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a b s t r a c t

The effect of Ce and Ni contents on the glass-forming ability (GFA) of MgeCeeNi system in

the Mg-rich corner of MgeCeeNi system is revealed. Ce is more advantageous for the GFA

of Mg-rich MgeCeeNi system than Ni, and the lowest Ce content is w5 at.% to obtain the

fully amorphous alloy. Amorphous alloy with the highest Mg content, Mg90Ce5Ni5, was

obtained by melt-spinning. With the amorphous alloy as precursor, nanostructure multi-

phases compositae was prepared by crystallizing it in hydrogenation process. The com-

positae with reversible hydrogen storage capacity of 5.3 wt.% shows much faster kinetics

and lower MgH2 desorption activation energy than those of induction-melt Mg90Ce5Ni5

alloy. Both in situ formed nanosized Mg2Ni and CeH2.73 act as effective catalysts and

significantly improve the hydrogen storage properties of MgH2.

Copyright ª 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction on-board application requirements. It seems that no simple
Hydrogen storage is the key issue to realize the hydrogen

economy [1,2]. And among the hydrogen storage materials

family, Mg-based alloys are a group of promising candidates

mainly due to their high hydrogen storage capacity, e.g.,

7.6 wt.% in the case of MgH2, low cost and abundant resources

[3]. However, they suffer from kinetic and thermodynamic

drawbacks on their way to practical application, which are

characterized by high activation energy (w160 kJ/mol) and

enthalpy (w75 kJ/mol H2) for MgH2 desorption [4,5]. Although

great efforts have been made to overcome those drawbacks

through catalysing [5,6], nanostructuring [7] and alloying [8,9]

etc., the performance of Mg-based alloys is still far behind the
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sole method could solve the problem and strategy of inter-

disciplinary approach should be explored to tune both

hydrogen storage kinetics and thermodynamics of them.

Since the last decades, extensive efforts have beenmade to

modify Mg-rich MgeREeNi (RE ¼ Rare earth) alloys by rapid

solidification, and amorphous and/or nanocrystalline struc-

tures are usually resulted in [10e19]. Spassov et al. [10e12]

reported that some nanocrystalline and/or amorphous

MgeREeNi alloys showed much superior hydrogen absorp-

tion/desorption properties than the corresponding conven-

tional crystalline alloys. Wu et al. [14,20,21] studied the effect

of solidification rate on the microstructures and hydrogen

storage properties of melt-spun MgeNieMm (Mm ¼ La,
cut.edu.cn (M. Zhu).
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Fig. 1 e XRDpatternsofmelt-spun (a)Mg88Ce4Ni8, (b)Mg88Ce3
Ni9, (c) Mg90Ce5Ni5, (d) Mg91Ce5Ni4, (e) Mg92Ce4Ni4 and (f)

Mg94Ce3Ni3 alloys.
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Ce-rich Mishmetal) alloy and found that the hydrogenation

properties showed close connection with themicrostructures;

the refinedmicrostructurewas very beneficial to the hydrogen

storage properties of Mg-based materials. Zhang et al. [16]

prepared a melt-spun MgeYeNi alloy with a long-period

stacking ordered (LPSO) phase, the nanostructured YH2 (or

YH3) and Mg2Ni significantly improve the hydrogen storage

properties of MgH2. The improvement on absorption kinetics

for Mg-based materials can be attributed to the nanosized

particles of REHx and Mg2Ni which embedded in Mg matrix

after activation, while the enhancement of desorption

kinetics to the nanosized particles of REHx and Mg2NiH4

embedded in MgH2 matrix upon hydrogenation. It should be

pointed out that the in situ formation of nanocrystalline REHx

and Mg2Ni (or Mg2NiH4) particles are important for above-

mentioned enhancement in MgeREeNi system. From litera-

tures [14,19,22] and our previous work [17], the more

homogeneous precursor, the better hydrogen storage prop-

erties, and thus amorphous structure is the most expected.

