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Abstract: Metal borohydrides have been studied since the beginning of this century as potential hydrogen stor-
age materials due to their high gravimetric hydrogen content. Many new compounds have been synthesized and 
characterized, however to date the main problem are the kinetics of dehydrogenation and rehydrogenation. In 
this review we address thermodynamical and chemical properties of boron hydrogen compounds which come 
into play for hydrogen storage and which must be considered in the search for efficient catalysts. More recently, 
closo and nido hydridoborate and related closo hydridocarborate compounds have been identified as good ionic 
conductors for all-solid-state lithium or sodium batteries. The properties of these fascinating and very promising 
compounds for battery applications are illustrated with recent literature results.
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1. Introduction
The transition towards a sustainable energy supply for human-

kind is a challenging task for ongoing and future research. This 
implies energy production using solar cells or wind parks, local 
and portable energy storage, and energy transport. In this review, 
we will focus on metal boron hydrogen compounds, which can be 
considered both for hydrogen storage as well as for solid-state ion 
conductors for new all-solid-state batteries.

Hydrogen is considered to be a major energy vector,[1] however 
pure hydrogen gas has a rather poor volumetric energy compared, 
for instance, to gasoline at ambient temperature and pressure. For 
automobile applications using hydrogen fuel cells to generate 
electricity on board, several hydrogen storage concepts have been 
and continue to be considered: hydrogen gas at high pressures 
(700 bar), liquid and solid hydrogen storage compounds.

These storage materials must satisfy the following criteria for 
potential automobile applications:[2,3] high gravimetric hydrogen 
content, high volumetric hydrogen content, thermodynamic con-
straints, kinetic constraints, safety and price. 

The gravimetric and volumetric hydrogen content which 
should be achieved is illustrated by the American DOE ultimate 
target values (updated 2017):[3] 0.065 kg H

2
/(kg system) and 

0.05 kg H
2
/(l system). The system comprises the complete storage 

system with the storage material, container, etc. The thermody-
namical constraints result on one side from safety considerations 
(no spontaneous evolution of hydrogen) and from, on the other 
side, efficiency considerations (not too much energy should be 
lost in the chemical hydrogen storage process). Typically, consid-
ering that the entropy change for the hydrogen gas release from 
the solid storage material is about 120 J/(mol H

2
). K, one obtains 

a corresponding optimal enthalpy value of about 30–50 kJ/mol 
H

2
.[2] Further, the reaction should of course be reversible and al-

low for rehydrogenation (under high hydrogen pressure).
The kinetic constraint would be to fill a tank in useful time 

(3–5 min).[2] This aspect is currently the real bottleneck for practi-
cal applications using complex hydrides such as borohydrides or 
alanates as hydrogen storage materials. 

Among the potential solid hydrogen storage materials, metal 
borohydrides have been studied for this application since about 
20 years, and many new compounds have been prepared and 
characterized.[4–10] For instance, the compound Mg(BH

4
)

2
 has a 

hydrogen content of 14.9 mass%.[11,12] This compound can be 
prepared in different crystalline modifications, and high-pressure 
phase transitions have also been observed.[12] The dehydrogena-
tion reaction:

Mg(BH
4
)

2
 → MgB

2
 + 4H

2

is in fact a multistep reaction with various reaction intermediates 
such as Mg(B

3
H

8
)

2
, MgH

2
 and MgB

12
H

12
.[11,13] It has been shown 

that MgB
2
 can be rehydrogenated under a pressure of 950 bar at 

450 °C,[14] providing thus a proof of concept that this material is 
indeed a potential candidate for hydrogen storage.

