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a b s t r a c t

The mixtures of LiBH4 with halides of Ce or La in a molar ratio of 3:1 were investigated to explore
their hydrogen storage properties. The ball milling of LiBH4 with chloride of Ce or La yielded Ce(BH4)3

and La(BH4)3, while fluoride of Ce or La did not react with LiBH4 during extended ball milling at room
temperature. The dehydrogenation temperatures of the ball-milled mixtures were reduced to 220–320 ◦C,
vailable online 22 September 2010
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which were much lower than that of pure LiBH4. The diborane emission during hydrogen release was
observed at a low level. The dehydrogenation temperature is found to be affected by the composition of
rare earth halides, but less influenced by ball milling time. The endothermic dehydrogenation reactions
produced lithium halides, hydrides and borides of the corresponding rare earth element. Moreover, the
LiBH4 + 1/3(Ce, La)(Cl, F)3 showed partial reversibility through the formation of an unknown borohydride,
allowing for a potential hydrogen storage system.
eversibility

. Introduction

Hydrogen is regarded as an ideal energy carrier due to its
igh energy density and environmental-friendly nature. However,
ydrogen has to be stored efficiently and safely in versatile appli-
ations. Currently, extensive effort is being devoted to exploring
ew hydrogen storage materials with high gravimetric and vol-
metric hydrogen densities [1–8]. Metal borohydrides are one
roup of compounds with the highest hydrogen capacities and
hus considered as candidates for hydrogen storage. LiBH4, as the
epresentative, contains 18.4 wt.% hydrogen and is thus attract-
ng considerable attentions as a promising material for hydrogen
torage [3–4,6–24].

The reversible hydrogen storage of LiBH4 could be achieved
hrough following reaction.

iBH4 = LiH + B + 3/2H2 (1)

However, reversible hydrogen storage of LiBH4 requires harsh
onditions. For example, hydrogen desorption from LiBH4 takes
lace at temperature as high as 400 ◦C, while the re-hydrogenation
eeds 600 ◦C and 35 MPa [3]. Therefore, it is necessary to destabilize

iBH4 and enable hydrogen desorption and absorption at mild con-
itions. Some additives were found to be effective in destabilizing
iBH4. Zuttel et al. [3,4] reported that LiBH4 with SiO2 could release
ydrogen below 300 ◦C. Vajo et al. [6,7] found that the combination

∗ Corresponding author. Tel.: +86 571 87951770; fax: +86 571 87951770.
E-mail address: liubh@zju.edu.cn (B.H. Liu).
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© 2010 Elsevier B.V. All rights reserved.

of LiBH4 and MgH2 could effectively destabilize the system, result-
ing in reversible hydrogen storage at reduced temperatures. Other
additives like Al [9,10], carbon materials [11,12], TiO2, V2O5 [13,14]
and halides such as TiCl3, TiF3 and ZnF2 [15] could also reduce the
dehydrogenation temperature of LiBH4.

Among various additives, transition metal halides are one group
of destabilizing agents for LiBH4. Halides of Ti [15] and Zr [17],
chlorides of Mn [23], chlorides of Fe, Co, Ni [24], halides of Zn
[15,17] have been added to reduce the dehydrogenation temper-
ature of LiBH4. The main reason for the destabilization is due to
the instability of corresponding transition metal borohydrides [19].
Nakamori et al. [16] suggested that the cation Mn+ in M(BH4)n plays
an important role in deciding the stability of borohydride. The ther-
mal desorption temperature of M(BH4)n is inversely proportional to
the Pauling electronegativity of the metal M. As the electronagativ-
ities of transition metals are larger than that of Li, the stabilities of
their borohydrides will be much lower than that of LiBH4, enabling
dehydrogenation at lower temperatures. However, the additions
of these transition metal halides often result in irreversibility of
the systems, which is undesirable for developing hydrogen storage
materials.

