
A

M
a
M
T
o
b
p
H
©

K

1

t
t
m
t
s
v
h
B
c
e
h
p

M
D

0
d

Journal of Alloys and Compounds 459 (2008) 583–588

Hydrogen storage properties of Mg[BH4]2

T. Matsunaga a,b,∗, F. Buchter a,b, P. Mauron a,b, M. Bielman a,b, Y. Nakamori c,
S. Orimo c, N. Ohba d, K. Miwa d, S. Towata d, A. Züttel a,b
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bstract

Among the large variety of possible complex hydrides only few exhibit a large gravimetric hydrogen density and stability around 40 kJ mol−1H2.
g[BH4]2 is based on theoretical approaches a complex hydride with an equilibrium hydrogen pressure of approximately 1 bar at room temperature

nd a hydrogen content of 14.9 mass%. The reaction of Li[BH4] with MgCl2 at elevated temperatures was investigated as a possible route to synthesize
g[BH4]2. Li[BH4] reacts with MgCl2 at a temperature >523 K at a pressure of 10 MPa of hydrogen, where the product contains LiCl and Mg[BH4]2.

he desorption pc-isotherm of the product obtained at 623 K shows two flat plateaus, which indicates that the decomposition of the product consists
f a two-step reaction. The products of the first and the second decomposition reaction were analyzed by means of X-ray diffraction and found to

e MgH2 and Mg, respectively. The enthalpy for the first decomposition reaction was determined to be �H = −39.3 kJ mol−1H2 by the Van’t Hoff
lot of the equilibrium measurements between 563 K and 623 K, which is significantly lower than that for pure Li[BH4] (�H = −74.9 kJ mol−1H2).
owever, only the second reaction step (MgH2 → Mg) is reversible at the condition up to 623 K at 10 MPa of hydrogen.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Hydrogen storage technology is one of the most impor-
ant subjects for the introduction of fuel cell vehicles in
ransportation. The hydrogen storage density as well as the

oderate operating temperatures for desorption and absorp-
ion of hydrogen are key parameters for an onboard storage
ystem. Complex hydrides, consisting of light elements, are
ery promising materials for hydrogen storage because of their
igh gravimetric and volumetric hydrogen density [1]. Since
ogdanovic and Schwickardi reported the reversibility of the
atalyzed hydrogen sorption reaction of NaAlH4 [2], many

fforts have been made to investigate complex hydrides as
ydrogen storage materials [3–7]. Besides the basic physical
roperties, the challenges are to tailor the stability and to improve
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he reversibility of the hydrogen sorption reaction of complex
ydrides.

The hydrogen in the complex hydrides is located in the cor-
ers of a tetrahedron with B or Al in the center. The negative
harge of the anion, [BH4]− and [AlH4]−, is compensated by
cation, e.g., Li or Na. The bonding character and the physical
roperties of the complex hydrides are largely determined by the
ifference in electronegativity between the cation and boron or
luminum, respectively. From this point of view, first-principles
alculations [8,9] and experimental studies [10] on the stability
f complex hydrides have been performed. Recently, Nakamori
t al. have investigated the relation between stability of borohy-
rides and electronegativity of cations for various borohydrides
nd have shown that there is a good correlation between them
11].

Magnesium borohydride (Mg[BH4]2) is a very promising

aterial for hydrogen storage because of its high gravimetric

torage density (14.9 mass%). The Pauling electronegativity
f magnesium is 1.31, which is greater than that of lithium
0.98), therefore, it is expected that Mg[BH4]2 is less stable than

mailto:tomoya@matsunaga.tec.toyota.co.jp
dx.doi.org/10.1016/j.jallcom.2007.05.054
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i[BH4]. However, properties of Mg[BH4]2 as a hydrogen stor-
ge material, especially thermodynamic property, are not known
et and the investigation requires sophisticated instruments and
well-defined sample. Stasinevich and Egorenko investigated

he stability of various borohydrides by means of thermal anal-
sis in hydrogen pressures up to 1.0 MPa [12]. They reported
hat hydrogen desorption from Mg[BH4]2 occurs at 586–596
nd 683–693 K, where the former corresponds to the desorp-
ion from Mg[BH4]2 to MgH2, the latter from MgH2 to Mg.
onoplev and Bakulina also investigated the thermal analysis
f Mg[BH4]2, where they mentioned that Magnesium boride
MgB2) may be formed after thermal decomposition [13]. Direct
ynthesis of Mg[BH4]2 from Magnesium, boron and hydrogen
as been reported by Goerrig [14], where it has been claimed
hat Mg[BH4]2 can be formed from these elements at 923 K and
5 MPa of hydrogen.

