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a b s t r a c t

The LiBH4–MgH2 system has a high reversible hydrogen storage capacity. However, the hydrogen
de/absorption kinetics has to be further enhanced for its practical application. Motivated by the pos-
sibility that the metal catalysts facilitating the dissociation and combination of hydrogen molecules and
activating Mg–H and B–H bonds, a novel catalyst, ruthenium nanoparticles supported on multiwalled
vailable online 27 February 2011

eywords:
ydrogen storage
gH2

carbon nanotubes (Ru/C) is prepared and its effect on the hydrogen sorption properties of LiBH4–MgH2

systems is investigated. The experimental results show that the Ru/C catalyst is active in reducing the
dehydrogenation temperature and enhancing the dehydrogenation kinetics. Furthermore, the reversible
capacity is also markedly enhanced under moderate conditions, and the catalytically enhanced hydrogen
absorption capacity persists well during three de/rehydrogenation cycles.
iBH4

atalysis
arbon-supported Ru nanopartices

. Introduction

Metal borohydrides are of interest for hydrogen storage in
obile applications due to their high gravimetric and volumetric

ensities of hydrogen [1]. However, the strong covalent bond-
ng between B and H in the BH4 unit makes them too stable

ith respect to thermal decomposition. For example, LiBH4 has a
arge theoretical hydrogen capacity of 18.5 wt.% in the family of

etal borohydrides, and is considered to be a promising hydro-
en storage material for mobile application [2]. However, high
emperatures are required to obtain the useful hydrogen capac-
ty, approximately 380 ◦C for the main evolution of gas to start,
nd only half of the hydrogen can be released below 600 ◦C [3,4].
ecently, a variety of additives have been screened, and some were

ound to be effective in lowering the thermodynamics and kinet-
cs [5–8]. However, the conditions of rehydrogenation of LiBH4
re still very high, which may be attributed to the general chem-

cal inertness of boron, which is hard to be activated due to the
trong boron–boron bonds [3]. An effective method developed by
ajo et al. [9] and Barkhordarian et al. [10], independently, was

o use MgH2 to modify the de/rehydrogenation thermodynamics
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of LiBH4 through forming MgB2 compound upon dehydrogena-
tion according to LiBH4 + MgH2 ↔ LiH + MgB2 + 4H2. The mixture
of 2LiBH4 + MgH2 has good reversibility under relatively moderate
conditions in the presence of 3 mol% TiCl3 [9]. It was suggested that
MgB2 promotes the formation of the BH4 complex, as the activation
energy needed to break the Mg–B bond is lower than that of the B–B
bond [10,11]. However, the reaction kinetics of the 2LiBH4 + MgH2
mixture was still slow. For example, 100 h is needed to attain equi-
librium for direct measurements, even at 400 ◦C [9]. Furthermore,
the reversibility still needs further improvement in order to make
the system suitable as an on-board hydrogen storage medium in
mobile applications.

In an effort to develop the LiBH4–MgH2 system with improved
dehydrogenation kinetics and reversibility, we focus on catalyst
screening to catalytically enhance the reversible dehydrogena-
tion of the LiBH4–MgH2 system. It has been well established that
metallic catalysts may facilitate the dissociation and combination
of hydrogen molecules and consequently improve de/absorption
kinetics of metal hydrides or complex hydrides. For example, it
has been reported that Ru-based catalysts possess pronounced
catalytic activity for the activation of N–H bond and the dis-
sociative chemisorption of hydrogen molecule [12,13]. In this
regard, the Ru-based catalysts may also be active toward to

the de/rehydrogenation of MgH2 and LiBH4. On the other
hand, it has also been well known that with a small cur-
vature radius, carbon exhibits prominent “catalytic” effect in
conventional metal hydrides and complex hydrides [14]. In the
present study, the effect of ruthenium metallic nanoparticles sup-
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Fig. 1. (a) SEM image of the as-prepared Ru/C catalyst, and (b) EDS patterns of the
Ru/C catalyst.
J. Mao et al. / Journal of Alloys an

orted on multiwalled carbon nanotubes (Ru/C) on the hydrogen
e/absorption properties of LiBH4–MgH2 system is systematically

nvestigated.

