
ORIGINAL PAPER

Effect of transition metals on ball-milled MmNi5 hydrogen storage
alloy

Sumita Srivastava1 • Kuldeep Panwar1

Received: 8 May 2015 / Accepted: 16 September 2015 / Published online: 30 September 2015

� The Author(s) 2015. This article is published with open access at Springerlink.com

Abstract MmNi5 hydrogen storage alloy has been ball-

milled with transition metal Co/Ni/Mn/Fe, one at a time in

small amount of 0.5, 1.0, 2.0 and 5.0 wt%. Optimum

hydrogenation behaviour has been observed for the sample

containing 2.0 wt% of transition metal. Maximum hydro-

gen storage capacities of the MmNi5 alloy have been

obtained as 1.68, 1.64, 1.56 and 1.52 wt%. Time taken for

the maximum hydrogen absorption was recorded as 3.0,

4.0, 4.0 and 4.5 min and desorption took 1.9, 3.0, 3.5 and

4.0 min. Short-term cyclic performance has been improved

as 98, 98, 97 and 96 % storage capacity retention after 20

cycles upon ball-milling with Co, Ni, Mn and Fe, respec-

tively. The improvement in hydrogenation behaviour due

to addition of transition metal has been obtained as

Co[Ni[Mn[Fe. Structural and microstructural char-

acterizations have been carried out by XRD and SEM

techniques. Several factors have been discussed which

affect catalytic action of transition metals in ball-milled

MmNi5 alloy.

Keywords MmNi5 alloy � ball-milling � 3d-transition
metal � Catalyst � XRD � SEM

Introduction

Key factor for the growth of hydrogen economy is devel-

opment of an efficient hydrogen storage material. Being the

safest hydrogen storage mode, metal hydride is very much

attractive to the hydrogen researchers. Due to easy acti-

vation and ability to operate at ambient condition, MmNi5
hydrogen storage alloy is important among metal hydrides

[1–3]. However, higher pressure ([7 MPa) required for

hydrogenation and low hydrogen storage capacity (1.4

wt%) decrease its popularity from application point of

view.

Ball-milling of hydrogen storage alloy to obtain

nanoparticle is already known to improve the hydrogena-

tion behaviour of AB5-type and other metal hydrides [4–7].

Nanocrystalline metal hydrides of Mg2Ni, FeTi and LaNi5
have shown enhanced absorption–desorption kinetics at

lower temperature and pressure as compared to traditional

hydrides [4]. Corre et al. found better discharge capacity of

ball-milled LaNi5 electrode in comparison to un-milled

LaNi5 electrode [5]. Ball-milling of magnesium hydride

has modified the structure and increased the specific sur-

face area [6]. Much faster sorption have been found for

milled alloy as compared to un-milled one [6]. Annealing

of mechanically alloyed LaNi5 led to grain growth, release

of microstrain and increase of storage capacity [7].

Nowadays many investigations have been performed on

the effect of transition metal catalyst on Mg-based hydro-

gen storage alloys to further improve hydrogenation

properties like hydrogen storage capacity, kinetics and

dissociation temperature [8–15]. Mechanical milling of

MgH2 with 3d-transition metals showed different catalytic

effect on reaction kinetics for different transition metal [8].

Most rapid absorption kinetics was noticed for Ti[V[
Fe[Mn[Ni; while fastest desorption kinetics was

observed for V[Ti[ Fe[Ni[Mn [8]. Addition of Co

during reactive mechanical alloying (RMA) has been found

to increase the quantity of MgH2 formed [9]. In a separate

study during RMA of Mg with 3d-transition metal, Bobet

et al. have found that hydriding resulted from the
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combination of two steps; nucleation at first and then dif-

fusion [10]. A direct relationship was observed between the

nucleation duration and the specific surface area by Bobet

et al. [10]. Ershova et al. have shown in their study that

addition of transition metals during RMA decreased the

decomposition temperature of MgH2 [11]. In one more

report it was mentioned that transition metals enhanced the

activation process during RMA of MgH2 and activation

was completed after two hydriding–dehydriding cycles

[12]. A decrease in activation energy of MgH2 as

45.67 kJ mol-1 as compared to 81.34 kJ mol-1 was

noticed by Shahi et al., when nanocrystalline MgH2 was

co-catalysed with transition metals Ti, Fe and Ni [13].

