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a b s t r a c t

Mg50Ni–LiBH4 and Mg50Ni–LiBH4–CeCl3 composites have been prepared by short times of ball
milling under argon atmosphere. Combination of HP–DSC and volumetric techniques show that
Mg50Ni–LiBH4–CeCl3 composite not only uptakes hydrogen faster than Mg50Ni–LiBH4, but also releases
hydrogen at a lower temperature (225 ◦C). The presence of CeCl3 has a catalytic role, but it does not mod-
eywords:
ydrogen storage
ithium borohydride
agnesium

ify the thermodynamic properties of the composite which corresponds to MgH2. Experimental studies on
the hydriding/dehydriding mechanisms demonstrate that LiBH4 and Ni lead to the formation of MgNi3B2

in both composites. In addition, XRD/DSC analysis and thermodynamic calculations demonstrate that the
addition of CeCl3 accounts for the enhancement of the hydrogen absorption/desorption kinetics through
the interaction with LiBH4. The in situ formation and subsequent decomposition of Ce(BH4)3 provides a

nosiz
atalyst
echanical milling

uniform distribution of na
properties of MgH2.

. Introduction

Hydrogen has attracted significant interest as an ideal energy
arrier for mobile applications. However, the safe and efficient
torage of hydrogen poses an engineering challenge for clean and
nvironmentally friendly transportation. Solid-state media are an
dvantageous alternative for reversible and safe storage compared
ither with liquid hydrogen tanks or compressed hydrogen gas.
igh gravimetric and volumetric hydrogen capacities as well as
ffective thermodynamic stability and fast kinetics are among the
tringent limits that a viable on-board solid hydrogen carrier must
eet [1].
Various hydrogen storage materials, such as metal hydrides,

anocarbon materials, complex metal hydrides (alanates AlH4
−,

mides NH2
− and borohydrides BH4

−) and metal-organic frame-
orks (MOFs), have been investigated. Among them, magnesium
ydride is still one of the most attractive options since it can
eversibly store 7.6 wt% H and it is cheap and widely available [2–5].
nfortunately, the application of MgH2 is primarily precluded by

ts high desorption temperature and slow absorption/desorption

inetics below 300 ◦C, attributed to the strong ionic bond between
g and H [6]. Different techniques have been applied to over-

ome these difficulties: the development of ball milling procedures,
he addition of catalysts and the combination with complex

∗ Corresponding author. Tel.: +54 02944 44 5197/18; fax: +54 2944 44 5190.
E-mail address: jpuszkiel@cab.cnea.gov.ar (J.A. Puszkiel).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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e CeB4 compound, which plays an important role in improving the kinetic

© 2009 Elsevier B.V. All rights reserved.

hydrides [7–27]. The ball milling technique allows the produc-
tion of nanocrystalline materials with homogeneous composition
and refined microstructure [7]. One approach, which consists on
adding mainly 3d transition metals and their oxides/halides with
catalytic effect on MgH2, has been used to prepare Mg-based com-
posites by mechanical milling [8–24]. Another approach, instead,
is the combination of MgH2 with small amounts of LiBH4 resulting
in a noticeable enhancement of the hydrogen capacity and sorp-
tion kinetics of the obtained materials [25–27]. Johnson et al. [25]
have reported that MgH2 with modest amounts of LiBH4 absorbs
6.0 wt% H at 300 ◦C under 1 MPa in about 40 min. Moreover, Mao
et al. [26] have observed that LiBH4/Mg (mass ratio 1:4) composite
can uptake 2.6, 6.7 and 7.2 wt% of hydrogen within 60 min under
3 MPa, at 200, 250 and 300 ◦C, respectively. We have found [27]
that the capacity and kinetics of metal-doped Mg materials (Mg50Ni
and Mg15Fe) can be noticeably enhanced by the addition of a small
quantity of LiBH4. Reversible hydrogen storage capacities of about
7.0 wt% H at 300 ◦C under 2.5 MPa in just 300 s have been achieved
with Mg50Ni–10 mol%LiBH4 composite. This result has shown that
LiBH4 is an excellent additive for the milling process as it makes
possible the further agglomerate and crystallite size reduction of
Mg, increasing its surface area without apparent chemical reaction.
Furthermore, its presence during hydrogen cycling leads to the for-

mation of the MgNi3B2 phase which does not absorb hydrogen but
improves the absorption kinetics of Mg50Ni–LiBH4 in comparison
to Mg15Fe–LiBH4.

In this work, we study the microstructure and hydrogen
release/uptake properties of ball-milled Mg50Ni–LiBH4 composites

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jpuszkiel@cab.cnea.gov.ar
dx.doi.org/10.1016/j.jpowsour.2009.12.006
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ith and without the addition of CeCl3. The microstructural char-
cteristics of the nanocomposites were examined by powder X-ray
iffraction (PXRD) and scanning electron microscopy (SEM). Their
ydrogen sorption properties were investigated using differen-
ial scanning calorimetry under argon and high hydrogen pressure
tmosphere (DSC and HP-DSC), and Sieverts techniques. The inter-
ctions between Mg, Ni and LiBH4, and the role of CeCl3 were also
nalyzed.

