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a b s t r a c t 

Mg(BH 4 ) 2 with several polymorphs, known as a high capacity (14.9 wt.%) hydrogen storage material, has 

become more intriguing due to the recently found new functions of gas physisorption and ionic conduc- 

tivity. Here we review the state-of-the-art on the energy related functions of Mg(BH 4 ) 2 . Mg(BH 4 ) 2 tends 

to form the stable intermediate [B 12 H 12 ] 
2 − when the dehydrogenation temperature is above 400 °C, the 

strong B-B bonding of which makes the rehydrogenation condition very harsh. In contrast, lower borane 

intermediate [B 3 H 8 ] 
2 − facilitates the rehydrogenation even at a mild condition of 100 °C, suggesting the 

possibility of reversible hydrogen storage in Mg(BH 4 ) 2 . The porous polymorph γ -Mg(BH 4 ) 2 shows attrac- 

tive gas adsorption properties in view of its unique hydridic surface and pore shape, and potentially can 

be applied in hydrogen adsorption and Kr/Xe selectivity. A new diffraction-based adsorption methodology 

was developed to characterize adsorption thermodynamics and kinetics of γ -Mg(BH 4 ) 2 , providing a novel 

idea for the characterization of crystalline porous materials. Moreover, the potential of Mg(BH 4 ) 2 as an 

electrolyte is discussed in the last part. Mg(BH 4 ) 2 ·THF/DME acts as a liquid electrolyte in Mg-batteries, 

while anion substituted or neutral molecule derivatives of Mg(BH 4 ) 2 can act as solid-state electrolyte. 

© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

The over-reliance on fossil fuels in the past decades has caused 

larming environmental problems such as climate change and 

lobal warming. Exploitation of renewable and clean energy, e.g. 

ind, solar, tide, etc. to replace fossil fuels is of utmost importance 

o reduce carbon emissions and develop a sustainable energy sys- 

em. Due to the intermittent nature of renewable energy resources, 

he development of efficient energy storage techniques is essential 

o realize a wider application. Renewable electricity can be stored 

irectly in a battery or be used for electrolysis of water to produce 

xygen and hydrogen [1] . Hydrogen has the highest energy den- 

ity of all known substances, 120.0 MJ/kg H 2 (lower heating value), 

hich is a factor × 3 higher than that of gasoline. On the other 

and, hydrogen is the lightest element ( Z = 1), and it is a low-
∗ Corresponding authors. 
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ensity gas with ρ(H 2 (g)) = 0.0899 g/L at 20 °C and 1 bar, which

s only 7% of the density of atmospheric air. The density can be 

ncreased to 40 g/L when pressure is compressed up to 700 bar. 

iquefied hydrogen has a higher density of ρ(H 2 (l)) = 70.8 g/L at 

253 °C [2] . Compressed and liquefied hydrogen are both feasible 

ays for hydrogen storage, which can contribute to the large-scale 

nd long-term energy storage [ 3 , 4 ]. 

Hydrogen can also be stored in the solid state hydrides, e.g. 

etal hydrides [5–9] and complex hydrides [10–12] . Among them, 

etal borohydrides have expanded significantly during the past 

ecades [ 13–21 ]. Among these compounds, magnesium tetrahydri- 

oborate, also known as magnesium borohydride, Mg(BH 4 ) 2 , was 

ound. This compound is very unique regarding polymorphism, 

hemical and physical properties which are highlighted in these 

eviews [ 22 , 23 ]. Magnesium borohydride both exists as crystalline 

olymorphs [24–28] with nano-porous MOF-like structures but 

lso a very dense polymorph with extreme volumetric hydrogen 

ensity, ρV ∼146 kg/m 

3 and also high gravimetric hydrogen ca- 

acity of, ρm 

∼14.9 wt.% [ 26 , 28 ], which by far exceeds the tar-
Materials Science & Technology. 
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Fig. 1. Functions of magnesium borohydride as an electrolyte in novel types 

of magnesium batteries, for solid state hydrogen storage or for gas storage 

[ 26 , 34 , 39 , 49–51 ]. 
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et for onboard hydrogen storage announced by Department of 

nergy of United States (5.5 wt.% and 40 kg/m 

3 by 2025) [29] . 

g(BH 4 ) 2 was first synthesized and discovered in 1950 [30] . The 

arly study focused on the physical and chemical properties of this 

ompound and its adducts [ 31 , 32 ]. The hydrogen storage proper- 

ies of Mg(BH 4 ) 2 were systematically studied from 2007 [ 33 , 34 ]

nd numbers of research worked on its decomposition mechanism 

nd the improvement of de/re-hydrogenation [ 11 , 35–38 ]. 

γ -Mg(BH 4 ) 2 has been attracting increasing interest due to its 

omplicated polymorphism for a seemingly simple ionic com- 

ound. In 2009, it was noticed that the α-polymorph contains 

mpty pores of the size of water molecules [24] . In 2011, the 

rst example of borohydrides with functional nano-porous scaf- 

old structure was discovered, γ -Mg(BH 4 ) 2 , which has about ∼33% 

pen space in the structure and therefore shows interesting gas 

dsorption properties [26] . It contains tubular porous channels 

hich can accommodate small molecules such as N 2 , H 2 and 

ichloromethane (CH 2 Cl 2 ) [26] . N 2 adsorption properties deter- 

ined the pore size at ∼7 Å, in good agreement with the struc- 

ural information. However, the BET surface area of γ -Mg(BH 4 ) 2 is 

etermined as 246 m 

2 /g, while the calculated surface area from 

rystal structure is 1505 m 

2 /g. The huge disagreement is mainly 

aused by a presence of an amorphous fraction of Mg(BH 4 ) 2 , as 

ell as the larger effective radius of N 2 compared to a small pore 

n γ -Mg(BH 4 ) 2 . Diffraction experiments show the maximum ca- 

acity of N 2 per Mg atom is 0.66, i.e. γ -Mg(BH 4 ) 2 ·0.66N 2 . 