. Experimental

.1. Preparation of Ru/C catalyst

The MWNTs were first prepared by catalytic chemical vapor deposition (CVD),
sing nanosized cobalt as the catalyst [15]. The MWNTs were firstly treated in con-
entrated HNO3 at 393 K for 2 h. Then, the mixture was diluted with water, filtered,
ashed with excess deionized water, and dried at 60 ◦C in a vacuum oven. After that
u–MWNTs (Ru/C) catalysts were prepared by microwave heating of an ethyleneg-

ycol (EG) solution of RuCl3·xH2O with MWNTs suspended in the solution. A typical
reparation would consist of the following steps: 400 mg pretreated MWNTs, 15 ml
f 0.05 M RuCl3·xH2O (Aldrich, A.C.S. Reagent) in EG solution, and 30 ml of 0.04 M
OH were mixed with 100 ml of EG (Aldrich) in a beaker and ultrasonicated with
n ultrasonic probe for 4 h. The beaker were placed in the center of the microwave
ven and heated for 2 min under a microwave power of 800 W, at that point Ru
articles were reduced from the solution [16,17]. The as-prepared suspension was
ltered, and the residue was washed with acetone and de-ionized water. Finally,
he prepared Ru/C catalyst was dried under vacuum at room temperature.

.2. Preparation of LiBH4–MgH2 samples

The starting materials MgH2 (98% purity) and LiBH4 (95% purity) were pur-
hased from Sigma–Aldrich Co. and used directly without pretreatment. A mixture of
LiBH4 + MgH2 with 10 wt.% Ru/C added was ball milled for 2 h at a rate of 400 rpm in
QM-2SP planetary ball mill. The ball-to-powder ratio was around 30:1. For com-
arison purposes, the 2LiBH4 + MgH2 mixture without Ru/C was also ball milled
nd examined under the same conditions. All sample storage and handling were
erformed in an Ar filled glove box (MBraun Unilab).

.3. Property measurements and structural characterization

The hydrogen desorption/absorption properties were measured in a Sieverts
pparatus (Advanced Materials Corporation, USA). Temperature programmed dehy-
rogenation (TPD) curves were determined by volumetric methods, starting from
tatic vacuum. The temperature was increased from ambient to ∼500 ◦C at 2 ◦C/min.
he hydrogen desorption kinetic measurements were performed at the desired tem-
erature starting from static vacuum. Before the onset of kinetic measurement, the
ample chamber was filled with hydrogen at 4 MPa pressure, and the tempera-
ure was then raised to and kept at the desired temperature. Then, the chamber
as quickly evacuated. The hydrogen absorption measurements were performed at

bout 4 MPa and 500 ◦C. The sample was thoroughly dehydrogenated at 500 ◦C under
ynamic vacuum before the rehydrogenation measurement. Other than specified,
he hydrogen capacity calculations were normalized to the LiBH4–MgH2 content,
iding comparison between samples with and without additive.

The Ru/C catalysts were characterized by using scanning electron microscopy
SEM, JEOL JSM-6460A) equipped with an energy dispersive spectrometer (EDS).
ransmission electron microscopy (TEM) was performed using a JEOL JEM 2011.
EM samples were dispersed on lacey carbon support films. The LiBH4–MgH2 sam-
les with Ru/C catalyst were analysed using X-ray diffraction (XRD, Rigaku D/max
200PC, Cu K� radiation). In order to avoid the possible oxidation during the XRD
easurement, samples were mounted onto a glass board 1 mm in thickness in the
r filled glove box and sealed with an airtight hood composed of an amorphous tape.

