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a b s t r a c t

The vapor pressure andmolecularweight of effusing vapors of a, b, and amorphousMg(BH4)2
were determined by Torsion-effusion gravimetric method, under dynamic vacuum. A Cahn

balance in the system yielded the rate of the weight loss. Molecular weights measured

revealed if the effusion was congruent or there was disproportionation. The vaporization

behavior of crystallineMg(BH4)2, wasmeasured up to 533 K at pressures ofw10�5 torr. It was

found that Mg(BH4)2 disproportionates to form predominantly H2 gas (w95%) with a small

amount of Mg(BH4)2 (w5%) in the gas phase. The combined average molecular weight

measured is 4.16 g/mol. The equations for vapor pressures for crystalline Mg(BH4)2 are given

by: log PTotal (bar) ¼ 9.2303 � 7286.2/T, log PMgðBH4Þ2 ðbarÞ ¼ 8:2515� 7286:2=T, and

log PH2 ðbarÞ ¼ 9:1821� 7286:2=T. The partial pressures of the gaseous species were deter-

mined as PMgðBH4Þ2ðgÞ=PT ¼ 0:105 and PH2ðgÞ=PT ¼ 0:895. Enthalpies of vaporization for the

effusing gases were calculated to be DH ¼ þ558.0 kJ/mol H2 and DH ¼ þ135 kJ/mol Mg(BH4)2.

The standard Gibbs free energy changes, DG�(kJ/mol), for the complete decomposition re-

action (Mg(BH4)2(s) / Mg(s) þ 2B(s) þ 4H2(g)), sublimation reaction (Mg(BH4)2(s) / Mg(BH4)2(g))

and the disproportionation reaction for Mg(BH4)2 are reported in this paper. The decompo-

sition pathway of amorphous Mg(BH4)2 was also carried out between 388.2 K and 712.8 K

showing multistep decomposition of a-Mg(BH4)2 Different reaction products were obtained

depending on the method used in the vaporization experiment. The behavior of the amor-

phous Mg(BH4)2(s) is very different from those for the two crystalline phases (a and b). The

vapor pressure behavior and thermodynamics of vaporization of different phases of

Mg(BH4)2 are presented.
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1. Introduction

The Mg(BH4)2 with 14.8 wt.% H storage capacity [1] makes it a

material of interest for hydrogen storage. Many investigations

have beenmade that showw13.7 wt.% of hydrogen is released

when Mg(BH4)2 is heated up to 870 K [2e15,28]. Several crystal

structures have been proposed from theoretical and experi-

mental studies of Mg(BH4)2. Konoplev and Bakulina [2] sug-

gested the existence of two crystalline phases, the a-phase

(claimed tetragonal) which is stable at room temperature up to

w180 �C when it transforms into the b-phase (claimed cubic

face-centered). In other experimental work Riktor et al. [5]

showed from in situ diffraction studies that there was a tran-

sition from the a- / b-phase between 453 and 463 K, the b-

phase decomposing above 518 K. �Cerný et al. [6] solved the

structure of solvent-free a-Mg(BH4)2 from synchrotron X-ray

and neutron diffraction experiments to be hexagonal with

space group P61. Her et al. [7] also determined the a-Mg(BH4)2 in

the hexagonal space group P61 using synchrotron X-ray alone.

They also showed that the b-phase has an orthorhombic

structurewith space group Fddd. A structure revision for the a-

phase to the P6122 space group was proposed from DFT-

optimization of the experimental structure by Dai et al. [now

8] and later confirmed by Filinchuk et al. [9] from single crystal

synchrotron X-ray diffraction. The latter also noted that the a-

phasecontainssmallporesandat490K transforms irreversibly

to the non-porous b-phase with w3% higher density. At high

pressures a new phase was observed by George et al. [10], and

its crystal structure has been determined by Filinchuk et al.

[11]. The high-pressure d-phase can be quenched to ambient

conditions, and features a double interpenetrated framework

structure with nearly twice higher density than for the porous

phase, known as g-Mg(BH4)2 [11]. Remarkably, the porous

phase is able to adsorb reversibly guest species, much like

MOFs, and is considered the first porous hydride.

A lot of theoretical work has been done in an attempt to

predict crystal structures of Mg(BH4)2 [8,11e20]. Nakamori et al.

[12] suggested from first principle calculations the trigonal and

monoclinic phases with the trigonal structure being the most

stable. Vajeeston et al. [13] predicted a ground-state lowest en-

ergy Cd(AlCl4)2-type monoclinic structure for Mg(BH4)2 with a

higher symmetry orthorhombic space group Pmc21. First prin-

ciplesDFT calculations (atT¼ 0K) byOzolins et al. [14] predicted

the crystal structure of Mg(BH4)2 to have symmetry of I-4m2

symmetry; 5 kJ/mol lower in energy than the previously exper-

imentally determined structure with hexagonal P61 symmetry.

van Setten et al. [15] determined a crystal structure forMg(BH4)2
17.6 kJ/mol lower in energy that the Pmc21 structure (generally

used for calculating the Mg(BH4)2 structure). Voss et al. [16] re-

portedanewF222structure forMg(BH4)2 fromthe I-4m2phaseof

Mg(BH4)2 with a lower energy than all previously determined

structures ofMg(BH4)2. Li et al. [17] predicted fromfirst principle

calculations that Mg(BH4)2 has a monoclinic structure with

spacegroupP21/c (N0. 14). vanSettenet al. [18] showed fromDFT

calculations of different stoichiometries of Mg(BH4)2 that most

stable structures containedMg2þ and (B2H6)
2� ions. Caputo et al.

[19]determinedagroundstatecrystal structureofMg(BH4)2 tobe

I-4m2. Zhou et al. [20] have obtained two ground state crystal

structures forMg(BH4)2, I4122 and F222, lower in energy than the
previously determined I-4m2 phase. Remarkably, none of the

experimentally determined structures known so far were pre-

dicted before the experimental structures were published and

all the theoretically most stable Mg(BH4)2 structures are not yet

observed. Interestingly, out of all the possible eight vertexMgH8

polyhedra, only the less uniform Johnson solids are found in the

experimental structures, while the theoretically predicted

structures always containMgH8 cubes (see Table S6 in [Ref. 21]).

Several theoretical and experimental thermodynamic

studies have been performed to determine the hydrogen

desorption pathway of Mg(BH4)2. Early work by Konoplev and

Bakulina [2] showed that the Mg(BH4)2 decomposed via a 2-

step process: In the first step Mg(BH4)2 decomposes to MgH2

with the evolution of hydrogen subsequently decomposes to

Mg and B accompanied by additional hydrogen release [2].

