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a b s t r a c t

Magnesium borohydride [Mg(BH4)2] is a promising complex hydride for hydrogen storage. This study
reports a feasibility study of the synthesis of Mg(BH4)2 by planetary ball milling of pure Mg–B pow-
der and then a hydrogenation process under a hydrogen atmosphere. The ball milling parameters were
firstly optimized. The Mg–B powders with the smallest average particle size of 1.91 ± 1.61 �m and the
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all milling
ydrogen storage
rain size

smallest average crystallite size of 9.4 ± 1.1 nm were used. However, no successful synthesis of Mg(BH4)2

was achieved. The obtained nanocrystalline hydride was MgH2. It was found that the addition of B into
magnesium strongly enhanced the kinetic properties of magnesium hydrogenation. The reduction of
crystallite size showed a more obvious effect on improving the absorption kinetic properties than that
of the particle size. The powder of the smallest crystallite size after hydrogenation comprised a minute
amount of B–H compounds. The formation of Mg(BH4)2 from pure elements was difficult because of the

the B
article size barriers against breaking

. Introduction

A crucial issue for the application of hydrogen in fuel cell vehi-
les is the development of available on-board hydrogen storage
ystems and materials [1–3]. Low weight complex hydrides such
s alanates [AlH4]−, amides [NH2]− and borohydrides [BH4]− that
ombine high volumetric and gravimetric hydrogen densities are
he most promising hydrogen storage candidates to fulfill the
apacity requirements among all the hydrogen storage materials
4–6].

Magnesium borohydride [Mg(BH4)2] is a promising complex
ydride for hydrogen storage. It possesses not only high gravimet-
ic (14.8 wt.%) and volumetric (112 g/l) hydrogen densities but also
low hydrogen binding enthalpy [7–9]. Moreover, research results
oncerning the correlation between the thermodynamic stability
f M(BH4)n (M = Li, Na, K, Ca, Mg, Zn Sc, Zr and Hf; n = 1–4) and the
lectronegativity of M suggest that Mg(BH4)2 is one of the most
ttractive candidates for hydrogen storage material owing to its
avorable desorption hydrogen enthalpy [8,10]. However, because
f the kinetic limitations, the lack of reversibility of Mg(BH4)2

epresents a yet unsolved problem. The high decomposition tem-
erature of about 300 ◦C makes it unfavorable in practical fuel cell
pplication [11,12]. In addition, although a series of theory research
as been carried out, the accurate structure and physical properties
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–B atomic bonds and the migration of the B atoms.
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of Mg(BH4)2 remain unclear because of the complicated struc-
ture arrangements and the difficulty in preparing pure Mg(BH4)2
[7,11,13–16].

The research results of Vajeeston et al. reveal that from a
thermodynamic view the preparation of Mg(BH4)2 from pure mag-
nesium and boron elements is the better route than starting from
the binary hydrides [13]. However, such a direct synthesis method
might differ when reaction kinetics is taken into account. The high
reaction activation energy of Mg(BH4)2 is one of the barriers to
improving its hydrogen sorption kinetic. Fortunately, the barrier
can be tailored by reducing the crystallite size, especially to a
nanometer range [12].

Mechanical milling has been widely used to obtain nano-scale
hydrides and disperse catalysts into chemical hydrides, thereby
generating nanosized catalysts [2,17,18]. The obtained nanostruc-
tured materials by ball milling have large surface areas, which
facilitate the forming of defects on the particle surface, shorten-
ing of the diffusion length of constitutive elements and lowering of
hydrogen reaction enthalpy [12]. In this study, the exploration of
feasibility to synthesize Mg(BH4)2 directly from pure magnesium
and boron elements using a ball milling method will be carried out
since the other chemical synthesis methods present other disad-
vantages [15]. The synthesis of the Mg–B powder hydrogen storage
properties and feasibility of this method will be discussed.
2. Experimental details

The mechanical milling process was performed using a planetary ball milling
machine (QM-3SP2, Nanjing, China) at room temperature. Commercially available
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Table 1
Assignment of factors and levels of L9(34) orthogonal array.

Factors A B C D
Levels Weight ratio of ball to powder Weight ratio of big balls to small balls D (10 mm):D (6 mm) Working time versus rest time (min) Milling speed (RPM)

1 10:1 30%:70% 30:30 300
2 20:1 50%:50% 40:20 400
3 15:1 70%:30% 60:30 500

Table 2
L9(34) orthogonal array matrix and crystallite size and particle size.

