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bstract

Mechano-chemical activation synthesis (MCAS) of a powder mixture ratio 2NaBH4 and MgCl2 was carried out by ball milling in a magneto-
ill from 1 to 100 h duration with the objective of initiating a metathesis reaction 2NaBH4 + MgCl2 → Mg(BH4)2 + 2NaCl. It is found from X-ray

iffraction (XRD) that the reaction has been only partially completed resulting in the formation of NaCl and a (Na,Mg)BH4 solid solution. The
olutionizing effect of Mg becomes more intense as milling time increases. No XRD peaks of crystalline Mg(BH4)2 are observed. Although the
esult of XRD analysis in the present work does not indicate the presence of a crystalline Mg(BH4)2 hydride, the similarity of thermal events
n the DSC test of the milled powder mixtures to those of crystalline Mg(BH4)2 [D.S. Stasinevich, G.A. Egorenko, Russ. J. Inorg. Chem. 13
1968) 341–343; V.N. Konoplev, V.M. Bakulina, Izv. Akad. Nauk SSSR 1 (1971) 159–161] indicates the possibility of presence of a “disordered”

g(BH4)2 in the in the milled powder mixture, as specifically proposed by Nakamori et al. [Y. Nakamori, K. Miwa, A. Ninomiya, H. Li, N.
hba, S.-I. Towata, A. Züttel, S.-I. Orimo, Phys. Rev. B74 (2006) 045126; Y. Nakamori, H.-W. Li, K. Kikuchi, M. Aoki, K. Miwa, S. Towata,
. Orimo, J. Alloys Compd., in press, doi:10.1016/j.jallcom.2007.03.144]. It is hypothesized that the presence of (Na,Mg)BH4 solid solution in

he MCAS process inhibits the formation of crystalline Mg(BH4)2. Regardless of the nature of the synthesized hydride phase the milled powders
◦
esorb hydrogen within the 275–420 C temperature range and the total amount of hydrogen desorbed gradually decreases with increasing milling

ime reaching ∼2.1 wt.% for the powder milled for 100 h. However, regardless of the milling time the total amount of hydrogen desorbed within
75–420 ◦C is always less than the theoretical hydrogen capacity in the initial mixture of 2NaBH4 and MgCl2 (∼4.7 wt.%).

2007 Elsevier B.V. All rights reserved.
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. Introduction

Complex hydrides based on light metals such as Mg, B, Li and
l are very attractive materials for solid state hydrogen storage

ince they possess very high volumetric and especially gravimet-
ic hydrogen densities which can meet the 9 wt.% target by year
015 [1–3] with flying colors. For example, a complex hydride
ased on the Mg–B–H system with the stoichiometric compo-

ition Mg(BH4)2 (magnesium borohydride or tetrahydroborate)
as a theoretical gravimetric hydrogen density of ∼15 wt.% [1]
hich makes it very attractive as a solid-state hydrogen stor-

∗ Corresponding author. Fax: +1 519 888 6197.
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ge material. It is based on very inexpensive elements such as
agnesium (Mg) and boron (B). It was synthesized by Russian

esearchers over 30 years ago by the exchange reaction (also
alled a “metathesis reaction”) of sodium borohydride (NaBH4)
ith anhydrous magnesium chloride (MgCl2) in diethyl ether

4,5]. Its thermal decomposition was investigated [4,5] and sev-
ral major endothermic effects related to hydrogen desorption
ave been found. However, the range of hydrogen desorption
emperatures found is still far too high for fueling a proton
xchange membrane (PEM) fuel cell, specifically, in automotive
pplications [1–3] although it might be suitable for fuel cells

hich allow higher working temperature such as solid oxide

uel cells (SOFCs). It is also to be pointed out that there is some
xperimental evidence of reversibility of Mg(BH4)2 by its direct
ynthesis from the elements reported in a 50-year-old German

http://dx.doi.org/10.1016/j.jallcom.2007.03.144
mailto:ravarin@mecheng1.uwaterloo.ca
dx.doi.org/10.1016/j.jallcom.2007.07.110


2 s and

p
w
t
f

w
a
c
c
f
g
s
i
m
t
(
h
f
d
s
M
[

h
e
(
h
t
i
s
s
[
C
t
M
(
t
w
d

r
u
t
M
p
M
s
c
m

r
r
o
M
i
o
e
a
[
c

t
r
t
c
b
A
M
t
p
2
m
t
v
t
l
s
e
e

c
a
o
s
1
I
m
s

2

p
r
a
1
i
t
t
w
I
i
d
o
1

02 R.A. Varin et al. / Journal of Alloy

atent by Goerrig [13]. The synthesis temperature and pressure
ere quite high and the yield of magnesium borohydride was not

oo large but the mere fact that the hydride could be synthesized
rom the elements is very encouraging.