Several other researchers have also proposed the decompo-

sition of Mg(BH4)2 / MgH2 then to Mg and/or magnesium

borides [3,10,12,21e23]. Thermal desorption profiles of

Mg(BH4)2 by Nakamori et al. [12] suggest a multistep decom-

position through intermediate hydrides and/or borides; these

follow either Equation (1) or Equation (2):
Mg(BH4)2 / MgH2 þ 2B þ 3H2 / Mg þ 2B þ H2 (1)

Mg(BH4)2 / MgH2 þ 2B þ 3H2 / MgB2 þ 4H2 (2)

More recently, Mg(BH4)2 has been found to thermally

desorb hydrogen by forming more complex intermediate

compounds in a multi-step process. Chlopek et al. [3], based

on simultaneous TGA, DSC and MS show that the thermal

decomposition of Mg(BH4)2 proceeds via Equation (4) or more

endothermic steps with Mg, MgB2 and MgB4 found as

decomposition products. Li et al. [17,24,25] had initially pro-

posed from their TG and PCT measurements, as well as

theoretical studies show that MgB12H12 was a possible inter-

mediate product in the multistep decomposition of Mg(BH4)2
as shown in the equations below:

MgðBH4Þ2/
5
6
MgH2 þ

1
6
MgB12H12 þ 13

6
H2 (3)

/MgH2 þ 2Bþ 3H2 (4)

/Mg þ 2Bþ 4H2 (5)

Hwanget al. [26] confirmedthepresenceofMgB12H12, via
11B

NMRstudies. Firstprinciple calculationsbyOzolinsetal. [14,27]

show that decomposition of Mg(BH4)2 via MgB12H12 is the

favored pathway in terms of equilibrium temperature at a H2

pressure of 1 atm (Tc ¼ 293 K) and H2 desorption enthalpy at

298K (DH¼29.5kJ/molH2), compared toTc¼348K,DH¼38.8kJ/

mol H2 forMg(BH4)2/MgB2þ 4H2 and Tc¼ 443 K, DH¼ 47.3 kJ/

mol H2 for Mg(BH4)2 /MgH2 þ B þ 3H2, respectively. TG-DTA-

DSC experiments by Hanada et al. [28] indicate that several

hydrogen containing and amorphous boron containing com-

pounds appear as intermediates in the several-steps thermal

decomposition of Mg(BH4)2 to MgB2 þ H2. DSC measurements

by Yan et al. [29] also showed a multi-step decomposition re-

action for Mg(BH4)2 going through MgB12H12. Soloveichik et al.

[30] determined from results of TPD, DSC, in situ XRD, 11B-NMR

and a consideration of the amount of hydrogen produced at
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each reaction step that crystallineMg(BH4)2 decomposes via at

least 4 steps with the formation of intermediate polyborane

compounds such asMgB12H12. Themajor intermediates of this

process, the amorphous phases denoted by asterisks, are

shown in the reactions below:

MgðBH4Þ2/00MgB2H5:5
00�/00MgBH2:5

00� þMgB�
4/MgH2

þ 1
12

MgB12H
�
12 þMgB�

4/Mg þ 1
12

MgB12H
�
12 þMgB�

4/MgB2

(6)

The presence of an MgB2H6 species was shown from DFT

calculations by van Setten et al. [18]. Severa et al. [31] noted

that a possible side product of hydriding MgB2 is MgB12H12.

Newhouse et al. [32]] have also detected the presence of

amorphous Mg(BxHy)n intermediates which could include

species containing [B12H12]
2�. Hence the prediction from cal-

culations of the formation of MgB12H12 matches with experi-

mental observations. Kim et al. [33] predicted from first

principle calculations that Mg(BH4)2 decomposed according to

Equation (3), the MgB12H12 formed becomes unstable in the

presence of MgH2 and decomposes at 520 K to MgB2. Kulkarni

et al. [34] have predicted from first principles calculations that

the amorphous phases, MgB12H12 and CaB12H12 observed

experimentally during the decomposition of Mg(BH4)2 and

Ca(BH4)2 are actually a mixture of a very large number of

structurally distinct compounds which are very close in en-

ergy. Li et al. [35] predicted the possible existence ofmore than

one intermediate phase in addition toMgB12H12 using DFT first

principles cluster calculations. Very recently, Chong et al. [36]

showed from a combination of PCT, TGA/MS and NMR spec-

troscopy that the first species formed in the dehydrogenation

of Mg(BH4)2 at 473 K is magnesium triborane, Mg(B3H8)2,

meanwhile a complexmixture of polyborane species is formed

via a condensation mechanism involving simultaneous BeH

bond insertion and formation of H2 and metal hydride at

>573 K. Zhang et al. [37] confirmed the formation of amor-

phous Mg(BxHy)n species from their TEM, Raman spectra and

TPD measurements. On the higher temperature end, it has

been determined from the experiment and calculations that

Mg(BH4)2 starts decomposing in the range 500e613 K

[21,22,24,25,28e30,38]]. Lower decomposition temperatures

for Mg(BH4)2 have also been obtained. Voss et al. [16] found

from theory that Mg(BH4)2 decomposes in the range of

400e470 K. Hagemann et al. [39] showed from deuter-

iumehydrogen exchange studies that it is possible for break

the BeH bond in Mg(BH4)2 at temperatures as low as 405 K.

Ozolins et al. [14] reported that Mg(BH4)2 decomposes to MgB2

at 348 K [28], and at 293 K to MgB12H12. van Setten et al. [18]

showed that Mg(BH4)2 desorbs at 344 K to MgB2. Notably, DFT

calculations by Kim et al. [ 36] show thatMg(BH4)2 decomposes

slightly above RT (300 K) according to the Equation (3).

The measured dehydrogenation enthalpies for Mg(BH4)2
varied significantly in the literature, 67 � 7 kJ/mol Mg(BH4)2
fromDSCmeasurements byChlopek et al. [3]; 38 kJ/molH2 (RT)

from DFT calculations for a-Mg(BH4)2 /MgB2 þ 4H2 and 51 kJ/

mol H2 (RT) for Mg(BH4)2 / Mg þ 2B þ 4H2 by van Setten et al.