According to Mamula et al., transition metals have differ-

ent bonding with hydrogen atoms; thus weaken Mg–H

bond and destabilized the surrounding MgH2 matrix [14].

Jain et al. have reviewed Mg-based metal hydride and

found that nanocomposites using various transition metal

catalysts, alanates, nanocarbon, thin films, multilayered

films, etc. may further improve the hydrogenation proper-

ties [15].

It was observed by Shan et al. that mechanical grinding

of a small amount of Pd/Pt with AB5-type intermetallic

hydrogen storage alloys greatly improved the hydrogen

absorption and desorption performances of the alloys [16].

The alloy retained both the low activation pressures and

fast absorption–desorption rates even after more than

2 years of exposure in open air. According to Shan et al.,

enhanced hydrogen spillover and reverse hydrogen spil-

lover were the primary processes that account for the

improved hydrogen storage performance after Pd/Pt treat-

ment [16].

Although transition metals have tendency to improve the

hydrogenation properties, their catalytic effects on MmNi5
hydrogen storage alloy have not been addressed in the

literature till now. Present investigation is aimed to study

the effect of transition metals (Co/Ni/Mn/Fe) on the

hydrogenation behaviour of ball-milled MmNi5 alloy.

Experimental details

Synthesis

As-received MmNi5 alloy (Sigma-Aldrich) was ball-milled

in self-constructed ball-mill. The atomic composition of

mischmetal in MmNi5 alloy was La—25 %, Ce—54 %,

Pr—6 % and Nd—15 %. Ball-mill was carried out at

200 rpm for 3 h in a vial of 891 cc, taking 5 gm alloy at a

time. During ball-milling, steel balls of diameter 1.22 cm

and mass 10.5 gm were used. Ball to alloy powder weight

ratio was kept at 100:1. Different grinding medium (dry/

benzene/hexane/acetone) was selected for ball-milling of

MmNi5 alloy. For each grinding medium particle size

distribution was recorded using sieves of different size.

Figure 1 shows the particle size distribution after ball-

milling. When acetone was used as grinding medium 65 %

alloy had particle size less than 40 lm, which was the

highest percentage yield of particles below 40 micron

among all grinding media, hence acetone was used as

grinding medium in all the experiments. Alloy samples

have been prepared by ball-milling MmNi5 hydrogen

storage alloy together with high-purity (99.99 %) transition

metals Co, Ni, Mn, and Fe taking one at a time. For each

transition metal, four samples have been prepared by

varying the concentration of transition metal with respect

to MmNi5 hydrogen storage alloy. The concentration of

transition metal with respect to MmNi5 hydrogen storage

alloy has been kept at 0, 0.5, 1.0, 2.0 and 5.0 wt%. Initial

size of MmNi5 hydrogen storage alloy was 300 lm and

transition metal catalyst was 40 lm.

Structural and microstructural characterization

For structural characterization, all the ball-milled samples

were subjected to X-ray diffraction (XRD) analysis to see

the appearance of any new phase during ball-milling with

transition metal. To depict the surface morphology and

particle size distribution ball-milled and hydrogenated

samples were microstructurally characterized by scanning

electron microscope (SEM). XRD was done employing D8

ADVANCE BRUKER X-ray diffractometer that operated

with copper Ka radiation. Microstructures were examined

by means of a scanning electron microscope (SEM, LEO

435 VP) that employed a 30 kV secondary electron

imaging mode.
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Fig. 1 Particle size distribution after ball-milling with different

grinding medium
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Hydrogenation behaviour

