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bstract

Mg–Ce alloy was prepared by induction melting under vacuum, hydrided firstly and then Mg–Ce/Ni composite was obtained by mechanical
illing Mg–Ce hydrides under Ar for 50 h with addition of nano-sized Ni powder. XRD results showed CeMg12 formed in melted alloy. CeMg12

isappeared and CeH2.53 emerged during subsequent hydriding. The phase composition was not changed during ball milling process. Compared
ith Mg and Mg/Ni, Mg–Ce/Ni composite showed significant hydriding/dehydriding performance without any prior activation. The enthalpy of

ydride formation for Mg–10.9 wt.% Ce/10 wt.% Ni composite was −70.58 kJ mol−1 H2. Improved hydrogen storage properties were attributed
o the catalytic effect of addition of nano-sized Ni particles and existence of CeH2.53, as well as the grain refinement, defects, etc. in the material
ntroduced by ball milling process.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Many metal-hydrogen systems have been proposed as hydro-
en storage materials. Among them, the Mg-based alloys are
onsidered as potential candidates for hydrogen storage materi-
ls for their large hydrogen capacity and low cost [1,2]. However,
s Mg-based alloys desorb hydrogen at temperatures higher than
00 K, they are not applicable to practical use. Therefore, how to
estabilize their hydrides are the main objectives in this research
eld.

Improvement of the kinetics and modification of the disso-
iation temperature or the plateau pressure can be obtained by
ither chemical alloying (e.g. substitution or addition of other
lements) or through material processing (e.g. melt spinning,
echanical alloying) [3–6]. Mechanical alloying as a solid-

tate processing technique provides significant potential for both
lloying and microstructural modifications of hydrogen storage
aterial. The formation of nano-sized particles with clean sur-

aces also enhances the hydriding/dehydriding kinetics. Hence,

echanically alloying Mg with other transition metals can

ncrease the maximum solubility, produce fine particles in the
ubmicrometer or even nanometer size range, create fresh sur-
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aces and homogeneously dispersed nanometer particles within
g particles [7].
For increasing the capacity, the RE–Mg–Ni systems alloy

s one of the promising candidates. Among these systems, RE
lements addition played critical roles for improving the hydro-
enation properties [8,9]. In this work, the hydrogen storage
roperties Mg–10.9 wt.% Ce/10.0 wt.% Ni composite was inves-
igated.

. Experimental details

Mg–10.9 wt.% Ce alloy was prepared by induction melting
nder vacuum and then mechanically pulverized. Because of
he high ductility of Mg alloy, the as-melted alloy powder was
reliminary hydrided at 613 K under the hydrogen pressure of
.0 MPa in order to make finer powder. Thereafter, Mg hydrides,
g hydrides with 10.0 wt.% Ni and Mg–10.9 wt.% Ce hydrides
ith 10.0 wt.% Ni were put into the stainless steel vial with argon

s protection atmosphere, respectively. Ball milling process was
arried out for 50 h with a ball to powder ration of 50:1 at rotat-
ng speed of 280 rpm. It should be noted that Ni powder used
ere was nano-scaled particles prepared through Ni(CH3COO)2

eing deoxidized by KBH4. And the average grain size of Ni
articles obtained was 10 nm. The composite powders resulted
rom the milling were characterized by X-ray diffraction (XRD)
nd scanning electron microscopy (SEM).

mailto:tujp@zju.edu.cn
dx.doi.org/10.1016/j.jpowsour.2006.04.014
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Fig. 1. XRD patterns of Mg–Ce alloy before and after hydrided.

Measurement of hydriding/dehydriding kinetics of the
s-milled samples was similar to what described in Ref.
10]. Pressure–composition isotherms (P–C–T diagrams) of

g–Ce/Ni powders were also measured at 553, 573 and 613 K,
espectively, so that to estimate the enthalpy of hydride forma-
ion.

. Results and discussion

Fig. 1 shows the XRD patterns of as-melted Mg–10.9 wt.%
e alloy before and after hydrided. For the melted alloy, Ce
lloyed with partial Mg and CeMg12 (a = 10.307 (1), b = 10.307
1), c = 10.409 (1), P63/mmc) phase was formed. The content
f CeMg12 phase was 44.32 wt.% estimated through structure
efinement and profile matching. After reacted with hydrogen at
13 K, CeMg12 phase disappeared and CeH2.53 phase emerged
y the reaction of 2CeMg12 + xH2 → 2CeHx + 24Mg. Besides,
g partly reacted with hydrogen and some single Mg still

xisted, indicating that the melted Mg–Ce alloy could not be
ydrided completely even at 613 K. From the XRD patterns of
g hydrides after ball milling for 50 h, as shown in Fig. 2, it can
e seen that the diffraction peaks were broadened because of the
article refinement, defects and the intrinsic stress accumulation
uring long-time mechanical milling. It should be noted that
ano-scaled Ni particles here did not react with Mg or MgH2

m
A
m
t

Fig. 3. SEM micrographs of the ball-milled composites. (a) Mg
ig. 2. XRD patterns of Mg, Mg/Ni and Mg–Ce/Ni hydrides after ball milling
or 50 h.

uring mechanical milling and still remained pure Ni phase,
hich is different from what reported [11]. As shown in Fig. 3,

he SEM micrographs of the ball-milled composites showed the
article size of Mg–10.9 wt.% Ce/10 wt.% Ni is smallest which
s in accordance with Fig. 2. Besides, in the case of the addition
f both Ce and Ni, the ball-milled sample showed more like the
lice than the reunited blocks.

