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Hydrogen absorption by Mg2Ni prepared by polyol reduction
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bstract

Mg2Ni prepared by polyol reduction method showed that increased hydrogen absorption characteristics. The maximum storage and release
apacities are 3.23 and 2.8 wt%, which appears to be encouraging. The electrochemical measurements also support these observations.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Hydrogen gas storage is one of the important components
f hydrogen economy. A variety of materials such as metal,
etal alloys, metal hydrides, intermetallics and metal alanates

n bulk as well as nano form have been investigated to obtain
he desired levels of storage for hydrogen. Magnesium, its alloys
nd composites constitute an unique and promising materials for
ydrogen storage application since these exhibit high hydrogen
torage capacity, light weight and low cost. Mg-based inter-
etallics form hydrides, which are more unstable than MgH2.
he kinetics of hydriding and dehydriding are slow [1]. The
ydriding alloys are used as the negative electrode of a recharge-
ble battery, essentially replacing the cadmium electrode in the
idely used Ni–Cd battery, because they have a less detrimen-

al effect on the environment, a high energy density, a higher
harge/discharge rate, low temperature capacity and an absence
f memory effect [2]. Of all the magnesium-based alloys, Mg2Ni
s one of the most promising material due to its relatively high
ydrogen storage capacity (3.8 wt%). However, the reaction of
agnesium alloys with hydrogen requires quite high tempera-
ures (573 K) and pressures due to hydriding/dehydriding diffi-
ulties. And moreover the polycrystalline Mg2Ni shows a very
ow electrochemical discharge capacity (less than 10 mAh/g) [3].
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In order to overcome these disadvantages, mechano-chemical
reparation of Mg2Ni was proposed and adopted in almost all
tudies during the last decade. Its capacity can be improved by
mploying a mechanical alloying [4–16]. The observed easy
ctivation and improved hydriding kinetics are attributed to
he appearance of a nanocrystalline or amorphous state of the

aterial rich in dislocations and special defects and clean and
ighly reactive surfaces, which lead to an increase of the hydro-
en absorption rate. The nanoparticles usually possess unusual
lectronic and chemical properties, and these make them very
ifferent from the bulk materials due to their extremely small
article size and large specific surface area. It was reported
hat amorphous Mg2Ni alloy and metallic Ni or Pd compos-
te prepared by mechanical treatment of the Mg2Ni alloy with
i or Pd powder, improved greatly the charge/discharge char-

cteristics [17,18]. For the mechanical alloying method, the raw
aterials are milled by balls made up of iron in order to obtain

omogeneous particles. The process results in the introduction
f impurities. In addition, this method consumes energy and
esults in higher cost for the synthesis of alloys.

Hence it is necessary to look for other alternative method
o synthesize nanocrystalline alloys. Recently, polyol reduction

ethod has been employed to synthesize a variety of metallic
lloy nanoparticles such as Ag–Pd, Co–Ni, Pt–Fe and Mg–Ni
19–22]. The advantage of this method is that it gives the

exibility to synthesize uniform size nanoparticles in desired
omposition range by adjusting the preparation conditions such
s reducing agent, protecting reagent concentration, temperature
nd reaction time. In the present study, nanosized Mg2Ni alloy
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alloy is in the range of 50 ± 20 nm.

Usually the hydrogen absorption properties of Mg2Ni are
very poor. Lot of efforts have been made to improve the kinetics
L.H. Kumar et al. / Journal of Allo

articles have been synthesized by polyol reduction method fol-
owed by annealing. The hydriding/dehydriding kinetics as well
s electrochemical characteristics of this material were investi-
ated.