. Experimental methods

.1. Sample preparation

Magnesium based composites were prepared by ball milling
nder argon atmosphere using a planetary mill (Fritsch P-6).
g (purchased from Riedel-de Haën; purity > 99.9%) and Ni

purchased from Sigma–Aldrich; purity > 99.9%) powders in a sto-
chiometric proportion of 50:1(Mg50Ni) were milled during 10 h.
ubsequently, 10 mol% of LiBH4 (purchased from Sigma–Aldrich,
urity ≥90%) and 0.2 mol% of anhydrous CeCl3 (purchased from
igma–Aldrich; purity > 99.9%) were added to Mg50Ni via 2 addi-
ional hours of ball milling to obtain Mg50Ni–10 mol%LiBH4
nd Mg50Ni–10 mol%LiBH4–0.2CeCl3. Samples containing
g–10 mol%LiBH4–0.2CeCl3 and Mg–50 mol%LiBH4–1 mol%CeCl3
ere also prepared to clarify the hydrogen sorption mechanism

nd the occurring interactions among the constitutive elements of
he nanocomposites materials under study. These additional sam-
les were obtained by adding the corresponding amounts of LiBH4
nd CeCl3 to as-milled Mg through 2 h of ball milling. All samples
ere milled using a sealed hardened steel container (80 cm3), a

all to sample mass ratio of 40:1 (sample mass: 2–3 g) and a disc
peed of 400 rpm. In order to prevent all samples from undergoing
xidation and/or hydroxide formation, they were stored and
andled in a MBraum Unilab 1200 argon-filled glove box with
xygen and moisture levels lower than 1 ppm. The prepared
g50Ni–10 mol%LiBH4, Mg50Ni–10 mol%LiBH4–0.2 mol%CeCl3,
g–10 mol%LiBH4–0.2CeCl3 and Mg–50 mol%LiBH4–1 mol%CeCl3

omposites are hereafter indicated as: Mg–50Li–1Ce, Mg–Ni–10Li,
g–Ni–10Li–0.2Ce and Mg–10Li–0.2Ce.

.2. Thermodynamic and kinetic measurements

Static pressure-composition isotherms (PCI) and isothermal
ydrogen sorption kinetics were examined using a modified
ieverts-type device coupled with a mass flow controller [28].
bsorption–desorption PCIs were measured in the temperature
ange of 250–400 ◦C, heating up each sample to the reaction
emperature under vacuum and keeping them at this tem-
erature for 30 min before the measurement. The equilibrium
ydrogen reversible capacities were determined from the plateau
idths and the equilibrium plateau pressures calculated from

he obtained PCI curves as an average of the experimental
oints in the plateau region, taking into account the error prop-
gation theory. Using the calculated equilibrium pressures the
bsorption/desorption van’t Hoff plots were constructed and the
ydrogenation/dehydrogenation enthalpy and entropy calculated.
ydrogen absorption/desorption rates were evaluated between
25 and 350 ◦C under 2.5 MPa. All the kinetic measurements were
arried out after activation of the materials reaching stable capac-
ties and rates through successive absorption/desorption cycles at
50 ◦C and 2.5 MPa.
.3. Characterization

Morphological and microstructural characterizations were
erformed via scanning electron microscopy with an energy-
er Sources 195 (2010) 3266–3274 3267

dispersive X-ray spectrometer analyzer (SEM-EDS 515, Philips
Electronic Instruments). For the SEM observations and EDS anal-
yses, samples of the synthesized powders were dispersed on
stick-mounted holders and introduced into hermetic plastic recipi-
ents in the argon-filled glove box to further minimize the material’s
surface exposure to oxygen and humidity. The values of Mg, Ni, Ce
and Cl atomic percentages of the corresponding composites after
hydrogen cycling were estimated by EDS as an average of five mea-
surements, one taken from a general sector and four taken from
different sectors of the powders dispersed on the stick.

The structural modifications rendered by the milling and
hydriding/dehydriding processes were examined by powder X-ray
diffraction (PXRD) analysis (Philips PW 1710/01 Instruments) with

Cu K� radiation (� = 1.5418 ´̊A, graphite monochromator, operated
at 40 kV and 30 mA). During the PXRD data collection all the sam-
ples were maintained under Ar atmosphere using a tightly sealed
sample holder to prevent the reaction between samples and air.
Crystallite size changes were estimated from diffraction peaks by
Scherrer equation.

The thermal behavior of the samples under argon atmosphere
was studied by DSC (DSC, TA Instruments 2910 calorimeter) using
5 ◦C min−1 of heating rate and 122 ml min−1 argon flow rate. High-
pressure differential scanning calorimeter (HP-DSC, TA Instrument
2910 calorimeter) was used to investigate the non-isothermal
hydriding/dehydriding behavior under hydrogen atmosphere (2.0
or 2.5 MPa H2 for absorption and vacuum for desorption). For DSC
and HP-DSC thermal analyses about 10 mg of samples were loaded
into hermetically closed aluminum capsules in the above men-
tioned MBraum Unilab argon-filled glove box. Temperature ramp
experiments were performed in the above mentioned Sieverts-type
device (Section 2.2).