. Results and discussion

.1. Catalyst characterization

It is well known that MWNTs have a hydrophobic surface, which
esults in aggregation in polar solvent. Therefore, it is necessary
o functionalize the surface of MWNTs by acid treatment in order
o facilitate the deposition of a large amount of Ru nanoparticles
ith uniform distribution. Typical SEM images of as-prepared Ru/C

atalysts are shown in Fig. 1a. It can be seen that Ru nanoparti-
les (bright spots) are uniformly distributed among the MWNTs.
ig. 1b presents a typical EDS pattern of the as-prepared Ru/C
atalyst, which indicates the presence of Ru. The amount of Ru

anoparticles loaded on the MWNT support was also estimated by
emi-quantitative EDS, and it was found that the Ru nanoparticles
re about 20 wt.% of the total composites for Ru–MWNT.

The general distribution of Ru nanoparticles on the surfaces of
he MWNTs is further characterized by TEM as shown in Fig. 2. It can

Fig. 2. TEM image of the as-prepared Ru/C catalyst.
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First-stage dehydrogenation
ig. 3. (a) TPD (temperature-programmed desorption), and (b) derivative
emperature-programmed desorption (DTPD) curves of 2 h ball milled LiBH4–MgH2

ixtures with and without catalyst addition. The heating ramp for all the samples
as 2 ◦C/min.

e seen that the surfaces of the MWNTs were uniformly decorated
y Ru nanoparticles with an average particle sizes range from 2 to
nm.

.2. Hydrogen de/absorpition and catalytic mechanistic study of
he Ru-catalyzed LiBH4–MgH2 material

Property examination shows that the Ru/C catalyst is effec-
ive for enhancing the hydrogen desorption of the 2LiBH4 + MgH2

aterial. Fig. 3 presents the temperature-programmed desorption
urves and the differentiated (DTPD) curves for the dehydrogena-
ion of undoped and Ru/C doped LiBH4–MgH2 samples. It can be
een that both the doped and undoped samples showed a clear two-
tep dehydrogenation, which corresponds to the decomposition of
gH2 and LiBH4, respectively, with increasing temperature. From

he TPD results (Fig. 3a), we can find that the first hydrogen des-
rption for the undoped sample started at around 360 ◦C. Further
eating led to a second dehydrogenation starting at around 380 ◦C,
nd a total hydrogen release capacity of 11 wt.% was obtained

◦
y 500 C. After doping with Ru/C, the system started to release
ydrogen at around 310 ◦C, and reached its second-step hydrogen
elease process at 360 ◦C, which is 50 ◦C and 20 ◦C lower than for
he undoped sample, respectively. Meanwhile, two main peaks of
ydrogen evolution located at 374 and 446 ◦C can be observed in
Fig. 4. Hydrogen desorption curves of the plain LiBH4–MgH2 system at 300 (a), 350
(c), and 380 ◦C (e). Hydrogen desorption curves of the Ru/C catalyzed LiBH4–MgH2

system at 300 (b), 350 (d), and 380 ◦C (f).

the DTPD results (Fig. 3b). After doping with Ru/C, the peak temper-
ature for the first and second dehydrogenation of the doped sample
is 344 and 427 ◦C, which is 30 and 19 ◦C, respectively, lower than for
the undoped sample. These results indicate the dehydrogenation
properties of LiBH4–MgH2 were improved by Ru/C catalyst doping.

In order to judge the dehydrogenation kinetics of Ru/C catalyzed
LiBH4–MgH2 sample, isothermal dehydrogenation was studied at
300, 350, and 380 ◦C, respectively, as shown in Fig. 4. The dehy-
drogenation kinetics of pure LiBH4–MgH2 sample is also examined
for comparison. It can be seen that there are two stages in the
dehydriding process for the two samples at 350 and 380 ◦C: fast
dehydriding in the first short period, corresponding to the decom-
position of MgH2, and slow dehydriding thereafter, which results
from the dehydriding of LiBH4. The figure also shows that the
dehydrogenation process for the Ru/C doped LiBH4–MgH2 sam-
ple is saturated with a capacity of 8.39 wt.% within 2 h at 380 ◦C,
while only 6.37 wt.% hydrogen was released for the udoped sample
under the same conditions and the dehydrogenation is still pro-
ceeding even after 5 h. At 350 ◦C, the undoped sample only released
4.45 wt.% hydrogen within 5 h, which is much lower than that of the
doped sample (6.98%). At 300 ◦C, the hydrogen release is mainly
attributed to the dehydrogenation of MgH2 in both samples, in
which only 0.83 wt.% of hydrogen was released from the undoped
sample after 5 h, while 2.2 wt.% of hydrogen was released from the
Ru/C doped sample. These results indicate that the dehydrogena-
tion kinetics of the LiBH4–MgH2 system is significantly improved by
doping Ru/C. Particularly, the catalytically enhanced kinetics aris-
ing upon adding Ru/C catalyst is achieved without penalty of the
practical capacity of the materials, indicating that the added cata-
lyst activates more 2LiBH4 + MgH2 component to participate in the
dehydrogenation reaction at these temperatures.