[18] 39.3 kJ/mol H2 for Mg(BH4)2 / MgH2 þ B þ 3H2 from

experiment [21]; 57� 5 kJ/mol H2 based on PCTmeasurements

forMg(BH4)2/MgH2þBþ 3H2 by Li et al. [17]. Ozolins et al. [14]

calculatedDH(Eq. 3) (298K) to be29.5 kJ/molH2, 38.8 kJ/molH2 for
reaction products MgB2 þ 4H2 and 47.3 kJ/mol H2 for

MgH2þ Bþ 3H2, and in a subsequent paper [27] determinedDH

(300K)¼ 50.0 kJ/molH2 forMgB12H12þ 5MgH2/ 6MgB2þ 11H2;

Yan et al. [29] have reported desorption enthalpies from DSC

measurements of 44 � 3 kJ/mol H2, 40 � 2 kJ/mol H2 and 38 kJ/

mol H2 for Reactions (3)þ(4); 43 � 3 kJ/mol H2, 40� 2 kJ/mol H2,

39� 2 kJ/mol H2, for Reactions (3)þ(4)þ(5); 46.9e50.3 kJ kJmol�1

H2 for Equation (3). Kulkarni et al. [34] determined 58.3e59.9 kJ/

mol H2 for MgB12H12 þ 5MgH2 / 6MgB2 þ 11H2 by. This dif-

ference in values, as other researchers have noted, is most

probably due to a difference in the method of measurement,

both experimental and theoretical.

In this paper, we present a study of the vaporization

behavior and desorption pathways of pure Mg(BH4)2 using the

torsion-effusion gravimetric method. It should be noted that

these studies are performed under dynamic vacuum. Three

different types of samples were used: (1) crystalline a-

Mg(BH4)2, (2) crystalline b-Mg(BH4)2 with a catalyst, (3) amor-

phous Mg(BH4)2. The total vapor pressures at each stage of

decomposition, as well as the average molecular weights of

vapor species were obtained by gravimetric analysis of the

effusing vapors. The reaction pathways for decomposition are

shown. Standard enthalpies of formation and other thermo-

dynamic properties of Mg(BH4)2 were obtained from a second

law analyses of the decomposition process.
2. Experimental and calculations

2.1. Starting materials and instrumentation

Three vaporization experiments of Mg(BH4)2 were carried out.

The first Mg(BH4)2 sample was from MHCoE Partner, General

Electric, second sample was from the University of Geneva,

Switzerland and the third amorphous sample was obtained

from Aldrich Chemical Co. The second sample was prepared

via a slight modification of Chlopek et al.’s method [3] and

analyzed by X-ray powder diffraction. An appropriate amount

of MgH2 was ball milled for 2 h. Et3NBH3 was added to this ball

milled powder, themixture heated to 373 K for 1 h, then left to

cool with overnight stirring [39]. The resulting solution was

heated to 418K for 6h thencooleddown. 180mlof cyclohexane

were added and the solution stirred for 2 days [39]. The light

gray powder obtained was filtered and dried overnight under

vacuum at room temperature. This light gray powder is again

heated under vacuumup to 443 K to remove solvated Et3N [39].

The a-Mg(BH4)2 powder obtained was >95% pure as indicated

on the X-ray powder diffraction profile taken at Laboratory X-

ray diffractometer at the University of Geneva (CuKa1 radia-

tion).X-raydiffractionpowderanalyses forother sampleswere

performed at the University of Nevada, Reno using a PAN-

alytical X’Pert PRO (PW3040-PRO) machine with Cu-Ka radia-

tion. A TG analysis of the starting Mg(BH4)2 material was done

at the University of Geneva. All other TGA analyses were done

using a TGA Q500 machine. A DSC Q100 V9.0 Build 275 (Uni-

versalV4.1DTA Instruments)machinewasused to analyze the

decomposition profile of the starting Mg(BH4)2 material. Labo-

ratory X-ray diffraction powder analyses were performed

using a PANalytical X’Pert PRO (PW3040-PRO) machine with

Cu-Ka radiation. The TGA analyses were done using a TGA

http://dx.doi.org/10.1016/j.ijhydene.2013.11.071
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Table 1 e Total Pressures (PT) of effusing vapors for the
disproportionation of Mg(BH4)2(s) / 0.018Mg(BH4)2(g) D
0.982H2(g) measured by torsion-effusion gravimetric
method using a 0.3 mm Mo Knudsen cells.

T, K PT, bar Wt. loss, mg/h MW, g/mol

498.15 8.92 � 10�6 e

508.15 9.36 � 10�6 0.161 2.22

518.15 1.16 � 10�5 0.180 1.85

523.15 1.69 � 10�5 0.368 3.66

528.15 2.67 � 10�5 0.422 1.95

533.15 3.31 � 10�5 e

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 9 ( 2 0 1 4 ) 2 1 7 5e2 1 8 62178
Q500machine. A DSC Q100 V9.0 Build 275 (Universal V4.1D TA

Instruments)machinewas used to analyze the decomposition

profile of the starting Mg(BH4)2 material.

2.2. The torsion-effusion apparatus

J. Margrave [40] described the general methodology for the

measurement of vapor pressures. A torsion effusion ther-

mogravimetric apparatus at the University of Nevada, Reno

was used to measure the vaporization thermodynamics. of

Mg(BH4)2 [41,42] The instrument is composed of two main as-

semblies: (1) the torsion-effusion component whichmeasures

the vapor pressure from angular displacement, and (2) the

gravimetric component which is used to measure the average

molecular weight of the effusing vapors. The torsion-effusion

component is made up of the sample container which is a

double-chamber molybdenum Knudsen cell with orifices in

opposing directions in order to develop a moment when the

effusing vapors are generated. This Knudsen cell pair is sus-

pended by a thin fiber of approximately 58.6 cm long on one

side of a Cahn Digital recording balance (Model D-100) [41,42].

The fiber is attached to a mirror assembly on a damping disc.

The fiber-Knudsen cell assembly is encased in a quartz tube of

w3.500 in diameter. The ribbon’s fiber constant used in this in-

strument is 0.0674 dyne cm/rad. The vapor pressure data for

Mg(BH4)2 was obtained using a 0.6 mm cell. Typical pressures

attained in the instrument are of the order of 10�5 to 10�7 torr,

affordedbyaTurbovacuumpump [41,42]. A sampleofw0.5 g is

loaded into molybdenum Knudsen cells in a MBraun Lab-

master 130 glove box filled with Ar, then transferred to the

torsion-effusion instrument. The torsion effusion apparatus

has a temperature capability of �293 K to 873e973 K. The

Mg(BH4)2 sampleswere loaded into eachof theKnudsencells at

room temperature. The sample is slowlyheatedup to the point

where an angular deflection could be recorded [41e46].