2.4. Thermodynamic calculations

The HSC Chemistry software [29] was used to assess the reactiv-
ity of Mg–Li–Ce system under vacuum and hydrogen atmosphere in
equilibrium conditions. The most favorable reactions were identi-
fied through a combination of Gibbs minimization equilibrium with
selected solid and gas species. The obtained predictions represent
ideal chemical phase equilibria and are used to predict possible
solid products, in particular those involving Ce.

3. Results and discussion

3.1. Structural and microstructural characterization

Fig. 1 shows the powder XRD patterns of the Mg–Ni–10Li–0.2Ce
sample (a) after milling, (b) after hydrogen absorption and (c)
after hydrogen desorption at 300 ◦C. The PXRD pattern of the sam-
ple after milling shows the presence of Mg, Ni, LiBH4 and CeCl3,
which indicates that the obtained material is a physical mixture
of the starting materials. In the sample after hydrogen absorption
MgH2 and MgNi3B2 are detected. Mg stems from MgH2 decom-
position and MgNi3B2 remains as secondary phase after hydrogen
desorption. Similar results were obtained with the Mg–Ni–10Li,
i.e. a physical mixture of Mg, Ni and LiBH4 after milling as well
as the MgNi3B2 after hydrogen absorption/desorption [27]. Up to
this point the presence of CeCl3 would not lead to the formation of
a new phase detectable using PXRD.

The grain sizes of Mg before and after hydrogen cycling were cal-

culated from the PXRD patterns. It was found that the Mg–Ni–10Li
and Mg–Ni–10Li–0.2Ce composites milled for 2 h present Mg grain
sizes of 20 and 25 nm, respectively. After hydrogen cycling at 350 ◦C
the grain size of Mg increases and reaches 40 nm. Then, the differ-
ence between the grain size of Mg before and after hydrogen cycling
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ig. 1. Powder X-ray diffraction patterns for Mg–Ni–10Li–0.2Ce (a) after milling; (b)
fter hydrogen absorption at 300 ◦C under 2.5 MPa and (c) after hydrogen desorption
t 300 ◦C under vacuum.

s not relevant. These results show that the grain size refinement
f Mg is practically the same for both composites, maintaining the
anometric range after successive hydrogen cycles.

Fig. 2 shows the agglomerate size distribution and the parti-
le morphology of as-milled Mg–Ni–10Li and Mg–Ni–10Li–0.2Ce
Fig. 2(A) and (C)) and after hydrogen cycling (Fig. 2(B) and
D)). After milling, both composites exhibit practically the same
gglomerate size distribution (below 30 �m) and granular shape
orphology with cracks on the surface (inset plots). As previously

eported [27], the agglomerate size of Mg doped with Ni (Mg50Ni)
as noticeably reduced from 50 to 150 �m to below 30 �m when

iBH4 was added (Mg–Ni–10Li). This suggests that LiBH4 facili-
ates the ball milling of ductile Mg. After hydriding/dehydriding

ost of the agglomerates were pulverized into small and like coral

lusters with sizes below 2 �m as a consequence of the hydrogen
enetration into the material. EDS analyses (see Fig. 2(B) and 2(D))
aken from different sectors of the samples (see Section 2.3) after
ydrogen cycling provide the atomic content of the corresponding
lements in the composites. For the Mg–Ni–10Li composite, the

ig. 2. SEM morphologies of (A) Mg–Ni–10Li after milling, (B) Mg–Ni–10Li after hydrogen
nd (D) Mg–Ni–10Li–0.2Ce after hydrogen cycling with EDS analysis from a general secto
f the sample needed to have an electrically conductive surface.)
er Sources 195 (2010) 3266–3274

amounts of Mg and Ni are 98.7% and 1.3%, respectively. In the case
of Mg–Ni–10Li–0.2Ce, the amounts of Mg, Ni, Cl and Ce are 96.8%,
2.0%, 1.0% and 0.3%, respectively.

These experimental results reveal that Mg–Ni–10Li and
Mg–Ni–10Li–0.2Ce composites do not present any relevant dif-
ference in their morphological and microstructural characteristics.
Furthermore, the EDS analyses show that for both composites Ce,
Ni and Cl are well distributed on the surface of MgH2, maintaining
the starting atomic percentages after hydrogen cycling.

3.2. Thermodynamic properties

Absorption/desorption PCIs were carried out to characterize the
behavior of the Mg–Ni–10Li and Mg–Ni–10Li–0.2Ce composites
in the equilibrium conditions. Fig. 3 shows the (A) PCIs at 300
and 350 ◦C of Mg–Ni–10Li and Mg–Ni–10Li–0.2Ce, and (B) desorp-
tion van’t Hoff plots of Mg–Ni, Mg–Ni–10Li and Mg–Ni–10Li–0.2Ce
composites. The obtained isotherms are qualitatively similar con-
taining only one plateau over the whole range of temperature
ascribed to MgH2. At 300 and 350 ◦C the hydrogen capacities
reached the equilibrium conditions are about 7.0 wt% H and
6.7 wt% H for Mg–Ni–10Li and Mg–Ni–10Li–0.2Ce composites. The
Mg–Ni–10Li–0.2Ce composite presents flattened plateaus with
smaller hysteresis and lower absorption equilibrium pressure than
Mg–Ni–10Li, but practically the same desorption equilibrium pres-
sures.

