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bstract

We report large reversible hydrogen storage in a new coupled system, LiBH4/CaH2, via the reaction 6LiBH4 + CaH2 ↔ 6LiH + CaB6 + 10H2

aving a theoretical hydrogen capacity of 11.7 wt% and an estimated reaction enthalpy of �H = 59 kJ/mol H . Samples that include 0.25 mol
2

18.2 wt%) TiCl3 reproducibly store 9.1 wt% hydrogen, corresponding to 95% of the available hydrogen. H2 is the only evolved gas detected by
ass spectrometry. X-ray diffraction confirms that the sample cycles between LiBH4 and CaH2 in the hydrogenated state and LiH and CaB6 in the

ehydrogenated state.
2007 Elsevier B.V. All rights reserved.
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Development of practical on-board hydrogen storage systems
ased on solid hydride materials remains a significant technical
nd scientific challenge for fuel cell vehicles [1]. In the last few
ears, much of the focus in hydride research has been on light
etal alanates [2–6] and borohydrides [7–10] because they offer

elatively large gravimetric hydrogen densities. Built on earlier
ork of Reilly and Wiswall [11], Vajo and Olson [12] recently

dopted a promising strategy for generating new hydride storage
ystems by coupling existing binary and complex hydrides that
orm mixed compounds or alloys upon dehydrogenation. Vajo et
l. reported reversible hydrogen storage exceeding 9 wt% in the
iBH4/MgH2 system when catalyzed with TiCl3 [13] according

o the reaction:

LiBH4 + MgH2 ↔ 2LiH + MgB2 + 4H2 (1)

he formation of MgB2 as a reaction product of LiBH4 and
gH2 significantly changes the thermodynamic pathway and,

ost importantly, greatly improves rehydrogenation to form
iBH4. Similar effects were observed in the MgH2/Si system
iven by 2MgH2 + Si → Mg2Si + 2H2, although rehydrogena-
ion was proven much more difficult [14].

∗ Corresponding author. Tel.: +1 586 986 0661; fax: +1 586 986 3091.
E-mail address: frederick.e.pinkerton@gm.com (F.E. Pinkerton).
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Here we report synthesis and hydrogen cycling of the new,
oupled complex hydride system LiBH4/CaH2, described by

LiBH4 + CaH2 ↔ 6LiH + CaB6 + 10H2, (2)

ith 11.7 wt% theoretical hydrogen capacity. The theoretical
olumetric hydrogen density is also relatively large at 0.09 kg
2/l (materials basis). Reversible hydrogen storage of 9.1 wt%
as been achieved in samples that also incorporate 0.042 mol
f TiCl3 per LiBH4; including the additional TiCl3 weight, this
epresents 95% of the theoretically available hydrogen in the
ystem. Our results are consistent with the enthalpy of reaction
H ∼ 60 kJ/mol H2 recently predicted by Alapati et al. [15] for

his system, and with thermodynamic estimates.
Samples of 6LiBH4 + CaH2 + 0.25TiCl3 were prepared by

all milling. TiCl3 was included in the sample as a catalyst
o increase the kinetics of hydrogen release and reabsorption,
owever it is not known at this time whether it actually had
ny effect on hydrogen cycling. All sample handling was done
n an Ar inert gas glove box to prevent atmospheric exposure.
owders of LiBH4 (Aldrich, 95% purity), CaH2 (Aldrich, 95%
urity), and TiCl3 (Aldrich, 99.999% purity) were mixed in a

:1:0.25 molar ratio having a total weight of 1 g, loaded into
hardened steel ball mill jar along with one large and two

mall steel balls, and ball-milled for 1 h in a SPEX 8000 Mixer/
ill.

mailto:frederick.e.pinkerton@gm.com
dx.doi.org/10.1016/j.jallcom.2007.09.125
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X-ray diffraction (XRD) was performed using a Bruker AXS
eneral Area Detector Diffractometer System (GADDS) using
u K� radiation. The XRD samples were loaded under Ar into
.0 mm diameter quartz capillary tubes and sealed with clay for
ransfer to the diffractometer.