In this review, we start with thermodynamical and chemical 
considerations regarding the general chemistry of boron hydro-
gen species in view of hydrogen storage. We then consider the 
hydrogen release reactions of Mg(BH

4
)

2
 in more detail. The un-

derstanding of the detailed reaction mechanism involved for hy-
drogen release and hydrogen uptake may then allow to search very 
specifically for appropriate catalysts to improve and optimize the 
kinetics. Closo hydridoborates such as MgB

12
H

12
 can possibly act 

as a thermodynamic sink for hydrogen storage applications due to 
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These reactions show that in condensed phase, hydride ions can 
be removed or added, depending on the strength of the Lewis 
acids present. In this context it may be interesting to note that the 
mixtures of NaBH

4
 and NaBF

4
 release hydrogen at much lower 

temperatures than pure NaBH
4
 (300 °C vs 476 °C) and involve 

equally the formation of BH
x
F

4–x
– species.[38] Mixtures of LiBH

4
 

and LiBF
4
 start to decompose even at 80 °C and release mixtures 

of hydrogen and B
2
H

6
.[39]

In view of the hydrogen release reactions of potential hydrogen 
storage materials, it is useful to review some of the literature avail-
able for the synthesis of the larger nido and closo species. Fig. 2 
shows a selection of reactions which have been observed.[40–59]

The formation of these larger species involves inherently 
multistep processes which depend on the reaction medium (in 
solution, suspension or dry), temperature and pressure. Thus, the 
reaction of NaBH

4
 with B

2
H

6
 can yield either B

11
H

14
– or B

12
H

12
2– 

depending on solvent and temperature.[60] Starting from NaBH
4
 

and BF
3
.Et

2
O, one forms first NaB

3
H

8
 which then forms B

11
H

14
–. 

The path for this second reaction is not clear and it could involve 
either B

4
H

10
 as suggested by the reactions with Lewis acids shown 

above[37] or other species such as B
5
H

9
. The thermal decomposi-

tion of the dioxane solvate NaB
3
H

8
.C

4
H

8
O

2
 at 140 °C under vacu-

um produced NaBH
4
, B

5
H

9
, H

2
 and dioxane.[61] The fact that BH

4
– 

is also formed during the reaction of two B
3
H

8
– ions is another 

complication for the understanding of a global reaction process.
Decaborane(14) B

10
H

14 
has been previously prepared in large 

quantities as solid rocket fuel[62] and can also be used as a starting 
material for the synthesis of closo hydridoborates and closo hy-
dridocarborates.[63] In aqueous solution, decaborane(14) has also 
been reported to be a Brönsted acid forming B

10
H

13
– when reacted 

with a base.[64]

During the decomposition of solid borohydrides, the evolution 
of B

2
H

6
 can be observed.[65] This is the case for LiZn

2
(BH

4
)

5
 which 

upon heating to 100 °C releases B
2
H

6
 and H

2
.[66] This compound 

is obtained by ball milling of LiBH
4
 and ZnCl

2
, and can thus also 

act as a solid precursor for the safe generation of diborane gas in 
the laboratory.[67] 

their high stability.[13] On the other hand, this type of big anions 
(closo hydridoborates, nido hydridoborates, closo hydridocarbo-
rates) has been shown in the last years to form compounds with 
very high ionic conductivity for lithium and sodium in the solid 
state.[15–29] Recent results on these potential applications will be 
presented in the last part. 

2. Thermodynamic and Chemical Considerations
The thermodynamic properties of boranes have been ad-

dressed both theoretically and experimentally.[30–34]

In Fig. 1, the normalized formation enthalpy per boron atom 
of various boranes in the gas phase is shown as a function of the 
ratio H/B.

Fig. 1 shows as a general trend that typically below the H/B 
ratio of 1, the formation enthalpy increases strongly. Going from 
B

5
H

11 
to B

5
H

9 
is exothermic (–30 kJ/mol), thus B

5
H

11
 does not 

appear to be a candidate for hydrogen storage. In contrast, going 
from B

4
H

10
 to B

4
H

8
 is associated with ∆H = + 40 kJ/mol, which 

would be a desirable value, but then going from B
4
H

8
 to B

4
H

6
 

has ∆H = + 75 kJ/mol. The global transition from B
4
H

10
 to B

4
H

6
 

would correspond to a hydrogen mass fraction of 7.5%, which 
is in principle in the range of target values for hydrogen storage. 
However, boranes have not been considered for hydrogen stor-
age. The lighter boranes are gases at ambient temperature and 
pressure, B

5
H

9
 is liquid (boiling point 60 °C) and B

10
H

14
 is solid. 

