
D
h

X
E

a

A
R
R
A
A

K
H
A
P
P

1

w
g
o
l
s
g
i
r
f
(
a
a
a
h
N
h

0
d

Journal of Alloys and Compounds 477 (2009) 744–748

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

irect synthesis of BaAlH5 and Ba2AlH7 from BaH2 and Al system and their
ydriding/dehydriding characteristics

iangfeng Liu, Kohta Asano, Etsuo Akiba ∗

nergy Technology Research Institute, National Institute of Advanced Industrial Science and Technology (AIST), AIST Central-5, 1-1-1, Higashi, Tsukuba 305-8565, Japan

r t i c l e i n f o

rticle history:
eceived 25 August 2008
eceived in revised form 19 October 2008
ccepted 24 October 2008
vailable online 6 December 2008

eywords:
ydrogen storage materials
lkaline earth metals (AE)-based alanates

a b s t r a c t

BaAlH5 and Ba2AlH7 were successfully synthesized through reactive ball milling commercially available
BaH2 and Al powders for the first time. The effects of the mole ratios of BaH2/Al on the phase formation
and structural properties were investigated by means of X-ray diffractions and a subsequent Rietveld
refinement. For different BaH2/Al mole ratios (0.5, 1.0 and 2.0) the main phases were BaAlH5, Ba2AlH7

and BaH2, respectively. Ba2AlH7 can also be prepared by ball milling BaH2/Al (1:1) under Ar and a sub-
sequent hydrogenation. The phase transition and hydriding/dehydriding characteristics of the ball milled
BaH2/Al (1:1) system under Ar were investigated using in-situ differential scanning calorimeter (DSC)
under H2 atmosphere and pressure–composition isotherms (PCI). The mechano-chemistry induced phase
transformation of the BaH2/Al (1:1) mixture to a BaH2/BaAl4 (3:1) mixture during ball milling under Ar
ressure–composition isotherms (PCI)

hase transformation was first observed. The hydrogenation enthalpy of BaH2/BaAl4 (3:1) to form Ba2AlH7 was determined
to be −20.0 kJ mol−1 from a van’t Hoff plot. The phase transitions during ball milling under Ar and PCT
measurements were proposed as follows:

28BaH2 + 28Al
Ball milling−→

Ar
21BaH2 + 7BaAl4

+H2�
−H2

12Ba2AlH7 + 4BaAl4
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. Introduction

Hydrogen as a potential alternative energy carrier has received
ide concerns in recent years [1–6]. Safe and efficient hydro-

en storage is a major technical challenge for the widespread use
f hydrogen, especially for the development of on-board vehicu-
ar hydrogen storage technology. The current on-board hydrogen
torage approaches are mainly focused on compressed hydro-
en gas, cryogenic and liquid hydrogen, metal hydrides including
nterstitial hydride or complex hydrides, high surface area mate-
ials (such as nanostructure, porous materials and metal–organic
rameworks), chemical hydrogen storage and some new materials
such as inorganic clathrates or polymers) [7–13]. Since Bogdanović
nd Schwickardi [14] discovered that the dopant of titanium cat-
lyst can make the hydrogenation–dehydrogenation of sodium

lanate (NaAlH4) reversible at a moderate temperature the complex
ydrides have attracted great interest [15–19]. However, Ti-doped
aAlH4 can not meet the requirement for hydrogen capacity and
ydrogen desorption kinetics in the practical on-board application.
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ow days, many groups pay attentions on non-interstitial hydrides
uch as boron hydrides [20–22], amides [23,24] and AlH3 [7] in
ddition to alanates.

Alkaline earth metals (AE)-based alanates have attracted much
nterest because of their high hydrogen capacity [25–29]. However,
E-based alanates such as Mg(AlH4)2 and Ca(AlH4)2 are usually
ynthesized through ball milling MgCl2 and CaCl2 with NaAlH4 or
iAlH4 [26]. Dymova and co-workers [30,31] reported the synthe-
is of Mg(AlH4)2 and Ca(AlH4)2 from the mixture of MgH2 and
aH2 with AlCl3, respectively. CaAlH5 or MgAlH5 only appeared
s an intermediate phase during the decomposition of the corre-
ponding alanates and has not been prepared separately [26,30,31].
ur group has succeeded in synthesizing several novel alkaline
arth metal-aluminum hydrides such as SrAl2H2 [32], Sr2AlH7 [33],
aAlH5 [34] and Ba2AlH7 [35] through hydriding of suitable AE–Al
lloys such as SrAl2 and Ba7Al13 intermetallic compounds and other
lloys. The crystal structures of these newly synthesized hydrides
ere analyzed by the Rietveld method using X-ray and neutron

iffractions [32–35]. All of these crystal structures were new types
f crystal structures [32–35].