Therefore, an important objective is to find the means which
ould substantially reduce the high temperatures of synthesis

nd decomposition of Mg(BH4)2 in order to make them more
ompatible with the requirements of the automotive PEM fuel
ell [1–3]. In the past 10 years it has been recognized that the
ormation of nanostructured hydrides may improve their hydro-
en storage properties [6–10]. The most effective method of
imultaneous synthesis and nanostructuring of various hydrides
s reactive mechanical milling/alloying [7]. Following this path,

ore recently, we attempted a direct mechano-chemical syn-
hesis of Mg(BH4)2 by controlled reactive mechanical alloying
CRMA) of Mg and amorphous boron under 880 kPa pressure of
ydrogen in a unique magneto-ball mill [11,12]. Completely dif-
erent response of the synthesized Mg–2B mixture was observed
epending on the chemical state of amorphous boron used for the
ynthesis. However, no evidence of the presence of crystalline

g(BH4)2 has been observed using X-ray diffraction (XRD)
11,12].

A method of the synthesis of nanostructured complex
ydrides which can be an alternative to the ball milling of
lemental powders is mechano-chemical activation synthesis
MCAS) which occurs by high energy ball milling of a complex
ydride (e.g. NaAlH4) mixed with an appropriate metal di-or
ri-chloride, MCln. In its essence this is a “metathesis reaction”
n solid state instead of the one which uses diethyl ether as a
olvent. This method has been extensively used for the synthe-
is of complex magnesium alanate hydrides by Dymova et al.
14,15], Mamatha et al. [16,17] and Kim et al. [18]. Jeon and
ho [19] and Srinivasan et al. [20] used MCAS for the syn-

hesis of Zn(BH4)2. Very recently, Nakamori et al. [21,22] used
CAS for the synthesis of various metal borohydrides M(BH4)n

M = Al, Ca, Cr Mg, Mn, Sc, Zr, Ti, V, Zn; n = 2–4). They used
he mixture of metal chloride MCln and both LiBH4 and NaBH4
hich were milled under argon (0.1 MPa) for 5 h. The reaction
uring milling was proposed to be as follows:

MCln + nLiBH4 → M(BH4)n + nLiCl

(M = Cr, Mg, Mn, Zr, Ti, V, Zn) (1)

MCln + nNaBH4 → M(BH4)n + nNaCl

(M = Ca, Sc, Al) (2)

X-ray diffraction (XRD) showed no peaks of starting mate-
ials of MCln and LiBH4 after milling for 5 h when LiBH4 was
sed as a reacting agent and all of the XRD peaks belonged
o LiCl. However, when NaBH4 was used with MCln where

= Ca, Sc and Al the diffraction peaks of NaBH4 were still
resent in the diffraction patterns. When NaBH4 was used with

Cln where M = Cr, Mn, Ti, V, Zn then only the NaCl peaks

hifted to lower diffraction angles were present. The authors
oncluded that the reaction of Eq. (1) when LiBH4 was used is
uch easier than that of Eq. (2) with NaBH4 due to similar ionic

B
a
4
o
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adii of Li+ (0.076 nm) and M+ in the solid-solid cation exchange
eaction than that of Na+ (0.102 nm). The most confusing result
f their work is the absence of the XRD peaks of crystalline
(BH4)n after milling regardless of whether LiBH4 or NaBH4

s used. According to Nakamori et al. this is due to the “dis-
rdering” of crystal structure of M(BH4)n. Instead, Nakamori
t al. used Raman spectra to confirm the presence of M(BH4)n

fter MCAS. However, Jeon and Cho [19] and Srinivasan et al.
20] observed very clearly XRD peaks of crystalline Zn(BH4)2
ontrary to the results by Nakamori et al.