Experimental series A B C D Crystallite size of Mg (nm) Particle size (�m)

0 Mixture of pure Mg and B 24.1(2.2) 75.1
1 1 1 1 1 28.4(2.2) 1.91(1.62)
2 1 2 2 2 21.6(2.5) 2.59(2.29)
3 1 3 3 3 9.3(1.7) 2.55(2.95)
4 2 1 2 3 13.2(1.5) 3.20(2.64)
5 2 2 3 1 29.3(3.4) 3.62(5.14)
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3.2. Hydrogenation properties of the milled Mg–B powder

Soloveichik et al. reported that the onset decomposition temperatures of
the low temperature and high temperature phases of Mg(BH4)2 are 285 and
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2

g powder with a purity of 99.9% and amorphous B powder with a purity of 99%
ere mixed as the raw milling materials. The mixed powder with a mole ratio of
g:B = 1:2 (Mg: 2.4 g; B: 2.2 g) was sealed in a cylindrical stainless steel vial of 250 ml.

he vials were then loaded with two types of stainless steel balls (D = 10 mm and
= 6 mm). The loading and unloading operations were always handled in a glove box
lled with purified argon gas. The dry milling process was carried out in an interval
illing mode under an argon protective atmosphere to avoid elevated temperature

nd oxidation. The total working time of the mill machine was fixed to 12 h. To
inimize the particle size and crystallite size, an orthogonal array was designed to

ptimize the milling parameters. The weight ratio of ball to powder, weight ratio
f big balls to small balls (D (10 mm):D (6 mm)), working time versus cooling time
min) and milling speed were selected as the factors. The details of the orthogonal
rray are shown in Tables 1 and 2.

Particle size measurement was carried out by attaching the milled powder to a
ticky carbon tape and taking pictures under a scanning electron microscope (SEM)
Nova nano SEM430). The obtained images were then analyzed using the ImageJ
oftware. The average particle size was determined as the particle equivalent cir-
le diameter. X-ray diffraction (XRD) analysis was performed on a Philips X-Pert
iffractometer with Cu Ka radiation (� = 0.15406 nm). To avoid exposure to air, the
amples were filled into a glass sample holder in an argon glove box and sealed with
M Scotch tape. The average crystallite size of Mg powder was calculated from the
roadening of the Mg diffraction peaks by taking into account the contribution of
he grain refinement and lattice strain [19]. The hydriding reactions of the milled

g–B powder were conducted using a Sieverts apparatus (AMC gas reaction con-
roller, USA). The Raman spectra of the samples were recorded using a LabRAM
ramis spectrometer excited by a 532 nm laser. Transmission electron microscopy

TEM; JEM-2100, 200 kV) was used to observe the particle morphology, element
istribution and phase compositions by dispersing some powder on a microgrid
esh.

. Experimental results

.1. Ball milling parameter optimization of Mg–B powder

Fig. 1 shows the XRD patterns of the milled powders in different experiment
umbers and the unmilled mixture of the Mg–B powder. The X-ray pattern of the
nmilled mixed powders demonstrates the coexistence of a hexagonal phase of
agnesium and magnesium hydroxide. The latter is probably from the impurity of

he magnesium powder or the slow deliquescence during a long-term reservation.
o diffraction peaks, even the amorphous halo from the amorphous boron, can be
bserved. The amorphous halo tail at the low angle came from the covered Scotch
ape. There is no substantial change in the milled Mg–B powder compared with
he unmilled powder. The occurrence of a peak at 44.7◦ can be attributed to the
eciduous steel since an intensive Fe signal can be detected in the Energy Dispersive
-ray (EDX) measurements. After the ball milling, some of the diffraction peaks
f the Mg phase are broadened, which indicated the variations of the crystallite
ize at different experiment conditions. However, no shift (or even a very small
hift) of the diffraction peaks can be found for all the Mg peaks. From the XRD

atterns, it can be concluded that no other phase such as the solid solution of Mg or
gB2 phase was formed during the milling process. This is different from the results

eported by Wronski et al., who demonstrated that a MgB2 phase formed from the
morphous boron and elemental magnesium during a 200 h ball milling under a
ydrogen atmosphere [20]. After subtracting the contributions of the Scotch tape,
he XRD profiles were used to calculate the average crystallite size (Table 2).
2 18.1(6.6) 3.79(4.76)
2 9.4(1.1) 3.80(5.63)
3 5.4(2.3) 4.83(6.17)
1 19.5(1.5) 3.49(3.92)