Recently, it was reported by Gennari et al. [22] that Ce(BH4)3
was synthesized through ball milling the mixture of LiBH4 and
CeCl3, and desorbed hydrogen at low temperatures. Moreover, they

found that the decomposed sample could absorb some hydrogen.
However, they did not report further the re-hydrogenation pro-
cess. This result inspires an expectation for a potentially reversible
hydrogen storage system. Therefore in this study, we investi-
gated the dehydrogenation and re-hydrogenation process of the

dx.doi.org/10.1016/j.jallcom.2010.09.066
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:liubh@zju.edu.cn
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ig. 1. (A) Our XRD analysis results of the ball milled LiBH4 + 1/3CeCl3 mixtures (BM:
all milling, AN: annealing). (B) XRD result of Ce(BH4)3 reported by Gennari et al.
22].

all milled LiBH4 + 1/3(Ce, La)(Cl, F)3 in some detail to explore
eversible hydrogen storage systems. The effects of rare earth metal
nd halide element on dehydriding and rehydriding properties of
iBH4 + 1/3(Ce, La)(Cl, F)3 were also studied.

. Experimental

LiBH4 (95% purity) and LaF3 (99.9% purity) were purchased from J&K Chemicals.
ther halides CeCl3·7H2O, LaCl3·7H2O and CeF3 of analytical grade were commer-
ially available from Sinopharm Chemical Reagent Co. Ltds. Anhydrous CeCl3 and
aCl3 were prepared by dehydrating CeCl3·7H2O, LaCl3·7H2O at 190 ◦C for 24 h under
acuum. The samples of LiBH4 + 1/3(Ce, La)(Cl, F)3 were ball milled on a planetary
ill at a speed of 500 rpm for different periods. The stainless steel vessel for ball
illing was of 100 ml and the ball to sample weight ratio was 40:1. The dehydro-

enation and hydrogenation properties of the mixtures were examined in a Sieverts
pparatus. The reactor was first evacuated to 10−3 Torr and then heated at a rate
f 2 ◦C min−1 from room temperature to 450 ◦C or 600 ◦C. The hydrogen desorp-
ion amount was then determined according to pressure rise in the system and the
ydrogen desorption weight percentage was calculated with respect to the weight
f LiBH4 instead of the total weight of the mixture. The hydrogenation was per-
ormed by holding the dehydrogenated sample at elevated temperatures under a
ydrogen pressure of 10.0 MPa.

X-ray diffraction analyses were performed on a PANalytical X’Pert PRO using
he CuK� radiation. A sample stand covered by glass was specially prepared to keep
he samples from air exposure during sample transferring. The sample window was
overed by a layer of transparent plastic film that demonstrated no specific peaks
n XRD patterns. The Fourier transform infrared spectrometry (FTIR) analyses were
arried out on a Bruker Tensor 27. About 1 mg of the sample was first mixed with
00 mg KBr in a mortar in the glovebox, and then the mixture was pressed into
pellet under 10 MPa. The pellet was then introduced into the cell and the test
as finished within 1 min. The samples were examined within the wavenumber

ange of 4000–400 cm−1. The coupled DSC-TG-MS analyses were conducted on a
etzsch STA449F3 equipped with a Netzsch Q430C mass spectrometer. During the
easurements, the samples were heated at a rate of 10 ◦C min−1 under high purity

rgon with a purge rate of 50 ml min−1.
All the samples were handled in a glove box under high-purity argon atmosphere

o avoid air contamination. O2 and H2O in the glove box were kept below 1 ppm.

. Results and discussion
.1. Formation of Ce(BH4)3 and La(BH4)3

The mixture of LiBH4 + 1/3CeCl3 was ball milled at 500 rpm for
ifferent time. Fig. 1 gives the XRD patterns of the ball milled mix-
ures. The newly appeared peaks in the 1 h ball milled sample could
Fig. 2. (A) Our FTIR spectra of LiBH4 and the ball milled LiBH4 + 1/3CeCl3 mixtures
(a) ball milled for 2 h; (b) ball milled for 4 h; and (c) ball milled for 4 h and annealed
at 100 ◦C for 12 h. (B) FTIR results reported by Gennari et al. [22].

be assigned to LiCl, indicating the occurrence of a reaction dur-
ing the ball milling process. With the increase of ball milling time,
the peak intensities from CeCl3 were reduced, while those from
LiCl were increased. After 4 h ball milling, only the peaks from LiCl
were detected. Assuming that other reaction products might be
present in a very dispersed or amorphous form so that they were
not detectable by XRD analysis, we annealed the 4 h ball milled sam-
ple at 100 ◦C for 12 h. As a result, a new set of peaks became clearly
visible in the XRD profiles of the annealed sample. The pattern of
the new substance resembles with the one reported by Gennari et
al. for Ce(BH4)3 [22], suggesting that Ce(BH4)3 crystallized after the
annealing treatment. The structure of Ce(BH4)3 is characterized as
a cubic structure by Gennari et al. with a = 11.640 Å. Our XRD results
yield a lattice constant of a = 11.643 Å, which is very close to Gennari
et al.’s.