The contents of RE and Ni are very important to MgeREeNi

hydrogen storage alloys. On one hand, RE and Ni are advan-

tageous elements for the GFA of Mg-based alloys and the

hydrogen storage properties of MgH2. On the other hand, Ni

and RE are much heavier than Mg, which reduces the

hydrogen storage capacity for Mg-based alloys. It is not easy to

get the fully amorphous MgeREeNi alloys with Mg content of

w90 at.% [23]. Thus, Ni and RE contents should be designed in

a reasonable range by considering the requirement of

hydrogen storage capacity and GFA to make use of in situ

formed nanocomposite from amorphous precursor to

improve hydrogen storage properties of Mg-based materials.

Till now, no systematical work has been done on the effect of

RE and Ni contents on the GFA for Mg-rich MgeREeNi system,

and it is worthy to reveal such effect to design materials

reasonably. Very recently, we found that MgeCeeNi system

showed very good GFA with record high Mg content of 90 at.%

[24]. The highMg content is suitable to test the effect of Ce and

Ni contents on the GFA of MgeCeeNi system in the Mg-rich

corner.

In the present study, we focus on the effect of Ce and Ni

contents on the GFA ofMgeCeeNi system inMg-rich corner of

MgeCeeNi phase diagram. Because the hydrogen storage

kinetics is not much influenced by different REHx for melt-

spun MgeREeNi alloys [19]. Our present work can also be

reference for design of other MgeREeNi hydrogen storage

alloys. Moreover, hydrogen storage properties of amorphous

MgeCeeNi alloy with the highest Mg content are studied in

detail.
Fig. 2 e DSC traces of melt-spun (a) Mg88Ce4Ni8, (b)

Mg88Ce3Ni9, (c) Mg90Ce5Ni5, (d) Mg91Ce5Ni4, (e) Mg92Ce4Ni4
and (f) Mg94Ce3Ni3 alloys. Melt-spun Mg88Ce3Ni9 and

Mg94Ce3Ni3 alloys show no peak, indicating their

crystalline structures.
2. Experimental details

CeNi, CeNi2, CeNi3 and Ce5Ni4 intermediate alloys were firstly

fabricated by arc-melting. MgeCeeNi ingots (including

Mg88Ce4Ni8, Mg88Ce3Ni9, Mg90Ce5Ni5, Mg91Ce5Ni4, Mg92Ce4Ni4
and Mg94Ce3Ni3) were then prepared by conventional

induction-melting of a mixture of CeeNi intermediate alloys

and pure Mg metal in a quartz crucible under argon atmo-

sphere. Subsequently, the ingots were all re-melted and

injected through a nozzle (f ¼ 1 mm) onto the surface of
a rotating copper wheel at a linear velocity of 30 m/s. The

MgeCeeNi ribbons ofw2.5mm in width andw40 mm in depth

were obtained after melt spinning.

Phase structure analyses were characterized by a Philips

X’Pert MPD X-ray diffractometer (XRD) equipped with Cu Ka

radiation. Morphologies of the dehydrogenated samples were

examined by back-scatting scanning electron microscopy

(SEM, ZEISS SUPAR 40/VP). Crystallization experiment was

performed using a Perkin Elmer differential scanning calo-

rimeter (DSC) at a heating rate of 10 K/min. Thermal desorp-

tion spectroscopy (TDS) was performed using an NETZSCH

DSC equipment at different heating rates.

Prior to hydrogen storage property measurements, the

melt-spun ribbons were ball milled into powders for only

http://dx.doi.org/10.1016/j.ijhydene.2012.07.073
http://dx.doi.org/10.1016/j.ijhydene.2012.07.073


Fig. 3 e GFR of the MgeCeeNi system in the Mg-rich corner.

In the amorphous MgeCeeNi system, Mg90Ce5Ni5 alloy

owns the highest Mg content and the lowest Ce content.
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30 min. Hydrogen storage property measurements were per-

formed on a Sieverts-type automatic gas reaction controller

(Pct Pro2000). The sample weights for hydrogen storage

property measurements of induction-melt and melt-spun

Mg90Ce5Ni5 alloys are 0.329 g and 0.227 g, respectively.
3. Results and discussions

3.1. GFA of MgeCeeNi system in the Mg-rich corner

Fig. 1 shows the XRD patterns of melt-spun MgeCeeNi alloys.