In this study, the reaction of Li[BH4] with MgCl2 at ele-
ated temperatures is investigated as a new route to synthesize
g[BH4]2. Lithium borohydride and magnesium chloride are

sed as starting materials. The reactions of Li[BH4] with MgCl2
re examined by differential scanning calorimetry (DSC). The
ynthesis products as well as the hydrogen desorption products
re investigated by X-ray diffraction and Raman spectroscopy.
ydrogen desorption and absorption property of the synthesis
roduct is investigated by temperature programmed desorption
TPD) and pc-isotherm measurement. Based on the equilib-
ium pressures of measured pc-isotherms the dehydrogenation
nthalpy and entropy were computed by means of the Van’t Hoff
quation.

. Experimental

The starting materials used in this study were purchased from Aldrich Co.
td.: The purities are >95% for Li[BH4] and >99.9% for MgCl2, respectively.
he samples were handled in pure argon atmosphere (glove box), in high vacuum
nd under pure hydrogen gas in order to avoid any possible contamination by
oisture or oxygen from air.

.1. Reaction of Li[BH4] with MgCl2

The reaction of Li[BH4] with MgCl2 was investigated by differential scan-
ing calorimetry (DSC) (Mettler Toledo Inc. HP DSC827e). Five milligrams of
he sample (for 2:1 mole ratio) was mixed in an argon glove box and filled in
DSC sample cell made of aluminum. The sample cell was sealed up in argon

tmosphere. Therefore, it has never been exposed to any gases except pure argon
uring the measurement. The DSC measurement of Li[BH4] and MgCl2 mixture
as carried out in the temperature range from 313 to 513 K at the heating (or

ooling) rate of 5 K min−1 in the sealed sample cell for three heating and cooling
ycles. Measurements with pure Li[BH4] and MgCl2 were also performed at the
ame heating condition.

Heat treatments of Li[BH4] and MgCl2 mixture were carried out in a stain-
ess steel cylinder under 10 MPa of hydrogen at 453, 523 or 593 K. In each
eat treatment, approximately 600 mg of Li[BH4] and MgCl2 mixture (for 2:1
ole ratio) was pressed in order to make a pellet and filled into a cylinder in

n argon glove box. After evacuating by rotary vacuum pump for 1 h at room
emperature, 10 MPa of hydrogen was introduced into the cylinder and heated
p. It was kept at the final temperature mentioned above for 3 h and then slowly

ooled to room temperature. Crystal structures of the samples after heat treatment
ere investigated at room temperature by powder X-ray diffraction measurement

SIEMENS, D-500, Cu K� radiation). Raman spectra of the samples were mea-
ured at room temperature using a Dilor Labram Raman spectrometer equipped
ith a HeNe laser (632.8 nm) and an optical microscope. To avoid exposure to

2

t
s
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ir, each sample was filled into a sample holder in the argon glove box and cov-
red with plastic wrap film during X-ray diffraction measurement and Raman
pectroscopy measurement.

.2. Hydrogen desorption and absorption

Hydrogen desorption property of the product synthesized by the heat treat-
ent of Li[BH4] with MgCl2 (for 2:1 mole ratio) at 593 K under 10 MPa of

ydrogen was investigated as follows.
Temperature programmed desorption (TPD) measurements were carried out

n vacuum after the heat treatment in a stainless steel cylinder with a heating
ate of 0.2–5.0 K min−1. After the heat treatment, the samples were cooled down
o room temperature under 10 MPa of hydrogen. Subsequently, hydrogen gas
as extracted from the cylinder to vacuum at room temperature. The samples
ere heated up under vacuum from room temperature to 773 K. During the
easurements, desorbed gas volume was measured using a mass flow controller

Brooks instruments, 5850E).
Desorption isotherms were measured at 563, 593 and 623 K using the same

ass flow controller mentioned above. A total of 1.6 g of the sample were
sed for each measurement. Hydrogen pressure was decreased from 10 MPa
o vacuum with a flow rate of 1.0 cm3 min−1. It took approximately 70 h to per-
orm each desorption measurement with this gas flow rate. Absorption isotherm
easurement was performed at 623 K continuously after the desorption mea-

urement at the same temperature. Hydrogen was filled into the cylinder with a
ow rate of 1.0 cm3 min−1 until the pressure was increased up to 10 MPa.