A noticeable increase of the equilibrium pressure of Mg–Ni–10Li
and Mg–Ni–10Li–0.2Ce composites in relation to Mg–Ni is revealed
from the absorption (not shown)/desorption van’t Hoff. However,
this increase is small in a factor less than 1.5 for Mg–Ni–10Li and
1.1 for Mg–Ni–10Li–0.2Ce to cause a change in the thermodynamic
behavior of the composites [30]. Moreover, relevant differences
among the composites and MgH2 [31,32] do not emerge from the
absorption/desorption enthalpies shown in Table 1. Therefore, the
thermodynamic of the composites correspond to MgH2.
3.3. Kinetic behavior

Studies on the reactivity with hydrogen of the as-milled
Mg–Ni–10Li and Mg–Ni–10Li–0.2Ce composites using HP-DSC

cycling with EDS analysis from a general sector, (C) Mg–Ni–10Li–0.2Ce after milling
r. (The presence of Au in the EDS analyses is owing to the Au coating on the surface
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Table 1
Formation and decomposition enthalpies and entropies obtained from the van’t Hoff plots.

Composition Absorption Desorption

�H (kJ mol−1 H2) �S (J mol−1 H2 K−1) �H (kJ mol−1 H2) �S (J mol−1 H2 K−1)

Mg–Nia −72 −132 −72 −132
Mg–Ni–10Lia −67 ± 1 −126 ± 2 −77 ± 2 −140 ± 3
Mg–Ni–10Li–0.2Ce −68 ± 1 −126 ± 2 −73 ± 2 −133 ± 4
MgH b,c −70b −126b −74.4c −135c

n
s
h
c
v

F
M
f
i

2

a Ref. [27].
b Ref. [31].
c Ref. [32].

on-isothermal measurements are shown in Fig. 4(A) and (B). As

een in Fig. 4(A), the Mg–Ni–10Li–0.2Ce composite starts to absorb
ydrogen at a lower temperature (150 ◦C) than the Mg–Ni–10Li
omposite (250 ◦C). Fig. 4(B) shows that the hydrogen release under
acuum after the first cycle also occurs at a lower temperature for

ig. 3. (A) Pressure-composition isotherm (PCI) curves of Mg–Ni–10Li and
g–Ni–10Li–0.2Ce composites at 300 and 350 ◦C; (B) desorption van’t Hoff plots

or Mg–Ni, Mg–Ni–10Li and Mg–Ni–10Li–0.2Ce composites determined from PCIs
n the range of temperature from 250 to 400 ◦C.
the Mg–Ni–10Li–0.2Ce composite. Moreover, in the first hydrogen
cycling the polymorphic phase transition from orthorhombic to
hexagonal structure and the melting of LiBH4 are clearly identified
[33].

Previous to the kinetic study, stable rates and capacities were
attained through hydrogen cycling at 350 ◦C as shown in Fig. 5(A)
and (B). For both composites, the hydrogen absorption rates
increase with the successive absorption/desorption cycles and
reach the stability after four and three cycles, respectively. It is
also noticed that their hydrogen capacities are relatively constant
through the hydrogen cycling. Furthermore, after the first cycle
the hydrogen capacities are close to those reached the equilib-
rium conditions of 7.0 wt% H and 6.7 wt% H for Mg–Ni–10Li and
Mg–Ni–10Li–0.2Ce composites, respectively.

Fig. 6 shows the non-isothermal behavior of the composites
under hydrogen atmosphere after activation. During hydrogen
absorption at 2.5 MPa, a sharp exothermic peak attributed to
the MgH2 formation is observed in both composites. This is in
agreement with the PXRD shown in Fig. 1(b) (Section 3.1) where
the unique detected hydride phase is MgH2. The absence of the
endothermic peaks corresponding to the polymorphic transition
and melting of LiBH4 [33] evidences its total decomposition during
the activation of the samples. It can be noticed that the hydrogen
cycling does not considerable change the absorption behavior of the
composites since the rates of hydrogen uptake are alike to those
exhibited by the as-milled composites (see Fig. 4). On the other
hand, a remarkable reduction in 100 ◦C is observed for the starting

temperature of hydrogen desorption. It suggests that the hydro-
gen cycling modifies the subsequent reactivity to hydrogen of the
composites.

Fig. 7 depicts the hydrogen sorption curves of the composites
at 225 and 250 ◦C where the effect of CeCl3 is clearly noticed.