Mg(BH 4 ) 2 also has the potential as an electrolyte in battery sys- 

ems. In 2012, Mg(BH 4 ) 2 was found to have potential as an elec- 

rolyte in a novel type of magnesium batteries, when dissolved 

n an organic liquid [39] . However, liquid organic electrolytes are 

f significant safety concerns, and could be avoided using a solid 

norganic electrolyte. That would provide a novel all-solid-state 

attery. The challenge is that cations typically have little mobil- 

ty in the solid state, e.g. magnesium borohydride has negligi- 

le cationic conductivity, σ (Mg 2 + ) ∼10 −12 S cm 

−1 [40] , and also 

lectronic conductivity, σ e ∼10 −9 S cm 

−1 . Thus, this material be- 

aves as an insulator. Surprisingly, when magnesium in Mg(BH 4 ) 2 
s coordinated to a neutral molecule, the Mg 2 + conductivity may 

e increased by several orders of magnitude [ 41 , 42 ]. During the

ast few years, a series of novel compounds, Mg(BH 4 ) 2 �R, where 

agnesium is complexed with a neutral molecule, such as am- 

onia (NH 3 ), ethylenediamine (H 2 NCH 2 CH 2 NH 2 ), tetrahydrofuran 

C 2 H 4 O), etc. have been obtained. These compounds have high 

ationic (Mg 2 + ) conductivity also at moderate temperatures and 

hus are fundamental for the design of new solid state inorganic 

atteries [43–47] . It is worth mentioning that Mg-ion battery is 

ore resource abundant than Li-ion battery, which makes it po- 

ential to be an excellent candidate in the batteries field. 

This review will focus on Mg(BH 4 ) 2 and its synthesis methods, 

olymorphism and phase transition, as well as the main proper- 

ies including hydrogen storage, gas adsorption and ionic conduc- 

ivity will be overviewed systematically. As the hydrogen storage 

roperties of Mg(BH 4 ) 2 have been summarized in the recent re- 

iews [ 22 , 23 , 48 ], we will put more emphasis on the latter two re-

earch directions. The summary of the main functions of Mg(BH 4 ) 2 
s shown in Fig. 1 [ 26 , 34 , 39 , 49–51 ]. 

. Synthesis and structure 

.1. Synthesis methods of Mg(BH 4 ) 2 

The synthesis of Mg(BH 4 ) 2 was first proposed by Wiberg and 

auer [30] in 1950. They found that the magnesium diethyl and 

iborane (B 2 H 6 ) could slowly react at room temperature according 

o the following reaction: 

M gR 2 + B 2 H 6 → 3 Mg H 2 + 2BR 3 (1) 
171 
M g H 2 + 3B 2 H 6 → 3M g ( BH 4 ) 2 (2) 

However, the high toxicity and flammability of diborane and of 

ts derivatives make this method not applicable. Later two synthe- 

is strategies have been developed: solvent-based synthesis and 

olvent-free synthesis (solid phase synthesis). Typical synthesis 

ethods reported in the past years are summarized in Table 1 . 

.2. Polymorphism of Mg(BH 4 ) 2 and phase transition 

One of the most interesting properties of Mg(BH 4 ) 2 is its poly- 

orphism and the related phase transitions. Mg(BH 4 ) 2 shows 

he most complex crystalline phases among all the metal boro- 

ydrides [67] . A number of studies reveal the following poly- 

orphs (meta)stable at ambient conditions: the hexagonal ( P 6 1 22) 

−phase [24] , orthorhombic ( Fddd ) β-phase and its closely related 

’ -phase [25] , the porous cubic ( Ia -3 d ) γ -phase [26] , the dense

igh-pressure tetragonal ( P 4 2 nm ) δ-phase [26] , that was later re- 

ised in a I 4 1 / acd superstructure with a more complex order of 

he BH 4 groups. The latter is obtained at high pressures but is 

uenchable to ambient conditions. Besides that a trigonal ( P 3 1 12) 

-phase [27] , isostructural to Mn(BH 4 ) 2 [68] , is observed in a nar-

ow temperature range, along with so-called ε phase. Furthermore, 

he amorphous Mg(BH 4 ) 2 also forms both during synthesis and via 

ressure-induced collapse of the porous γ -phase [28] . Remarkably, 

he high-pressure phase undergoes a transition back to the porous 

hase upon heating. It is likely a polymorphism occurs for magne- 

ium borohydride, namely structurally different amorphous phases 

orming, for example during the thermal treatment of the γ -phase 

nd after its pressure-induced collapse. The summary of structural 

arameters of Mg(BH 4 ) 2 can be found in Table 2 , as well as in Refs

 22 , 23 ]. Some phases can be directly synthesized by solvent-based 

ethods while some phases can be observed after a phase transi- 

ion [67] . The condition of phase transition is summarized in Fig. 2 

 16 , 24–27 , 33 , 69–74 ]. 