Hydrogen cycling was carried out using a Cahn Model 2151
igh pressure thermogravimetric analyzer (TGA). The as-milled
owder (217 mg) was loaded into an open stainless steel sam-
le bucket in the Ar glove box and protected during transfer to
he TGA by covering the sample with anhydrous pentane. The
GA was purged with He gas while the pentane evaporated. The
ample was cycled three times starting from the hydrogenated
tate (left side of reaction (2)). Samples were dehydrogenated
n 0.13 MPa flowing He gas by heating to 450 ◦C at either 5
r 2 ◦C/min, followed by soaking at 450 ◦C until weight loss
topped. Rehydrogenation was accomplished in 8.3 MPa flow-
ng H2 gas by heating to 400 ◦C at 5 ◦C/min (first hydrogenation)
r 25 ◦C/min (second dehydrogenation) and soaking at 400 ◦C.
or the third hydrogenation, the temperature was increased at
◦C/min through a series of constant temperature steps at 250,
75, 300, 350, and finally 400 ◦C. After the first desorption, the
tarting weight percent of each absorption or desorption scan was
aken to be the ending weight percent from the previous scan.
he sample was temporarily removed from the TGA under He
as and a small portion of the sample was extracted for XRD
nalysis after the first dehydrogenation, after the subsequent first
ehydrogenation, and at the end of the third cycle. We monitored
he composition of the TGA exhaust gas by residual gas analyzer
RGA) mass spectrometry to detect H2 release during dehydro-
enation, and to test for the presence of H2O, CH4, NH3, B2H6,
2/CO, O2, and CO2.
The XRD pattern of the as-milled powder, shown in Fig. 1(a),

ontains the expected LiBH4 and CaH2 phases, indicating that
o reaction between the major phases occurred during milling.
he TiCl3, however, clearly reacted with a small portion of the
iBH4 to form LiCl. No diffraction peaks corresponding to Ti-
ontaining species were observed. A small quantity of oxide
mpurity was also present.

Dehydrogenation and rehydrogenation are shown in
igs. 2 and 3 for three hydrogen cycles of 6LiBH4 + CaH2 +
.25TiCl3. Starting from the as-milled state in Fig. 2(a), the
ample began to lose significant weight in He at temperatures
s low as 150 ◦C. Most of the weight loss, however, occurred
fter the sample reached 350 ◦C, and was complete after soak-
ng at 450 ◦C for ∼30 min. It should be noted that this is above
he melting temperature of pure LiBH4 (288 ◦C). Only H2 was
bserved in the RGA of the evolved gas to within our detec-
ion limits. The total weight loss was 9.1 wt%. After correcting
or the additional TiCl3 content, the weight loss relative to the
iBH4/CaH2 content was 11.1 wt%, compared to the theoretical
ydrogen capacity of 11.7 wt%, or 95% of the hydrogen pre-
icted by reaction (2). After dehydrogenation, XRD confirms
hat the original LiBH4 and CaH2 phases have disappeared and

n their place are diffraction peaks belonging to CaB6 and LiH,
s shown in Fig. 1(b) [16].

First cycle rehydrogenation is shown as the solid curve in
ig. 2(b). After several hundred minutes, the weight appears

w
t
r
i

ig. 1. X-ray diffraction patterns from 6LiBH4 + CaH2 + 0.25TiCl3: (a) as-
illed, (b) in the desorbed state, and (c) in the rehydrogenated state after three

ycles.

o be asymptotically increasing toward its starting value. The
bsorption was terminated after 550 min with the weight at 99%.
RD obtained at this stage (not shown) showed only peaks that

ould be indexed as LiBH4 and CaH2, along with CaO and a
mall quantity of LiCl. The sample was replaced in the TGA
nd cycled again, as shown by the dash–dot lines in Fig. 2(a)
nd (b). The reabsorption kinetics were somewhat slower in the
econd cycle, and the experiment was terminated after 735 min.

A third desorption–reabsorption cycle is shown in Fig. 3. For
his reabsorption experiment, a number of temperatures were
ried between 250 and 400 ◦C. Some absorption did occur at
he lower temperatures, but with poor kinetics. The sample was
eld at 400 ◦C until the total heating time reached 2700 min; its
nal weight was very close to the original value prior to cycling.
final XRD pattern obtained after this cycle, Fig. 1(c), clearly

emonstrates that the sample returned to the original mixture of
iBH4 and CaH2. The CaO lines are somewhat stronger, most

ikely due to incidental exposure during sample extraction and
einsertion in the TGA and impurities in the flowing gas stream
ver the long time scale of the experiment. Although the sample

eight gain due to the increased oxide is not known quantita-

ively, and probably accounts for the observation that the third
ehydrogenation shown in Fig. 3(b) appears to be approach-
ng a maximum value slightly greater than 100%, it is clear
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Fig. 2. (a) H2 desorption profiles and (b) subsequent absorption profiles for the
first two cycles of 6LiBH4 + CaH2 + 0.25TiCl3. The sample started from the as-
milled state at 100% weight in the upper panel. First cycle data is represented
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y solid lines, and the second cycle is shown as dash–dotted lines. The dashed
urves show the corresponding temperature histories; the dash–double dot line
n panel (b) is the temperature history of the second absorption.