Hydrogenation behaviour of all the samples was studied by

monitoring pressure–composition isotherms, absorption–

desorption kinetics and short-term cycling effect. The

amount of hydrogen absorbed was monitored by measuring

the decrease in hydrogen pressure of reactor, when it was

closed. The decrease in hydrogen pressure was correlated

to the volume of reactor to calculate the amount of

hydrogen absorbed by the hydrogen storage alloy. The

hydrogen desorbed was evaluated through water displace-

ment method using Sievert’s apparatus [17]. Between each

hydrogenation–dehydrogenation cycle reactor was evacu-

ated at a pressure of 10-11 MPa. Error in pressure mea-

surement is 0.01 MPa, and in storage capacity it is 0.002

wt%. Time measurement has error of 0.1 min.

Results and discussions

Structural and microstructural characterization

All samples prepared by ball-milling of MmNi5 alloy with

transition metals are subjected to X-ray diffraction analysis

for structural characterization. Figure 2 demonstrates a

representative X-ray diffractogram of MmNi5 alloy ball-

milled with transition metal Co/Ni/Mn/Fe having concen-

tration of 2.0 wt%. In all XRD patterns, CaCu5-type

structure for MmNi5 alloy is depicted. After ball-milling of

MmNi5 alloy with transition metal no new phases are

detected. Lattice parameters and unit cell volume of all the

samples are given in Table 1. No remarkable change is

observed in lattice parameters after ball-milling with

transition metal. This suggests that during the process of

ball-milling transition metal has not dissolved into MmNi5
alloy; rather they are physically mixed with the alloy

during ball-milling. Thus, transition metal particles may be

at the surface of the particles of hydrogen storage alloy.

Since the amount of transition metal is small during ball-

milling, no peaks of transition metals are observed at

concentration of 0–2.0 wt%. However, small XRD peaks of

transition metals are detected at concentration of 5.0 wt%.

XRD pattern corresponding to bulk MmNi5 alloy shows

less broadening in the XRD peaks, exhibiting large crys-

tallite size (40 nm). In all the other XRD patterns corre-

sponding to ball-milled MmNi5 alloy with or without

transition metal almost equal peak broadening can be seen.

The average crystallite size of all the ball-milled samples,

calculated through XRD peak broadening employing

Scherrer equation is found to lie within the range of

15–20 nm as given in Table 1.

To see the surface morphology and particle size distri-

bution after ball-milling, the samples are microstructurally

characterized by scanning electron microscopy. Figure 3a–

f represents scanning electron micrographs of as-received

MmNi5 alloy and ball-milled with transition metal at

concentration of 2.0 wt%. Figure 3a representing SEM

photograph of as-received bulk MmNi5 alloy, exhibits

inhomogeneous particle size distribution ranging from 5 to

50 lm. Fractures in the big particles can be seen in ball-

milled MmNi5 alloy (Fig. 3b). SEM micrograph (Fig. 3c)

of MmNi5 alloy ball-milled with Co reveals a homoge-

neous distribution of particles of the size 2 lm. Compar-

atively smaller particles are depicted in SEM micrograph

(Fig. 3d) of alloy ball-milled with Ni. When Mn is used

during ball-milling an inhomogeneous distribution of par-

ticles of the size lying within range of 1–2 lm (Fig. 3e) can

be seen. Similar micrograph is obtained for transition metal

Fe (Fig. 3f). Hence, when Co is used during ball-milling,

most homogeneous microstructure is obtained. Hardness

and elasticity of the added transition metal during ball-

Fig. 2 XRD patterns of MmNi5 alloy ball-milled with transition

metals at concentration of 2.0 wt%
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milling may affect the resultant microstructure. Hard

transition metal particles added during milling will act like

balls and will help in grinding the hydrogen storage alloy.

Less elasticity of the added transition metal will help in

preserving its own shape and size up to some extent during

ball-milling and hence transition metal particles will dis-

perse homogeneously on the surface of the alloy particles.