. Experimental details

.1. Synthesis of Mg2Ni alloy

The Mg–Ni alloy in nanoscale was prepared by chemical reduction using
olyol process followed by annealing. In a typical procedure, 0.027 mol mag-
esium acetate (Merck, 99%) and 0.013 mol nickel acetate (Merck, 99%) were
issolved in 150 ml of ethylene glycol (AR grade) with 2:1 mol ratio. Then 10 g
f the polyvinylpyrrolidone (PVP) dissolved in 150 ml of ethylene glycol was
dded and stirred for 30 min. The resulting mixture was refluxed at 453–463 K.

hen the temperature had reached the set temperature 453 K, the refluxing was
ontinued for an additional 10 min. The PdCl2 (Lancaster, 99%) with 0.001 mol
atio of (Pd/metal) dissolved in 10 ml ethylene glycol was further added and
eflux continued for 1 h at the set temperature. Pd acts as a nucleating agent for
he growth of nanoparticles of Mg and Ni metals. Then the product was washed
ith absolute ethanol to remove the PVP and centrifuged at 6000 rpm for several

imes. The as synthesized Mg–Ni alloy was dried at 343 K in vacuum followed
y annealing at 573 K in hydrogen atmosphere for 3 h.

.2. Characterization

XRD patterns were obtained by a powder diffractometer (XRD—
HIMADZU XD-D1) using a Ni-filtered Cu K� X-ray radiation. The scan runs
as seen in step scan mode with a step interval of 0.1◦/s over the 2θ range
f 10–80◦. The sample was deposited on the carbon coated copper grid by
sing the ultrasonically dispersed alloy nanoparticles in methanol and transmis-
ion electron microscope (TEM) images were recorded by JEOL-JEM 100SX
icroscope utilizing an acceleration voltage of 100 kV.

.3. Hydrogen absorption studies

The hydrogen absorption/desorption characteristics were measured using a
acility reported earlier [23]. Pressure–composition isotherms were measured
eparately at 553, 573 and 603 K. Sample mass of 2 g was used for measuring
he hydrogen storage properties. Before each measurement the samples were
eated to 573 K and evacuated for 3 h.

.4. Electrochemical studies

The test electrodes were fabricated by pressing mixture of 0.3 g Mg–Ni alloy
nd Cu powder in a weight ratio of 1:2, into a pellet of 1.3 cm in diameter. Pellet
as pasted on glass electrode with Araldite. Subsequently, as current conductor,
copper wire was attached to the pellet by silver paint. Electrochemical mea-

urements were performed using an automatic land battery-testing instrument
ontrolled by a computer. Pt and Hg/HgO were used as the counter electrode
nd the reference electrode, respectively. In charge–discharge cycle tests, each
egative electrode was charged for 12 h at 50 mAg−1 and discharged to −0.6 V
ersus Hg/HgO under different current density in a 6 M KOH aqueous solution.
he resting time between charge and discharge was 10 min. The temperature
as kept at 300 K.

. Results and discussion

.1. Hydrogen sorption studies
Polyol reduction method produces metal/alloy nanoparticles
t low temperatures and hence this method is an efficient method
lternative to high-energy ball milling. Chia-Ming Chen and Jih-
irn Jehng [19] prepared Mg–Ni alloys with various Mg/Ni

F
i

ig. 1. XRD pattern of Mg2Ni prepared by polyol reduction followed by anneal-
ng at 573 K for 3 h.

atios by polyol reduction method. However, the as synthesized
aterial does not transform fully into Mg2Ni alloy. Therefore it

s necessary to anneal the material to facilitate the formation of
g2Ni alloy. The X-ray powder diffraction pattern of the Mg–Ni

lloy prepared by polyol reduction followed by annealing at
73 K in hydrogen atmosphere for 3 h is shown in Fig. 1. The
ain reflections are indexable in the hexagonal unit cell of the
g2Ni compound (space group P6222). The presence of unre-

cted Ni is detected by a small reflection at 2θ = 52.1◦. The broad
eaks indicate that the alloy formed by this method was either
anocrystalline or amorphous which is also confirmed by elec-
ron microscopy. Fig. 2 presents the TEM image of Mg2Ni alloy
fter annealing. TEM image shows the agglomeration of parti-
les and the average particle size of the nanocrystalline Mg Ni
ig. 2. TEM image of Mg2Ni prepared by polyol reduction followed by anneal-
ng at 573 K for 3 h.
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Fig. 4. Hydrogen desorption curves of nano-Mg2Ni at a pressure of 0.1 bar and
473, 523 and 573 K.
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l eq
is shown in Fig. 6. The pressure data were obtained from
the midpoint of plateau region from Fig. 5. The parameters,
entropy and enthalpy change, were obtained using the least
ig. 3. Kinetic curves of hydriding of nano-Mg2Ni at an initial pressure of 25 bar
nd 473, 523 and 573 K.