After desorption or absorption measurement, the cylinder was cooled down
o room temperature. The samples were taken out in an argon glove box. Crys-
al structures of the samples were investigated by powder X-ray diffraction

easurement as mentioned above at room temperature.

. Results and discussion

.1. Reaction of Li[BH4] with MgCl2

The DSC profiles of Li[BH4] and MgCl2 mixture are shown
n Fig. 1. Profiles of pure Li[BH4] and pure MgCl2 were also
nvestigated as references. For Li[BH4], there is an endother-

ic peak (at T = 386 K, �Q = −206.0 J g−1) during heating
rom 313 to 513 K and an exothermic peak during cooling
oth of them corresponding to the phase transition of Li[BH4],
hereas no peak was observed for MgCl2 in this temperature

ange. For the Li[BH4] and MgCl2 mixture sample, there is
n endothermic peak (at T = 385 K, �Q = −56.3 J g−1) during
he 1st heating procedure, corresponding to the phase tran-
ition of Li[BH4]. However, this peak disappears after the
ooling period of 1st cycle. This result is an evidence that
here is no pure Li[BH4] remains after the 1st heating. In addi-
ion, for the Li[BH4] and MgCl2 mixture, other exothermic
nd endothermic peaks are observed after the 1st cooling at
= 440 K (�Q = 23.6 J g−1). These peaks are not observed for
ure Li[BH4] or pure MgCl2. This result implies that some reac-
ion took place during the 1st heating. The endothermic peak at
40 K observed after the 1st cooling is in agreement with the
SC measurement result reported for Mg[BH4]2 [12]. There-

ore, the following reaction during the 1st heating procedure is
ssumed:
Li[BH4] + MgCl2 → Mg[BH4]2 + 2LiCl

XRD measurement results after heat treatment also indicate
hat Li[BH4] react with MgCl2 during heat treatment. Fig. 2
hows the XRD measurement results after heat treatment at
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Fig. 1. Differential scanning calorimetry profiles of Li[BH4] and MgCl2 mixture
with a sealed sample cell. The heating rate is 5 K min−1. Measurements with
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ure Li[BH4] and MgCl2 were also performed at the same heating condition.
olid lines and dotted lines show heating and cooling, respectively. A total of
mg of the sample was used for each measurement.

arious temperatures. Mixing Li[BH4] and MgCl2 in a mor-
ar in an inert atmosphere (Ar) at room temperature does not
ead to any reaction. However, after heat treatment, the peaks

orresponding to Li[BH4] and MgCl2 disappear. New peaks
ere observed which correspond to LiCl. Although there is

till a small amount of Li[BH4] and MgCl2 after heat treat-
ent at 453 K, neither Li[BH4] nor MgCl2 was observed after

ig. 2. Powder X-ray diffraction profiles of Li[BH4] and MgCl2 mixture: (a)
efore heat treatment; (b) after heat treatment at 453 K; (c) after heat treatment
t 523 K; (d) after heat treatment at 593 K, respectively. Each heat treatment was
arried out under 10 MPa of hydrogen.
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eat treatment at the temperature >523 K. The X-ray diffrac-
ion peaks around 2Θ = 18–19◦ after heat treatment at 453 K

ay be due to an intermediate compound of the reaction,
hich are not observed after heat treatment at higher temper-

tures.
The Raman spectra of pure Li[BH4] are shown in Fig. 3(a

nd b) and Li[BH4] with MgCl2 after heat treatment at 593 K
nder 10 MPa of hydrogen in Fig. 3(c and d). The Raman shifts
bserved for pure Li[BH4] (Fig. 3(a and b)) are in agreement with
he bending mode and the stretching mode reported for [BH4]−
n Li[BH4], respectively [15]. After heat treatment, two of new
aman shifts occurred at 1200 and 1380 cm−1 in the bending
ode region as is shown in Fig. 3(c). The Raman spectra after

eat treatment is consistent with the Raman spectra [11] and
he IR spectra [13] reported for Mg[BH4]2. This result shows
hat Mg[BH4]2 is included in the product after heat treatment. In
he stretching mode region, the splitting at 2300 cm−1 has disap-
eared after heat treatment as is shown in Fig. 3(d). Probably this
pectrum shows overlap of stretching mode in Mg[BH4]2 and
i[BH4] [11,15]. The product after the heat treatment at 593 K
as also examined by DSC measurement. The result shows that

here is an endothermic peak around 440 K, whereas no peak
rom LiBH4 was observed. This result indicates that most of the
roduct is supposed to be Mg[BH4]2.