Brinell hardness of Co, Ni, Fe and Mn is 470–3000,

667–1600, 200–1180 and 196 MPa, respectively [18].

Similarly bulk modulus of Co, Ni, Fe and Mn are 180, 180,

170 and 120 GPa [18]. Hence, Co is the hardest and least

elastic transition metal among the selected group. The

combined effect of hardness and elasticity may be

responsible for the homogeneous microstructure of the

MmNi5 alloy ball-milled with Co.

Figure 4a–f represents SEM micrographs of ball-milled

MmNi5 alloy taken after 20 hydrogenation–dehydrogena-

tion cycles excluding activation cycles. As revealed by

these micrographs particle size reduces from initial size to

smaller size. Bulk alloy is found to change in a powder of

the size 5–10 lm after 20 hydrogenation–dehydrogenation

cycles (Fig. 4a). Again an inhomogeneous reduction in

particle size (1–3 lm) is noted in Fig. 4b corresponding to

MmNi5 alloy ball-milled without transition metal. A

homogeneous morphology is depicted in the alloy ball-

milled with Co transition metal. In this case, particles

change into size of 1 lm (Fig. 4c). Similar pattern of

microstructure with inhomogeneous particle size reduction

ranging from 0.5 to 2 lm can be seen in Fig. 4d corre-

sponding to alloy ball-milled with Ni. Even more reduction

in particle size (\1 lm) is noted in the case of Mn and Fe

(Fig. 4e, f); however, when Fe is used comparatively larger

particles are depicted than Mn. The reduction in particle

size in all the samples is due to volume expansion during

hydrogenation–dehydrogenation cycles known as pulver-

ization. Again, the alloy ball-milled with Co transition

metal gives optimum microstructure after 20 hydrogena-

tion–dehydrogenation cycles. It has been reported by

Sarma et al. that an optimum particle size is needed for

obtaining best hydrogenation properties [2].

Hydrogenation behaviour

In present investigation, six types of sample are studied for

their hydrogenation behaviour. Except the bulk MmNi5
alloy, other samples are found to absorb hydrogen in the

first cycle. In case of the bulk alloy it takes five cycles to

activate completely. The fast activation in the ball-milled

samples is due to the small size of particles (2–5 lm) and

nanosize of the crystallites. During the process of ball-

milling the surface area and grain boundary increases

which provides channel to hydrogen for absorption and

desorption process. Hydrogenation behaviour is monitored

by varying the concentration of added transition element as

x = 0, 0.5, 1.0, 2.0 and 5.0 wt%. Optimum hydrogenation

behaviour is obtained at the concentration of 2.0 wt%.

Absorption p–c isotherms for all the six samples have

been plotted in Fig. 5. Every curve has clear cut plateau

region. The slope of the plateau increases after ball-milling.

During the process of ball-milling, particle and crystallite

size reduces, resulting in an increase of grain boundary,

which works like amorphous region, imparting slope to p–c

isotherm [7]. Ball-milling reduces the absorption plateau

pressure from 7 to 4.7 MPa. The plateau pressure is cal-

culated at half of the maximum storage capacity. Absorp-

tion–desorption plateau pressure of all MmNi5 alloy ball-

milled with transition metals at concentration x = 2.0 wt%

is given in Table 2. The effect of transition metal catalyst

in lowering the plateau pressure is in order of

Ni[Co[ Fe[Mn. Figure 6 represents desorption p–c

isotherms of all the samples. Desorption plateau pressure

also reduces due to addition of transition element

(Table 2). Reduction in absorption–desorption plateau

pressure indicates that addition of transition element lowers

the driving force. The reduction in driving force may be

due to catalytic action of transition metals to dissociate

hydrogen molecule into hydrogen atoms, which are dif-

fused in metal hydride through channels provided by grain

boundaries in nanomaterial [19]. The amount of added

transition metal affects the hydrogen storage capacity. The

storage capacity increases with increase in amount of

Table 1 Lattice parameters, unit cell volume and average crystallite size of MmNi5 alloy, ball-milled with transition metal at the concentration

of 2.0 wt%

S.n. Name of the sample Lattice parameter ‘a’ (Å) Lattice Parameter ‘c’ (Å) Unit cell volume (Å3) Average crystallite size (nm)