With respect to Table 2, firstly, it should be noted that the agglomeration and
cold welding of the metal particulates to the reactor wall and the milling balls
occurred during the milling process of the ductile magnesium under an inert gas.
The gray line in Table 2 indicates that there is a severe agglomeration and cold
welding of the powder particles to the stainless steel reactor wall. In such cases,
the amount of the collected powder is so small that the experimental conditions
should be ruled out despite the fact that the obtained particle size (or crystallite
size) is small in some cases. Secondly, it was observed that the crystallite size and
particle size do not coincide with each other at various experimental parameters.
Experiment #1 (Mg–B 1111) presented the smallest particle size of 1.91 ± 1.61 �m.
By contrast, the smallest crystallite size of 9.4 ± 1.1 nm was found in the experiment
#7 (Mg–B 3132). To explore the effect of the nanostructure on hydrogen storage
properties, both these experiments were chosen for further study.

Fig. 2 shows the typical SEM images of the powder of the smallest particle size
(Mg–B 1111) and smallest crystallite size (Mg–B 3132). It can be seen that the par-
ticle size distribution ranges from a few micrometers to a dozen micrometers. In
contrast to Mg–B 1111, the formation of the large particles in Mg–B 3132 is higher.
The morphology of the particles demonstrates that the small hard boron particles
were embedded into the soft magnesium particles.
Fig. 1. XRD patterns of Mg–B powder milled under various milling parameters.
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ig. 2. Typical SEM images of the milled Mg–B powders: (a) Mg–B 1111 and (b)
g–B 3132.

10 ◦C, respectively [9]. Therefore, in this study, the hydrogenation properties
f Mg–B powders in a hydrogen atmosphere were examined at 300 ◦C using a

ressure–composition–temperature (PCT) measurement. Fig. 3 shows the results
or the powder of the smallest particle size (Mg–B 1111) and smallest crystallite
ize (Mg–B 3132). For Mg–B 1111, a plateau can be seen within the hydrogen
ressure range of 0–3.8 MPa. The plateau pressure is approximately 2.2 MPa. The
aximum absorbed capacity of hydrogen in this sample is 4.2 wt.%. In contrast to

Fig. 3. PCT curves of the hydrogen absorption of Mg–B powder at 300 ◦C.
Fig. 4. Kinetic absorption curves of the pure magnesium, the unmilled mixture of
magnesium and boron, the milled smallest particle size magnesium powder Mg–B
1111 and the milled smallest crystallite size Mg–B 3132, at 300 ◦C and 3 MPa hydro-
gen pressure.

Mg–B 1111, the hydrogen absorption curve of Mg–B 3132 demonstrates some differ-
ence regarding the two plateaus. The first plateau pressure is approximately 2.3 MPa,
a little higher than that of Mg–B 1111. The second plateau pressure is approximately
3.0 MPa. In this case, the maximum absorbed capacity of hydrogen in the sample is
4.0 wt.%. The first plateau of both samples could be attributed to the formation of
MgH2 in contrast to the theoretical maximum absorbed hydrogen (4.1 wt.%) of the
pure magnesium in the mixtures. Therefore, the second plateau of Mg–B 3132 is
probably because of the formation of B–H intermediate compounds.

To compare the effects of the crystallite size and particle size on the absorption
kinetic, kinetic curve measurements of Mg–B 1111 and Mg–B 3123 were carried
out. Fig. 4 shows the obtained absorption kinetic curves at 300 ◦C with a hydro-
gen pressure of 3.0 MPa. As a reference, the kinetic curves of the unmilled pure Mg
and the unmilled Mg–B mixture are also included. Fig. 4 shows that the hydrogena-
tion process of the pure Mg is slow. Only 0.3 wt.% hydrogen is absorbed in nearly
7000 s because of the covered oxide layer on the Mg particle surface. However, the
addition of B into Mg strongly accelerated the hydrogenation process. In this case,
about 1.5 wt.% hydrogen was absorbed by the Mg–B mixture. Taking into account
the compositions of this mixture (Mg:B = 1:2), the absorbed hydrogen in the magne-
sium could be approximately 3.0 wt.%. Therefore, it can be concluded that boron can
strongly improve the absorption kinetics of magnesium hydrogenation. By contrast,
it is well known that the ball milling process can also strongly improve the absorp-
tion kinetics of pure metals. It is not surprising that the milled powder showed much
better absorption kinetics than the unmilled powders. Additionally, it is worth not-
ing that the crystallite size showed a more obvious improvement of the absorption
kinetic properties than that of the particle size when comparing the absorption
curves of Mg–B 1111 and Mg–B 3123. The absorbed hydrogen concentrations of
Mg–B 1111 and Mg–B 3132 in 7000 s were 1.8 and 2.5 wt.%, respectively.