Neither Nakamori et al. [22] nor other researchers attempted
o synthesize Mg(BH4)2 using NaBH4. In the present work we
eport the results of the attempted MCAS synthesis of a nanos-
ructured Mg(BH4)2 using NaBH4 instead of LiBH4. This is a
ontinuation of our work on the direct synthesis of Mg(BH4)2
y reactive mechanical milling of elemental powders [11,12].
lthough, as discussed above, Nakamori et al. concluded that
CAS reaction with LiBH4 may be faster than that with NaBH4,

he former is a very expensive complex hydride (price ∼$5700
er 1 kg of 95% purity LiBH4 in the Alfa Aesar catalogue
006–2007) and its application as a potential hydrogen storage
aterial is very problematic. Moreover, as a result of MCAS syn-

hesis according to the reaction in Eq. (1), LiBH4 which has a
ery high theoretical hydrogen capacity of ∼18.4% is converted
hrough the reaction of Eq. (1) into another borohydride with a
ower hydrogen capacity. Apparently, the usage of LiBH4 in the
ynthesis of lower capacity borohydrides seems not to be very
conomical. On the top of it, LiBH4 is a very volatile compound
specially in contact with even traces of moisture.

For all the above reasons, we focused on NaBH4 as a reacting
ompound in the reaction of Eq. (2) which was also used by Jeon
nd Cho [19] and Srinivasan et al. [20] for a successful synthesis
f Zn(BH4)2. NaBH4 is a very widely used compound in various
ectors of industry, and its price is relatively low, about $280 per
kg of 98% pure compound (Alfa Aesar catalogue 2006–2007).

t is much less volatile than LiBH4. A controlled mechanical
illing in a unique magneto-mill was employed for the MCAS

ynthesis.

. Experimental

As received NaBH4 (98% purity; Alfa-Aesar) and anhydrous MgCl2 (99%
urity; Alfa-Aesar) were mixed together in the 2:1 stoichiometric ratio (cor-
esponding weight percents of NaBH4 and MgCl2 in the mixture are 44.3
nd 55.7 wt.%, respectively, so as a result the weight ratio is ∼1 g NaBH4:
.3 g MgCl2). Subsequently, the mixture was subjected to controlled mechan-
cal milling under 600 kPa pressure of high purity argon (99.999% purity) in
he magneto-mill Uni-Ball-Mill 5 (A.O.C. Scientific Engineering Pty Ltd., Aus-
ralia) [23–25]. Two Nd–Fe–B super-strong magnets at 6 and 8 o’clock positions
hich induce strong impact action of steel balls (milling mode designated as

MP68) with WD = 10 and 2 mm, respectively, were used where WD is the work-
ng distance between the vial and the magnet (Fig. 1). Four hardened, 25 mm in
iameter, steel balls in the milling vial yielded the ball-to-powder weight ratio
f 40:1 (Fig. 1). The samples were milled continuously for 1, 3, 10, 20, 50 and
00 h at ∼225 RPM.
The crystalline structure of the as-milled powders was characterized with a
ruker D8 powder diffractometer using Cu K� (not monochromated) radiation
t the scan range from 10 to 90◦, step size of 0.05◦/s, accelerating voltage of
0 kV and a current of 30 mA. The nanograin (crystallite) size and lattice strain
f phases residing in the milled powders were calculated from the broadening



R.A. Varin et al. / Journal of Alloys and Compounds 462 (2008) 201–208 203

F for ba
a modes

o
a
i
t
f
t

w
t
a
λ

T
“
o
p
f
t
m
t
i
L
m
p
f
w
t
s

t
I
u

3

3

o

2

w
b

o
a

N
(
l
(
M
o
N
b
a
(
s
i
v
t
b
m
i
c

retained NaBH4-type phase in the milled powder mixtures are
clearly shifted to the higher 2θ angles with respect to the peak
positions of the reference as-received NaBH4 (Fig. 2). The
shifting may indicate a decrease of the lattice parameter and
ig. 1. Angular positions of Nd–Fe–B super-strong magnets at 6 and 8 o’clock
ngular positions of external magnets can be changed at each of the controlled

f XRD peaks. Since the Bragg peak broadening in an XRD pattern is due to
combination of grain refinement (nanograin/crystallite) and lattice strains, it

s customary to use computing techniques by means of which one can separate
hese two contributions. The separation of crystallite size and strain was obtained
rom Cauchy/Gaussian approximation by the linear regression plot according to
he following equation [26]:

δ2(2θ)

tan2 θ
= Kλ

L

(
δ(2θ)

tan θ sin θ

)
+ 16e2 (3)

here the term Kλ/L is the slope, the parameter L is the mean dimension of
he nanograin (crystallite) composing the powder particle, K is constant (∼1)
nd e is the so-called “maximum” microstrain (calculated from the intercept),

is the wave length and θ is the position of the analyzed peak maximum.
he term δ(2θ) = B[1 − (b2/B2)](rad) is the instrumental broadening-corrected
pure” XRD peak profile breadth [26] where B and b are the breadths in radians
f the same Bragg peak from the XRD scans of the experimental and reference
owder, respectively. They were calculated by the software Traces v. 6.5.1 as the
ull-widths at half maximum, FWHM, after K�2 stripping. A compound LaB6,
he National Institute of Standards and Technology (NIST) standard reference

aterial (SRM) 660 was used as a reference for subtracting the instrumen-
al broadening from FWHM. It must be noted that when the FWHM of the
nstrumental line profiles were obtained in this manner, the Bragg peaks for the
aB6 SRM were at different 2θ angles than those of the analyzed phases in the
illed powders. The interpolated FWHM values between angles for the SRM

eaks were found using a calibration curve. Lattice parameters of the phases
ormed in the milled powders were determined using germanium as a standard
ith the software TRACESTM v.6.5.1. Chemical composition of the particles in

he milled powders was analyzed using a quantitative energy dispersive X-ray
pectroscopy (EDS) (EDAX Pegasus 1200 EDS system).

The thermal behaviour of powders was studied by combined differen-
ial scanning calorimetry and thermogravimetric analysis (DSC-TGA) (TA
NSTRUMENT Q600) of ∼10 mg powder sample at a heating rate of 4 ◦C/min
nder a 100 ml/min nitrogen gas flow rate.

. Results

.1. Phase evolution as a function of milling time

The starting powder mixture was selected with the objective
f initiating the following metathesis reaction

NaBH4 + MgCl2 → c-Mg(BH4)2 + 2NaCl (4)

here c-Mg(BH4)2 denotes a crystalline borohydride that would

e expected.

Fig. 2 shows the XRD patterns of the powder mixture
f 2NaBH4 and MgCl2 after milling for 1, 3, 10, 20, 50
nd 100 h. The powders after a short milling time consist of

F
f

ll milling under high energy impact mode (IMP68) in the Uni-Ball Mill 5. The
of milling [23–25].

aCl, MgCl2·4H2O, retained MgCl2 and NaBH4-type phase
actually a (Na,Mg)BH4 solid solution as will be discussed
ater). The presence of NaCl indicates that the reaction of Eq.
4) occurred during milling whereas the presence of retained

gCl2, MgCl2·4H2O (most likely formed due to the exposure
f retained MgCl2 to moist air during XRD tests), and retained
aBH4-type phase, show that the reaction of Eq. (4) has not
een completed regardless of the milling duration even as long
s 100 h. Fig. 3 shows the integrated intensity of the strongest
100%) (2 0 0) peak of NaBH4-type phase ((Na,Mg)BH4 solid
olution) from Fig. 2 as a function of milling time. Apparently,
t decreases with increasing milling time indicating that the
olume fraction of NaBH4-type phase decreases with milling
ime. In turn, this behavior confirms that the reaction of Eq. (4)
etween 2NaBH4 and MgCl2 is gradually progressing during
illing. Nakamori et al. [21,22] also reported that the synthesis

s incomplete when NaBH4 is used instead of LiBH4 for certain
ompositions.

An important observation is that the peaks belonging to the
ig. 2. XRD patterns of powder mixtures of 2NaBH4 and MgCl2 after milling
or 1, 3, 10, 20, 50 and 100 h under IMP68 mode.
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Fig. 3. Normalized integrated intensity of the strongest (100%) (2 0 0) peak of
(Na,Mg)BH4 solid solution phase vs. milling time.
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ig. 4. Lattice parameter of (Na,Mg)BH4 solid solution as a function of milling
ime.

hrinkage of the unit cell volume of NaBH4. The lattice param-

ters and unit cell volume after various milling durations have
een calculated and are listed in Table 1 . Fig. 4 shows a very
lear trend such that the lattice parameter decreases monoton-
cally with increasing milling time. Kumar and Cornelius [27]

t
i
o
e

able 1
attice parameters and unit cell volume of the NaBH4-type phase in the milled powd

illing time (h) Lattice parameters (cubic) and un

a (nm)