A large number of Mg(BH 4 ) 2 polymorphs and their 

meta)stability in a wide p - T range suggest that the structural 

eorganization is linked to breaking significant barriers related to 

g-BH 4 bonding. This interaction is not seen as entirely ionic, 

ut more like a bonding between metal and ligand in the MOFs 
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Table 1 

Summary of synthesis routes of Mg(BH 4 ) 2 using solvent-based methods or solvent-free methods. 

Methods Reaction pathway Condition/comment Refs. 

Solvent-based 

2NaBH 4 + MgCl 2 → 

Mg(BH 4 ) 2 + 2NaCl 

Cold ethanol/diglyme. [ 52 , 53 ] 

MgH 2 + 2(C 2 H 5 ) 3 N ·BH 3 → 

Mg(BH 4 ) 2 ·2(C 2 H 5 ) 3 N 

100 °C under argon; vacuum + 100–170 °C to 
remove adduct. 

[54] 

MgH 2 + B 2 H 6 → Mg(BH 4 ) 2 In ether; vacuum + 150–180 °C to remove ether. [ 55 , 56 ] 

Mg X 2 + M BH 4 → 

Mg(BH 4 ) 2 + MX; M = Na, Li; X = Cl, Br 

Ball milling in diethyl ether; vacuum + high T to 

remove diethyl ether. 

[ 33 , 57 , 58 ] 

3Mg(C 4 H 9 ) 2 + 8BH 3 ·DMS → 

3Mg(BH 4 ) 2 ·2DMS + 2B(C 4 H 9 ) 3 ·DMS 

In toluene, excess BH 3 ·S(CH 3 ) 2 , vacuum + high T 

to remove DMS. 

[59] 

Solvent-free 

Mg + 2B + 4H 2 → Mg(BH 4 ) 2 Ball milling, high p and T , low yield, hardly can 

obtain Mg(BH 4 ) 2 

[60] 

MgCl 2 + 2MBH 4 → 

Mg(BH 4 ) 2 + 2 M Cl, M = Li, Na 

Ball milling under N 2 , need further purification [61] 

MgB 2 + 4H 2 → Mg(BH 4 ) 2 Pre-milled MgB 2 , high T = 400 °C, long time 108 h [62–66] 

Table 2 

Polymorphs of Mg(BH 4 ) 2 observed by experiments. 

Phase Space group Cell parameters ( ̊A) Cell volume ( ̊A 3 ) Refs. 

α-Mg(BH 4 ) 2 P 6 1 22 

a = b = 10.33555 

3431.21 [24] 
c = 37.08910 

α= β= 90 °
γ = 120 °

β-Mg(BH 4 ) 2 Fddd 

a = 37.04892 

7439.82 [25] 
b = 18.49186 

c = 10.85945 

α= β= γ = 90 °

γ -Mg(BH 4 ) 2 Ia -3 d 
a = b = c = 15.7575 

3912.57 [26] 
α= β= γ = 90 °

δ-Mg(BH 4 ) 2 P 4 2 nm ( I 4 1 / acd ) 

a = b = 5.4361 

181.65 [26] c = 6.1468 

α= β= γ = 90 °

ζ ( ε)-Mg(BH 4 ) 2 P 3 1 12 

a = b = 10.424 

1009.7 [27] 
c = 10.729 

α= β= 90 °
γ = 120 °

Fig. 2. Illustration of phase transition of Mg(BH 4 ) 2 . AM = amorphous phase, 

LT = low-temperature phase, HT = high-temperature phase, HP = high-pressure 

phase. 
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amily [26] . As a consequence, we can consider Mg(BH 4 ) 2 poly- 

orphs as different topologies of linking nodes by borohydride 

inkers. Indeed, in all known Mg(BH 4 ) 2 structures, Mg atom has a 

etrahedral coordination by four BH 4 groups, moreover often with 

nly one specific MgH 8 coordination known as snub disphenoid, 

hile the BH 4 group is always linearly coordinated by two Mg, 

ia it opposite tetrahedral edges. With such a fixed local geometry 
172 
f the constituents, only the topology of the framework varies. 

everal crystal structures of Mg(BH 4 ) 2 polymorphs are shown in 

ig. 3 , presented for simplicity as ionic structures assembled by 

acking cations and anions [75] . 

. Hydrogen storage properties 

Mg(BH 4 ) 2 possesses high hydrogen capacity both gravimetric 

14.9 wt.%) and volumetric (145–147 g/L, high-pressure δ-phase). 

owever, the practical applications of Mg(BH 4 ) 2 are currently re- 

tricted by two factors. First, the de/hydrogenation conditions are 

ery harsh. The dehydrogenation route of Mg(BH 4 ) 2 has been 

roved to be a very complicated process [ 71 , 76–80 ]. It starts at

pproximately 250 °C and the dehydrogenation upon heating is ac- 

ompanied by the formation of intermediate borates with chemical 

ormula B x H y 
n −, including [B 3 H 8 ] 

−, [B 5 H 9 ] 
−, [B 10 H 10 ] 

2 −, [B 11 H 14 ] 
−,

nd [B 12 H 12 ] 
2 −, etc. The B x H y 

n − tends to grow up to larger boranes

ith elevated temperature and it tends to form stable [B 12 H 12 ] 
2 −

hen the dehydrogenation temperature is above 400 °C [ 50 , 71 , 81–

7 ]. There may be large divergences between theoretical calcula- 

ions and experimental amounts of desorbed hydrogen, as long 

s impurities form due to the formation of different intermedi- 

tes. The latest study [67] indicates that factors, such as synthesis 

oute, residual impurities, starting crystalline phase, etc. also influ- 

nce the phase transition and thermal decomposition of Mg(BH 4 ) 2 . 

heoretically, the enthalpy change from Mg(BH 4 ) 2 to MgB 2 only 

equires about 30–50 kJ/mol, indicating the dehydrogenation tem- 
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Fig. 3. Reported crystal structures of different polymorphs of Mg(BH 4 ) 2 . Mg atoms are shown as orange spheres, BH 4 groups as green tetrahedra, and unit cells are defined 

by black lines [75] . 