3.3. Structural characteristics of the hydrogenated Mg–B powder

The XRD patterns of the obtained Mg–B hydrides after the kinetic measurements
are shown in Fig. 5. It can be seen that for the pure Mg powder and the unmilled
Mg–B mixture, the Mg phase is retained in the powder in addition to the impurities
of Mg(OH)2 and Fe, whereas the MgH2 phase and B–H compounds are absent. Sim-
ilar to the XRD patterns before hydrogenation, there is no evidence of the presence
of the Mg(B) solid solution. By contrast, for the milled Mg–B 1111 and Mg–B 3132,
most of the magnesium has transformed into MgH2. In particular for Mg–B 3132, the
Mg diffraction peaks can hardly be observed in the XRD pattern. However, in spite
of the formation of MgH2 in Mg–B 3132, the formation of B–H compounds cannot be
identified from the XRD pattern. Therefore, a further examination of Raman spectra
was carried out (Fig. 6). This demonstrated that there was no substantial difference
in the Raman spectra among the original Mg–B mixture, the hydrogenation pow-
der of the unmilled Mg–B mixture and the hydrogenation powder of Mg–B 1111.
No B–H vibration mode can be observed for these samples. The band at approx-
imately 750–1000 cm−1 is from the B–B vibration mode. For Mg–B 3132, a band
at approximately 2500–2700 cm−1 appears, which suggests the formation of the

B–H compound. This observed B–H vibration mode is consistent with the theoret-
ical calculation as well as other experimental reports [10,11,21]. Therefore, a B–H
intermediate compound possibly exists in the sample of Mg–B 3132. However, the
quality of these compounds would be very small even if they are present in this
sample. To further clarify the presence of the Mg–B–H compounds, TEM observa-
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Fig. 5. XRD patterns of the milled Mg–B powder after hydrogenation: (a) original
raw Mg–B mixture; (b) hydrogenation powder of Mg–B mixture; (c) hydrogenation
powder of Mg–B 1111; and (d) hydrogenation powder of Mg–B 3123.

Fig. 6. Raman spectra of the milled Mg–B powder after hydrogenation: (a) original
raw Mg–B mixture; (b) hydrogenation powder of Mg–B mixture; (c) hydrogenation
powder of Mg–B 1111; and (d) hydrogenation powder of Mg–B 3123.
Fig. 7. TEM image and electron diffraction pattern of the smallest crystallite size
Mg–B powder after hydrogenation.

tions were carried out. Fig. 7 shows the bright field image at the edge of a small
particle and the corresponding diffraction image from the Mg–B 3132 hydride. The
EDX test demonstrates that the distribution of B in the particles was not homoge-
neous; only at the edges of this image can the B element be found. In addition, the
EDX test also presents some Fe signals, which is consistent with the XRD results.
The diffraction pattern indicates that the particle consists of nanocrystalline and
amorphous phases. The nanocrystalline phase can be attributed to MgH2, whereas
the amorphous phase probably corresponds to the boron phase.