Fig. 4. Comparison of hydrogen absorption/desorption reactions for Mg–Ni–10Li
and Mg–Ni–10Li–0.2Ce composites in the HP-DSC equipment. (A) Absorption at
2.0 MPa, heating/cooling rate of 5 K min−1 and keeping at 350 ◦C for 0.5 h. (B) Des-
orption under vacuum, heating/cooling rate of 5 K min−1 up to 400 ◦C.



3270 F.C. Gennari, J.A. Puszkiel / Journal of Power Sources 195 (2010) 3266–3274

Fig. 5. Activation of the (A) Mg–Ni–10Li and (B) Mg–Ni–10Li–0.2Ce composites t

F
a

I
p
p
i
6
M

F
a

ig. 6. HP-DSC for Mg–Ni–10Li and Mg–Ni–10Li–0.2Ce composites after cycling: (A)
bsorption at 2.5 MPa; (B) desorption under vacuum, heating rate of 5 ◦C min−1.

n the case of the hydrogen uptake, Fig. 7(A), Mg–Ni–10Li–0.2Ce

resented faster rates than Mg–Ni–10Li. As seen, Mg–Ni–10Li com-
osite reaches 4.9 wt% H at 225 ◦C (final capacity of 6.7 wt% H

n 50 min – curve (a)) and 6.3 wt% H at 250 ◦C (final capacity of
.7 wt% H in 23 min – curve (b)) in 600 s. On the other hand,
g–Ni–10Li–0.2Ce composite achieves 4.9 wt% H at 225 ◦C in 425 s

ig. 7. Comparison of the (A) absorption and (B) desorption kinetics for Mg–Ni–10Li a
bsorption and vacuum for desorption.
hrough successive hydrogen absorption cycles at 350 ◦C and 2.5 MPa of H2.

(final capacity of 6.5 wt% H in 35 min – curve (c)) and 6.3 wt% H at
250 ◦C in 330 s (final capacity of 6.6 wt% H in 11 min – curve (d)).
This improvement on the absorption kinetic characteristics agree
well with the beneficial effect of Ni and Ce on the hydrogen absorp-
tion rate and activation properties of Mg-based material reported
by Wang et al. [34].

The dehydriding rate curves of Mg–Ni–10Li and
Mg–Ni–10Li–0.2Ce composites are shown in Fig. 7(B). At 300 ◦C,
Mg–Ni–10Li–0.2Ce desorbs 4.0 wt% H in 84 min (final capacity of
4.5 wt% H in 2 h – curve (d)), but Mg–Ni–10Li just releases 0.45 wt%
H in the same period of time (final capacity of 0.75 wt% H in 2 h and
20 min – curve (b)). As can be clearly noticed, the hydrogen desorp-
tion kinetics is markedly precluded by the temperature decrease.
However, the Mg–Ni–10Li–0.2Ce composite desorbs hydrogen at
225 ◦C (0.65 wt% H in 2 h – curve (c)), whereas the Mg–Ni–10Li
composite does not (curve (a)). Hence, Mg–Ni–10Li–0.2Ce presents
faster desorption rates than Mg–Ni–10Li at lower hydrogen release
temperatures, which is in accordance with the non–isothermal
desorption behavior of the composites observed in Fig. 6(B).

In view of the results, the Mg–Ni–10Li–0.2Ce composite clearly

has superior sorption and cycling properties than the Mg–Ni–10Li
composite. Considering that the hydrogen sorption processes occur
practically at the same driving force (same equilibrium pressures
– Fig. 3), the observed enhancement on the sorption rates is due to
kinetic factors.

nd Mg–Ni–10Li–0.2Ce at 225 and 250 ◦C under 2.5 MPa of hydrogen pressure for
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and Ni and/or the partial decomposition of LiBH4 might account
for the detected free Ni which suggests that MgNi3B2 was par-
tially formed during heating under vacuum. After hydrogen cycling
the detected phases in the Mg–Ni–10Li composite are MgNi3B2
ig. 8. (A) Comparison of the desorption kinetics for Mg–Ni–10Li, Mg–10Li–0.2Ce an
g–10Li–0.2Ce and Mg–Ni–10Li–0.2Ce in the temperature range of 250–325 ◦C.

.4. Hydriding–dehydriding: catalytic role of MgNi3B2 and CeCl3

.4.1. Activation energy of the desorption process
Fig. 8(A) shows a comparison of the hydrogen desorbed fraction

f Mg–Ni–10Li, Mg–10Li–0.2Ce and Mg–Ni–10Li–0.2Ce compos-
tes at 275 and 250 ◦C under vacuum as a function of time. As
een, it is clear that the presence of CeCl3 increases the hydrogen
elease rates. In order to describe the observed dehydrogenation
inetic behavior, the average desorption rates in the range of
wt% H to 4–5 wt% H were calculated. Arrhenius treatment of the

ate constant (k) expressed as wt% H per second yields a notable
ifference among the apparent activation energy (Ea) of the com-
osites (Fig. 8(B)). The addition of CeCl3 to Mg–Ni–10Li decreases
he Ea from 171 ± 18 to 139 ± 18 kJ mol−1. On the other hand, the

g–10Li–0.2Ce composite has the same Ea as Mg–Ni–10Li, suggest-
ng that CeCl3 or MgNi3B2 has similar contribution on the kinetic
ehavior of the composites. However, the presence of both CeCl3
nd MgNi3B2 renders a further improvement on the kinetic perfor-
ance of Mg–Ni–10Li–0.2Ce.