1 MmNi5 Bulk 4.9793 4.0701 87.3896 40

2 MmNi5 Nano 4.9915 4.0649 87.7061 20

3 MmNi5 Nano ? Co 4.9916 4.0652 87.7161 18

4 MmNi5 Nano ? Ni 4.9912 4.0650 87.6977 17

5 MmNi5 Nano ? Mn 4.9915 4.0653 87.7148 15

6 MmNi5 Nano ? Fe 4.9917 4.0652 87.7196 16
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transition metal from x = 0 to x = 2.0 wt%. After attain-

ing maximum capacity at x = 2.0, it again reduces at

x = 5.0 wt%. Maximum hydrogen storage capacities of the

MmNi5 alloy have been obtained as 1.68, 1.64, 1.56 and

1.52 wt% on ball-milling with Co, Ni, Mn and Fe,

respectively, at the concentration of 2.0 wt%. Table 3

shows hydrogen storage capacity of ball-milled MmNi5

with different concentration (x) of transition metal. Very

small amount of added transition metal may not provide the

required catalytic action. Since transition metal itself does

not absorb hydrogen reversibly like MmNi5, higher con-

centration of transition metal reduces the overall hydrogen

storage capacity. Similar result has been obtained by Shahi

et al., where authors have studied nanocrystalline MgH2

Fig. 3 SEM micrographs of a bulk MmNi5 alloy, b ball-milled MmNi5 alloy, c MmNi5 alloy ball-milled with Co, d Ni, e Mn and f Fe transition
metals at concentration of 2.0 wt%
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co-catalysed with Ti, Fe and Ni [13]. They have reported

optimum capacity at 5 wt%, which reduces after increasing

the concentration of transition metals.

In the present investigation, maximum hydrogen storage

capacity is found as 1.68 wt%, when 2.0 wt% Co is added

during ball-milling of MmNi5 alloy. This higher capacity is

thought to be due to addition of transition metal. Earlier

study suggests that presence of catalyst during ball-milling

may enhance the kinetic reaction [8]. In the present case, it

appears that catalyst also affects the storage capacity.

Although transition metal itself does not store hydrogen

reversibly, its catalytic action in transferring hydrogen

Fig. 4 SEM micrographs of hydrogenated/dehydrogenated a bulk MmNi5 alloy, b ball-milled MmNi5 alloy, cMmNi5 alloy ball-milled with Co,

d Ni, e Mn and f Fe transition metals at concentration of 2.0 wt%
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atoms at suitable sites in metal hydride matrix may be

responsible for increased hydrogen storage capacity in

nanocrystalline MmNi5 alloy, when ball-milled with tran-

sition metal. There are many factors which affect the cat-

alytic action of transition metals. These are listed in the end

of this section. The factor, which affects the storage

capacity, is electronegativity difference between transition

metal and the alloy. In metal hydride (MH) matrix M is

electropositive and H is electronegative. First of all

hydrogen molecule is dissociated into hydrogen atoms at

the surface of transition metal particle and further hydrogen

may be stored as ion in the MH matrix. The more elec-

tronegativity of transition metal will repel H- ion and force

the ion to go towards M? ion. The larger be the difference

between electronegativity of M and transition metal, the

more guided path will be followed by H- ion. The elec-

tronegativity factor of Ce and La in MmNi5 is 1.12, while

for Co, Ni, Mn and Fe it is 1.88, 1.91, 1.55 and 1.83. The

maximum difference of electronegativity factor between M

and transition metal is for Ni and Co. It is noteworthy that

this factor will not create extra vacancies for hydrogen, but

it will force the hydrogen ion to take over all the vacancies

created by any means. Enhancement in storage capacity is

not only due to this factor. The higher capacity may be due

to the combined effect of catalytic action of added transi-

tion metal and optimum microstructure produced during

ball-milling in the presence of transition metal. It may be

mentioned here that earlier study on ball-milled MmNi4.6-
Fe0.4 alloy showed storage capacity of 1.7 wt% [2]. Hence,

the higher capacity in the present case appears reliable.