Fig. 4. Schematic illustration of how to reduce dehydrogenation enthalpy change of 

metal borohydrides [94] . 
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erature is near room temperature, whereas the actual desorption 

ccurs between 250 and 580 °C due to the high dehydrogenation 

nergy barrier [ 25 , 88 ]. The second factor is its poor reversibility

nd cyclability of de/hydrogenation, which largely depends on the 

ehydrogenation products [ 37 , 89 ]. Lower borane [B 3 H 8 ] 
− formed 

t a moderate dehydrogenation condition of 200 °C was found 

o facilitate the rehydrogenation, which starts at ∼100 °C and 

ields ∼22 wt.% of [BH 4 ] 
− along with the formation of (closo- 

ydro)borates and volatile boranes [ 90 , 91 ]. On the other hand, 

igher borane [B 12 H 12 ] 
2 − can also be rehydrogenated back to 

BH 4 ] 
−, whereas it requires a severe condition of above ∼400 °C 

nd 40 MPa hydrogen pressure [ 92 , 93 ]. 

Extensive studies have been carried out to improve the hydro- 

en storage properties of Mg(BH 4 ) 2 , via thermodynamic tailoring 

nd kinetic promoting. In terms of thermodynamics, the enthalpy 

hange of dehydrogenation of Mg(BH 4 ) 2 ( 
H deh ) has a great im- 

act on its dehydrogenation temperature. Li et al. [94] pointed out 

hat the 
H deh can be reduced through two approaches: destabi- 

ization of metal borohydrides and stabilization of dehydrogenation 

roducts, as shown in Fig. 4 . The objective of destabilization can be 

chieved by producing multi-metallic cation borohydrides and/or 

uilding composites with hydrides, alanates, amides and so on. Ac- 

ording to theoretical predictions, the 
H deh has a strong correla- 

ion with Pauling electronegativity of the metal cation in borohy- 
173 
rides [95] , so the dehydrogenation temperature can be tuned by 

djusting the type and ratio of metal cations, such as Li-Mg, Na- 

g, K-Mg, and Ca-Mg borohydride systems [96–103] . The compos- 

tes obtained by adding binary hydrides (e.g., AlH 3 , CaH 2 , NaH, LiH 

 104 , 105 ]), alanates (e.g., LiAlH 4 , NaAlH 4 [106–108] ), amides (e.g., 

iNH 2 , N 2 H 4 , NH 3 [109–112] ), etc. are effective ways to change the

ehydrogenation pathway and so that to improve the thermody- 

amic properties [113] . 

Doping and nanoconfinement are two approaches for kinetic 

mprovement. Doping with additives is an effective way to im- 

rove the dehydrogenation kinetics of Mg(BH 4 ) 2 . The additives can 

e classified into metals [ 34 , 114–116 ], metal oxides [ 72 , 89 , 117 , 118 ],

etal halides [119–125] , and carbon-based materials (carbon nan- 

tubes, graphene, MXene, etc.) [ 80 , 126–131 ]. High-energy ball 

illing is usually applied to obtain Mg(BH 4 ) 2 -additive systems 

ith homogeneous mixture. The additives tend to react with 

g(BH 4 ) 2 during the milling or heating process to generate the 

atalytic species, while the exact catalytic mechanism is still un- 

er investigation [48] . Nanoconfinement can reduce the diffusion 

istance, increase the grain boundaries and introduce more defects 

n the surface, promoting kinetic properties [132] . Nanoconfined 

aterials can be obtained by wet impregnation, melt infiltration, 

n-situ synthesis and confinement in nanoporous materials [133–

41] . Detailed information on the state of the art on improving 

e/re-hydrogenation properties of Mg(BH 4 ) 2 is expected to refer to 

ecent reviews [ 22 , 23 , 48 ]. 

. Studies of adsorption by γ-Mg(BH 4 ) 2 

Since Mg(BH 4 ) 2 has high hydrogen capacity, most studies have 

nly focused on the improvement of its hydrogen storage perfor- 

ance. However, γ -Mg(BH 4 ) 2 shows a unique porous structure 

mong all the other polymorphs. It is also the first example of 

 porous framework with the surface made entirely of hydridic 

toms. It contains a tubular-shaped pore channel with about 7 Å 

n diameter, and the narrowest part of the pore channel (the aper- 

ure) is defined by two hydrogens from the BH 4 groups, which 

s about 5.8 Å (the crystal structure and pore size/shape of γ - 

g(BH 4 ) 2 is shown in Fig. 5 ). The unique hydridic surface [ 118 , 142 ]

ives a chance to discover some unusual adsorption behavior. A 

ew studies [ 26 , 49 , 143–145 ] explored the adsorption properties of 

ifferent gases, such as N 2 , H 2 , C 2 H 6 , Ar, Kr and Xe, both from ex-

erimental and theoretical point of view. 
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Fig. 5. The 2 × 2 × 2 unit cell structure of γ -Mg(BH 4 ) 2 viewed from [109] (left) and pore size/shape viewed from [ −111] (right). Mg atoms are shown as orange sphere, B 

atoms as dark green sphere, and H atoms as tan sphere. The BH 4 anion is shown as light green tetrahedra. 