The averagemolecular weights of the effusing vapors were

also determined from weight loss plots that accompanied the

effusion process. The molecular flux of gases can be deter-

mined according to the methods outlined in references

[37e43]. The total vapor pressure, PT, of the effusing gas was

obtained from the Equation (7) [40,43,44]:

PT ¼ jK2qj=
"Xn

i¼1

�
aifidi

�#
(7)

where K is the fiber torsion constant, q is the measured

angular deflection, di is the moment arm of the effusion

orifice, ai is the area of the orifice, fi is the force factor through

the orifice i, and i is the number of Knudsen cell chambers

[37e43], which is two in our case. The effusing gases accom-

panied by weight loss of the original sample cause angular

deflection of the Knudsen cell and mirror used in the torsion

effusion system. This angular deflection value together with

the determination of the rate of weight loss in the sample is

used to obtain the average molecular weights (M) of the

effusing species using the formula [40,43,44]:

M ¼ 2pRT

2
664W

Pn
i¼1

�
aifidi

�
ðK2qÞPn

i¼1 ðC$aÞi

3
775

2

(8)
where, R is the universal gas constant, T is the absolute tem-

perature, W is the total rate of weight loss, a is the cross-

sectional area of the orifice, and C is the Clausing factor of

the orifice. Equation (9) below is used to calculate the average

of molecular weights, M, for a system where more than one

species is effusing at the same time:

M ¼
 XN

i¼1

miM
�1=2
i

!�2

(9)

where, N is the total number of species effusing from the

sample, Mi is the molecular weight of species i, and mi is the

mass fraction of species i.

The torsion effusion instrument was calibrated for accu-

racy by measuring the vapor pressure of KCl. It was compared

to the standard vapor pressure of KCl and was found to have a

high absolute accuracy [40].
3. Results and discussion

3.1. Vaporization between 498 K and 533 K using b-
Mg(BH4)2

The first set of experiments was performed using b-Mg(BH4)2.

Thevaporization resultsofMg(BH4)2 in the temperature rangeof

498Ke533Kare listed inTable 1andplotted inFig. 1. Concurrent

thermogravimetryyieldedrateofweight lossduring thesevapor

pressure also shown in Table 1. The average molecular weight

determined from this experiment is 2.42 g/mol. This implies

that thevaporphase ispredominantlyhydrogen.ThusMg(BH4)2
was found to disproportionate at temperatures <536 K. Com-

pletevigorousdecompositionofMg(BH4)2mayoccuratT> 548K

resulting in the decomposition ofMg(BH4)2; the experimentwas

stopped due to vigorous gas release above 548 K.

X-ray diffraction pattern of the starting material, b-

Mg(BH4)2, is shown in Fig. 2(a) and (b) after the heating to

>548 K (at the end of the experiment). The XRD pattern in

Fig. 2(a) matches b-Mg(BH4)2 pattern that has been reported by

several investigators [3,4,24,25,31].

We propose from the results of X-ray diffraction that

Mg(BH4)2 completely decomposes into solid Mg and H2 gas

according to the equation:
Mg(BH4)2(s) / Mg(s) þ 2B(s) þ 4H2(g) (10)

The residue from the vaporization experiment was dark

brown in color suggesting the presence of amorphous boron.

The XRD pattern of the residual powder (dark brown) shows

http://dx.doi.org/10.1016/j.ijhydene.2013.11.071
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Fig. 1 e Vapor pressures of Mg(BH4)2 and H2 represented by

the reactions Mg(BH4)2(s) / Mg(BH4)2(g) and Mg(BH4)2(s) /

Mg(s) D 2B(s) D 4H2(g) obtained using a Mo Knudsen cell

with orifice diameter of 0.3 mm.
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evidence of pure magnesium (Fig. 2). Although elemental

boron or MgB2 was not detected by XRD, it was suspected that

boron exists in amorphous phase.

The measured molecular weight of the effusing vapors

obtained from the vaporization experiment is 2.42 g/mol; this

is slightly higher than that of molecular hydrogen (2.016 g/

mol), but it is far lower than that of pure Mg(BH4)2 (53.99 g/

mol); a small amount of Mg(BH4)2 exists in the vapor phase

just above the solid. Ideally, congruent vaporization of

Mg(BH4)2 should be according to the equation:

Mg(BH4)2(s) / Mg(BH4)2(g) (11)

However, in this study, the proposed vaporization behavior

of Mg(BH4)2 can be represented as the disproportionation

Equation (12):
Mg(BH4)2(s) / (1 � b)Mg(BH4)2(g) þ bMg(s) þ 2bB(s) þ 4bH2(g) (12)
Fig. 2 e Powder X-ray diffraction pattern of Mg(BH4)2
MHCoE Partner, General Electric (a) b-Mg(BH4)2 and (b)

metallic Mg obtained in the residue obtained after heating

up to 548 K.
where b is the fraction of solid Mg(BH4)2 that dispropor-

tionates. These data are plotted as log PT (bar) versus 1/T,

(Fig. 1) to obtain the vapor pressure equation:

log PT (bar) ¼ þ3.8539 � 4485/T (13)

The general disproportionation reaction of Mg(BH4)2 can be

re-written taking into consideration only the effusing vapors

which contribute to the vapor pressure of Mg(BH4)2 as:

Mg(BH4)2(s) / (1 � b)Mg(BH4)2(g) þ 4bH2(g) (14)

The molecular weights of the effusing species were ob-

tained by the derived Equation (15) given below:

M¼
 XN

i¼1

miM
�1=2
i

!�2

¼

2
64
h
ð1� bÞM1=2

MgðBH4Þ2ðgÞ þ 4bM1=2
H2ðgÞ

i
�ð1� bÞMMgðBH4Þ2ðgÞ þ 4bMH2ðgÞ

�
3
75

�2

(15)

In order to find the value of ‘b’ that shows the fraction of

the effusing gas disproportionated to hydrogen gas, we use

the Equation (15); in this, the measured value of M ¼ 2.42 g/

mol, and the knownmolecular weights for pureMMgðBH4Þ2ðgÞ and

MH2
gases are substituted (on the right hand side) in the

Equation (15). Thus a general equation for b ¼ �0.7433

log M þ 1.437. The corresponding value of b for the measured

molecular weight, M ¼ 2.42 g/mol is 0.982, and (1 � b) ¼ 0.018.