Melt-spun Mg88Ce4Ni8 alloy shows Mg and amorphous peak

while melt-spunMg88Ce3Ni9 alloy consists of Mg, Ce2Mg17 and

a Long-Period Stacking Order (LPSO) phase whichmatches the

XRD patterns of melt-spun MgeYeNi alloy in Zhang’s study

[16]. From XRD patterns and TEM analysis published else-

where [24], melt-spun Mg90Ce5Ni5 alloy are fully amorphous

while melt-spun Mg92Ce4Ni4 is nanocrystalline Mg embedded

in an amorphous matrix. Melt-spun Mg91Ce5Ni4 alloy consists

of Mg phase and an amorphous broad peak. Melt-spun

Mg94Ce3Ni3 alloy consists of Mg, Ce2Mg17 and Mg2Ni phases.

Crystallization processes of melt-spun MgeCeeNi alloys

are revealed by DSC measurements as shown in Fig. 2. Melt-

spun Mg94Ce3Ni3 and Mg88Ce3Ni9 alloys display no peaks,
Table 1 e State and crystallization processes of melt-spun Mge

Chemical composition Melt-spun state Crystall

Tx1

Mg88Ce4Ni8 Nano-Mg þ amorphous 440/4

Mg88Ce3Ni9 Crystalline e

Mg90Ce5Ni5 Amorphous 455

Mg91Ce5Ni4 Nano-Mg þ amorphous 453/4

Mg92Ce4Ni4 Nano-Mg þ amorphous 455

Mg94Ce3Ni3 Crystalline e
indicating they are fully crystalline, which suggests that the

GFA of MgeCeeNi system deteriorates drastically if Ce

content is as low as 3 at.%. Once Ce content reached 4 at.%,

melt-spun MgeCeeNi alloys easily became partially amor-

phous, and 5 at.% of Ce can obtain fully amorphous structure.

Obviously, Ce content is more important to GFA of MgeCeeNi

system in the Mg-rich corner than that of Ni content. Along

with some results reported in Ref. [23], the glass-forming

range (GFR) of MgeCeeNi system in the Mg-rich corner is

summarized in Fig. 3. Herein, crystallization products of the

melt-spun MgeCeeNi alloys are also studied by XRD (results

not shown), and the DSC peaks and crystallization products

are summarized in Table 1.

The GFR is very useful for materials design for the

MgeREeNi hydrogen storage alloys. In the amorphous

MgeCeeNi system, Mg90Ce5Ni5 alloy owns the highest Mg

content and the lowest Ce content, which are advantageous

for both hydrogen storage capacity and kinetics. Herein, the

authors take the amorphous Mg90Ce5Ni5 alloy as precursor to

induce nanophase composite for hydrogen storage, and the

hydrogen storage properties via precise materials design are

studied.

3.2. Phase transition of the amorphous Mg90Ce5Ni5
alloy

As shown in Table 1, after fully crystallization until 573 K,

melt-spun Mg90Ce5Ni5 alloy is decomposed into Ce2Mg17, Mg,

Mg2Ni and Mg6Ni phases. Fig. 4 shows the XRD patterns of

hydrogenation and dehydrogenation products of the crystal-

lized melt-spun Mg90Ce5Ni5 alloy after 10 hydrogenation/

dehydrogenation cycles at 573 K. Hydrogenation products are

MgH2, Mg2NiH4 and CeH2.73 while dehydrogenation products

are Mg, Mg2Ni and CeH2.73. As it is known, Mg and Mg2Ni

uptake and release hydrogen reversibly, while Ce2Mg17
undertakes disproportion reaction upon the first hydrogena-

tion and decomposed into MgH2 and CeH2.73. Mg6Ni is a meta-

stable phase [25] and it decomposed into Mg2NiH4 and MgH2

upon hydrogenation. CeH2.73 stays stable in hydrogen

absorption/desorption cycles, indicating it is not like YH3,

which can decompose into YH2 after dehydrogenation and

recovered after hydrogenation under the similar conditions

[16]. The grain sizes of Mg and CeH2.73 for melt-spun

Mg90Ce5Ni5 alloy after dehydrogenation are calculated by the

Rietveld refinement which is described detailed elsewhere

[16,26], and it is found that the average sizes for Mg and

CeH2.73 are 127.1 nm and 45.3 nm, respectively. The fine
CeeNi alloys.