The addition of Ru/C catalyst was also highly effective for
improving the rehydriding process in the LiBH4–MgH2 system
under more moderate conditions. Fig. 5 compares the rehydro-
genation kinetics of the neat and Ru/C catalyzed systems under the
initial pressure of 4 MPa H2 at 500 ◦C. Clearly, the enhanced rehy-
drogenation kinetics and increased hydrogen recharging amount
were observed in the Ru/C catalyzed sample. In the case of the Ru/C

catalyzed sample, a hydrogen absorption capacity of 5.4 wt.% was
reached in 2 h. Furthermore, the sample can absorb 7.5 wt.% hydro-
gen within 8 h, which is 2.2 wt.% higher than that of the neat sample
und the same conditions.
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ig. 5. Comparison of hydrogen absorption curves for the un-catalyzed and cat-
lyzed LiBH4–MgH2 system at 500 ◦C under 4 MPa hydrogen.

Further study indicates that the Ru/C catalyzed sample have
ood de/rehydrogenation cyclic properties. Fig. 6 compares the
ehydrogenation capacity of the neat and Ru/C catalyzed systems
nder the initial pressure of 4 MPa H2 at 500 ◦C for 9 h. As shown in
ig. 5, the rehydrogenation capacity of the Ru/C catalyzed sample at
he first and the third cycle are almost the same, 7.8 wt.% in the first
ycle, and 7.6 wt.% after three cycles. In contrast, the rehydrognated
apacity for the neat sample is reduced form 5.8 wt.% for the first
ycle to 5.4 wt.% for the third circle. The well persisted rehydro-
enation capacity in Ru/C catalyzed sample indicates that the Ru/C
atalyst has a good catalytic activity even after several cycling.

Fig. 7 shows the XRD patterns of the as-prepared Ru/C catalysed
iBH4–MgH2 system and of the same sample after dehydrogena-
ion and subsequent rehydrogenation. After ball milling, the sample
howed the characteristics of a physical mixture of MgH2 and LiBH4,
ut no peaks related to the catalyst were observed due to the
uch lower concentration and nanocrystalline phase. However,

fter heating to 500 ◦C, the MgH2 and LiBH4 peaks were absent,

nd new compounds, corresponding to Mg, Li–Mg alloy, LiH, and
ome MgB2 (with Li–Mg alloy and Mg peaks overlapping in the XRD
atterns), were observed. The decomposition product of B from
iBH4 is suggested to be amorphous state, and therefore, cannot
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ig. 6. The rehydrogenation cycling of the un-catalyzed and Ru/C catalyzed of
iBH4–MgH2 system at 500 ◦C under 4 MPa hydrogen.
Fig. 7. XRD patterns of the Ru/C catalyzed LiBH4–MgH2 system: as-milled; after
dehydrogenation at 500 ◦C; and after the first rehydrogenation at 500 ◦C under 4 MPa
hydrogen.

