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A novel method for the synthesis of solvent-free
Mg(B3H8)2†

Jianmei Huang,a,b,c Yigang Yan,*c Arndt Remhof,c Yucheng Zhang,c Daniel Rentsch,c

Yuen S. Au,d Petra E. de Jongh,d Fermin Cuevas,e Liuzhang Ouyang,*a Min Zhua and
Andreas Züttelb,c

This communication presents a novel and solvent-free method to

synthesise Mg(B3H8)2 via the gas–solid reaction between B2H6 and

Mg2NiH4, which overcomes the limitations of wet chemical

methods requiring solvent removal.

Octahydrotriborate [B3H8]
− is the third member of the hydro-

borate series after [BH4]
− and [B2H7]

−. It has been widely
utilised as a precursor in chemical reactions such as the
chemical vapour deposition (CVD) of metal-boride (e.g., MgB2

and CrB2) thin films,1,2 and the synthesis of higher boranes3,4

or carborane cluster compounds.5 Owing to their high hydro-
gen density, octahydrotriborates have also been discussed as
hydrogen storage materials (e.g., NaB3H8 and NH4B3H8).

6,7

Recently, [B3H8]
− compounds have received particular atten-

tion, as they were observed to be crucial intermediates in the
decomposition of metal borohydrides, for example, Mg(B3H8)2
in the case of Mg(BH4)2.

8–10 However, their roles in hydrogen
sorption cycles have not been fully understood and their pro-
perties such as stability and reactivity are still unknown, owing
to the challenge of synthesising compounds (e.g., Mg(B3H8)2)
in a solvent-free state.

The preparation of solvent-free NaB3H8 has been reported
previously.11–14 A common synthetic route involves the use of
Na/Hg amalgam, which reacts with either B2H6 or THF·BH3 to
form NaB3H8, yielding NaBH4 as a by-product.11–13 By applying
diethyl ether, insoluble NaBH4 could be easily separated and

NaB3H8(THF)x could be obtained when THF·BH3 was used;
this complex can be de-solvated after breaking the co-
ordination between THF and Na by adding CH2Cl2 followed by
heating under vacuum. Attempts to synthesise Mg(B3H8)2 have
included the metathesis reaction of NaB3H8 and MgBr2 in
Et2O or Me2O as well as the reaction between Mg/Hg amalgam
and THF·BH3.

1,15,16 Both methods resulted in the formation of
complexes such as Mg(B3H8)2(Et2O)2, Mg(B3H8)2(Me2O)2, or
Mg(B3H8)2(THF)x. However, the desolvation of these complexes
led to the decomposition of Mg(B3H8)2, owing to the strong
coordination of Mg to the solvents.

Gas–solid reactions involving B2H6 have been used to syn-
thesise metal borohydrides and metal dodecaborates.9,17–20

Mg(BH4)2 was, for example, synthesised by reactive ball-milling
of MgH2 under B2H6 at room temperature.17 Further exposure
of Mg(BH4)2 to B2H6 at elevated temperature led to the for-
mation of MgB12H12 through a B–H condensation process, in
which Mg(B3H8)2 was observed as a reaction intermediate.18

The presence of metal particles, such as Ni particles, was
reported to facilitate the splitting of B2H6.

21 In a recent study,
the reaction between B2H6 and MgH2 (average particle size
10 nm) at room temperature was found to be altered when Ni
nanoparticles were present, whereby higher boranes such as
Mg(B5H8)2 were formed instead of Mg(BH4)2.

20

Mg2NiH4 is an ionic hydride composed of Mg2+ and the
complex anion [NiH4]

4−.22 In the present study, we found that
the reaction between Mg2NiH4 and B2H6 readily occurs at
room temperature, and the formation of Mg(B3H8)2 is observed
as shown in eqn (1). This finding provides a facile approach to
the direct synthesis of solvent-free Mg(B3H8)2.

Mg2NiH4 þ 6B2H6 ! 2MgðB3H8Þ2 þ Niþ 4H2 ð1Þ

The starting material, a composite of Mg2NiH4 and carbon
aerogel in the mass ratio of 1 to 9 (denoted as Mg2NiH4/C),
was prepared by high-energy ball milling (spex8000) under an
argon atmosphere for 2 h. Sequentially, Mg2NiH4/C was
directly exposed to B2H6 at room temperature for 3 days
without applying additional ball-milling. Magnesium hydro-
borates such as Mg(BH4)2, Mg(B3H8)2 and MgB12H12 have been
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found to be fully soluble in DMSO, which was thereby used
here to extract the newly formed Mg–B–H species for phase
identification by solution-state 11B nuclear magnetic resonance
(NMR) measurements.18,23 As shown in Fig. 1a, a new reso-
nance at δ = −29.3 ppm, assigned to the [B3H8]

− species, was
observed in the DMSO-d6 solution of the Mg2NiH4/C compo-
site exposed to B2H6.