The FTIR spectra also gave evidences supporting the formation
of Ce(BH4)3. As shown in Fig. 2, LiBH4 demonstrates three char-
acteristic B–H stretching bands of 2225, 2292 and 2387 cm−1 as
well as a B–H bending band at 1126 cm−1. With the formation of
Ce(BH4)3, these characteristic bands remain but with some subtle
changes, indicating the presence of a new borohydride. For exam-
ple, the stretching bands of 2225, 2292, 2387 cm−1 are not shifted
but the 2387 cm−1 band becomes weak. A large shoulder appears
around the band of 1126 cm−1. Also a new broad band at 1385 cm−1

is observed that is not contributed either by the halides in reactants
nor products nor KBr, enabling us to assign this band to Ce(BH4)3.

Similar results were obtained for the mixture of
LiBH4 + 1/3LaCl3. As shown in Fig. 3, the ball milling induced
a reaction between LiBH4 and LaCl3 because LiCl was detected
in the 16 h ball milled mixture. Like Ce(BH4)3, La(BH4)3 was

not detectable in the as-received ball milled mixture. But after
the annealing at 100 ◦C for 12 h, the sample clearly revealed the
presence of a new phase with a similar pattern as that of Ce(BH4)3.
It indicates that La(BH4)3 was synthesized with a cubic structure
of a = 11.695 Å.
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ig. 3. XRD patterns of the ball milled LiBH4 + 1/3LaCl3 mixtures (BM: ball milling,
N: annealing).

The FTIR study provided additional evidence for the formation
a(BH4)3. As shown in Fig. 4, the FTIR spectrum of La(BH4)3 is almost
dentical to that of Ce(BH4)3, suggesting that both have very similar
tructures.

In order to examine the effects of halide element on the synthe-
is of borohydride of Ce or La, we also used CeF3 and LaF3 as the
recursors. However, the fluoride of Ce or La was not as reactive
s the chlorides. No LiF was detected in the mixtures even when
he ball milling time was extended to 48 h. The FTIR spectra did not
emonstrate apparent changes from LiBH4 to Ce(BH4)3 or La(BH4)3
ither. These results indicate that the reaction between LiBH4 and
uorides did not occur at the present conditions.

.2. Dehydrogenation characteristics of LiBH4 + 1/3(Ce, La)(Cl, F)3
ixtures

Fig. 5 shows the dehydrogenation characteristics of the ball-
illed LiBH4 + 1/3(Ce, La)(Cl, F)3 mixtures, from which several

ffects could be observed. First, the additions of these halides
nto LiBH4 reduced dehydrogenation temperature significantly. For
ure LiBH4, the main dehydrogenation temperature is well above
00 ◦C [3], while it was decreased to 220–320 ◦C for the mix-
ures. It suggests that LiBH4 is destabilized by the addition of the
alides. Second, the additions of Ce halides resulted in lower dehy-

rogenation temperatures than corresponding La halides. Third,
he mixtures containing chlorides revealed lower dehydrogena-
ion temperatures than those with fluorides. As a result, the
eCl3 addition yielded the lowest dehydrogenation temperature of
20–280 ◦C, while the mixture with LaF3 showed the highest one
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ig. 4. FTIR spectra of LiBH4 and the ball milled LiBH4 + 1/3LaCl3 mixtures: (a) ball
illed for 4 h; (b) ball milled for 16 h; (c) ball milled for 4 h and annealed at 100 ◦C

or 12 h.
Fig. 5. Dehydrogenation characteristics of the ball milled LiBH4 + 1/3(Ce, La)(Cl, F)3

mixtures with different ball milling time (heating rate during dehydrogenation:
2 ◦C min−1).

of 320 ◦C. Finally, the ball milling time had little effect in modifying
dehydrogenation properties except for the LaF3 addition.