.4.2. Mg–Ni–Li interactions
In order to understand the reactions between Mg, Ni and LiBH4

uring heating, DSC (Fig. 9(A)) and PXRD (Fig. 9(B)) studies on as-
illed Mg–Ni–10Li composite were performed. It can be observed

hat the endothermic events corresponding to the phase transition
107 ◦C) and melting (277 ◦C) of LiBH4 (Fig. 9(A) curve (a)) are not
ffected as Mg–Ni–10Li composite (Fig. 9(A) curve (b)) is heated.

Fig. 9(B) shows the PXRD pattern of the as-milled Mg–Ni–10Li

omposite heated up to 350 ◦C keeping them at this temperature for
h in vacuum atmosphere. The formation of Mg2Ni and MgNi3B2 is
learly identified as well as the simultaneous presence of residual
g and Ni. Although at temperatures below 300 ◦C the intermetal-

ic phase Mg2Ni is formed [35], the melting temperature of LiBH4
Ni–10Li–0.2Ce at 275 and 300 ◦C under vacuum. (B) Arrhenius plot for Mg–Ni–10Li,

does not suffer any change in the presence of Mg2Ni (Fig. 9(A) –
curve (b)). Moreover, above ∼330 ◦C the LiBH4 starts to decom-
pose according to the reaction: LiBH4 → LiH + B + (3/2)H2 [33,36],
providing free B which reacts with Ni and Mg or with Mg2Ni and
Ni for the MgNi3B2 formation. The poor contacting between Mg
Fig. 9. (A) DSC curves of (a) LiBH4 and as-milled and (b) Mg–Ni–10Li. (B) Powder
X-ray diffraction pattern for as-milled Mg–Ni–10Li ramped at 5 ◦C min−1 from room
temperature to 350 ◦C and maintained at 350 ◦C for 5 h in vacuum atmosphere.
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nd MgH2 [27]. Therefore, the formation of MgNi3B2 starts during
eating under vacuum and is totally accomplished upon hydrid-

ng as LiBH4 completely decomposes. This is in agreement with the
P-DSC analysis (Fig. 6(A) and (B) – Section 3.3). Once the irre-
ersible phase MgNi3B2 is formed it operates as catalyst for the
ormation/decomposition of MgH2.

.4.3. Mg–Li–Ce interactions
To that extent the presence of CeCl3 plays a key role in the

mprovement of the sorption behavior of the Mg–Ni–10Li–0.2Ce
omposite mainly in the desorption kinetics (see Fig. 8). However,
n the PXRD of the samples after hydriding/dehydrigding (Fig. 1(b)
nd (c)) reflections coming from metallic Ce or any Ce compound
ave not been detected. Hence, in order to elucidate the actual cat-
lytic effect of CeCl3 in this section the interactions among Mg,
iBH4 and CeCl3 are analyzed. Fig. 10 shows the (A) DSC pro-
les of LiBH4 and as-milled Mg–Ni–10Li–0.2Ce, Mg–10Li–0.2Ce,
g–50Li–Ce and Li–Ce (3LiBH4–CeCl3 mixture milled for 6 h),

nd (B) de PXRD patterns for as-milled Mg–Ni–10Li–0.2Ce,
g–10Li–0.2Ce and Mg–50Li–Ce heated up to 350 ◦C keeping them

t this temperature for 5 h in vacuum atmosphere.
Three endothermic events are clearly noticed when CeCl3 is

resent (Fig. 10 – curves (b), (c) and (d)). Two thermal events occur
t slightly lower temperature than the phase transition and melt-
ng of LiBH4. A third thermal event (marked by a blue arrow) can
e associated with the formation during heating of an interme-
iate phase which involves LiBH4 and CeCl3 interaction, which
ecomposes at around 255 ◦C. This is supported by the DSC pro-
le of a 3LiBH4–CeCl3 mixture milled for 6 h (Fig. 10 curve (e)),

n which the endothermic event at 255 ◦C is owing to the decom-

osition of Ce(BH4)3 formed during the milling process [37]. In
he PXRD patterns of Mg–Ni–10Li–0.2Ce (Fig. 10 (B) curve (a)) as
ell as Mg–Ni–10Li (Fig. 9(B)), Mg, Mg2Ni, MgNi3B2 and Ni are
etected. It seems that Mg, Ce and Ni do not form any reported
hase [34,38–40]. The Mg–50Li–Ce composite (Fig. 10(B) pattern

6 h). (B) Powder X-ray diffraction patterns for as-milled (a) Mg–Ni–10Li–0.2Ce, (b)
Mg–10Li–0.2Ce and (c) Mg–50Li–Ce ramped at 5 ◦C min−1 from room temperature
to 350 ◦C and maintained at 350 ◦C for 5 h in Ar vacuum atmosphere.

able 2
alculated equilibrium phases at 25 ◦C under argon atmosphere for different stoichiometric compositions of CeCl3.