Further, boranes are toxic,[35] and very reactive. Note that boranes 
have been considered as potential fuels many years ago.[36]

In Fig. 1, the formation enthalpy data for some anionic species 
are also displayed. The first observation is that these anions are 
more stable than the neutral boranes. The addition of a hydride ion 
(∆

f
H°(298K) = 145.2 kJ/mol) to a neutral borane is very exother-

mic for BH
3
, B

2
H

6
, B

3
H

7
 and B

4
H

8
, which reflects the strong Lewis 

acid character of the neutral boranes. On the other side, the anions 
BH

4
–, B

3
H

8
– and B

4
H

9
– and B

9
H

14
– have been reported to react with 

one molar equivalent of the Lewis acids BX
3
 (X=Cl, Br, I) to form 

B
2
H

6
, B

4
H

10
, B

5
H

11
 and B

10
H

14
, respectively.[37] The initial step of 

these reactions is the removal of hydride to form BHX
3

– species. 
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m
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Fig. 1. Formation enthalpy of boranes and boron hydrogen anions in the gas phase, divided by the number of boron atoms as a function of the H/B 
ratio. Red trace (|): BHm, brown trace (+): B2Hm, green trace (Δ): B3Hm, blue trace (): B4Hm, black trace () B5H9 and B5H11, other boranes B6H10, 
B8H12, B9H15 and B10H14 (). The red-filled circles correspond to the closo hydridoborates BnHn

2- with n = 5–12. 
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corresponding activation energy was found to be 82 kJ/mol and 
98.5 kJ/mol for the reverse reaction, confirming that breaking of 
a bond with hydrogen or deuterium is the rate limiting step.[72] 
Theoretical calculations of potential defects in Mg(BH

4
)

2
 suggest 

that in the initial phase of the dehydrogenation a H– ion is formed 
which can diffuse in the lattice.[73] On the other side, gas diffu-
sion in the solid is also a contribution to the exchange kinetics, as 
was shown by isotope exchange reactions with the highly porous 
modification of Mg(BH

4
)

2
 with a high surface area compared to a 

ball milled sample with strongly reduced surface area.[74]

The reaction kinetics of hydrogen release in Mg(BH
4
)

2
 can 

be significantly enhanced by various additives such as TiCl
3
 or 

NbF
5
, TiO

2
.[75,76]

Lewis bases in the form of solvates of Mg(BH
4
)

2
 can also ac-

celerate the hydrogen release.[77] As shown in Fig. 3, the THF sol-
vate releases H

2
 gas below 200 °C to form Mg(B

10
H

10
). The forma-

tion of B
3
H

8
– and B

12
H

12
2– was also observed, however, with THF 

and dimethylether B
12

H
12

2– remained a minor reaction product.
MgB

3
H

8
.THF can be rehydrogenated under milder conditions 

than dry MgB
3
H

8
 (50 bar H

2
 and 200 °C for 5 h vs 120 bar H

2
 and 

250 °C for 48 h).[78] The rehydrogenation of MgB
2
 can also be ac-

celerated with THF, MgH
2
 and Mg.[79] Mechanically milled mix-

tures of MgB
2
, THF and 40 mol% Mg could thus absorb 6 wt% 

of H
2
 at 300 °C under 700 bar of H

2
, which is less drastic than 

without THF.
These experiments suggest that while Lewis acids may favor 

the dehydrogenation reactions of Mg(BH
4
)

2
, they are not catalyz-

ing the rehydrogenation reactions, as transition metal halides do 
not appear to affect the rehydrogenation of MgB

2
.[80,81] THF and 

The thermal decomposition of Cs
3
Y(BH

4
)

6
 or Cs

2
LiY(BH

4
)

6
 

results in the release of 2.9 mol of H
2
 to form the crystalline com-

pound Cs
3
(BH

4
)(B

12
H

12
).[68] This example illustrates that there 

can be a direct reaction pathway from BH
4
– to B

12
H

12
2– during the 

thermal dehydrogenation.
However, in many other cases, it remains very difficult to iden-

tify the successive decomposition products, as different reactions 
may overlap. Nevertheless, the controlled dehydrogenation can 
also yield new materials. Recently, Zhu et al. reported the prepa-
ration of a Li-B-H complex with high ionic conductivity (2.7 10–4 
S/cm at 35 °C) by dehydrogenation of LiBH

4
 at 450 °C under 3 

bar of hydrogen for 20 hours.[28] This Li-B-H complex appears to 
contain polymerized [Li

2
B

12
H

11+1/n
]

n
 layers which favor Li ionic 

conduction.