d

t

m

u

t

t

t

a

s

t

u

g

a

4

d  

2

w

g

w

l

a

t

t

w

a

s

s

t

m

c

T

s

s

 

m

t

b

m

o

I

t

a

T

I

m

s

t

i

b

w

a

(

[

d

e

k

t

c

[  

u

a

e

b

b

a

t

s

s

a

4

γ
s

p

C

M

i

e

H  
A new methodology that is based on diffraction methods was 

eveloped to characterize adsorption in γ -Mg(BH 4 ) 2 , both from 

he point of view of structural study, but also aiming to access the 

acroscopic properties. The in - situ diffraction data are collected 

nder various gas pressures at fixed temperatures (isotherms), 

emperature ramp at fixed pressures(isobars) or as a function of 

ime (adsorption kinetics). Afterwards, the position and orienta- 

ion of guest molecules are first obtained by a structure solution 

lgorithm, e.g. global optimization in direct space, followed by a 

equential Rietveld refinement of this model along the adsorp- 

ion isotherms, isobars and/or kinetics. Information about individ- 

al guest’s atomic positions and occupancies can be obtained, thus 

iving access to equilibrium pressure-temperature-composition di- 

grams and cooperative interactions. 

.1. Adsorption thermodynamics and kinetics study 

The initial work on adsorption of N 2 and H 2 in γ -Mg(BH 4 ) 2 was 

one in 2011 [26] , using 3 isobars of nitrogen sorption, as well as

 isobars for hydrogen adsorption; the interaction of both gasses 

as characterized by synchrotron X-ray powder diffraction. Nitro- 

en molecules were found disordered in the centres of the pores, 

ith the maximum capacity of 1 N 2 molecule per pore (equiva- 

ent to 2/3 N 2 per Mg atom). Adsorption isobars were obtained 

t 0.34, 3.45 and 30.6 bar, resembling the sigmoidal function, and 

hus were fitted by the Logistic function. Clausius-Clapeyron equa- 

ion was used to estimate the isosteric heat of nitrogen adsorption, 

hich turned out to be nearly constant with loading, at the aver- 

ge value of 14.7 kJ/mol. Since the hydrogen molecule is a weak 

catterer of X-rays, it was assumed that H 2 molecules take the 

ame position as N 2 . However, a simulation study [145] (introduc- 

ion to this study is in Section 4.2 ) predicted the capacity of H 2 

olecule in γ -Mg(BH 4 ) 2 is 0.9 H 2 per Mg, which is beyond the 

apacity of N 2 , indicating the two gases take different positions. 

herefore, further investigation of H 2 adsorption in γ -Mg(BH 4 ) 2 
hould be done by neutron diffraction to accurately detect the ad- 

orption site of H 2 . 

Dovgaliuk et al. [ 49 , 143 , 144 ] studied the adsorption ther-

odynamics and kinetics of γ -Mg(BH 4 ) 2 serially from 2017 

o 2021. Firstly, they studied N 2 and C 2 H 6 adsorption isobars 

y γ -Mg(BH4) 2 from in-situ X-ray powder diffraction experi- 

ents [143] and derived a thermodynamic description, based 

n Gorsky-Bragg-Williams mean-field approach for the lattice-gas 

sing model, allowing to determine the thermodynamic parame- 

ers such as enthalpy, entropy and adsorption cooperativity from 
174 
n isobar. The expression used is the following: 

 = 


H i − �i ( 1 − 2 γi ) 


S i − R ln 

(
1 −γi 

γi 

) (3) 

The subscript i is associated with guest adsorption by the site 

, � is cooperativity, and γ is a fraction of the adsorbed guest 

olecules. Furthermore, the parameter �, which is a general mea- 

ure of guest-guest interactions, accounts for the cooperative in- 

eractions for the guest molecules occupying different pores, those 

ndirect interactions are mediated by elastic perturbations induced 

y guest molecules in the flexible framework structures. 

Later, adsorption of larger molecules such as Kr by γ -Mg(BH 4 ) 2 
as studied in a form of quasi-equilibrium and non-equilibrium 

dsorption isobars. This enabled to estimate kinetic parameters 

such as an activation energy) by analyzing the kinetic hysteresis 

144] . This work exhibits a transition from the study of thermo- 

ynamics using equilibrium isotherms and isobars, towards non- 

quilibrium kinetics that may influence these data to the point the 

inetic hysteresis appears. This opens a door to estimating the ac- 

ivation barriers. 