.2. Hydrogen desorption and absorption

.2.1. Temperature programmed desorption
Fig. 4 shows the temperature programmed desorption spec-

ra at a heating rate of 0.2 K min−1. Although the product
fter heat treatment contains LiCl, LiCl does not decompose
elow 773 K. Therefore, all of the desorbed gas is supposed
o originate from Mg(BH4)2. In addition, more than 99.7%
f the desorbed gas from the sample was confirmed to be
ydrogen by mass spectroscopy. The hydrogen desorption tem-
erature of Li[BH4] and MgCl2 mixture after the heat treatment
s approximately 100 K lower as compared to that of pure
i[BH4]. The sample after heat treatment has two desorption
eaks. It starts to decompose at 500 K and the first desorp-
ion peak appears around 563 K. This peak is dominant and
ore than half of hydrogen is evolved. The second desorption

eak starts at 600 K and it is very sharp as compared to the
rst desorption peak. The shape of two independent desorp-

ion peaks implies that decomposition reaction consists of two
teps.

Desorption spectra of Li[BH4] and MgCl2 mixture after heat
reatment with different heating rates are shown in Fig. 5(a).
he peak temperatures of the spectra were used to determine

he activation energy of the first and the second desorption.
he logarithm of the ratio of the heating rate divided by the
quare of the peak temperature is a linear function of the inverse
emperature if the hydrogen desorption is a first order reac-
ion (Fig. 5(b)). The slope of the fitted line corresponds to

he activation energy for the reaction (Kissinger plot) [16].
he activation energy of the first and the second desorption
btained by Fig. 5(b) were 122 and 166 kJ mol−1, respec-
ively.
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Fig. 3. Raman spectra of pure Li[BH4] (a and b) and Li[BH4] with MgCl

Fig. 4. Temperature programmed desorption spectra of: (a) Li[BH4] and MgCl2
mixture after heat treatment at 593 K under 10 MPa of hydrogen; (b) pure
Li[BH4]. The samples were heated after evacuation at room temperature with
a heating rate of 0.2 K min−1. The upper graph and the lower graph show the
desorbed gas volume and the gas flow as a function of temperature, respectively.
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2 after heat treatment at 593 K under 10 MPa of hydrogen (c and d).

.2.2. PC desorption and absorption isotherms
Fig. 6shows the pressure composition desorption isotherms

t 563, 593 and 623 K. Two plateaus were observed at 623 K
t more than 0.1 MPa, whereas only one plateau was observed
t 563 and 593 K within this pressure range. Equilibrium pres-
ures of the first desorption varied from 1.4 MPa at 563 K to
.1 MPa at 623 K. The equilibrium pressure (Peq) as a func-
ion of temperature is related to the changes �H and �S of
nthalpy and entropy, respectively, by the Van’t Hoff equa-
ion:

n

(
Peq

P0
eq

)
= �H

R

1

T
− �S

R
(1)

Based on the Van’t Hoff plot shown in Fig. 7,
he dehydrogenation enthalpy and entropy were found to
e �H = −39.3 kJ mol−1H2, �S = −91.3 J mol−1 K−1, respec-
ively. Whereas the dehydrogenation enthalpy of pure Li[BH4]
s obtained to be �H = −74.9 kJ mol−1H2 from the equi-
ibrium pressure of Li[BH4] reported in the literature
17]. Therefore, the product of Li[BH4] with MgCl2 after
eat treatment is thermodynamically less stable than pure
i[BH4].