Average Erro

eference NaBH4 (unmilled) 0.6163 0.00
0.6140 0.00
0.6110 0.00

0 0.6122 0.00
0 0.6111 0.00
0 0.6106 0.00
00 0.6061 0.00

a Average lattice parameter, average volume and error are calculated by software T
Compounds 462 (2008) 201–208

eported a shift of the peak positions to the higher 2θ angles and
ecrease of the lattice parameter and unit cell volume of a cubic
-NaBH4 under increasing static pressure which subsequently

ed to pressure-induced structural transitions to a tetragonal �-
aBH4 at 6.3 GPa of pressure and further to an orthorhombic
hase at 8.9 GPa. Indeed, during ball milling, enormous pressure
s applied to powder particles due to the impacts in a milling
rocess which theoretically could result in the decrease of the
attice parameter. However, in the present work no structural
ransitions of a cubic NaBH4-type phase are observed to occur
ith increasing milling time and the peak positions, although

hifted, still correspond to an fcc-type crystalline lattice as can
e seen in Fig. 2. NaBH4-type phase retains its fcc-type cubic
tructure (ICCD PDF#38-1022 database v.1.30 1997) up to 100 h
f milling duration.

Therefore, it is imperative to seek another explanation which
an account for the shrinkage of the unit cell volume of NaBH4.
ince the retained NaBH4-type phase has a reduced lattice
arameter then apparently some Mg which has much smaller
tomic radius of 0.1604 nm than that of Na which equals to
.1858 nm [28], has dissolved in the original NaBH4 lattice. In
ther words, as milling time increases, more and more Mg from
he decomposing MgCl2 diffuses into NaBH4 lattice, substitutes
a in the lattice forming (Na,Mg)BH4 solid solution and causes

he shrinkage in the original unit cell volume of NaBH4 (Table 1
nd Fig. 4).

Table 2 shows that the (Na,Mg)BH4 product after MCAS is
anocrystalline with the average grain size of ∼20 nm and a
inimal lattice strain (<0.25%). The average grain size after a

rolonged milling up to 100 h does not change a lot and is still
n a nanometric range. This grain size range of (Na,Mg)BH4
∼19–22 nm) obtained under IMP68 mode is about three times
maller than the grain size of NaBH4 after milling under low-
nergy shearing (LES) or impact (IMP2) modes as observed
n our previous study [29]. It is clearly seen that under a
ery strong impact mode (IMP68) applied in the present work
he rate of grain size decrease is faster than that under less
nergetic LES or IMP2 modes [29]. This might be due to
he higher milling energy in IMP68 mode or the combina-

ion effect of higher milling energy and the presence of Mg
n the NaBH4 lattice. Since the nanostructure is formed after
nly 1 h of milling, the energy factor seems to have a stronger
ffect.

er mixtures of 2NaBH4 and MgCl2

it cell volume

V (× 10−3) (nm3)

ra Average Errora

02 234.04 0.12
07 231.47 0.53
10 228.06 0.70
04 229.41 0.32
11 228.22 0.81
14 227.68 1.06
11 222.60 0.80

RACESTM V.6.5.1 (error is not a standard deviation).
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Table 2
Grain size D, strain e, numbers of the XRD peaks and linear regression R2 of the (Na,Mg)BH4 in the milled powder mixtures of 2NaBH4 and MgCl2

Phase Milling time (h) Nanograin size (D) (nm) Lattice strain (e) R2 No. of XRD peaks

NaBH4 1 21 0 0.863 7
3 17 2.5 × 10−3 0.875 7

10 22 2.5 × 10−3 0.953 7
20 19 3.5 × 10−3 0.917 8

c
t
t
d
M
v
c
t
N
e
w
T
N
M
J
t
f
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w
t
c

a
M
O
M

3

w
c
f

F
h

50 18
100 19

The most striking future of the XRD pattern in Fig. 2 is a
omplete absence of any peaks of crystalline Mg(BH4)2 despite
he fact that NaCl has been formed as a product of the reac-
ion of Eq. (4). Peaks in the XRD patterns of milled powders
o not match those belonging to the crystalline ternary �- or �-
g(BH4)2 hydride (ICCD PDF#26-1212 and 26–1213 database