A more ingenious approach was proposed afterwards to pre- 

isely study the adsorption kinetics of Ar, Kr and Xe in γ -Mg(BH 4 ) 2 
49] . Time dependent in - situ diffraction at fixed p - T condition was

sed to measure ten thousand of powder diffraction patterns with 

 high time resolution. After analyzing the data by sequential Ri- 

tveld refinement and refining guest occupancies, the diffusion 

arriers (activation energy) for three noble gases can be extracted 

y applying Arrhenius equation. The medium-sized Kr shows two 

ctivation barriers attributed to two diffusion pathways, one along 

he pore channel and the other between the channels, while the 

maller and larger Ar and Xe only show one diffusion barrier (re- 

ults shown in Fig. 6 [49] ). This phenomenon indicates a potential 

pplication of γ -Mg(BH 4 ) 2 for selective adsorption of Kr and Xe. 

.2. Hydrogen adsorption in γ -Mg(BH 4 ) 2 

Besides the first (experimental) study of H 2 adsorption in 

-Mg(BH 4 ) 2 [26] , another work has been reported on the ad- 

orption behavior of hydrogen in γ -Mg(BH 4 ) 2 from theoretical 

oint of view. The authors [145] used the grand canonical Monte 

arlo (GCMC) method to simulate the hydrogen adsorption in γ - 

g(BH 4 ) 2 in ZIF-72 of the same topology, followed by fitting the 

sotherms with Langmuir, quadratic and line functions for differ- 

nt pressure steps. γ -Mg(BH 4 ) 2 was predicted to adsorb 3.44 wt.% 

 at 78 K, at around 30 bar, corresponding to γ -Mg(BH ) ·0.9H .
2 4 2 2 
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Fig. 6. Illustration of the diffusion pathways of Ar, Kr and Xe in γ -Mg(BH 4 ) 2 [49] . 
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s a result, the total hydrogen capacity of γ -Mg(BH 4 ) 2 can finally 

each 18.34 wt.% when considering both chemical bond storage 

nd physisorption storage. 

.3. Prospects for adsorption of other gases 

In the above study, γ -Mg(BH 4 ) 2 shows interesting host-guest 

nteraction which is due to its unique surface characteristics dec- 

rated by hydridic hydrogen. Adsorption of other gases, such as 

mall-size noble gases (He, Ne, Ar), methane and other flammable 

lkanes/olefins, could be predicted to show unexpected behaviors, 

otentially to be applied in gas storage and separation. 

Compared to classical volumetric and gravimetric gas adsorp- 

ion measurements, diffraction-based method, which is mentioned 

t the beginning of this section, exhibits two more advantages be- 

ides being able to simultaneously observe the gas adsorption be- 

avior both macro- and microscopically. First, it is only sensitive 

o crystalline phases and one can focus on the specific crystalline 

hase which needs to be addressed. There is a fraction of dense 

morphous phase of Mg(BH 4 ) 2 variable from one batch to another 

 49 , 146 ], which influences systematically the gas uptake measured 

y volumetric or gravimetric methods. Secondly, diffraction-based 

ethods can access adsorption isobars, which are hardly obtain- 

ble by volumetric methods, as the non-isothermal calibration is 

verwhelmingly complicated. Wider temperature range is more in- 

ormative since it contains a wider range of chemical potential, 

hus better suited for intuitively displaying specific features of 

uest-host and guest-guest interactions. 

. Applications in batteries 

Magnesium batteries are considered potential future alterna- 

ives to the currently commercialized Li-ion battery for multiple 

easons: (i) much larger and more evenly distributed abundance 

f magnesium resources in the crust of the earth, i.e. ∼2.7 wt.% 

ompared to 0.0065 wt.% of Li, but also 0.1 wt.% of all seawater is 

agnesium. (ii) Magnesium metal has high theoretical gravimetric 

nd volumetric capacities of 2200 mAh g −1 and 3835 mAh cm 

−3 , 

nd the latter is about double that of Li (i.e. 2036 mAh cm 

−3 ).

iii) Magnesium also has a low standard reduction potential of - 

.4 V versus the standard hydrogen electrode (SHE) along with 

ower tendency to grow as dendrite type crystals during charge 

nd discharge of the battery. The current lithium-ion battery tech- 

ology is very successful but appears to be fully developed with 
175
nly very limited potential for further improvement of energy ca- 

acity and performance. Moreover, there is a significant safety is- 

ue related to the use of a liquid-organic electrolyte. This has 

alled for alternatives chemistries, such as magnesium-based bat- 

eries, and new technologies, such as inorganic solid-state batter- 

es. Solid-state batteries (SSB) have several advantages over the 

resent liquid-state Li-ion batteries, e.g. (i) potentially higher en- 

rgy density, (ii) improved safety and lifetime, due to removal of 

he flammable and unstable liquid electrolyte; (iii) possible oper- 

tion in a larger temperature range since organic polymeric elec- 

rolytes may crystallize upon cooling (e.g. at T < 0 °C) or de- 

ompose upon heating (e.g. at T > 80 °C). However, a fundamen- 

al drawback is to achieve fast divalent cationic, e.g. Mg 2 + , migra- 

ion in liquid or solid state, since such cations have larger charge- 

ensity and interact stronger with the surrounding coordination 

phere [147] . In the following, we discuss the fact that magnesium 

orohydride has been the basis for game-changing discoveries both 

ithin novel liquid electrolytes and solid state electrolytes. 