hat the third H2 absorption is very close in magnitude to the
riginal H2 desorption of 9.1 wt%. Curiously, the LiCl lines
re no longer observed in the hydrogenated state. A similar
henomenon was observed by Vajo et al. in the LiBH4/MgH2
ystem catalyzed with TiCl3 [13]. We also note that Barkhordar-
an et al. [17] recently attempted to hydrogenate a ball-milled

ixture of 6LiH + CaB6 (starting on the dehydrogenated side
f reaction (2)) at 400 ◦C, but were unsuccessful in forming
hydride even by exposure to 35 MPa H2 gas for 1440 min. In

ontrast, we have successfully cycled reaction (2) multiple times
sing 8.3 MPa H2 pressure for hydrogenation. It is unclear why
he Barkhordarian et al. sample did not hydrogenate, given that
heir experimental conditions appear similar to ours. One differ-

nce is that we began on the hydrogenated side of reaction (2)
6LiBH4 + CaH2) whereas Barkhordarian et al. started from the
ehydrogenated state (6LiH + CaB6). We also note that Barkhor-
arian et al. milled for 24 h, much longer than our 1 h milling

(
o
t
t

ig. 3. (a) Third desorption and (b) reabsorption cycle for
LiBH4 + CaH2 + 0.25TiCl3.

ime. Another possibility is the presence of TiCl3 in our sample,
lthough we stress that the effect of Ti, if any, has not yet been
ssessed in the present work.

The thermodynamics of the LiBH4/CaH2 system were esti-
ated from the enthalpy and entropy values for LiBH4,
aH2, LiH, and CaB6 in the Outokumpu HSC chemistry

hermodynamics database [18]. For reaction (2), HSC chem-
stry gives �H = 66.2 kJ/mol H2 and �S = 100 J/K mol H2 at
oom temperature. These values, however, do not include the
rthorhombic-to-hexagonal structural transformation of LiBH4
t 113 ◦C [19] or melting of the LiBH4 component at 288 ◦C.
ecently, Züttel et al. [20] have reported the enthalpies of

he LiBH4 structural phase transition (�Hs = 4.18 kJ/mol) and
f melting (�Hm = 7.56 kJ/mol); when these values are com-
ined with HSC chemistry the estimated enthalpy of reaction
2) at 400 ◦C is �H = 59.2 kJ/mol H2. Similar calculation

f �S using entropies from HSC chemistry and including
he entropy changes �Ss = �Hs/Ts and �Sm = �Hm/Tm for
he structural transformation and melting, respectively, gives
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S = 85.6 J/(K mol H2). The thermodynamic equilibrium tem-
erature in 1 bar of H2 gas is predicted to be T(1 bar) = 418 ◦C.
lapati et al. [15] obtained a similar estimate for the reaction

nthalpy, �H ∼ 60 kJ/mol H2, using ab initio density functional
heory (DFT) calculations (neglecting the enthalpy of melt-
ng). The high temperatures required for dehydrogenation in
he absence of H2 gas, and rehydrogenation in an 8.3 MPa H2
verpressure, are clear indications that the limited kinetics at
ower temperatures dominates hydrogen cycling in these sam-
les. Experimental determination of the reaction enthalpy and
ntropy would clearly be valuable, and such a study is planned
or the near future.

Our results demonstrate that LiBH4/CaH2 forms a coupled
omplex hydride system according to reaction (2). By itself,
aH2 is stable up to 600 ◦C. LiBH4 in isolation can be
ecomposed to LiH + B + 3/2H2 in the temperature regimes
sed here, but reversibility of this reaction has proven extremely
hallenging [7]. By coupling the two, we have succeeded in both
estabilizing CaH2 and promoting full reversibility of LiBH4.
he predicted T(1 bar) for this coupled reaction is too high for

ts use as an on-board hydrogen storage medium; this system
evertheless provides another excellent example of the power of
oupled reactions in designing practical hydride-based storage
ystems.
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[7] A. Züttel, S. Rentsch, P. Fischer, P. Wenger, P. Sudan, Ph. Mauron, Ch.

Emmenegger, J. Alloys Compd. 356/357 (2003) 515.
[8] Y. Nakamori, S. Orimo, J. Alloys Compd. 370 (2004) 271.
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