Mechanism of formation and decomposition reactions of
lanates or inorganic compounds containing Al–H bonding is one
f the critical information to develop advanced hydrogen storage

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:e.akiba@aist.go.jp
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curves of BaH2/Al system (BaH2:Al = 1.0) ball milled under 0.1 MPa
Ar (Measurement conditions: 5 MPa H2, 30–500 ◦C, 5 ◦C/min). As
shown in Fig. 4, for BaH2:Al = 1.0 there appeared one broad exother-
mal peak at 350 ◦C which is attributed to the H2 absorption reaction
X. Liu et al. / Journal of Alloys a

aterials, especially inorganic metal hydrides. In our experience,
he Ba–Al–H system is the most suitable to study mechanism
f reactions because intermediate phases are stable to isolate
ompared to Mg–Al–H and Ca–Al–H systems. [26,30,31,34,35] In
omparison to the Sr–Al–H system, reaction conditions are milder
nd reactions were completed in shorter period [34,35]. Therefore,
e selected the formation reaction of BaAlH5 and Ba2AlH7 from

ommercially available raw materials.
Up to now, the direct synthesis of the hydrides containing alka-

ine earth metals and aluminum from AEH2 and Al has not been
chieved as far as we know. This formation reaction was only
bserved during the process of formation and decomposition of
a2AlH7 but not directly from BaH2 and Al powders. In this study,
e synthesized BaAlH5 and Ba2AlH7 from commercially available
aH2 and Al powders for the first time.

. Experimental

The commercial BaH2 (99.7%, Soekawa Chemical Co.Ltd) and Al powders (99.9%,
uruuchi Chemical Corporation) were used as received. About 2 g mixtures of
aH2/Al with different molar ratios (0.5, 1.0 and 2.0) were weighed in a glove box
lled with high purity argon and placed in a stainless steel pot. The milling was per-

ormed on a Fritsch Pulverisette-5 planetary under 0.8 MPa H2 or 0.1 MPa Ar. The ball
o powder weight ratio was 40:1 and the rotation speed was 300 rpm. The milling
ime was 10 h.

The ball milled samples were characterized by X-ray powder diffractions (Rigaku
int-2500 V diffractometer with CuK� radiation at 50 kV and 200 mA). To avoid the
xidation a special sample holder filled with Ar was used for XRD measurements. The
hase compositions of the ball milled samples were determined through refining
he diffraction patterns with FULLPROF program based on the Rietveld method [36].

The DSC measurements were performed on a Rigaku TP-8230HP under 5 MPa

2 or 0.1 MPa Ar. During the measurements, the temperature was raised from room
emperature to 500 ◦C at a rising rate of 5 ◦C/min.

Hydrogenation–dehydrogenation characteristics of BaH2/Al (1:1) ball milled
nder 0.8 MPa H2 or 0.1 MPa Ar were measured using a pressure–composition

sotherms (PCI) apparatus (Suzuki Shokan Cor.). The largest H2 pressure was set
s 8 MPa, the maximum judging time were 24 h, the minimum time interval was
9 min and the pressure interval pressure was 0.001 MPa. Before measurements the
ample was activated by vacuuming for 4 h. In order to calculate the enthalpy of
ydrogenation and dehydrogenation the P–C isotherms of the ball milled BaH2/Al
1:1) were measured at 260 ◦C, 280 ◦C and 305 ◦C, respectively.

. Results and discussion

.1. Effects of BaH2/Al mole ratios on the phase formation under
eactive ball milling conditions

Fig. 1 shows the XRD patterns of BaH2/Al systems with differ-
nt ratios of 2:1, 1:1 and 1:2 ball milled under 0.8 MPa H2. Rietveld
efinement was used to determine the phase compositions. The cal-
ulated curve agreed well with the observed XRD pattern as shown
n Fig. 2. According to the stoichiometric proportion the mixture
f 2BaH2/Al was expected to form Ba2AlH7 but the calculated pro-
ortion of Ba2AlH7 in the final product was only 41.7 wt% with a
8.3 wt% excess of BaH2. BaH2/Al (1:1) was expected to form BaAlH5
ut the real product was composed of Ba2AlH7 (84.2 wt%), BaH2
11.9 wt%) and Al (3.9 wt%). However, when the ratio of BaH2/Al
as changed to 1:2 the main phase was BaAlH5 (83.2 wt%) accom-
anied by a 16.8 wt% excess of Al. The results show that BaAlH5
nd Ba2AlH7 can be directly prepared by ball milling the mixture of
aH2 and Al under a mild H2 pressure, which is quite different from
hat’s observed in Mg–Al [27] system. In previous studies, MgH2

ormed by ball milling Mg–Al system under H2 while Mg(AlH4)2 or
ther hydrides cannot be successfully prepared.
.2. DSC measurements of BaH2/Al system