.1. Liquid electrolytes for magnesium batteries 

In 2012, Mohtadi et al. [39] reported the solvation of 

g(BH 4 ) 2 in THF or DME as electrolyte for reversible Mg depo- 

ition/dissolution. By mixing with LiBH 4 , the ionic conductivity of 

g(BH 4 ) 2 ether solution can be improved and Coulombic efficiency 

CE) increases proportionally to the mass ratio of LiBH 4 /Mg(BH 4 ) 2 . 

 prototype Mg battery with a Chevrel phase Mo 6 S 8 cathode, an 

g metal anode, and LiBH 4 /Mg(BH 4 ) 2 DME solution was demon- 

trated at 128.8 mA g −1 . The value of CE can be further im- 

roved by replacing the ether solvent with diglyme [148] . How- 

ver, Mg(BH 4 ) 2 -based etheral solutions have low anodic stability 

f 1.7 V vs. Mg/Mg 2 + and low chemical stability in the presence 

f water. To improve the anodic stability, other more stable closo - 

orate cage-like anions, such as B 12 H 12 
2 − and CB 11 H 12 

−, were used 

149] . The Mg(CB 11 H 12 ) 2 tetraglyme solution shows an improved 

tability towards most current collectors with an anodic stability 

f ≥3.0 V vs. Mg/Mg 2 + . 

.2. Anion substituted magnesium borohydride as solid state 

lectrolyte[ 

In all polymorphs of magnesium borohydride, Mg(BH 4 ) 2 , Mg is 

oordinated to four BH 4 
− complexes via edge-sharing, i.e. Mg 2 + co- 

rdinates eight partly negatively charged hydrogen atoms in the 
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Fig. 7. (a–c) Crystal structure of Mg(BH 4 )(NH 2 ), Mg 3 (BH 4 )(NH 2 ) 2 , and Mg(BH 4 ) �NH 3 , (d) Mg 2 + conductivity plots of typical Mg(BH 4 ) 2 -based solid-state electrolytes, (e) long- 

term cycling of Mg(BH 4 ) 2 ·1.5NH 3 -60 wt.% YSZ nanocomposite at 0.1 mA cm 

−2 at 60 °C. Abbreviations: en = ethylenediamine, AB = ammonia borane, YSZ = Y 2 O 3 -stabilized 

ZrO 2 . 
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rst coordination sphere. This polar-covalent-ionic bonding leads 

o negligible cationic ( σ (Mg 2 + ) ∼10 −12 S cm 

−1 at room tempera- 

ure) and electronic conductivity of Mg(BH 4 ) 2 . Substitution in the 

H 4 
− anion lattice with other anions such as halides, NH 2 

− or 

lH 4 
−, has been used to tailor structural, chemical and physical 

roperties, and also to enhance cationic conductivity. 

Ikeshoji et al. [150] proposed that the Mg 2 + conduction of 

g(BH 4 ) 2 could be improved by partial replacement of BH 4 
− with 

lH 4 
−, which was supported by theoretical simulation [151] . Hi- 

ashi et al. [152] reported the Mg 2 + conductivity of 10 −6 S cm 

−1 

t 150 °C in Mg(BH 4 )(NH 2 ), which allows the reversible Mg strip- 

ing/plating. Mg(BH 4 )(NH 2 ) exhibits tunneling structures with a 

g zigzag chain contributing to the Mg migration ( Fig. 7 (a)). Ruyet 

t al. [45] improved the Mg 2 + conductivity of Mg(BH 4 )(NH 2 ) to 

 × 10 −6 S cm 

−1 at 100 °C by balling milling and heat treat- 

ent, in which the improved conductivity is attributed to the pres- 

nce of an additional amorphous phase. Ruyet et al. [153] fur- 

her synthesized the single-phase Mg 3 (BH 4 ) 4 (NH 2 ) 2 , as shown in 

ig. 7 (b), with higher thermal stability and a high Mg 2 + ionic 

onductivity of 4.1 × 10 −5 S cm 

−1 at 100 °C. The reversible 

g deposition/stripping was demonstrated at 100 °C when using 

g 3 (BH 4 ) 4 (NH 2 ) 2 as solid electrolyte. 