The XRD profiles shown in Fig. 6 reveal that the mixture decom-
posed into several phases after dehydrogenation. In the sample
heated to 250 ◦C, only LiCl was visible. When the mixture was
heated to 450 ◦C, CeH2 appeared as well and for the mixture heated
to 600 ◦C, CoB6 was clearly identified. Therefore, it could be con-
cluded that the solid products of the dehydrogenated mixture were
LiCl, CeH2 and CeB6. Gennari et al. [22] did not directly observe CeB6
in the decomposed Ce(BH4)3 through their XRD studies but they
presumed the formation of CoB6 based on the hydrogen amount
obtained in the experiment and a thermodynamic consideration. In
this study, our direct observation of CoB6 verifies their assumption.

A DSC-TG-MS coupled analysis was performed to further eluci-
date the dehydrogenation reaction of the ball milled mixtures. The
DSC profiles in Fig. 7(A) reveal that the 1 h milled LiBH4 + 1/3CeCl3
mixture had some residual LiBH4 as the endothermic peak at 105 ◦C
is attributed to the structural change of LiBH4. The absence of this
peak for the 16 h and 48 h milled samples indicates that LiBH4 had
been fully transformed to Ce(BH4)3. As the temperature rose up,
two dehydrogenation peaks were observed at about 220 ◦C and
280 ◦C respectively, both of which were endothermic in the DSC
profile. It can be noted that three samples demonstrated simi-
lar dehydrogenation behaviors regardless of their differences in
Ce(BH ) abundance, suggesting that the dehydrogenation charac-
4 3
teristics were not highly dependent on the formation of Ce(BH4)3.
The MS analysis detected a low level of B2H6 during the second
dehydrogenation peak, suggesting that a small amount of boron
was lost during hydrogen release.

Fig. 6. XRD profiles of LiBH4 + 1/3CeCl3 mixtures after dehydrogenation to different
temperatures.
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Based on the above analysis results, it could be deduced that the
ehydrogenation reaction proceeds as the following reaction:

iBH4 + 1/3CeCl3 → LiCl + 1/3Ce(BH4)3

→ LiCl + 1/6CeH2 + 1/6CeB6 + 11/6H2 (2)

The standard enthalpy change of the above reaction is calculated
o be 23.2 kJ mol H2

−1 at 298 K. The observed heat effects accompa-
ying with hydrogen release in the DSC experiments of the 1 h, 16 h
nd 48 h-milled LiBH4 + 1/3CeCl3 mixtures were −36.0, −24.8 and
22.7 kJ mol H2

−1 respectively (negative values mean endothermic
ffects). The differences in heat effect are ascribed to their different
tates after ball milling.

The hydrogen desorption capacity of the above reaction is
.53 wt.% with respect to the total weight of the mixture, and
6.8 wt.% on basis of LiBH4. In this work, the hydrogen desorption
apacity at 450 ◦C obtained by the volumetric method was 14.6 wt.%
n basis of LiBH4 and 3.05 wt.% vs. the total weight.
Compared with Ce(BH4)3, La(BH4)3 decomposed at somewhat
igher temperature of 270 ◦C as shown in Fig. 7(B). Although there
xists one small hydrogen desorption peak at around 220 ◦C, the
ajor dehydrogenation temperature is at 270 ◦C. As LiCl, LaH2, LaB6
ere identified in the XRD profile of the 600 ◦C dehydrogenated

ig. 7. (A) DSC-TG-MS analysis results showing the dehydrogenation characteristics of
ate: 10 ◦C min−1). (B) DSC-TG-MS analysis results for the ball milled LiBH4 + 1/3LaCl3 mi
nalysis results showing the dehydrogenation characteristics of the ball milled LiBH4 + 1/
ompounds 509 (2011) 751–757

mixture, the following reaction could be deduced:

LiBH4 + 1/3LaCl3 → LiCl + 1/3La(BH4)3

→ LiCl + 1/6LaH2 + 1/6LaB6 + 11/6H2 (3)