According to Ershova et al., the reason behind increased

storage capacity in nanocrystalline hydrogen storage alloy,

may be due to storage of hydrogen at another location in

ball-milled alloy [20]. Creation of high density of defects,

grains and sub-grain boundaries and other imperfections of

crystal lattice during ball-milling may act as stable sites for

hydrogen storage together with regular positions in crystal

lattice. The interface between hydrogen storage alloy and

catalyst acts as an active nucleation site for the hydride

phase [21]. 3d-transition metal reduces the nucleation

barrier. Hence, incorporation of transition metal catalyst,
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Fig. 5 Absorption p–c isotherms of MmNi5 alloy ball-milled with

transition metals at concentration of 2.0 wt%

Table 2 Absorption–desorption plateau pressure of MmNi5 alloy

ball-milled with transition metals at concentration x = 2.0 wt%,

calculated at half of the maximum storage capacity of p–c isotherm

Alloy specification Absorption plateau

pressure (MPa)

Desorption plateau

pressure (MPa)

MmNi5 Bulk 7.00 1.20

MmNi5 Nano 4.70 1.50

MmNi5 Nano ? Co 3.35 0.87

MmNi5 Nano ? Ni 3.52 0.68

MmNi5 Nano ? Mn 2.58 0.98

MmNi5 Nano ? Fe 2.75 1.08
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Fig. 6 Desorption p–c isotherms of MmNi5 alloy ball-milled with

transition metals at concentration of 2.0 wt%

Table 3 Hydrogen storage capacity of MmNi5 alloy ball-milled at various concentrations (x) of transition metals

Hydrogen storage capacity (wt%) at concentration x (wt%)

Alloy specification x = 0 x = 0.5 x = 1.0 x = 2.0 x = 5.0

MmNi5 Bulk 1.40 - - - -

MmNi5 Nano 1.50 - - - -

MmNi5 Nano ? Co 1.50 1.56 1.60 1.68 1.61

MmNi5 Nano ? Ni 1.50 1.54 1.58 1.64 1.58

MmNi5 Nano ? Mn 1.50 1.52 1.54 1.56 1.52

MmNi5 Nano ? Fe 1.50 1.50 1.52 1.52 1.48
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during ball-milling in creating nanocrystalline version of

hydrogen storage alloy gives synergetic effect to

improvement of hydrogenation characteristics. One more

reason for higher storage capacity may be elasticity of MH

matrix. According to Pasquini et al., volume expansion in

the lattice due to storage of hydrogen atom at interstitial

position favours the absorption of further H atoms resulting

in net H–H attraction [22]. However, if lattice is not free to

expand upon H absorption, the H–H interaction might even

turn into a repulsive one. In nanocrystalline material, at the

interface of catalyst and MH matrix elasticity is compar-

atively large.

Absorption and desorption kinetic curves of ball-milled

MmNi5 alloy with 2.0 wt% transition metal are given in

Figs. 7 and 8, respectively. Whereas, bulk MmNi5 alloy

takes more than 5 min to absorb maximum amount of

hydrogen, its nanoversion takes about 5 min to complete

the process. Addition of transition metal during ball-mil-

ling further increases the absorption kinetics. Time taken to

absorb the maximum amount of hydrogen on addition of

Co, Ni, Mn and Fe corresponds to 3.0, 4.0, 4.0 and 4.5 min,

respectively. Similar characteristics are noted in case of the

desorption kinetics. During desorption it takes 1.9, 3.0, 3.5

and 4.0 min to desorb 100 % hydrogen corresponding to

transition element Co, Ni, Mn and Fe, respectively. Kinetic

curves shown in Figs. 7 and 8 clearly indicate that

absorption and desorption kinetic increases after ball-mil-

ling the MmNi5 alloy. It further increases on adding tran-

sition metal during ball-milling due to catalytic action of

transition metal. Absorption kinetics was monitored at

maximum hydrogen pressure shown in p–c isotherm of

respective sample in Fig. 5. Hence, for bulk alloy pressure

was 90 Mpa, for ball-milled alloy it was 70 MPa and for

transition metals, pressure was 40 MPa. All the desorption

kinetics was monitored at 0.1 MPa.