ike surface modification, ball milling to induce lattice strain and
illing with transition metal/metal oxide catalysts [4–18,24].
he kinetic curves of hydrogen absorption at different temper-
tures and an initial pressure of 25 bar for the Mg2Ni prepared
y polyol reduction method followed by annealing are shown
n Fig. 3. In the case of the polycrystalline Mg2Ni phase, it was
eported that it absorbed/desorbed hydrogen at high temperature
higher than 573 K). However, at a temperature as low as 473 K,
he nanocrystalline Mg2Ni prepared in this study was able to
bsorb and desorb hydrogen. One can see that the Mg2Ni com-
ound absorbs hydrogen quickly and reaches maximum with in
min at 573 K. The hydrogen absorption curves shown in Fig. 3
re obtained after first hydrogenation dehydrogenation cycle at
73 K. It was worth mentioning that the hydrogen absorption
akes place even from first cycle. The hydrogen absorption rate
s high due to the smaller size of the Mg2Ni particles. Since large
umber of interfaces and grain boundaries are available, the dif-
usion of hydrogen atoms is easier in the alloy nanoparticles
han in the bulk alloys [25]. More over the presence of palla-
ium added during the synthesis of alloy and presence of nickel
anoparticles (shown by the XRD) will facilitate the hydrogen
bsorption. After 5 min the maximum hydrogen storage capac-
ty of the obtained Mg2Ni compound is about 3.0, 3.12 and
.23 wt% at 473, 523 and 573 K, respectively.

The dehydriding kinetic curves for the Mg2Ni alloy nanopar-
icles at different temperatures and a pressure of 0.1 bar are
resented in Fig. 4. The dehydriding kinetics was measured
fter the Mg2Ni was fully hydrogenated at 573 K. As shown
n Fig. 5 the material desorbs hydrogen even at 473 K. The rate
f desorption is low at lower temperatures and increases with
ncreasing temperature. The maximum amount of hydrogen des-
rbed was found to be 0.75, 1.61 and 2.5 wt% at 473, 523 and
73 K, respectively in 30 min.

Fig. 5 shows the pressure composition isotherms of Mg2Ni
t 548, 573 and 603 K. Single sloping plateau is observed
or absorption/desorption process indicating the presence of

anocrystalline/amorphous nature of the alloy. The slope of
lateau decreases with increasing temperature. The plateau with
lope indicates that the absorption of hydrogen is by diffusion
echanism as in the case of amorphous or nanocrystalline mate-
ig. 5. Pressure–composition isotherms of nano-Mg2Ni at 548, 573 and 603 K.

ials [26]. The slope decrease as the temperature increases may
e due to increase in the crystallinity, which reduces the lattice
train and amorphous nature of the alloy. The hydrogen absorp-
ion capacities are 2.8, 3.03 and 3.20 wt% at 548, 573 and 603 K,
espectively.

The enthalpy (�H), and entropy (�S) change of hydride
ormation have been derived by utilizing Van’t Hoff plot of
n P versus 1/T. The Van’t Hoff plot for plateau region
Fig. 6. Van’t Hoff plot ln Peq vs. 1/T.
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ical measurement. The trend of the isotherm is the same as that
obtained volumetric measurements. Plateau of the electrochem-
ical isotherm is not flat because of nanocrystalline/amorphous
ig. 7. Galvanostatic discharge curves of nano-Mg2Ni at different current den-
ities.

quare technique from the slope and Y intercept of Van’t
off plots as shown in Fig. 6. The enthalpies and entropies
f the Mg2Ni prepared by polyol reduction and annealing at
73 K were −50.03 kJ/mol, −103.60 J/(mol K) for absorption
nd 56.35 kJ/mol, 105.36 J/(mol K) for desorption, respectively.