18 It showed a typical nonet splitting with
a coupling constant of 33 Hz (Fig. S2†). No additional reso-
nances assignable to side products such as Mg(BH4)2 were
observed. The X-ray diffraction (XRD) pattern of this sample is
shown in Fig. 2a. No obvious decrease in the reflection intensi-
ties of the Mg2NiH4 phase was observed after reaction with
B2H6, indicating that the overall reaction yield of Mg(B3H8)2
was limited.

The reaction rate between Mg2NiH4/C and B2H6 was
increased by additional reactive ball-milling (low-energy) at
room temperature.17 After ball-milling for 6–24 h under a B2H6

atmosphere, the majority of the Mg2NiH4 phase (Fig. 2b and c)
disappeared. Meanwhile, a much stronger [B3H8]

− resonance
was observed by using 11B NMR (Fig. 1b), indicating an

improvement in the yield of Mg(B3H8)2 after ball-milling for
6 h. Additionally, a minor resonance at δ = −15.3 ppm
assigned to [B12H12]

2− was observed, which became stronger
when ball-milling was performed for 24 h (Fig. 1c).

The morphologies of Mg2NiH4/C before and after the reac-
tion with B2H6 were compared by means of transmission elec-
tron microscopy (TEM) and scanning TEM (STEM). Pristine
Mg2NiH4/C showed aggregation of the Mg2NiH4 grains
(Fig. 3a) with diffraction rings observed in the selected area
electron diffraction (SAED) pattern (Fig. 3b), indicating the
crystalline nature of the sample. After ball milling of Mg2NiH4/
C under B2H6 for 24 h, the absence of lattice fringes (Fig. 3c
and S3†) and the SAED pattern (the insert of Fig. 3c) indicated
only the presence of an amorphous phase. This supports the
conversion of crystalline Mg2NiH4 into an amorphous phase,
which is in agreement with the XRD observations (Fig. 2b
and c).

Furthermore, nanoparticles with sizes from 3 to 15 nm
were detected after ball-milling of Mg2NiH4/C under B2H6

(Fig. 3c and S3†). To identify the newly-formed nanoparticles
observed in Fig. 3c, a selected particle (the insert of Fig. 3d)
was measured using an energy-dispersive X-ray spectroscopy
(EDS) line scan, following the red line. Here, the bright area
refers to Ni-containing particles with higher electron density,
while the black area refers to compounds composed of more
lightweight elements such as Mg, B, C and H. It was found
that Mg showed a uniform distribution along the entire
scanned line, whereas the distribution of Ni showed a strong

Fig. 2 XRD patterns of pristine Mg2NiH4/C and Mg2NiH4/C exposed to
B2H6 at room temperature for (a) 3 days without additional ball-milling
or (b) 6 h and (c) 24 h with additional ball-milling.

Fig. 1 11B{1H} NMR spectra of DMSO-d6 solutions of Mg2NiH4/C com-
posites exposed to B2H6 at room temperature for (a) 3 days without
additional ball-milling or (b) 6 h and (c) 24 h with additional ball-milling.

Fig. 3 (a) Bright-field TEM image and (b) SAED pattern of Mg2NiH4/C.
The MgO phase originated from the oxidation of Mg2NiH4 during the
sample loading process in air for measurements. (c) Bright-field STEM
image and inserted SAED pattern of Mg2NiH4/C ball milled under B2H6

for 24 h. (d) STEM-EDS line profiles of Mg and Ni along the red line of
the inserted STEM-HAADF image of selected nanoparticles in (c).
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dependence on the position (Fig. 3d). The signal of Ni on the
particle (bright area) was much stronger than that away from
the particle (black area). Therefore, the newly formed nano-
particles (Fig. 3c) did contain Ni, but were not Mg-containing
compounds (e.g., not Mg2Ni). To determine whether these
nanoparticles were metallic Ni or Ni–B compounds, STEM
high angle annular dark field (HAADF) imaging (Fig. S4a and
b†), EDS mapping (Fig. S4c†) and electron energy loss
spectroscopy (EELS) (Fig. S4d†) measurements were per-
formed. In regions on the selected particle and away from the
particle, no obvious difference was observed on both the inten-
sity of the boron signal (Fig. S4c†) and the chemical shift of
the B K-edge (Fig. S4d†). These observations implied the for-
mation of amorphous Ni nanoparticles. However, it still
cannot be ruled out that these amorphous particles are rich in
Ni but contain a small amount of boron atoms forming as
NixB.