4. Discussion

It has long been known that nanostructured materials have
large surface areas, which facilitate the forming of more defects
on the particle surface, the nucleating of the product phase hetero-
geneously, the shortening of the diffusion length of the constitutive
elements and possibly the lowering of hydrogen reaction enthalpy
[12]. Ball milling is an effective way to produce nanostructured
powder. However, it should be noted that the ultimate crystallite
size of a pure metal during milling is determined by the minimum
grain size that can sustain a dislocation pile-up with a grain and
by the rate of recovery during milling [22]. This ultimate crystallite
size is an intrinsic property of the pure metal. For metal magne-
sium, the estimated ultimate crystallite size is 15 nm. However, in
this study, the calculated crystallite size was a little smaller, which
can be explained from the viewpoint of structural variation. It is
assumed that a minute amount of boron element entered into the
magnesium lattice and changed the lattice structure of the magne-
sium. However, since the amount of boron element and the atomic
radius of boron are small the variations could hardly be detected
in the XRD pattern. It has been reported that the formation of the
MgB2 phase can occur during a long-term milling under a hydrogen
atmosphere [20]. However, in this study, there was no any evidence
of the existence of the MgB2 phase in any of the samples. The only
obvious evidence was the presence of Fe from the milling balls (or
the vial wall). This is inevitable during the ball milling process and
might have affected the final hydrogenation properties of the Mg–B
powders. Anyhow, further investigations on the effects of Fe on
hydrogen storage properties are needed.
Our attempts to synthesize a ternary magnesium borohydride
Mg(BH4)2 by mechanically milling the pure Mg and B powder and
then hydrogenating under a hydrogen atmosphere did not succeed.
This is in striking contrast to the successful mechanochemical
synthesis of the nanostructured ternary complex hydride Mg2FeH6
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23]. However, it is similar to the unsuccessful attempt to syn-
hesize alanates Mg(AlH4)2 [19]. The authors suggest that the
ormation of the Al(Mg) solid solution inhibited the reaction
mong MgH2, Al and H2. In this study, the failure cannot be
ttributed to the formation of the Mg(B) solid solution since
here was no evidence of its presence. Moreover, the presence
f Mg(OH)2 had little effect on the hydrogenation properties
ince a further experiment to synthesize Mg(BH4)2 from highly
ure magnesium and boron also failed. Additionally, it should
e noted that it is difficult to avoid the occurrence of Mg(OH)2
r MgO. The absence of hard oxides during ball milling under
n inert atmosphere can aggravate the agglomeration or cold
eld in our experience. There has been no successful reports of

ynthesizing magnesium borohydrides from pure boron, whether
ith Mg under a hydrogen atmosphere or with binary hydrides

f MgH2 directly. The most similar way of forming Mg(BH4)2 is
he reversible reaction from dehydrated Mg(BH4)2 products [21].
t has been found that the formation of a B12H12 cluster instead
f a Mg(BH4)2 hydride could be identified even under a very high
ydrogen pressure of 40 MPa and a temperature of 400 ◦C for 48 h.

The reaction of B with the other elements is difficult at an
mbient temperature and atmosphere. A high temperature and
igh pressure are usually needed to form B compounds because
f the stronger atomic bonds of B–B. To form Mg(BH4)2, the B–B
onds in the icosahedral cluster of the amorphous boron need
o be broken and the B atoms need to migrate to form [BH4]−.
he barrier against breaking the B–B bonds and the migration of
he B atoms is too high to be crossed under general conditions
21]. Therefore, it can be concluded that the formation enthalpy
f Mg(BH4)2 from pure Mg, B and H2 is more favorable than any
ther route from binary compounds. However, the synthesis is
till hardly achieved because of the barriers against breaking the
–B atomic bonds and the migration of the B atoms. In contrast to
he requirement to break the stronger B–B bonds, the formation
f other B–H clusters such as [B12H12]2− requires less energy
ecause the B–H cluster is similar to the icosahedral cluster in the
morphous boron [21]. In summary, a reversible hydrogen storage
ystem in the borohydrides should be limited to a condition that
he decomposition products do not involve the pure boron. In
ther words, the reversible process of the borohydrides should be
etween the metal borohydrides and the intermediate products

ncluding boron (i.e. MgB2 or [B12H12]− containing products). This
ill undoubtedly reduce the attraction of metal borohydrides as
potential hydrogen storage material unless a catalyst facilitating

he breaking of the atomic bond of B–B can be found.

. Conclusion

A feasibility study of synthesizing magnesium borohydride

g(BH4)2 by mechanically milling pure Mg and B powder following
hydrogenation process under a hydrogen atmosphere was carried
ut. Magnesium borohydride Mg(BH4)2 was not synthesized under
hese experimental conditions despite using optimized ball milling
arameters, that is a smallest particle size of 2.64 �m and a small-

[

[
[
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est crystallite size of 9.4 nm. It was found that the addition of B into
magnesium can strongly enhance the kinetic properties of mag-
nesium hydrogenation. The reduction of crystallite size showed
a more obvious effect on improving the absorption kinetic prop-
erties than that of the particle size. A possible B–H intermediate
compound was found in the sample of Mg–B 3132 with a crystal-
lite (particle) size of 9.4 nm (3.8 �m). The formation of Mg(BH4)2
from the pure elements was difficult because of the barriers against
breaking the B–B atomic bonds and the migration of the B atoms.
It is proposed that the reversible process of metal borohydrides
should be between the metal borohydrides and the intermediate
products including boron.
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