.2. Electrochemical characteristics

Electrochemical galvanostatic charge/discharge is a more
onvenient method than a gaseous technique for determining the
ydrogen absorption capacity and thermodynamic parameters of
metal hydride at low temperatures. The discharge capacities

re calculated from the discharge current and the time required
eaching a potential of −0.6 V (Hg/HgO) for Mg2Ni electrodes,
y using the equation:

discharge = It (1)

The electrode was charged/discharged galvanostatically in
M KOH aqueous solution at room temperature. The typical
ischarge curves at the 1st cycle measured at different dis-
harge current densities are shown in Fig. 7. The discharge
apacity decreases with increasing discharge current because
f an increase in the over voltage. The maximum discharge
apacity obtained was 408 mAh/g at a discharge current den-
ity of 20 mA/g in the first cycle. This is much more than that
f polycrystalline Mg2Ni reported previously [3]. The increase
n the discharge capacity is due to the formation of nanocrys-
alline/amorphous alloy by the polyol reduction that improves
ydrogenation ability of Mg2Ni electrode at low temperature
ecause of the hydrogen diffusion in nanocrystalline or amor-
hous alloy is more facile than the polycrystalline alloy.

Fig. 3 shows discharge capacities at room temperature as
function of cycle number for the Mg2Ni nanocrystalline

lloy prepared by polyol reduction method. The initial dis-
harge capacity was 408 mAh/g at a discharge current density of
0 mA/g. The cycling capacity of polycrystalline Mg2Ni is low

ue to the magnesium in Mg2Ni was easily oxidized in alka-
ine solution and Mg(OH)2 passive film was formed [15,16]. In
rder to improve the cyclic stability several modifications like
lemental substitution, coating with palladium, nickel and car-

F
d

Fig. 8. Cycle test data of the nano-Mg2Ni.

on, which will protect the alloy surface have been reported in
iterature [27]. It was reported that Ni coating is more effective
n protection of the surface of the alloy. It can be seen (from
ig. 8) that the decrease in discharge capacity is low. The degra-
ation is about 32% of maximum discharge capacity. This may
e because of the coverage of small amount of palladium and
ickel nanoparticles on the surface of Mg2Ni prepared by polyol
eduction method, which improves the kinetics of hydrogen dif-
usion as well as act as function as a protecting layer for the
lloy.

The electrochemical pressure–composition isotherms for
bsorption and desorption of hydrogen were obtained from the
quilibrium potential values of the electrodes, measured during
ntermittent charge and/or discharge cycles at constant current
ensity of 20 mAh/g by using Nernst equation [28]. Fig. 9
hows the pressure–concentration isotherm that is theoretically
erived from the equilibrium potential during the electrochem-
ig. 9. Electrochemical pressure composition isotherm at a discharge current
ensity of 20 mA/g for the nano-Mg2Ni alloy.
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ature of the material. The maximum absorbed hydrogen amount
hown in Fig. 5 is about 1.5 wt%

. Conclusions

Polyol reduction method is an alternative route to synthe-
ize nanocrystalline/amorphous alloys. Nanosize Mg2Ni alloy,
ynthesized by polyol reduction and subsequent annealing at
73 K has shown promising hydrogen absorption as well as
lectrochemical hydrogen absorption characteristics. The max-
mum hydrogen storage capacity observed was 3.23 wt% at
03 K. It absorbs 3.2 wt% of hydrogen with in 1 min and des-
rbs 2.8 wt% of hydrogen with in 15 min at 573 K. The enthalpy
nd entropy of formation for hydrogen absorption and desorp-
ion are −50.03 kJ/mol, −103.60 J/(mol K) for absorption and
6.35 kJ/mol, 105.36 J/(mol K) for desorption, respectively. The
aximum discharge capacity was found to be 408 mAh/g at a

ischarge current density of 20 mA/g. The materials show good
tability for number of cycles and degradation was only 32% of
aximum discharge capacity after 15 cycles.
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