Short-term cyclic performance of ball-milled MmNi5
alloy having 2.0 wt% of transition metal is illustrated in

Fig. 9. This figure clearly indicates that addition of tran-

sition metal improves the decay in storage capacity due to

repeated hydrogenation–dehydrogenation cycles. Addition

of transition metal improves the retention of storage

capacity after 20 cycles from 90 to 98 %, 98, 97 and 96 %

corresponding to Co, Ni, Mn and Fe, respectively.

Although no work has been reported till now on the

catalytic effect of transition metals on AB5-type hydrogen

storage alloy, similar results have been found in studies of

the effect of transition metals on MgH2 system. It has been

shown that addition of transition metals during ball-milling

of MgH2 reduces the activation energy, thus improves

absorption–desorption kinetics very much [8, 13]. Co has

been found to be most effective in formation of large

amount of MgH2 [9]. According to Liang et al., transition

metals are good catalyst for chemisorptions of hydrogen.

They reduce the nucleation barrier and thus enhance the

kinetics [8].

In present case also, Co has been found to be most

effective in improving the hydrogenation behaviour

like storage capacity, kinetics and cyclic stability. The
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Fig. 7 Absorption kinetic curves of MmNi5 alloy ball-milled with

transition metals at concentration of 2.0 wt%
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1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

0 5 10 15 20

MmNi5 Bulk

MmNi5 Nano

MmNi5 Nano+Co

MmNi5 Nano+Ni

MmNi5 Nano+Mn

MmNi5 Nano+Fe

Number of Cycles

H
yd

ro
ge

n 
St

or
ag

e 
C

ap
ac

ity
 (w

t%
)

Fig. 9 Short-term cyclic performance of MmNi5 alloy ball-milled

with transition metals at concentration of 2.0 wt%
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improvement in hydrogenation properties of MmNi5 alloy

by adding transition metal during ball-milling is in order of

Co[Ni[Mn[Fe. This enhancement is due to catalytic

action of transition metal. The order of transition metal in

improving the hydrogenation properties is due to combined

effect of their electronegativity, hardness and elasticity

factors. There is not much difference between Mn and Fe;

but the susceptibility of Fe to form oxide, decreases its

ability over Mn.

There are many factors, which may affect the catalytic

action of transition metals in ball-milled MmNi5 alloy.

These are listed in the following:

i. variable valency of catalyst

ii. size of catalyst

iii. defects introduced to the catalyst during ball-milling

iv. defects introduced in hydrogen storage alloys during

ball-milling

v. spill over effect

vi. hardness of catalyst

vii. ability of catalyst to transfer stable diatomic hydro-

gen into the desired ionic configuration

viii. electron distribution and orbital structure

ix. lowering of activation energy due to catalyst

x. number of free electrons in the catalyst.

The study on the correlation of these factors with

hydrogenation properties is on the way and will be com-

municated soon.

Conclusions

The overall hydrogenation behaviour of MmNi5 alloy ball-

milled with transition metal (Co/Ni/Mn/Fe) is improved.

The improvement in hydrogen storage capacity, absorp-

tion–desorption kinetics, and short-term cyclic perfor-

mance is thought to be due to catalytic action of added

transition metal. Optimum results are obtained when tran-

sition metal is added at the concentration of 2.0 wt%. The

improvement due to added transition metal is seen in the

order of Co[Ni[Mn[ Fe.
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