Differential scanning calorimeter (DSC) was used to measure
he thermal behavior of the hydrides. Fig. 3 shows DSC curves

F
p
p
B
o

ig. 1. XRD patterns of BaH2/Al systems with different ratios (A: 2:1; B: 1:1; C: 1:2)
all milled under 0.8 MPa H2.

f BaH2/Al system (BaH2:Al = 0.5 and 1.0) ball milled under 0.8
Pa H2. For BaH2:Al = 0.5 the onset temperature of the endother-
al transition was about 315 ◦C which can be attributed to the

ecomposition of BaAlH5. For BaH2:Al = 1.0 there also appeared an
ndothermal peak and the onset transition temperature was about
30 ◦C representing decomposition reaction of Ba2AlH7. The DSC
esults also indicated that the hydrides formed during the reactive
all milling process.

To study the H2-induced phase transition and H2 absorption
ehavior of BaH2/Al system in-situ DSC measurements under 5 MPa
2 atmosphere were performed. BaH2/Al system (BaH2:Al = 1.0)
as first ball milled under 0.1 MPa Ar. Fig. 4 shows in-situ DSC
ig. 2. Rietveld refinement results of BaH2/Al system with molar ratio of 1:1. The
lus signs (+) represent the observed data. The solid line represents the calculated
rofile. Vertical bars (from above) correspond to the position of Bragg peaks for
a2AlH7, BaH2 and Al, respectively. The lowest curve is the difference between the
bserved and calculated patterns. Rw = 8.38%, Rp = 6.43%, Rexp = 7.48%, �2 = 1.26.
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The enthalpy of hydrogenation was determined to be
ig. 3. DSC curves of BaH2/Al system (A: 1:2; B: 1:1) ball milled under 0.8 MPa H2.
hearting rate: 5 ◦C/min, atmosphere: 0.1 MPa Ar).

nd the formation of Ba2AlH7 hydride. The DSC results show that
he milled BaH2/Al system (BaH2:Al = 1.0) under Ar absorbed H2 and
ransformed into hydrides during in-situ DSC measurement under
2 atmosphere.

.3. Pressure–composition isotherms (PCI) measurements

Fig. 5 shows the P–C isotherm of the mixture of BaH2/Al (1:1)
all milled under 0.8 MPa H2. The measurement temperature was
60 ◦C. The mixture with a composition of Ba2AlH7 (84.2 wt%), BaH2
11.9 wt%) and Al (3.9 wt%) analyzed in Section 3.1 did not absorb H2
uring hydriding process. The actual amount of desorbed hydrogen
t 260 ◦C was only 0.2 wt%. According to the above XRD analysis, the
ample contains 84.2 wt% Ba2AlH7 and the theoretical H2 content
s about 1.9 wt% much higher than the amount of actually des-
rbed H2, which indicates that the desorption of H2 at 260 ◦C is
ncomplete and only a part of Ba2AlH7 can desorb H2 under this

ondition.

Fig. 6 shows the P–C isotherms of the mixture of BaH2/Al (1:1)
all milled under 0.1 MPa Ar. In order to study the thermody-
amic behavior and calculate the enthalpy of hydrogenation and
ehydrogenation, the P-C isotherms of the ball milled mixture of

ig. 4. In-situ DSC curve of BaH2/Al system (BaH2:Al = 1.0) ball milled under 0.1 MPa
r (hearting rate: 5 ◦C/min, atmosphere: 5 MPa H2).

−

m
g

F
M

ig. 5. P–C isotherm of the mixture of BaH2/Al (1:1) after ball milling under 0.8 MPa

2 measured at 260 ◦C.

aH2/Al (1:1) were measured at 260 ◦C, 280 ◦C and 305 ◦C, respec-
ively. Similar to most of hydrogen storage materials there appeared
bvious absorption pressure plateau region. With the increase of
easurement temperature the plateau region became broader and

he plateau pressure increased. The total H2 absorption amounts at
60 ◦C, 280 ◦C and 305 ◦C were 0.583 wt%, 0.723 wt% and 0.732 wt%,
espectively. There existed an obvious plateau pressure difference
etween the absorption and the desorption curves. In addition,

t is noticed that the absorbed hydrogen can not release com-
letely but more H2 releases with the increase of measurement
emperature.According to the P–C isotherms measured at differ-
nt temperatures a van’t Hoff plot (ln pH2 ∼ 1/T) was made as
how in Fig. 7 The enthalpy of hydrogenation can be calculated
sing the slope of the van’t Hoff plot according to the following
quations.

n pH2 = �H

RT
− �S

R

20.0 kJ mol−1.
The phase transition of the mixture of BaH2/Al (1:1) during ball

illing under Ar and after P–C isotherms measurement was investi-
ated by XRD and subsequent Rietveld refinements. Fig. 8 shows the

ig. 6. P–C isotherms of the mixture of BaH2/Al (1:1) ball milled under 0.1 MPa Ar.
easurement temperatures are 260 ◦C, 280 ◦C and 305 ◦C, respectively.
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Fig. 9. Rietveld refinement results of BaH2/Al (1:1) system ball milled under 0.1 MPa
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ig. 7. Van’t Hoff plot (ln pH2 ∼ 1/T) for the mixture of BaH2/Al ball milled under
.1 MPa Ar during hydriding process.