Substituting b ¼ 0.982 into the proposed complete dispropor-

tionation Equation (12) gives:
Mg(BH4)2(s) / 0.018Mg(BH4)2(g) þ 0.982Mg(s) þ 1.964B(s)

þ 3.928H2(g) (16)

The partial pressures of the gases which constitute the

effusing vapors can be determined from which the individual

decomposition equations can be obtained as well as the Gibbs

free energies and other thermodynamic constants. The partial

pressure of Mg(BH4)2 may be expressed as:

PMgðBH4Þ2ðgÞ
PT

¼
" ð1� bÞM1=2

MgðBH4Þ2ðgÞ

ð1� bÞM1=2
MgðBH4Þ2ðgÞ þ 4bM1=2

H2ðgÞ

#�2

(17)

and the partial pressure of H2 can be represented as:

PH2

PT
¼
"

4bM1=2
H2ðgÞ

ð1� bÞM1=2
MgðBH4Þ2ðgÞ þ 4bM1=2

H2ðgÞ

#�2

(18)

When b is substituted into Equations (17) and (18), partial

pressures of Mg(BH4)2(g) and H2(g) are obtained as:

PMgðBH4Þ2ðgÞ
PT

¼ 0:023 or log PMgðBH4Þ2ðgÞ ¼ log 0:023þ log PT

¼ 2:216� 4485=T (19)

PH2ðgÞ
PT

¼ 0:977 or log PH2ðgÞ ¼ log 0:977þ log PT ¼ 3:844� 4485=T

(20)

The PTotal, PMgðBH4Þ2 (w2%), and PH2
(w98%) plots are shown

in Fig. 1. Approximately 98% of the total pressure is due to

hydrogen evolution. The partial pressures of Mg(BH4)2
(g) ¼ 4.37 � 10�5 bar and 1.87 � 10�5 bar H2(g) at 523 K.

We compare vapor pressure of MgH2 and Mg with vapor

pressures of the decomposed Mg(BH4)2 in Fig. 3. It can be seen

http://dx.doi.org/10.1016/j.ijhydene.2013.11.071
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that theMg(BH4)2 vapor pressures are higher as compared toMg

(Mg(s) / Mg(g)), but are lower than for MgH2 vapor pressure

(MgH2(s) / Mg(s) þ H2(g)), from literature [47,48] observed from

498 K to 533 K.

The possibility of forming other gaseous species such as

BH3, B2H6 (27.67 g/mol), has been considered. Equations (21)

and (22) show two ways by which diborane could decom-

pose after formation. The more feasible reaction is Equation

(21) where diborane decomposes to form solid B and H2 gas.
B2H6(g) / 2B(s) þ 3H2(g) (21)

At 298 K and 1 bar, DGrxn ¼ �87.6 kJ/mol.
B2H6(g) / 2B(g) þ 3H2(g) (22)

At 298 K and 1 bar, DGrxn ¼ þ1042.4 kJ/mol.

The vapor pressure experimental conditions were from
473 Ke548 K and 10�4e10�5 torr. Due to exothermic nature of

the decomposition as well as the increase in the number of

moles of product, the decomposition of B2H6(g) may not be

favored and diborane may exist in the vapor phase. Ther-

molysis of diborane has been studied extensively and reaction

mechanism is complex [49].
Table 2 e Total pressures (PT) of effusing vapors for the
disproportionation reaction Mg(BH4)2(s) / (1 L b)
Mg(BH ) D 3bH measured by torsion effusion
3.2. Vaporization of between 438 K and 489 K using a-
Mg(BH4)2

Vapor pressure experiments were performed to study the

vaporization behavior of a-Mg(BH4)2 in a lower temperature

range of 438 Ke489 K. The total vapor pressure data measured

using a pair of 0.6 mm orifice molybdenum Knudsen cells is

shown on Table 2 and these data are plotted in Fig. 4. The

molecular weights of the effusing vapors were only obtained

at above 488 K. This is probably due to poor kinetics at lower

temperatures than 488 K. The pressure equation obtained

using the second law and the slope of the line is:

log PT (bar) ¼ þ8.8629 � 7123.8/T (23)

Initial TG (at Setaram Inc., Newark, CA) and DSC analysis of

the hydrogen desorption process and thermal stability of the
Fig. 3 e Vaporization behavior of Mg [44] andMgH2 [45] from

literature compared to the vaporization ofMg(BH4)2 observed

from 498 K to 533 K using the torsion effusionmethod.
as-received a-Mg(BH4)2 was done. The combined results of the

TG and DSC results obtained are shown in Fig. 5.

It can be clearly seen on the TG plot that the slope of the TG

curve (Fig. 5(a)) starts changing at 412.6 K and keeps changing

until the highest temperature is reached of 673 K. This same

pattern of change in the slope of the TG curve for Mg(BH4)2 has

beenobservedearlier [3,4,17,21e25,31]. The fact that the slopeof

the TG curve is changing indicates that the decomposition of a-

Mg(BH4)2 proceedsvia amulti-step reaction. The solid sample in

the two Knudsen cells vaporizes between 5334 K and 673 K;

gravimetric measurements show that mostly H2 gas is evolved

in this temperature range. Complementary DSC analyses show

several endothermic and one exothermic event (Fig. 5(b))

[3,4,25,28e31]. The several endothermic processes indicate that

the decomposition of Mg(BH4)2 indeed proceeds via several

steps. The sample lostmost weight in the temperature range of

472.97 Ke477.76 K. The first peak at approximately 478 K

(segment (A)) indicates the polymorphic transformation from

the a phase to the b phase of Mg(BH4)2 [2,3,6,12,28,30].

The TG curve confirms that there is no loss in mass of the

sample [2,3] up to approximately 573 K. The two main

decomposition endothermic peaks at 581.84 K and 651.39 K

(segments (B) and (E)) can be attributed to the decomposition

of Mg(BH4) [2,23,30] to mainly MgH2 [3,12,21e23,30], and

decomposition of MgH2 into elements [12,21e23,30]. The

exothermic peak at approximately 620 K (segment (C)) has

been attributed to amorphous MgH2 becoming crystalline

[2,23,30], but the presence of the wiggly sharp lines or shoul-

ders just after the peak at 581.84 K (between 583 K and 593 K)

strongly suggests that other less important intermediates

could be present with amorphous MgH2 and are decomposing

at this temperature [5,21,24]. The endothermic event at

w639 K (segment (D)) is probably a major intermediate com-

pound decomposing at a lower temperature than MgH2 to

formMg or MgB2. This is likely to correspond to the formation

of one of the more stable intermediates in the process of
4 2(s) 2(g)

method using 0.6 mm orifice diameter Mo Knudsen cells
in the temperature range 438 Ke489 K.