.1.30 1997) which should be observed on the product side after
ompletion of the reaction of Eq. (4). This is in contrast to
he results of the exchange reaction (“metathesis reaction”) of
aBH4 with anhydrous magnesium chloride (MgCl2) in diethyl

ther [4,5] as reported by Russian researchers over 30 years ago
ho clearly synthesized a fully crystalline Mg(BH4)2 hydride.
his is also in contrast to the successful MCAS reaction of
aAlH4 and MgCl2 in which we synthesized a nanocrystalline
g(AlH4)2 in 5 h of milling time [30]. As mentioned earlier,
eon and Cho [19] and Srinivasan et al. [20] reported the syn-
hesis of crystalline Zn(BH4)2 by MCAS of NaBH4 and ZnCl2
or 0.5 h in a SPEX-8000 and for 0.5 to 8 h in a Fritsch P6 mill,
espectively. After synthesis, clear XRD peaks were observed

D
5
d
t

ig. 5. DSC–TGA curves of powder mixtures of 2NaBH4 and MgCl2 after milling
eating to 500 ◦C.
1.8 × 10−3 0.923 8
7.9 × 10−4 0.971 8

hich after excluding NaCl peaks could be assigned to a crys-
alline Zn(BH4)2 phase in the milled powder. The presence of
rystalline Zn(BH4)2 was also confirmed by the FT-IR spectra.

However, our results are in agreement with Nakamori et
l. [21,22] who did not observe the XRD peaks of crystalline
(BH4)n regardless of whether LiBH4 or NaBH4 was used.
nly the Raman spectra confirmed the presence of “disordered”
(BH4)n after MCAS.

.2. Thermal behavior by DSC–TGA analysis

Thermal behavior of the milled 2NaBH4 and MgCl2 powder
as investigated by DSC and TGA. Fig. 5a–c show DSC–TGA

urves of powder mixtures of 2NaBH4 and MgCl2 after milling
or 10–50 h upon heating to 420 ◦C while Fig. 5d shows

SC–TGA of powder after milling for 100 h upon heating to
00 ◦C. A strong endothermic peak is observed for all the pow-
ers at ∼298 ◦C. It must be noted that the heated samples
ransformed from a loose powder into a layer coated on the cru-

for (a) 10 h, (b) 20 h, and (c) 50 h upon heating to 420 ◦C and (d) 100 h upon
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ig. 6. XRD pattern of unmilled powder mixture of 2NaBH4 and MgCl2 in a 2
o 1 stoichiometric ratio after annealing at 315 ◦C under 20 kPa of argon pressure
or 0.5 h in a Sieverts-type apparatus.

ible wall after cooling down from ∼298 ◦C in DSC–TGA tests.
his is strong evidence of at least partial melting of the milled
owder at ∼298 ◦C. Unfortunately, due to a small amount of
elted material that could be extracted from the crucible an
RD test was impossible to be carried out. Additionally, rela-

ively strong endothermic peaks at ∼349–360 and ∼400–420 ◦C
re also observed in the DSC curves.

Fig. 6 shows the XRD pattern of the unmilled powder mixture
f 2NaBH4 and MgCl2 after annealing under 20 kPa of argon at
15 ◦CC, which is slightly higher than the melting temperature
∼298 ◦C) in Fig. 5a–d. The annealed powder mixture still con-
ains MgCl2 (partially hydrolyzed due to exposure to air during
n XRD test) and NaBH4. Apparently, annealing of the unmilled
owder mixture at 315 ◦C does not result in the melting observed
n the milled powder mixture which indicates that the DSC–TGA

elting event at ∼298 ◦C is strongly enhanced by pre-milling.
The TGA curves of milled powders and especially the one

illed for 100 h show a three-stage weight loss at the tem-
◦
erature range of ∼100–240, ∼275–335 and ∼335–420 C

Fig. 5a–d). The approximate weight losses corresponding to
ach range of temperatures are listed in Table 3. The first small
eight loss up to ∼240 ◦C does not match to any thermal events

able 3
eight loss measured by TGA analysis for milled powder mixtures of 2NaBH4

nd MgCl2

emperature
range (◦C)

Weight loss (wt.%)

10 h milled 20 h milled 50 h milled 100 h milled

00–240 1.3 1.3 0.9 0.4
75–335 1.4 1.5 1.0 1.2
35–420 1.8 1.0 1.2 0.9

eight loss
275–420 ◦C

3.2 2.5 2.2 2.1

otal weight
loss
100–420 ◦C

4.5 3.8 3.1 2.5

ote: Theoretical hydrogen capacity in a mixture of 2NaBH4 and MgCl2 is
4.7 wt.%.