Although Ce(BH4)3 or La(BH4)3 was not achieved through ball
milling the mixture of LiBH4 with the fluoride of Ce or La, the
addition of CeF3 and LaF3 caused significant decreases in dehy-
drogenation temperature. As shown in Fig. 7(C), both 48 h milled
mixtures of LiBH4 + 1/3(Ce, La)F3 demonstrate clearly the structural
change at 105 ◦C and melting peak at 260 ◦C of LiBH4, indicating
that LiBH4 remained unreacted and Ce(BH4)3 and La(BH4)3 were
not formed even at higher temperatures. It thus suggests that the
dehydrogenation reaction occurred directly between LiBH4 and the
fluorides. By analogy to LiBH4+1/3(Ce, La)Cl3, the dehydrogenation
of LiBH4 + 1/3(Ce, La)F3 might proceed as follows:

LiBH4 + 1/3CeF3 → LiF + 1/6CeH2 + 1/6CeB6 + 11/6H2 (4)

LiBH4 + 1/3LaF3 → LiF + 1/6LaH2 + 1/6LaB6 + 11/6H2 (5)
The LiBH4 + 1/3(Ce, La)(Cl, F)3 mixtures demonstrated simi-
larities and differences in several features. For example, they
resembled to each other in following aspects: First, the dehydro-
genation reactions are all endothermic and their standard enthalpy
changes are much smaller than that of LiBH4 dehydrogenation, as

the ball milled LiBH4 + 1/3CeCl3 mixtures with different ball milling time (heating
xtures with different ball milling time (heating rate: 10 ◦C min−1). (C) DSC-TG-MS
3(Ce, La)F3 mixtures with different ball milling time (heating rate: 10 ◦C min−1).
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Fig. 7.

hown in Table 1. Second, the decomposition produced hydrides
nd borides of rare earth element. Third, only small amounts
f B2H6 were emitted with hydrogen. Compared with the dehy-
rogenation reaction of LiBH4 destabilized by other additives
15,20,24], the B2H6 emission in this study was relatively at a
ow level. The main reason may be attributed to the formation
f CeB6 or LaB6. Considering the atomic ratio of 1:6 in CeB6 and
aB6, boron was supposed to be tightly bonded by Ce or La in the
olid phase through the formation of CeB6 or LaB6 (the standard
ormation enthalpies of CeB6, LaB6 and B2H6 are −351.5, −104.2
nd 35.6 kJ mol−1 respectively), thus preventing the formation
f B2H6.

The differences demonstrated by these additions include the
ormation of Ce(BH4)3 and La(BH4)3 using chlorides but the nega-
ive result using fluorides. Also the dehydrogenation temperatures
ere varied. Table 1 lists the calculated thermodynamic data for the
ehydrogenation reactions. It can be concluded that the thermody-
amic factors may only partially account for the difference between

hlorides and fluorides, as well as the differences between Ce and
a halides.

The ball milling time in most cases had little effect on dehy-
rogenation properties of the milled mixtures, indicating that the
ormation and abundance of Ce(BH4)3 or La(BH4)3 in the mixture
nued ).

did not significantly influence the dehydrogenation process. But
in the case of LaF3 addition, the ball milling time showed posi-
tive effects in enhancing the dehydrogenation revealed in Fig. 5,
implying the reaction was kinetically impeded.

3.3. Re-hydrogenation properties

The hydriding characteristics of the dehydrogenated
LiBH4 + 1/3(Ce, La)Cl3 composites were investigated to explore
the reversibility of the system. The dehydrogenated mixtures
were held at 350 ◦C or 450 ◦C for 24 h under 10 MPa H2 for re-
hydrogenation and then the dehydrogenation was carried out.
As shown in Fig. 8 the 350 ◦C and 450 ◦C hydrogenated sample
released about 3.5 wt.% and 4.4 wt.% hydrogen. They correspond
to 25% and 32% of the original hydrogen release amount of the
as-milled mixture, indicating that only partial reversibility was
achieved. Further experiments showed that this part of hydrogen
capacity was reversible, but gradually decreased to 2.4 wt.% at 5th

hydriding–dehydriding cycle.

The XRD patterns in Fig. 9 display phase transitions during
the dehydrogenation and hydrogenation process. After the re-
hydrogenation, the presence of some un-identified peaks suggests
the formation of a new phase. Its disappearance after the second
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Table 1
Thermodynamic calculations for the reactions.