T, K PT, bar Weight loss, mg/h MW, g/mol

438.06 5.9592 � 10�8 e e

439.97 6.2729 � 10�8 e e

452.82 1.0664 � 10�7 e e

453.76 1.0978 � 10�7 e e

453.82 1.1919 � 10�7 e e

454.62 1.5683 � 10�7 e e

457.83 1.4115 � 10�7 e e

458.09 1.4115 � 10�7 e e

462.75 1.5056 � 10�7 e e

462.82 1.7879 � 10�7 e e

463.55 2.4466 � 10�7 e e

467.51 3.2935 � 10�7 e e

467.73 3.4817 � 10�7 e e

473.22 7.3693 � 10�7 e e

474.72 4.5167 � 10�7 e e

480.63 9.6551 � 10�7 e e

488.69 2.7527 � 10�6 0.2488 7.50

488.91 2.3789 � 10�6 0.2186 7.78
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Fig. 4 e Vapor pressure measured for Mg(BH4)2(s) / (1 L b)

Mg(BH4)2(g) D 4bH2(g) within the temperature range

438 Ke489 K.
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Mg(BH4)2 decomposition. The slope changes in the TG corre-

spond to the transformations on the DSC (Fig. 5).

A second DSC experiment was carried out after torsion

effusion vaporization of the a-Mg(BH4)2 sample up to 489 K at

pressures of 10�5 torr. This DSC curve (Fig. 6(b)) is very similar

to the one obtained before the experiment (Fig. 6(a)) suggest-

ing that the sample is still mostly composed ofMg(BH4)2. It can

be clearly seen on this plot that there is still some a-Mg(BH4)2
present even at temperatures up to 489 K. The endothermic

event at w477 K suggests the presence of some a-Mg(BH4)2
that transforms to b-Mg(BH4)2 By comparing relative in-

tensities of the peaks in Fig. 6(b) compared to Fig. 6(a).

The XRD pattern of a-Mg(BH4)2from the University of

Geneva, used in this experiment is shown in Fig. 7, reveals

only small amount of impurities The data fit very well the

reported crystal structure and the earlier published powder

patterns [3,6,7,14,26,32,33,39]. The sample loaded (0.2071 g)

into the torsion effusion instrument was white in color before
Fig. 5 e (a) TG and (b) DSC (done at a rate of 275 K/min

under N2 atmosphere) profiles of Mg(BH4)2 obtained from

the University of Geneva, before vaporization.
the experiment was turned to off-white to very light gray in

color after the experiment (0.0107 g); a 5.2 wt.% loss.

The XRD profile of the post vaporization sample (Fig. A-1 in

Appendix) was identified as mostly b-Mg(BH4)2. We did not

observe anyMgH2, MgB2 or Mg Bragg peaks. This pattern for b-

Mg(BH4)2 is very similar to what has been reported [3e5,25] as

well as to the pattern for the Mg(BH4)2 sample obtained from

our GE collaborators (Fig. 2(b)).
3.3. Summary of low and high temperature range vapor
pressure results

As the residue from second vaporization experiment was b-

Mg(BH4)2 and the first experiment was carried out with b-

Mg(BH4)2, the vapor pressure results from the first set of ex-

periments within 498e533 K and the second set of experi-

ments between 438 K and 489 K were combined. The low and

high temperature vapor pressure data are combined; these

measurements were taken at different times (Fig. 8). The

thermal decomposition and vaporization behavior ofMg(BH4)2
within the combined temperature range of 438 Ke533 K is still

well represented by the Equation (12). The total vapor pressure

equation is given by:
log PT (bar) ¼ 9.2303 � 7286.2/T (24)

Equation (15) was used to determine the molecular weight

for this combined data. The obtained value of 4.16 g/mol is

closest to the molecular weight of H2 compared to other

products which could be present in the gaseous phase. A

general equation for b ¼ �0.743 log M þ 1.436 was obtained

after substituting the molecular weight of pure Mg(BH4)2 and

pure H2.

Substituting the measured molecular weight obtained of

4.16 g/mol, we get a b value of 0.9172. The vaporization

behavior can therefore be represented as:
Mg(BH4)2(s) / 0.0828Mg(BH4)2(g) þ 0.9172Mg(s) þ 1.8344B(s)

þ 3.6688H2(g) (25)

The partial pressures of Mg(BH4)2 and H2 gases for this

experiment can be obtained using Equations (26) and (27) to

give:
Fig. 6 e DSC analysis of Mg(BH4)2 powder from Geneva (a)

before and (b) after heating to 489 K.

http://dx.doi.org/10.1016/j.ijhydene.2013.11.071
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Fig. 7 e Rietveld X-ray powder diffraction profile of a-

Mg(BH4)2 taken using monochromatic CuKa1 radiation.
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PMgðBH4Þ2ðgÞ
PT

¼ 0:105 or log PMgðBH4Þ2ðgÞ ¼ log 0:105þ log PT

¼ 8:2515� 7286:2=T (26)

PH2ðgÞ
PT

¼ 0:895 or log PH2ðgÞ ¼ log 0:895þ log PT

¼ 9:1821� 7286:2=T (27)

The two reactions occurring here based on molecular

weight value of effusing vapors are represented in Equations

(10) and (11). The equation for the direct vaporization of

Mg(BH4)2 in a solidegas equilibrium can be written as

Equation (11), for which

Kp ¼ PMgðBH4Þ2ðgÞ ¼ 0:105PT (28)

and

DG+
MgðBH4Þ2ðgÞ ðJ=molÞ ¼ �RT ln Kp ¼ 139510� 158T (29)

From the second law of thermodynamics,

DHrxn ¼ þ139.5 kJ/mol. Decomposition of Mg(BH4)2 also occurs

simultaneously to H2 and can be represented by the above

Equation (10), for which

Kp ¼ �PH2ðgÞ
�4 ¼ ð0:895PTÞ4 (30)

and

DG+
H2ðgÞ ðJ=molÞ ¼ �RT ln Kp ¼ 558040� 703:3T (31)
Fig. 8 e Partial pressures of Mg(BH4)2 and H2 represented by

the reactionsMg(BH4)2(s) /Mg(BH4)2(g) and

Mg(BH4)2(s) /Mg(s) D 2B(s) D 4H2(g) and total

disproportionation pressure ofMg(BH4)2 from 438 K to 533 K.
From the second law of thermodynamics,

DHrxn ¼ þ558.0 kJ/mol. The total Gibbs free energy change for

the disproportionation Reaction (25) for which

Kp ¼
h
ð0:105PTÞ0:0828$ð0:895PTÞ3:6688

i
(32)

is given by:

DG+
subl: ðJ=molÞ ¼ �RT ln Kp ¼ 523385� 658:1T (33)

From the second law of thermodynamics,

DHrxn ¼ þ523.4 kJ/mol.

