–H,
[MmNi3.5Al0.5Fe0.5Co0.5 + 0.5 wt% B]–H and [MmNi3.5Al0.5Fe0.5Co0.5 + 25 wt% PANI]–H.
These materials do not undergo any structural change upon hydrogenation.
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