Reactions �H◦ (298 K, kJ mol H2
−1) �G◦ (298 K, kJ mol H2

−1)

LiBH4 = LiH + B + 3/2H2 66.9 37.8
LiBH4 + 1/3CeCl3 = LiCl + 1/6CeH2 + 1/6CeB6 + 11/6H2 23.2 −8.2
LiBH4 + 1/3CeF3 = LiF + 1/6CeH2 + 1/6CeB6 + 11/6H2 25.6 −4.1
LiBH4 + 1/3LaCl3 = LiCl + 1/6LaH2 + 1/6LaB6 + 11/6H2 48.2 15.9
LiBH4 + 1/3LaF3 = LiF + 1/6LaH2 + 1/6LaB6 + 11/6H2 49.3 34.4
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ig. 8. Comparison of dehydrogenation characteristics for the as-milled and
ydrogenated mixtures with the original composition of LiBH4 + 1/3CeCl3 (dehydro-
enation conditions: heating rate 2 ◦C min−1; hydrogenation conditions: holding at
50 ◦C or 450 ◦C under 10.0 MPa H2 for 24 h).

ehydrogenation implies that the new phase accounts for the par-
ial reversibility of the composite. From the FTIR analysis result
iven in Fig. 10, the hydrogenated sample shows the characteris-
ic bands of B–H at 1126 cm−1 and 2225, 2292, 2387, 2476 cm−1,
hich are analogous to those of LiBH4 rather than Ce(BH4)3. As

he un-identified phase can also be found traceably in the first
ehydrogenated sample shown in Fig. 9, it is highly possible that
he new phase in the hydrogenated sample was an intermediate
ormed during the multi-step dehydrogenation of Ce(BH4)3. How-
ver, the exact characterization of the new phase requires more
ophisticated approaches.

Similar results were obtained when LiBH4 + 1/3LaCl3 was
nvestigated. The hydrogenation was also carried out at 350 ◦C or

◦ ◦
50 C under 10 MPa H2 for 24 h. The 350 C hydrogenated sample
esorbed 3.3 wt.% H2 and the 450 ◦C one released 3.7 wt.% H2 with
espect to the original LiBH4 amount. The XRD analysis did not
etect the presence of new phases after hydrogen absorption but
he FTIR result revealed the characteristic bands of B–H for the

ig. 9. XRD patterns of the LiBH4 + 1/3CeCl3 mixtures in different states: (a) as milled
ixture; (b) 1st dehydrogenation at 2 ◦C min−1 to 450 ◦C; (c) 1st re-hydrogenation

t 450 ◦C, 10.0 MPa H2 for 24 h; (d) 2nd dehydrogenation at 2 ◦C min−1 to 450 ◦C.
Fig. 10. FTIR spectra of pure LiBH4 and LiBH4 + 1/3CeCl3 mixtures in different
states: (a) as milled mixture; (b) 1st dehydrogenation at 2 ◦C min−1 to 450 ◦C; (c)
1st re-hydrogenation at 450 ◦C, 10.0 MPa H2 for 24 h; (d) 2nd dehydrogenation at
2 ◦C min−1 to 450 ◦C.

hydrogenated sample, indicating the formation of a BH4
−-like

compound.
The above results show some encouraging phenomena for a

reversible hydrogen storage system. However, further investiga-
tion is required to clarify the hydrogenation process and enhance
the reversibility of the system through effective catalysis.

4. Conclusions

The composites of LiBH4 + 1/3(Ce, La)(Cl, F)3 were investigated
to develop new hydrogen storage systems with high hydrogen
storage capacity. Ce(BH4)3 and La(BH4)3 were obtained through
the ball milling of LiBH4 with the chlorides, while the fluorides
did not react with LiBH4 during ball milling at room temperature.
The ball milled mixtures demonstrated dehydrogenation temper-
atures around 220–320 ◦C, which were much lower than that of
pure LiBH4. The dehydrogenation temperature was affected by the
composition of rare earth halides, while it was less influenced by
the ball milling time. As a result, the addition of CeCl3 resulted
in the lowest dehydrogenation temperature, while LaF3 addition
yielded the highest one. The dehydrogenation produced lithium
halide, hydride and boride of the corresponding rare earth element.
The LiBH4 + 1/3(Ce, La)(Cl, F)3 showed partial reversibility through
the formation of an unknown borohydride.
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