The Gibbs free energy changes for the decomposition of

Mg(BH4)2 (Equation (10)), sublimation of Mg(BH4)2 (Equation

(11)) and disproportionation of Mg(BH4)2 (Equation (25)) are

plotted in Fig. 9.

A complete vaporization analysis of Mg(BH4)2 from 388.2 K

to 712.8 K and undermoderate pressures of 10�5 torr was done

usingpowderobtained fromAldrichusing torsioneffusionand

gravimetry. The vapor pressure data obtained is shown on

Table A-1 (see appendix). The XRD profile of the as-received

starting material (white in color) showed that the sample was

amorphous. Crystallization of these Mg(BH4)2 powders was

attempted using a Sievert’s apparatus by heating the material

to 473 K under H2 pressure for a day, then cooled down to RT

and evacuated at RT to remove any extra H2 that could be

present. An XRD analysis of the powder after this procedure

still turned out amorphous, so the material was characterized

by DSC and in situ powder X-ray diffraction under vacuum at

various temperatures, but both results still showed that the

material was amorphous. 0.2522 g of this powder was loaded

and the vaporization experiment was carried out according to

the procedure outlined in the experimental.

The total vapor pressure data using a pair of 0.6 mm orifice

Knudsen cells is plotted in Fig. 10. The presence of several plots

in Fig. 10 is indicative of the presence of several intermediate

compoundswhich are close together in energy and decompose

to release hydrogen at similar energies. This also affirms the

fact that the decomposition of Mg(BH4)2 is a very complicated

process and can be linked to the complex structure of Mg(BH4)2
[11,14,19e30]. This observation could be linked to results
Fig. 9 e Gibbs free energy changes for sublimation (,),

decomposition (D) and disproportionation (B) reaction from

438 K to 533 K.
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obtained from first principles DFT calculations Kulkarni et al.

[34] fromwhich they determined the existence of amultitude of

compounds with different ground state structures having very

similar energies. They also observed from first principles mo-

lecular dynamics calculations that it was possible to obtain

near room temperature an X-ray diffraction pattern showing

the presence of amorphous compounds [31].

Vapor pressure plots are obtained for temperatures as low

as 388.2 K. This observation of vapor pressures at low temper-

atures is an achievement since there has been several reports

from calculations as well as experiments on the possibility of

the hydrogen desorption of Mg(BH4)2 at low temperatures. Voss

et al. [16] found from theory that Mg(BH4)2 decomposes in the

range of 400e470 K. Hagemann et al. [39] showed from deu-

teriumehydrogen exchange studies that it is possible for the

BeH bond in Mg(BH4)2 to be broken at temperatures as low as

405 K. Ozolins et al. have shown from DFT calculations and

from a thermodynamic standpoint that Mg(BH4)2 desorbs to

MgB2 at 348 K [27] and at 293 K toMgB12H12 [14]. van Setten et al.

[18] showed that Mg(BH4)2 desorbs at 344 K to MgB2. Notably,

DFT calculations by Kim et al. [33] show that Mg(BH4)2 de-

composes slightly above RT (300 K) according to Equation (3).

The presence of several vapor pressure lines can also be

attributed to the fact that different results can be obtained

depending on the mechanism used to obtain the vapor pres-

sures. In addition, different results can be obtained depending

on the method used to obtain the starting Mg(BH4)2 powders.

Chlopek et al. [3], from their in situ temperature-resolved XRD

studies at temperaturesup to 753K,hadobserved the formation

of Mg and subsequently, MgB2, but when Mg(BH4)2 was heated

upto663Kundervacuumandquenched to roomtemperature,a

mixture consisting of MgH2, Mg andMgB4 were formed [3].

The residue material obtained from the vaporization exper-

iment was a brownish-black powder dotted with black crystals

suggesting thepresenceof someB,MgB2orsomeother formofB

compounds. These compounds couldnot be detected fromXRD

since this profile showed that amorphousmaterialwaspresent,

hence the B compounds could be present in amorphous form.

Thepossibility of amorphousmaterial present during andat the

end of complete vaporization of Mg(BH4)2 has been reported

[28,30,32,34,37]. The absence of peaks of crystalline material in

this residue as opposed to theMg observed in the residue of our

first Mg(BH4)2 vaporization experiment suggests that the
Fig. 10 e Complete vaporization analysis of Mg(BH4)2 from

388.2K to712.8Kusing the torsion-effusionandgravimetry.
process of vaporization of Mg(BH4)2 as well as the nature of the

starting material strongly influences the product outcome of

dehydriding or decomposition.

Summary of Measured Thermodynamic Parameters

A summary of the data obtained using crystalline samples

are given below:

Disproportionation of Mg(BH4)2 <533 K:

Mg(BH4)2(s) / 0.0828Mg(BH4)2(g) þ 3.6688H2(g)

log PT (bar) ¼ 9.2303 � 7286.2/T,

DHrxn ¼ þ523.4 kJ/mol

Kp ¼ [(0.105PT)
0.0828$(0.895PT)

3.6688]

DG�
disp. (J/mol) ¼ �RTln Kp ¼ 523385 � 658.1T

Sublimation of Mg(BH4)2 <533 K:

Mg(BH4)2(s) / Mg(BH4)2(g)
log PT (bar) ¼ 8.2515 � 7286.2/T, PMgðBH4Þ2ðgÞ ¼ 0:105PT,

DHrxn ¼ þ139.5 kJ/mol

DG+
MgðBH4Þ2ðgÞ ðJ=molÞ ¼ �RT ln Kp ¼ 139510� 158T

Decomposition of Mg(BH4)2 a540 K:

Mg(BH4)2(s) / Mg(s) þ 2B(s) þ 4H2(g)

log P (bar) ¼ 9.1821 � 7286.2/T, PH2ðgÞ ¼ 0:895PT,

DHrxn ¼ þ558.0 kJ/mol,

DG+
H2ðgÞ ðJ=molÞ ¼ �RT ln Kp ¼ 558040� 703:3T

Acomparisonof thermodynamic data from the literature and

this studyare summarized invan’tHoff plots shown inFig.A-2 in

the Appendix. Graphical representations of various sets of data

obtained from the decomposition of Mg(BH4)2, MgH2 and Mg in

their respective temperature ranges from this study and from

other investigators [17,21,29,47,48]. The vapor pressures from

listing of Equation Nos. 1, 2 and 3 [17,21,29] are higher most

probably fromthemethodused inobtaining thesepressures.Our

data andplots obtained fromcarefully raising the temperatureof

the system in a torsion-effusion gravimetric instrument that fall

between van’t Hoff plots for MgH2 [47] and Mg [48]. The dehy-

driding enthalpies for Mg(BH4)2 from studies done in references

[17,21,29] are�40.1 kJ/mol H2,�56.4 kJ/mol H2 and�482.1 kJ/mol

H2, respectively (this value was seen as unreasonable by the au-

thors and said to arise from kinetic restrictions from the dehy-

driding process of Mg(BH4)2). Enthalpy values for the combined

data fromour studies of the dehydriding process of crystalline a-

Mg(BH4)2 and crystalline b-Mg(BH4)2with catalyst represented by

equations No. 5 and No. 6 (Fig. A-2) are 142.3 and 120.6 kJ/mol,

respectively. Enthalpy values for the high temperature

(498e712 K) vapor pressure studies of amorphous Mg(BH4)2
startingmaterial for equationsNos. 8 a, b & c are 123.9, 137.9 and

112.1kJ/mol respectively. Theseenthalpies areobtained fromthe

slopes of the Van’t Hoff plots.
4. Conclusions

Vaporization studies on a, b, and amorphous Mg(BH4)2(s)

showed measurable vaporization in the temperature range of

w438 K tow533 K, with disproportionation to (majority) H2 gas

and some small amounts of Mg(BH4)2(s) with DH� ¼ 523 kJ/mol.
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Thermodynamic analyses yielded partial pressures,

PH2 ð438 KÞ ¼ 4� 10�8 bar with DG�
438K ¼ 327 kJ/mol, and

PH2 ð533 KÞ ¼ 3:2� 10�5 bar with DG�
533K ¼ 235 kJ/mol. Above

w540 K, vigorous decomposition to H2 gas with condensed

phase ofMgwere observed, andwe propose that boronmetal is

also present but in amorphous state;withDH� ¼ 558 kJ/mol. The

PH2 ð540 KÞ ¼ 4� 10�8 bar with DG�
540K ¼ 178 kJ/mol, and

PH2 ð773 KÞ ¼ 5:64 barwithDG�
7733K¼ 14kJ/mol. The behavior of

theamorphousMg(BH4)2(s)wasverydifferent fromthose for the

twocrystallinephases (aandb), shows that at least fivedifferent

steps are involved in the dehydriding pathway of Mg(BH4)2.
Fig. A-1. X-ray diffraction pattern of b-Mg(B

Fig. A-2. Summary of Van’t Hoff plots as a function of inverse tem

crystalline b-Mg(BH4)2 with catalyst (Eq. Nos 5 and 6), amorphou

(Eq. Nos. 7, Ref. [47]) and reports from other investigators (Eq. N
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Appendix
H4)2after heating a-Mg(BH4)2 to 489 K.

perature for the dehydriding of crystalline a-Mg(BH4)2 and

s Mg(BH4)2 (Eq. Nos. 8a, b, c), MgH2 (Eq. Nos. 4, Ref. [47]), Mg

os. 1, 2 & 3, references [17,21,29], respectively).
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Table A-3e Total vapor pressures (PT) for the complete vaporization analysis ofMg(BH4)2 from 115.2 �C to 439.8 �C using the
torsion-effusion and thermogravimetry.

T (K) Wt. Loss
(mg/h)

PT (bar) MW
(g/mol)

T (K) Wt. Loss
(mg/h)

PT (bar) MW
(g/mol)

388.34 3.11E-07 467.88 0.034 5.97E-07 2.8

393.15 1.82E-07 473.21 1.04E-07

395.02 5.06E-07 474.13 2.86E-07

395.64 1.3E-07 474.44 0.111 1.42E-06 5.5

398.31 2.6E-07 474.79 1.3E-07

402.71 1.5E-06 477.59 0.096 9.07E-07

403.22 1.4E-06 478.51 1.43E-07

404.85 3.11E-07 485.24 2.34E-07

405.76 2.21E-07 491.14 0.043 6.23E-07 4.3

412.97 3.89E-07 493.31 3.63E-07

413.28 0.119 2.39E-06 1.9 498.47 6.49E-08

413.50 1.2E-06 498.81 4.15E-07

417.98 1.04E-07 499.19 0.108 2.19E-06 2.3

419.00 5.19E-08 508.35 1.04E-07

419.56 2.6E-08 508.89 0.108 1.42E-06 5.5

419.93 3.5E-07 510.40 1.04E-07

422.03 2.6E-08 523.65 1.04E-07

427.31 0.075 1.47E-06 2.1 527.67 3.89E-07

427.51 0.182 3.82E-06 1.8 528.58 0.093 1.76E-06 2.8

432.20 1.04E-07 532.75 4.54E-07

432.60 4.15E-07 538.10 3.89E-07

432.60 6.49E-08 547.92 0.052 1.53E-06 1.2

433.63 0.098 1.78E-06 2.5 567.05 0.061 1.6E-06 1.5

434.79 2.6E-08 567.31 4.93E-07

438.72 1.04E-07 576.60 4.67E-07

438.72 7.79E-08 586.61 0.055 9.86E-07 3.4

442.05 3.11E-07 610.73 1.08E-06

446.60 1.43E-07 616.11 2.59E-08

446.62 3.11E-07 616.26 3.37E-08

449.00 7.79E-08 635.11 6.49E-08

452.58 3.89E-07 635.34 1.35E-06

453.39 1.3E-07 636.04 1.89E-07

455.56 2.08E-07 644.90 0.045 5.84E-07 7.2

457.04 1.27E-06 645.09 9.08E-08

457.52 7.78E-07 645.44 3.11E-07

457.69 1.76E-06 660.02 4.85E-07

458.17 3.63E-07 660.15 1.04E-07

463.30 2.08E-07 664.34 7.53E-07

463.43 3.63E-07 664.99 1.3E-07

463.91 5.19E-08 683.18 4.88E-07

464.04 0.060 1.01E-06 3.1 683.52 1.95E-07

464.04 9.33E-07 712.81 0.102 2.69E-06 1.9

712.89 6.62E-07

AVG MW 3.12
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Züttel A, et al. In situ synchrotron diffraction studies of phase
transitions and thermal decomposition of Mg(BH4)2 and
Ca(BH4)2. J Mater Chem 2007;17:4939e42.
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