Fig. 4 presents the hydrogen absorption kinetics of the
all-milled samples at different temperatures. The addition of
ano-scaled Ni and Ce here improved the hydriding kinet-
cs greatly, especially at the temperatures below 433 K. Pure

g hardly reacted with hydrogen at 393 K, while the hydro-
en storage capacity of Mg/10 wt.% Ni could reach 2.09 wt.%
nd Mg–10.9 wt.% Ce/10 wt.% Ni composite could absorb
.92 wt.% H (Fig. 5) at the same temperature. It should be noted
hat the addition of Ni and Ce could also improve the activa-
ion properties of Mg-based hydrogen storage material. Pure

g needed three hydriding/dehydriding cycles to reach the max-
mum hydrogen absorption capacity. However, both Mg/10 wt.%
i and Mg–10.9 wt.% Ce/10 wt.% Ni could reach the maxi-

um hydrogen absorption capacity without any prior activation.
nd all the hydriding process could be finished in 3 min. The
aximum hydrogen storage capacity increased with increasing

emperature (Table 1). For hydrogen desorption side, the dehy-

; (b) Mg–10 wt.% Ni; (c) Mg–10.9 wt.% Ce/10 wt.% Ni.
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Fig. 4. Absorption kinetics of samples at different temperatures under initial 4

Fig. 5. Absorption kinetics of ball-milled samples at 393 K under initial 4 MPa
H2.

Table 1
Maximum hydrogen storage capacity of samples at different temperatures

Sample 393 K 413 K 433 K 453 K 473 K

Mg 0.57 2.85 3.76 4.40 5.39
Mg/10.0 wt.% Ni 2.16 2.88 3.18 4.12 5.33
Mg–10.9 wt.% Ce/10.0 wt.% Ni 2.92 4.05 4.94 5.30 –

d
C
d
c
d
s

F

MPa H2. (a) Mg; (b) Mg/10 wt.% Ni; (c) Mg–10.9 wt.% Ce/10 wt.%Ni.

riding temperature was decreased with the addition of both
e and Ni. As is that pure Mg and Mg/10 wt.% Mi began to

esorb hydrogen at 473 K while Mg–10.9 wt.% Ce/10 wt.% Ni
ould desorb hydrogen at 433 K at slow rate. The hydrogen
esorption kinetics at 453 K under H2 pressure of 0.1 MPa is
hown in Fig. 6. Desorbed hydrogen content reached 2.12 wt.%

ig. 6. Desorption kinetics of Mg–Ce/Ni composite at 453 K under 0.1 MPa H2.
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Fig. 7. P–C–T absorption curves of Mg–Ce/Ni composite.

ithin 20 min. To understand the hydrogen storage character-
stics of Mg–10.9 wt.% Ce/10 wt.% Ni composite, the absorp-
ion pressure–composition isotherms were generated at different
emperatures. As shown in Fig. 7, each of the P–C–T curves show
single plateau region, indicating that only one phase takes part

n hydrogen absorption. The absorption enthalpies of hydrides
ormation is −70.58 kJ mol−1 H2 measured by Van’t Hoff plots.
t is smaller than that of pure MgH2 (−74 kJ mol−1 H2) [12].

The interface between Mg–Mg, Mg–CeH2.53 and Mg–Ni
cts as an active nucleation site for the MgH2. Zaluska et al.
ointed out that the efficiency of the catalyst depends critically
n how well it is dispersed through the system [13]. And for
his reason the best efficiency of solid-state catalyst is obtained
hen catalyst particles are as small as possible. In the present
ork, the nano-sized Ni acted as catalyst for hydriding can

mprove the efficiency of Ni catalyst. It is reported [14] that
he nickel particles inlaid on the surface of nanocrystalline Mg
lloy may also act as the active sites for the redox reaction
f hydrogen and at the same time have the “bypass effect”
or hydrogen diffusion. Furthermore, mechanical milling can
acilitate nucleation by creating many defects on the surface
nd/or in the interior of Mg, or by an additive acting as active
ites for the nucleation, and shortened diffusion distance by
educing the effective particle sizes of Mg. Compared with

g/10.0 wt.% Ni, the Mg–10.9 wt.% Ce/10.0 wt.% Ni com-
osite showed better hydrogen absorption properties (Table 1).
iang et al. [15] reported that La2Mg17 undergoes disproportion

eaction on hydrogenation: La2Mg17 + 20H2 → LaHx + Mg, and
a hydride is not reversible. Besides, LaH2+c and CeH2+c are
tructurally similar [16]. We deduced that CeH2.53 in this work
id not react with hydrogen reversibly during hydring/dehydring

rocess and it acted as catalyst, which was according to only
ne plateau in the P–C–T diagrams of composite. All those
entioned above resulted in the improved hydrogen storage

erformance.

[
[

[

Sources 159 (2006) 163–166

. Conclusion

Mg–Ce alloy was prepared by induction melting under
acuum, hydrided firstly and then Mg–Ce/Ni composite was
btained by ball milling Mg–Ce hydrides under Ar for 50 h
ith addition of nano-sized Ni powder. XRD results showed
eMg12 formed in melted alloy. CeMg12 disappeared and
eH2.53 emerged during subsequent hydriding at 613 K. Ball
illing process did not change the phase composition. Com-

ared with Mg and Mg/Ni, Mg–Ce/Ni composite showed sig-
ificant hydriding/dehydriding performance without any prior
ctivation. The Mg–Ce/Ni composite could absorb 2.92 wt.%

at 393 K. Besides, it could desorb 2.12 wt.% H at 453 K
nder 0.1 MPa H2 pressure. The enthalpy of hydride formation
or Mg–Ce/Ni composite was −70.58 kJ mol−1 H2 measured
y Van’t Hoff plots. The improved hydrogen storage proper-
ies were attributed to the catalytic effect of the addition of
ano-sized Ni particles and existence of CeH2.53, as well as
he grain refinement, defects, etc. in the material introduced by
all milling process.
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