Absorption pc-isotherm was measured at 623 K subsequently
fter the desorption measurement at the same temperature. As

s shown in Fig. 6, only one absorption plateau was observed
round 1.3 MPa, where the absorbed hydrogen amount was
lmost the same as the desorbed hydrogen amount in the sec-
nd reaction step of the desorption measurement. This result
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Fig. 5. (a) Temperature programmed desorption spectra of Li[BH4] and MgCl2
mixture after heat treatment at 593 K under 10 MPa of hydrogen. Numbers shown
in the graph indicate the heating rate in K min−1. A total of 20 mg of the sample
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the overall results of X-ray diffraction analysis can be explained
as used for the measurements. (b) Kissinger plot of thermal desorption spectra
t a heating rate of 0.2−5.0 K min−1, where Tp is a peak temperature of the
pectra and β is a heating rate.

s a clear evidence that only the second step of the reaction is
eversible under this measuring condition.
.2.3. X-ray diffraction analysis
Fig. 8 shows the XRD measurement results of the Li[BH4]

nd MgCl2 mixture (a) after heat treatment at 593 K for 3 h, (b)

ig. 6. Absorption/desorption isotherms for Li[BH4] and MgCl2 mixture after
eat treatment at 593 K: (a) desorption at 563 K; (b) desorption at 593 K; (c)
esorption at 623 K; (d) absorption at 623 K. Curve (d) was measured after the
esorption measurement at the same temperature.
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ig. 7. Van’t Hoff plots for (a) Li[BH4] with MgCl2 after heat treatment at 593 K
nd (b) pure Li[BH4]. Equilibrium pressures of (a) and (b) are obtained from
C desorption isotherms in Fig. 5, from ref. [17], respectively.

fter desorption in vacuum to 593 K, (c) after desorption in vac-
um to 623 K and (d) after absorption up to 10 MPa of hydrogen
t 623 K, respectively. As it is shown in Fig. 8(b), after desorp-
ion in vacuum to 593 K, the peaks which correspond to MgH2
re observed, whereas the diffraction pattern of metallic Mg is
ot observed. On the other hand, as is shown in Fig. 8(c), after
esorption in vacuum to 623 K, the peaks corresponding to Mg
re clearly present, where the peaks from MgH2 are no longer
bserved. These results indicate that MgH2 desorbs hydrogen
o be Mg during the second desorption step. After absorption
p to 10 MPa of hydrogen at 623 K, as is shown in Fig. 8(d),
gH2 forms again, which implies the hydrogenation of Mg

uring the absorption procedure. LiCl remains during desorp-
ion/absorption procedure as is shown in Fig. 8. Consequently,
y the following two-step reaction:

g[BH4]2 → MgH2 + 2B + 3H2(first step)

ig. 8. Powder X-ray diffraction profiles of Li[BH4] and MgCl2 mixture: (a)
fter heat treatment at 593 K for 3 h, (b) after desorption in vacuum to 593 K,
c) after desorption in vacuum to 623 K and (d) after absorption up to 10 MPa
f hydrogen at 623 K, respectively.
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gH2 → Mg + H2(second step)

Taking this result into consideration, the first and the second
lateau of the desorption pc-isotherm at 623 K correspond to the
esorption from Mg[BH4]2 to MgH2 and from MgH2 to Mg,
espectively. This assumption is consistent with the desorbed
ydrogen amount ratio (3:1) in the first and the second plateau.
imilarly, the absorption plateau in Fig. 6(d) corresponds to the
eaction from Mg to MgH2. The plateau pressure of 1.3 MPa
n Fig. 6(d) is almost the same as the equilibrium pressure of

g/MgH2 system at the same temperature [18].

. Conclusions

Li[BH4] reacts with MgCl2 by heat treatment at the tem-
erature >523 K at 10 MPa of hydrogen, where the product
ontains LiCl and Mg[BH4]2. Desorption isotherm of the prod-
ct obtained at 623 K shows two flat plateaus, which indicates
hat the decomposition of the product after heat treatment con-
ists of a two-step reaction. Using X-ray diffraction analysis, the
roducts of the first and the second decomposition reaction are
ound to be MgH2 and Mg, respectively. From the Van’t Hoff
lot obtained by equilibrium pressures of the first decomposition
easured at 563–23 K, the dehydrogenation enthalpy of the first

ecomposition is found to be �H = −39.3 kJ mol−1H2, which
s lower than that of pure Li[BH4] (�H = −74.9 kJ mol−1H2).
owever, only the second reaction step (MgH2 → Mg) is

eversible at the condition up to 623 K at 10 MPa of hydrogen.
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