Phases P(Ar) = 0.01 MPa, 0.2 mol% CeCl3 P(Ar) = 0.01 MPa, 1.5 mol% CeCl3

Initial composition (mol%) Final composition (mol%) Initial composition (mol%) Final composition (mol%)

Mg 89.8 69.8 50 –
MgH2 – 15.4 – 40.3
MgB2 – 4.6 – 9.7
LiBH4 10 – 48.5 23.1
CeCl3 0.2 – 1.5 –
CeB4 – 0.2 – 1.5
CeB6 – – – –
CeH2 – – – –
LiCl – 0.6 – 4.5
LiH – 9.4 – 20.9
B – – – –

able 3
alculated equilibrium phases at 25 ◦C under hydrogen atmosphere for different stoichiometric compositions of CeCl3.

Phases P(H2) = 2 MPa, 0.2 mol% CeCl3 P(H2) = 2 MPa, 1.5 mol% CeCl3

Initial composition (mol%) Final composition (mol%) Initial composition (mol%) Final composition (mol%)

Mg 89.8 – 50 –
MgH2 – 89.8 – 50
MgB2 – – – –
LiBH4 10 9.4 48.5 44
CeCl3 0.2 – 1.5 –
CeB4 – 0.15 – 1.13
CeB6 – – – –
CeH2 – 0.05 – 0.37
LiCl – 0.6 – 4.5
LiH – – – –
B – – – –
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c)) shows reflections coming from the presence of LiH and indi-
ated with arrows CeB4, which is the unique specie associated with
e. As seen, the reflections stemming from Ce compounds do not
ppear in the XRD patterns of the samples after heating under
acuum (Fig. 10B (a) and (b)) and after hydriding/dehydriding
Fig. 1(b) and (c)). This fact can be associated to the small quan-
ity of the Ce compounds which might not be detectable by XRD
nd the nature of species such as borides which are commonly
morphous.

In order to analyze the phases resulting from the Mg, LiBH4 and
eCl3 interactions in argon and vacuum atmosphere, calculations
ased on the principle of Gibbs free energy minimization using the
SC Chemistry software [29] were performed. It is important to
ention that the formation of MgNi3B2 phase as a product of the
g–Ni–B interaction (Figs. 1, 9(B) and 10(B)) was not considered

or the calculation because the thermodynamic data of this ternary
pecie are not available. Tables 2 and 3 summarize the HSC Chem-
stry predictions. These tables do not include all the species (as for
xample: MgCl2(s), HCl(g), Cl2(g), Ce(s)) taken into account at the
ime to perform the calculations. According to the thermodynamic
alculations performed under low argon pressure (Table 2), CeB4 is
ormed from CeCl3 and LiBH4. Concomitantly, the complete LiBH4
ecomposition and MgH2 formation occur. The following reactions
escribe the processes with their corresponding free energy change
�G) calculated at standard temperature and pressure:

g(s) + H2(g) ↔ MgH2(s) �G = −36.34 kJ mol−1 H2 (1)

Mg(s) + 2LiBH4(s) ↔ MgB2(s) + 2LiH(s) + 3H2(g)

G = 7.71 kJ mol−1 H2 (2)

4LiBH4(s) + CeCl3(s) ↔ 3LiCl(s) + LiH + CeB4(s) + 7.5H2(g)

�G = −11.54 kJ mol−1 H2 (3)

Although the equilibrium composition presented in Table 2
hows that Mg should be hydrogenated to MgH2, this reaction is
ot favored under the gaseous phase removal (vacuum). Then, it

s not expected to detect MgH2 in the XRD measurements. The �G
alues of the reaction (2) and (3) suggest that LiBH4 consumption is
avored via reaction (3) due to LiBH4–CeCl3 interaction. In the case
f reaction (2), it is known that MgB2 formation from Mg–LiBH4
equires overpressure under desorption conditions [41,42] and
igher temperatures than 350 ◦C. However, under the employed
xperimental conditions it is possible that LiBH4 decomposes fol-
owing the reaction:

iBH4(s) → LiH(s) + B(s) + 1.5H2(g) �G = 37.56 kJ mol−1 H2

(4)

This reaction is favored under vacuum at high temperature (see
ection 3.4.2) [33,36]. Therefore, the LiBH4 decomposition mainly
ccurs via reaction (4). Moreover, DSC analysis (Fig. 10(A)) and a
revious study [37] strongly support the hypothesis that Ce(BH4)3

s formed as an intermediate of LiBH4–CeCl3 interaction. The evi-
ence presented in Fig. 10(B) curve (c) and the thermodynamic
alculations (Table 2) verify that Ce(BH4)3 decomposition produces
eB4 under the current experimental conditions.