be detected. The results are in good agreement with the previ-
ous report, in which the formation of MgB2 is suggested to use
hydrogen back-pressure above 3 bar upon dehydrogenation [18].
It is also suggested that the formation of MgB2, rather than B,
might promote the rehydrogenation reaction, as it requires much
less energy to break Mg–B bonding in MgB2 compared to the B–B
bonding in the bulk B [4]. It has also already been reported that mix-
tures of LiH + 1/2MgB2 including 2–3 mol% TiCl3 can reversibly store
8–10 wt.% hydrogen from an initial hydrogen pressure of 100 bar,
beginning at 230–250 ◦C for 10 h [9]. Meanwhile, Yu et al. [19]
have shown that the dehydrogenated LiBH4–MgH2 can be rehy-
drogenated without the formation of MgB2 at 400 ◦C under 100 bar
hydrogen pressure. In this regard, the reversibility of the reaction
does not depend on the formation of MgB2 under high tempera-
ture and hydrogen pressure conditions. Here, our results show that
the Ru/C catalysed LiBH4–MgH2 system could reversibly absorb
hydrogen under more moderate conditions. As shown in Fig. 7,
MgH2 and LiBH4 are clearly reformed from the dehydrogenated
products under conditions of 500 ◦C and 4 MPa H2 for 9 h. It is
believed that the Ru/C catalyst plays an important role in improv-
ing the rehydrogenation kinetics of the LiBH4–MgH2 system by
reducing the activation barriers for the hydrogenation reaction.
However, full rehydrogenation in the Ru/C catalysed LiBH4–MgH2
system is still not reached under these moderate conditions, which
may due to the strong boron–boron bonds in elemental boron
(�HB(s)→B(g) = 560 kJ/mol), resulting in high kinetic barriers [4]. In
this regard, a study on the effect of the application of hydrogen
back-pressure during the dehydrogenation should be conducted
and the effect on the subsequent rehydrogenation under moderate
conditions. In addition, MgO was also detected in the rehydro-
genation state due to the slight oxygen contamination from the
XRD measurement or hydrogenation process, which may result in
a decrease of the cycled capacity.

Combined utilization of the catalytically active metal nanopar-
ticles and nanostructured carbon materials to improve the
dehydriding/rehydriding properties of metal hydrides has been
intensely developed over the past several decades, where the car-
bon nanotubes are expected to form a net-like structure after

being milled together with host metal hydrides, thus creating a
micro-confined environment for the decomposition/restoration of
hydrides, while the metal nanoparticles have high catalytic activity.
For example, the hydrogen storage properties of MgH2 are sig-
nificantly enhanced by introducing carbon nanotubes and metal
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articles [20–22]. Furthermore, the carbon nanotubes and particles
f metals such as Pt, Pd, and Ni are also effective in catalyti-
ally enhancing the reversible dehydrogenation of LiBH4 [23–27].
articularly, Wang et al. [28] reported that the reversible dehydro-
enation properties of LiBH4–MgH2 system could be considerably
mproved by mechanically milling with different carbon additives.
n this regard, as a source of metal nanoparticles and carbon nan-
tubes, the as-prepared Ru/C provides an ideal choice for catalysing
he dehydrogenation/rehydrogenation of the LiBH4–MgH2 system.
urther efforts will focus on the enhancement of the dehydrogena-
ion kinetics and full reversibility under more moderate conditions
y using hydrogen back-pressure and optimizing the structure and
omposition of the metal based catalysts.

. Conclusions

In summary, the hydrogen de/absorption properties of the
iBH4–MgH2 system were improved by introducing the Ru
anoparticles distributed on the MWNTs support. Compared
o the neat LiBH4–MgH2 system, the samples containing Ru/C
atalyst exhibit considerable enhancement on the dehydrogena-
ion/rehydrogenation kinetics. Also, a reversible rehydrogenation
apacity of ∼7.8 wt.% has been demonstrated under moderate con-
itions (500 ◦C, 4 MPa) for 9 h, which is 2 wt.% higher than for the
eat system. Moreover, the catalytically enhanced rehydrogena-
ion capactiy arising upon adding Ru/C catalyst is highly stable
uring de/rehydrogenation cycling. The result is encouraging for
ursuing LiBH4–MgH2 as a mixture with considerable potential as
reversible hydrogen storage medium by screening more highly

ctive heterogeneous metal catalysts.
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