.3. Neutral molecule derivatives of magnesium borohydride as solid 

tate electrolytes 

Another approach is to introduce neutral molecules, such 

s ethylenediamine ( en , NH 2 (CH 2 ) 2 NH 2 ), NH 3 and NH 3 BH 3 , to

g(BH 4 ) 2 . Roedern et al. [44] reported the improvement of Mg 2 + 

onductivity to 6 × 10 −5 S cm 

−1 at 70 °C by the introduction of 

ne molar en to Mg(BH 4 ) 2 , which displays an asymmetric mix- 

ng of Mg 2 + with one en and two BH 4 
−. Yan et al. [41] system-

tically investigated the influence of NH 3 , where the crystal struc- 

ure and the ionic conduction properties depend on the number 

f NH 3 in Mg(BH 4 ) 2 ·n NH 3 . Fig. 7 (c) shows the crystal structure

f Mg(BH 4 ) 2 ·NH 3 , which builts by zig-zag chains of -BH 4 -Mg-BH 4 -

g- along the b -axis revealing a high degree of flexibility [41] . The

onic conductivity of Mg(BH 4 ) 2 ·NH 3 was reported to be 3.3 × 10 −4 

 cm 

−1 at 80 °C. Changing the number of NH 3 to noninteger val- 

es such as 1.6, the ionic conductivity could be further improved, 

.g. , to 3.5 × 10 −4 S cm 

−1 at 50 °C for Mg(BH ) ·1.6NH [46] .
4 2 3 

176 
otice, that this is in fact a composite consisting of two crys- 

alline compounds, 0.4Mg(BH 4 ) 2 ·NH 3 -0.6Mg(BH 4 ) 2 ·2NH 3 . By com- 

ining with metal oxide nanopowders [ 46 , 154 ] (such as MgO, 

l 2 O 3 ), Mg(BH 4 ) 2 ·1.6NH 3 could be converted to more conductive 

morphous state with conductivities improved up to ∼10 −5 S cm 

−1 

t room temperature and ∼10 −3 S cm 

−1 at 70 °C ( Fig. 7 (d)). More

ecently, Wang et al. [155] reported the observation of Mg 2 + con- 

uctivity of 10 −4 S cm 

−1 at room temperature in Mg(BH 4 ) 2 ·1.5NH 3 , 

fter cooperation with the oxygen vacancies on the surface of 

etal oxide nanopowders. They discovered that Mg 2 + conduc- 

ivity is enhanced by surface oxygen vacancy of the metal ox- 

de nanopowders introduced to Mg(BH 4 ) 2 ·1.5NH 3 . Fig. 7 (e) demon- 

trated that the Mg(BH 4 ) 2 ·1.5NH 3 -60 wt.% YSZ nanocomposite al- 

ows the stable Mg 2 + stripping/plating for 300 cycles. So far, a 

ig progress has been made in the Mg(BH 4 ) 2 -based solid-state 

lectrolytes. However, the electrochemical stabilities of magne- 

ium borohydride based materials are generally limited to 1.2 V 

s. Mg/Mg 2 + , which is only compatible with low voltage cathode 

aterials such as titanium sulphides. A new magnesium borohy- 

ride based electrolyte was recently developed using tetrahydrofu- 

ane, O(CH 2 ) 4 , as ligand. The material was stabilized using magne- 

ium oxide nano-particles to form a composite, Mg(BH 4 ) 2 ·1.5THF- 

gO(75 wt.%), displayed high Mg 2 + conductivity, σ (Mg 2 + ) ∼10 −4 

 cm 

−1 at 70 °C, a high cationic transport number of t ion = 0.99,

nd cyclic voltammetry revealed an oxidative stability of ∼1.2 V vs. 

g/Mg 2 + . This electrolyte is stable towards magnesium electrodes 

nd allows construction of a proof-of-concept rechargeable solid- 

tate magnesium battery with a magnesium metal anode and a 

iS 2 cathode, i.e. Mg|Mg(BH 4 ) 2 ·1.5THF-MgO(75 wt.%)|Mg y TiS 2 [47] . 

 maximum discharge capacity of 94.2 mAhg −1 was displayed, 

hich corresponds to y = 0.2 in Mg y TiS 2 . Therefore, the cationic 

onductivity may be further improved by the design of new types 

f composite materials and more effort s are required to be taken 

o improve the electrochemical stability, e.g. by surface coating of 

lectrolytes. 

. Conclusions and perspectives 

In this work, we summarize the physical and chemical proper- 

ies of Mg(BH 4 ) 2 with its potential applications in hydrogen stor- 

ge, physisorption and batteries. Especially, we put the emphasis 
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n the recent progress of the latter two research directions, which 

re not well discussed in the previous reviews. Mg(BH 4 ) 2 , as a typ-

cal high capacity hydrogen storage material, suffers from the for- 

ation of the stable intermediate [B 12 H 12 ] 
2 −, the strong B-B bond- 

ng of which makes the rehydrogenation condition very harsh. In 

ontrast, lower borane intermediate [B 3 H 8 ] 
2 − facilitates rehydro- 

enation even at a mild condition of 100 °C. These results sug- 

est that how to control the formation of lower borane interme- 

iate with weak B-B bonding during the dehydrogenation process 

s a crucible for the improvement of reversible hydrogen storage 

n Mg(BH 4 ) 2 . γ -Mg(BH 4 ) 2 is the first and only example of solid

ydrides which owns a unique hydridic porous framework ex- 

ibiting interesting gas physisorption behavior. A diffraction-based 

ethodology was developed to investigate adsorption properties 

or several gases (N 2 , C 2 H 6 , Kr, Xe) from both macro- and mi-

roscopic points of view. The difference of the hydridic porous 

ramework with that of the metal organic framework on the 

as adsorption behavior is expected to be clarified, which may 

elp develop new porous materials with superior gas adsorption. 

g(BH 4 ) 2 also shows ion conductivity in THF or DME, leading to 

he potential application in battery systems. Weakening the coor- 

ination between Mg 2 + and [BH 4 ] 
− by replacing [BH 4 ] 

− to other 

nions such as AlH 4 
−, NH 2 

−, or introducing neutral molecules 

H 2 (CH 2 ) 2 NH 2 , NH 3 and NH 3 BH 3 is an important approach to im-

rove the ionic conductivity of Mg(BH 4 ) 2 -based materials for solid- 

tate electrolytes. Extensive efforts are expected to be put on find- 

ng effective solutions to further improve the ionic conductivity 

hat satisfies the practical applications of Mg rechargeable batter- 

es. In addition, experimental investigations are expected to com- 

ine with advanced calculation technology and cutting edge in- 

itu /operando analysis technology in the future, in order to elu- 

idate the mechanism of each function and provide insightful in- 

ormation for further improvement of the relevant functions. Thus, 

btained achievement will not only help develop Mg(BH 4 ) 2 for en- 

rgy related applications, but also give important knowledge for 

he deeper understanding of other hydrides and the discovery of 

ovel functions as well. 
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