Upon hydriding reaction thermodynamic calculations predict
he following reactions for Mg–Li–Ce system (see Table 3):

g(s) + H2(g) ↔ MgH2(s) �G = −36.34 kJ mol−1 H2 (5)
3LiBH4(s) + CeCl3(s) ↔ 3LiCl(s) + 0.75CeB4(s) + 0.25CeH2(s)

+ 5.75H2(g) �G = −16.47 kJ mol−1 H2 (6)
er Sources 195 (2010) 3266–3274 3273

Reaction (5) is in accordance with the PXRD analysis after
hydriding/dehydriding shown in Fig. 1(b) and (c) in which the
presence of MgH2 and Mg is clearly detected. This reversible
hydriding/dehydriding reaction is the main focus of this investi-
gation since Mg is the phase which is in the highest proportion
and besides, as seen in Section 3.2, the thermodynamic behavior
of the studied composites correspond to MgH2. According to reac-
tion (6), the interaction between LiBH4 and CeCl3 would lead to the
formation of CeH2. In our previous work [37], the dehydriding of
Ce(BH4)3 leads to the formation of CeH2 and a boride compound
and its subsequent hydrogen absorption is not complete (28% of
total hydrogen capacity). Taking into account the thermodynamic
calculations and the experimental conditions used in the present
study, it is not expected to observe reversibility from the reaction
(6) through Ce(BH4)3 as intermediate due to kinetic restrictions.

Therefore, from the calculations performed in equilibrium con-
ditions and the experimental evidence it is possible to describe the
processes occurring when the Mg–Li–Ce system is heated. LiBH4
partially decomposes through the reactions (3) and (4) leading
to the formation of CeB4, LiCl, LiH and B as condensate phases.
Further thermal treatment under high hydrogen pressure induces
hydriding of Mg to MgH2 and complete decomposition of LiBH4.
It is believed that the formation and decomposition of the inter-
mediate phase Ce(BH4)3 favors the dispersion of nanosize CeB4 on
the MgH2 surface. The formation of the cerium borohydride dur-
ing heating from a 3LiBH4–CeCl3 mixture milled for 1 h has been
experimentally demonstrated by our group [37]. Fang et al. [43]
have observed a similar behavior associated with the in situ forma-
tion and rapid decomposition of the intermediate Ti(BH4)3 and the
subsequent formation of Ti compound during heating. Moreover,
Kostka et al. [44] have reported the formation of the intermediate
phase La(BH4)x when LiBH4 was ball-milled with LaCl3. Thus, the
intermediate cerium borohydride decomposes at lower tempera-
ture than LiBH4 providing free boron for the complete formation of
MgNi3B2 and Ce for the formation of the CeB4. The presence of CeH2
under vacuum or hydrogen atmosphere dependents on the stoi-
chiometric ratio between LiBH4–CeCl3. In the case of the analyzed
composites the stoichiometric LiBH4–CeCl3 ratio does not favor the
CeH2 formation. Based on the calculations and the experimental
evidence (Fig. 10(B) pattern (a)), it is possible to conclude that along
with the formation of MgNi3B2 similar reactions are involved as
the Mg–Ni–10Li–0.2Ce composite is first heated under vacuum and
then cycled in hydrogen.

In the Mg–Ni–10Li–0.2Ce composite are present both MgNi3B2
and CeB4. The irreversible ternary phase MgNi3B2 formed in
Mg–Ni–10Li and Mg–Ni–10Li–0.2Ce serves as a reaction pathway,
improving the diffusion of hydrogen through the formed mag-
nesium hydride [27]. The catalytic activity of CeB4 is conferred
by two characteristics. First, the high valence state of Ce in the
CeB4 structure which increases the catalytic activity because more
electrons are exchanged during the catalytic reaction [45,46]. Sec-
ond, the high affinity of Ce for hydrogen since it can form cerium
hydrides such as CeH2 [45–48]. These characteristics would facil-
itate the nucleation process, accelerating the incubation period
as Mg uptakes and releases hydrogen [46]. As seen, both com-
pounds play a catalytic role in the formation–decomposition of
MgH2. Therefore, the further enhancement in the sorption kinetic
characteristics of the Mg–Ni–10Li–0.2Ce composite is attributed to
the synergetic effect of both MgNi3B2 and CeB4 catalytic phases.

3.5. Conclusions
The Mg–Ni–10Li–0.2Ce composite prepared by short times of
ball milling in argon atmosphere has better hydrogen sorption per-
formance than Mg–Ni–10Li. This composite absorbs 6.30 wt% H at
300 ◦C in about 300 s and released hydrogen at a lower temperature
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225 ◦C) than Mg–Ni–10Li. According to the experimental results,
he Mg–Ni–10Li and Mg–Ni–10Li–0.2Ce composites do not present
ny relevant differences regarding microstructure and morphol-
gy, and their thermodynamic behaviors correspond to MgH2.
uring heating, the interaction between LiBH4 and CeCl3 results in

he intermediate cerium borohydride which ease the subsequent
ormation of MgNi3B2 and provides CeB4 as final product. Both

gNi3B2 and CeB4 have catalytic effects on MgH2 resulting in the
nhanced sorption kinetics of the Mg–Ni–10Li–0.2Ce composite.
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