RD patterns and phase components of BaH2/Al (1:1) system after
all milling under 0.1 MPa Ar (before PCI) and after PCI measure-
ent at 280 ◦C. Fig. 9 shows the refinement results of XRD patterns

f ball milled BaH2/Al (1:1) and after PCT measurements at 280 ◦C.
he calculated data agreed well with the observed. After ball milled
he mixture of BaH2/Al (1:1) was composed of BaH2 (65.4%) and
aAl4 (34.6%) indicating that the mixture of BaH2/Al first trans-

ormed into a mixture of BaH2 and BaAl4 (molar ratio is about
:1) during ball milling process under Ar. However, as discussed

n Section 3.1 the phase compositions of the reactive ball milling
aH2/Al (1:1) system under 0.8 MPa H2 was composed of Ba2AlH7
84.2 wt%), BaH2 (11.9 wt%) and Al (3.9 wt%) and no BaAl4 formed
uring the process of reactive ball milling under 0.8 MPa H2, which

ndicate that BaH2 and BaAl4 exist under Ar or very low H2 while
a2AlH7 are stable at high hydrogen pressure. This is the reason
hy BaH2 and BaAl4 were found in ball milled BaH2/Al (1:1) sam-

le under Ar and BaAlH5 or Ba2AlH7 was present in the ball milled
amples under H2. After PCI measurements, the sample was com-
osed of BaH2 (41.4 wt%), BaAl4 (29.1 wt%) and Ba2AlH7 (29.5 wt%).
ased on the results of XRD analyses and PCI measurements it can

ig. 8. XRD patterns and phase changes of BaH2/Al (1:1) system ball milled under
.1 MPa Ar before PCI measurement (A) and after PCI measurement at 280 ◦C (B).
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r before PCI measurement (A) and after PCI measurement at 280 ◦C (B). The plus
igns (+) represent the observed data. The solid line represents the calculated profile.
ertical bars (from above) correspond to the position of Bragg peaks. The lowest
urve is the difference between the observed and calculated patterns.

e concluded that the mixture of BaH2/Al (1:1) first transformed
nto BaH2/BaAl4 (3:1) after ball milling under Ar and then the mix-
ure of BaH2 and BaAl4 reacted with H2 to form Ba2AlH7 during the
CI absorption process. These phase transformation behaviors from
aH2/Al (1:1) to BaH2 /BaAl4 (3:1) during ball milling under Ar and
he mixture of BaAl4 and BaH2 to Ba2AlH7 after hydrogenation were
bserved for the first time, which is quite different from what’s
bserved in NaH/Al system, where no phase transformation was
eported during the ball milling under Ar [15]. During the dehydrid-
ng process Ba2AlH7 hydride desorbed H2 to regenerate into BaH2
nd BaAl4 indicating this is a reversible process. This desorbtion
ehavior was also different from what’s observed in other alanates,
here Al usually formed during the decomposition process [37].

his process was demonstrated as follows.

8BaH2 + 28Al
Ball milling−→

Ar
21BaH2 + 7BaAl4

+H2�
−H2

12Ba2AlH7 + 4BaAl4

For the dehydrogenation of Ba2AlH7, there exists the possibility
hat Ba2AlH7 first partly dehydrogenates to form a mixture of BaH2
nd Al and then the latter further dehydrogenates to form BaH2 and
aAl4.

. Conclusions

BaAlH5 and Ba2AlH7 were successfully obtained through ball
illing the mixture of commercially available BaH2 and Al pow-

er under H2. With different mole ratios of BaH2/Al (0.5, 1.0 and

.0) the main phases were BaAlH5, Ba2AlH7 and BaH2, respectively.
he ball milled BaH2/Al system (1:1) under Ar first transformed
nto 3BaH2/BaAl4. The mixture of BaH2/BaAl4 absorbed H2 to form
a2AlH7 during hydrogenation process and Ba2AlH7 released H2
uring the dehydrogenation process. With the increase of mea-
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urement temperature from 260 ◦C to 305 ◦C the plateau pressure
ncreases from 2.2 MPa to 3.2 MPa. The hydrogenation enthalpy
f BaH2/BaAl4 (3:1) to form Ba2AlH7 was determined to be
20.0 kJ mol−1 from a van’t Hoff plot.
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