ization temperature (K) Crystallization products

Tx2 P1 P2

70 513 Mg/Ce2Mg17 Mg2Ni

e e e

496 Mg, Ce2Mg17 Mg2Ni, Mg6Ni

92 529 Mg, Ce2Mg17 Mg2Ni

503 Mg, Ce2Mg17 Mg2Ni

e e e
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Fig. 4 e XRD patterns of melt-spun Mg90Ce5Ni5 alloy after

(a) dehydrogenation and (b) hydrogenation.
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particles are good for the catalytic process and hydrogen

diffusion. From the XRD results, we conclude the first hydro-

genation and hydrogenation/dehydrogenation cycles of melt-

spun Mg90Ce5Ni5 alloy as follows:

1st. hydrogenation: Ce2Mg17 þ H2 / MgH2 þ CeH2.73

Mg þ H2 / MgH2

Mg2Ni þ H2 / Mg2NiH4
Fig. 5 e Back-scatting SEM images of dehydrogenation product

alloys.
Mg6Ni þ H2 / Mg2NiH4 þ MgH2
Hy/dehy- Cycles: Mg þ H2 4 MgH2

Mg2Ni þ H2 4 Mg2NiH4

Morphologies of dehydrogenation products for induction-

melt and melt-spun Mg90Ce5Ni5 alloys are shown in Fig. 5.

Dehydrogenation products for induction-melt Mg90Ce5Ni5
alloy consists of two typical morphologies, which are magni-

fied in Fig. 5 b and c. Very fine CeH2.73 and Mg2Ni particles are

separated out along the Mg bulks ofw50 mm in size. However,

for the desorbed melt-spun alloy, very fine CeH2.73 and Mg2Ni

particles are dispersively embedded in Mg matrix (Fig. 5d).

Furthermore, the grain size of Mg from melt-spun alloy is

much smaller than that from induction-melt one. The melt-

spun alloy with elements homogeneously distributed and

fully amorphous is advantageous to prepare nanosizeMgwith

dispersive catalytic Mg2Ni and CeH2.73, which is beneficial for

the hydrogen storage properties of Mg.

3.3. Hydrogen storage kinetics of induction-melt and
melt-spun Mg90Ce5Ni5 alloys

Fig. 6a shows the hydrogen absorption kinetics of melt-spun

Mg90Ce5Ni5 alloy under initial pressure of 2.5 MPa. The melt-

spun alloy displays very rapid hydrogenation kinetics. At

573 K, about 5.0 wt.%-H was absorbed within 5 min, reacting

rate of 1 wt.%-H/min, which is faster than that of the melt-

spun Mg12YNi alloy with a LPSO phase [16]. Fig. 6b compares

the hydrogen desorption kinetics for melt-spun and

induction-melt Mg90Ce5Ni5 alloys at 473 and 513 K, all against
s of induction-melt (aec) and melt-spun (dee) Mg90Ce5Ni5
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Fig. 6 e (a) Hydrogen absorption kinetic curves of melt-

spun Mg90Ce5Ni5 alloy. (b) Comparison of the hydrogen

desorption kinetic curves of melt-spun and induction-melt

Mg90Ce5Ni5 alloys at 473 and 513 K, initial state vacuum.

Fig. 7 e (a) TDS spectra of induction-melt (black lines) and

melt-spun (red lines) Mg90Ce5Ni5 alloys at different heating

rates. (b) Kissinger’s plots of MgH2 desorption processes of

melt-spun and induction-melt Mg90Ce5Ni5 alloys. (For

interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this

article).
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an initial state of vacuum. The melt-spun alloy exhibits much

faster kinetics than the induction-melt one; it releases

4.1 wt.%-H within 10 min even at 513 K. In Zhang’s study, the

melt-spun Mg12YNi alloy desorbed only 2 wt.%-H in 10 min at

523 K [16]. From literatures, the more Mg means the more

hydrogenation capacity, but at the expense of kinetic deteri-

oration [27]. However, we can obtain decent hydrogen storage

properties through reasonable alloying and efficient process-

ing and avoid the capacity loss to less than 5 wt.%-H.