(

(

(

Compounds 462 (2008) 201–208

n the corresponding DSC curves. However, magnesium chlo-
ide hydrate (MgCl2·xH2O) starts to decompose at 95–115 ◦C
31]. As a result, the weight loss at ∼100–240 ◦C is most likely
ue to the release of water which was absorbed by residual
gCl2 during loading the powders into the DSC–TGA appara-

us. The second TGA weight loss at ∼275–335 ◦C (1.0–1.5 wt.%
n Table 3) correlates well to the endothermic DSC peak at

298 ◦C. As mentioned earlier, the morphology of the milled
amples transforms from a loose powder into a layer welded
n the crucible at ∼298 ◦C in DSC–TGA test, which is evi-
ence of melting. As a result, the second weight loss at the range
275–335 ◦C can be attributed to the melting and a simultane-

us decomposition of an unknown phase containing hydrogen,
ost likely “disordered” Mg(BH4)2 which gives an endothermic
SC peak with the maximum at ∼298 ◦C. The third weight loss

rom ∼335 to 420 ◦C (0.9–1.8 wt.% in Table 3) has a character-
stic zig-zag shape of TGA curves in Fig. 5a, c, d and matches to
he endothermic DSC peaks at ∼349–360 and ∼400–420 ◦C. It

ust also be pointed out that the weight loss in the 275–420 ◦C
ange decreases gradually with increasing milling time (Table 3).

. Discussion

Based on the thermal behavior in DSC–TGA and the
icrostructural studies by XRD we can summarize the

hase transformations occurring during milling and subsequent
nnealing in DSC in the following manner:

1) Milling with MCAS.
• Partial reaction of 2NaBH4 + MgCl2 → d-Mg(BH4)2 +

2NaCl (where “d-” is “disordered”); the presence of
d-Mg(BH4)2 we invoke just on the basis of the results pre-
sented by Nakamori et al. [21,22] based on their Raman
spectroscopy measurements (unfortunately, at the present
moment we do not have an easy access to this technique).

• Formation of a solid solution (Na,Mg)BH4 from the unre-
acted portion of NaBH4 by Mg substitution into the lattice
of NaBH4 where the solutionizing effect increases with
increasing milling time.

2) T ∼ 100–240 ◦C; weight loss ∼0.4–1.3 wt.%.
• Decomposition of magnesium chloride hydrate

(MgCl2·xH2O).
3) T ∼ 275–335 ◦C; weight loss ∼1.0–1.5 wt.%.

• Melting and a simultaneous full or partial decomposition
of d-Mg(BH4)2 into �-MgH2, B and H2 which gives an
endothermic DSC peak with the maximum at ∼298 ◦C.

4) T ∼ 335–420oC; weight loss ∼1.0–1.8 wt.%.
• A small DSC heat flow peak at ∼350–360 ◦C in Fig. 5a,

c, d remains unexplained.
• Decomposition of �-MgH2, with the peak maximum

around 410–420 ◦C.
• A “zig-zag” shape of TGA curve in Fig. 5a, c, d sug-
gests some volatility of the decomposition reaction in
this range, in particular, for the sample milled for 100 h
(Fig. 5d); the cause of this volatility is unclear but might
be related to the further decomposition of the remnants
of d-Mg(BH4)2.
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The thermal behavior in the 275–335 ◦C range described
bove is similar to the thermal events reported by Stasinevich
nd Egorenko [4] and Konoplev and Bakulina [5]. These
uthors reported that the thermal effect which they observed
t 304–323 ◦C was due to the melting with simultaneous
ecomposition of crystalline �-Mg(BH4)2 and the formation
f magnesium hydride, boron and hydrogen. The DSC ther-
al endothermic effect with the peak at ∼298 ◦C, observed in

Fig. 5a–d), is close to the temperature range reported by the
ussian authors. The presence of d-Mg(BH4)2 in the milled mix-

ure is also supported strongly by Fig. 6 which shows that the
nmilled mixture does not melt most likely due to the absence
f d-Mg(BH4)2 which has a melting range around 300 ◦C.