24

We have shown that Mg2NiH4 readily reacts with B2H6 at
room temperature to form Mg(B3H8)2, according to eqn (1). By
applying ball-milling, the reaction was faster and the majority
of Mg2NiH4 was converted into Mg(B3H8)2 within 6 h.
Elongated ball milling resulted in further conversion of Mg-
(B3H8)2 into MgB12H12. Ni was considered to be essential for
the formation of Mg(B3H8)2 in this study since no Mg(B3H8)2
was formed through the reaction between MgH2 and B2H6.

17

Also, due to the formation of paramagnetic Ni or NixB particles
after ball milling, the investigation of the yield of Mg(B3H8)2
by solid-state 11B NMR failed. Therefore a quantitative analysis
based on solution-state 11B NMR was conducted, using a
DMSO-d6 solution of K2B12H12 (12 mM) as the external refer-
ence (shown in Fig. S5†). For the sample of Mg2NiH4/C after
6 h ball milling under B2H6, 10 mg of the sample was added to
3 mL of DMSO-d6 and a 3.8 mM of Mg(B3H8)2 and 0.27 mM of
MgB12H12 solution was detected by 11B NMR. The composition
of this sample was thus determined as: 12.1 wt% Mg(B3H8)2,
1.4 wt% MgB12H12, 3.9 wt% Ni (or NixB), 6.8 wt% Mg2NiH4

residue, and 75.8 wt% carbon. The conversion ratio of
Mg2NiH4 to Mg(B3H8)2 was 74.5%. Owing to the high vapour
pressure, Mg(B3H8)2 could be evaporated from this mixture
and collected in a cold trap. Further purification of Mg(B3H8)2
and the study of its properties are in progress.

Further conversion of Mg(B3H8)2 with B2H6 results in the
formation of MgB12H12, according to eqn (2). This reaction
path allows the synthesis of solvent-free MgB12H12, which was
suggested to be a potential solid electrolyte for Mg batteries.25

MgðB3H8Þ2 þ 3B2H6 ! MgB12H12 þ 11H2 ð2Þ

Two reaction paths from Mg2NiH4 to Mg(B3H8)2 could be
considered:

(1) The reaction proceeds via the formation of an intermedi-
ate “Mg(BH4)2”. The reaction process is depicted in Scheme 1.
The Mg2NiH4 complex is composed of 2Mg2+ cations and
[NiH4]

4− anions, in which each Ni atom is surrounded by four
H− in a tetrahedral configuration.22 In the first step, H− in
[NiH4]

4− anions may combine with BH3 provided by B2H6 and

form [BH4]
−, resulting in the decomposition of Mg2NiH4 and

the formation of Mg(BH4)2 and Ni (or existing as NixB).
Adsorption and decomposition of B2H6 on the Ni(100)

surface have been observed at low temperature.26 Ni and NixB
were also reported to be catalysts to increase the reaction kine-
tics for boron-based hydrides during the hydrogen uptake
process.20,24,27,28 In the presence of in situ forming Ni (or NixB)
nanoparticles (3–15 nm), both the splitting of B2H6 into BH3

units and the reaction between Mg(BH4)2 and BH3 forming
Mg(B3H8)2 could be catalysed. The intermediate species
“Mg(BH4)2” was not observed in our experiments, possibly
owing to its short lifetime.

Note that there was 4 wt% Ni residual in the initial
Mg2NiH4 sample, which may trigger the splitting of B2H6 and
result in the reaction between B2H6 and Mg2NiH4 forming
Mg(B3H8)2 at room temperature without additional ball
milling.

(2) The binding energy of Ni–H in Mg2NiH4 is much less
than that of Mg–H in MgH2.

29,30 [NiH4]
4− could donate H− to

B2H6 forming an intermediate, [B2H7]
−. Once [B2H7]

− forms, it
rapidly reacts with B2H6 (or BH3) and converts to [B3H8]

− in
the presence of Ni nanoparticles. A similar mechanism has
been proposed for the reaction between [BH4]

− and B2H6 to
form [B3H8]

−, where [BH4]
− may donate one H− to B2H6

forming [B2H7]
− as the intermediate.31

In summary, we have demonstrated a new method to syn-
thesize Mg(B3H8)2 through the reaction between a Mg2NiH4/C
composite and B2H6 gas. The reaction readily occurred at
room temperature, which was accelerated by applying ball
milling. In situ formed Ni or NixB nanoparticles of 3–15 nm
from the dissociation of Mg2NiH4 were considered to largely
promote the formation of Mg(B3H8)2. Furthermore, MgB12H12

formed on exposure of Mg(B3H8)2 to B2H6.
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Scheme 1 Proposed mechanism of the reaction between Mg2NiH4 and
B2H6 to form Mg(B3H8)2 via the intermediate of Mg(BH4)2 at room
temperature.
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