Fig. 7a displays the TDS spectra of melt-spun and

induction-melt Mg90Ce5Ni5 alloys. The peaks for Mg2NiH4 at

about 513 K are too small to be distinguished due to the small

amount of Mg2NiH4. Themain desorption peaks are attributed

to MgH2 desorption. Hydrogen desorption onset temperatures

of the melt-spun alloy are w50 K faster than those of the

induction-melt alloy. The relationships between the heating

rate and peak temperature for the melt-spun and induction-

melt alloys are plotted in Fig. 7b, which fit Kissinger’s equa-

tion well:

ln

 
b

T2
m

!
¼ �Edes

RTm
þ C (1)
where Edes is the activation energy for desorption, Tm is the

peak temperature, b is the heating rate, R is gas constant and C

is constant. The activation energy of MgH2 desorption for

melt-spun and induction-melt Mg90Ce5Ni5 alloys are calcu-

lated to be 109.2 and 124.6 kJ/mol, which are much smaller

than that of pureMgH2 ofw160 kJ/mol [5]. AlloyingMgwith Ce

and Ni by induction-melting can reduce the MgH2 desorption

activation energy because Ce and Ni introduction as catalysts

reduce the energy barrier for MgH2 desorption [28]. Melt
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Fig. 8 e Desorption PCI curves of induction-melt and melt-

spun Mg90Ce5Ni5 alloys at different temperatures.
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spinning treatment causes an amorphous precursor with

elements homogeneously distributed and grain size reduc-

tion, result in an even smaller desorption activation energy.

3.4. PCI properties of the induction-melt and the melt-
spun Mg90Ce5Ni5 alloys

Fig. 8 compares the PressureeComposition Isotherms (PCI)

curves for melt-spun and induction-melt Mg90Ce5Ni5 alloys at

different temperatures. Reversible hydrogen storage capac-

ities of the two alloys are both around 5.3 wt.%-H. Considering

the XRD patterns of the de/hydrides together, the single

plateau should be assigned to Mg-MgH2 and the hydrogen

storage capacity of Mg2NieMg2NiH4 is too narrow to be

distinguished. Moreover, enthalpy and entropy of MgH2

desorption, as calculated by Von’t Hoff equation, are 74.5 kJ/

mol H2 and 133.8 J/mol for induction melted alloy, and 77.9 kJ/

mol H2 and 139.7 J/mol for melt-spun alloy. The equilibrium

pressures at 1 atm for the two alloys are both w557 K. The

results are in a very good agreement with the values found in

the literature [4,29], indicating that the thermodynamic of

Mg90Ce5Ni5 alloy is not changed by melt-spinning.
4. Conclusions

In summary, the effect of Ce and Ni contents on the GFA of

MgeCeeNi system in the Mg-rich corner is studied. Ce is more

beneficial for theGFAfor theMg-richMgeCeeNisystemthanNi

and the lowestCe content isw5 at.% to obtain fully glassy alloy.

Mg90Ce5Ni5 with ultrahigh Mg content of 90 at.% can

provide the hydrogen storage capacity of more than 5 wt.%,

and melt-spinning treatment results in an amorphous

precursor with elements homogeneously distributed. The

amorphous precursor transforms to nanocomposite consti-

tuted of Mg, Mg2Ni and CeH2.73, which are beneficial for

synergetic and catalytic process. Moreover, the grains sizes of

Mg from amorphous precursor are much smaller than those

from conventional crystalline alloy, which shorten the
hydrogen diffusion path. These reduces the desorption acti-

vation energy to 109.2 kJ/mol, which are much smaller than

that of pure MgH2 of w160 kJ/mol. Our findings show that

strategy of interdisciplinary approach and precise materials

design can significantly tune the hydrogen storage properties

of Mg-based alloys.
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