Stasinevich and Egorenko [4] and Konoplev and Bakulina
5] also observed a peak at the 402–420 ◦C range which they
ssigned to the decomposition of magnesium hydride which
grees with the heat flow peak around 410–425 ◦C in Fig. 5a–d
hich we also assign to the decomposition of �-MgH2.
Despite a general agreement with the early works on the syn-

hesis and thermal decomposition of crystalline �-Mg(BH4)2,
ne outstanding issue remains unclear. Why did the “wet”
xchange reaction between NaBH4 and MgC2 in diethyl ether
s carried out by the Russian researchers over 30 years ago [4,5]
esult in a perfectly crystalline Mg(BH4)2 whereas MCAS gives

“disordered” Mg(BH4)2? Is it possible that a “disordered”
g(BH4)2 forms only if ball milling is applied to its synthe-

is? To answer these important questions more research is still
equired. At this point it should be pointed out that the formation
f (Na,Mg)BH4 solid solution might have prevented the synthe-
is of a large amount of crystalline Mg(BH4)2 hydride. Solid
olution plays a detrimental role in the synthesis of a complex
ydride in the Mg–Al–H system. Recently, we have reported
hat once a solid solution Al(Mg) is formed, a complex hydride

g(AlH4)2 cannot be synthesized by a direct mechano-chemical
ynthesis (MCS) process using a reactive mechanical alloying
f elemental powders and Mg–Al alloys [31]. For the present
ork, it is hypothesized that the presence of (Na,Mg)BH4 solid

olution in the MCAS process of NaBH4 and MgCl2 might have
nhibited the reaction of Eq. (4). Once solid solution is formed,
he amount of Mg is not sufficient to form a large amount of crys-
alline Mg(BH4)2 hydride. Instead, a “disordered” Mg(BH4)2 is
ossibly formed.

Finally, it is to be noted that if one compares enthalpy of
ormation of NaBH4 and NaAlH4, it can be found that enthalpy
f formation of NaBH4 (−191.84 kJ/mol) is larger than that of
aAlH4 (−15.5 kJ/mol) [32]. As a result, MCAS of NaBH4 and
aCl might be more difficult than that of NaAlH4 and NaCl as
e reported in [30].

. Conclusions

A unique discovery made in this work is the formation of
Na,Mg)BH4 solid solution in the powder mixture of 2NaBH4

nd MgCl2 processed by mechano-chemical activation synthesis
MCAS) using ball milling in a magneto-mill. The solution-
zing effect becomes more intense as milling time increases.
lthough the result of XRD analysis in the present work does

[

[
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ot indicate the presence of a crystalline Mg(BH4)2 hydride,
he similarity of thermal events in the DSC curve in the milled
owder mixtures to those of Mg(BH4)2 reported by Stasinevich
nd Egorenko [4], Konoplev and Bakulina [5] and Nakamori et
l. [21,22] might indicate the possibility of presence of a small
mount of a “disordered” Mg(BH4)2 in the in the milled pow-
er mixture, as specifically reported by Nakamori et al. [21,22].
t is hypothesized that the presence of (Na,Mg)BH4 solid solu-
ion in the MCAS process inhibits the formation of crystalline

g(BH4)2. Once a solid solution is formed, the amount of
g is insufficient to form a large amount of perfectly crys-

alline Mg(BH4)2 hydride and more “disordered” Mg(BH4)2
d-Mg(BH4)2) hydride forms. However, the nature of atomic
onds in the milled powder mixture is needed to be analyzed (e.g.
y Raman spectra) to confirm the presence of a “disordered”
g(BH4)2 phase. Regardless of the nature of the synthesized

ydride phase the milled powders desorb hydrogen within the
75–420 ◦C temperature range and the total amount desorbed is
he largest for the powder milled for 10 h (∼3.2 wt.%) and gradu-
lly decreases with increasing milling time reaching ∼2.1 wt.%
or the powder milled for 100 h. However, regardless of the
illing time the total amount of hydrogen desorbed within

75–420 ◦C is always less than the theoretical hydrogen capac-
ty in a mixture of 2NaBH4 and MgCl2 which was used for the
ynthesis.
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