3. Mg(BH4)2 as a Hydrogen Storage Material
The compound Mg(BH

4
)

2
 has a hydrogen content of 

14.9 wt%, which makes it attractive as a potential solid hydro-
gen storage material. This compound presents five different crys-
talline phases depending on the preparation procedure, pressure 
and temperature.[11–14] It is interesting to note that one of these 
phases is extremely porous and allows for gas adsorption at low 
temperatures.[12]

The studies on Mg(BH
4
)

2
 have been reviewed in detail in  

2016.[11] Some of the pertinent results will be shown here and 
recent new results discussed. Fig. 3 illustrates some of the de-
hydrogenation (in blue) and rehydrogenation reactions (in red) 
which have been observed.

MgB
2
 appears to be the final product of dehydrogenation at 

high temperatures and can be rehydrogenated, although under 
drastic conditions (950 bar H

2
 at 400 °C).[14] The enthalpy of 

reaction for the dehydrogenation of Mg(BH
4
)

2
 (∆

f
H° = –208 kJ/

mol) to form MgB
2
 (∆

f
H° = –91.96 kJ/mol) and hydrogen can be 

calculated[69,70] to be equal to +116 kJ/mol, i.e. less than 30 kJ/
mol per hydrogen molecule released, which is in principle in 
the correct range for a hydrogen storage material.[2] However, 
as can be seen in Fig. 3, kinetic properties appear to be the 
limiting factor for the efficient hydrogen release and hydrogen 
reabsorption. 

As seen above, the first step of a dehydrogenation reaction 
of BH

4
– is likely to be the breaking of a B–H bond. Isotope ex-

change reactions of Mg(BH
4
)

2
 with D

2
 allow to make a complete 

exchange to form Mg(BD
4
)

2
, and the corresponding activation 

energy was estimated to be about 51 kJ/mol.[71] For Ca(BH
4
)

2
, the 

BH4
- + B2H6 NaBH4 +

BF3.Et2O
BCl3
SiCl4
Alkylhalides

NaB3H8 + BF3.Et2O B5H9 + H-

B11H14
-

B11H11
2-

CB11H12
-

+
CHCl3

B11H15

CB11H12-nXn-
X = Cl,Br

CB11H12-nFn-

B9H14
-

intermediate

B10H14

B12H12
2-

Et2 NH
180°C

Fig. 2. Illustration of some of the different reaction pathways to form complex closo and nido hydridoborate or closo hydridocarborate anions.[40–59] 

Mg(BH4)2

Mg(B3H8)2

MgB10H10 MgB12H12

MgB2

5 weeks,
200 °C,
N2 1 bar

48 h,
250 °C,

H2 120 bar

400 °C,
H2 950 bar

THF solvate,
200 °C,
N2 1 bar

>450°C,
vacuum

Fig. 3. Selected hydrogenation (in red) and dehydrogenation (in blue) 
reactions with Mg(BH4)2. 
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As can be seen from the table, the highest room temperature 
conductivities have been observed so far for the solid solutions 
Na

2
(B

12
H

12
)

0.5
(B

10
H

10
)

0.5
 and 0.7Li(CB

9
H

10
)–0.3Li(CB

11
H

12
).[20,27] 

The first compound crystallizes in a structure similar to the face-
centered cubic high temperature structure of Na

2
B

10
H

10
 with 

many partially occupied tetrahedral and octahedral sites for the 
Na+ ions.[15] The lithium mixed crystal crystallizes in the same 
space group (P3

1
c) as the high temperature phase of LiCB

9
H

10
 and 

presents also partially occupied lithium sites, while the anions are 
centered on site 2b (1/3,2/3, z).[25]

The contact between anion and cation appears to be quite 
specific, and anion reorientations and other low frequency lat-
tice vibrations can induce fluctuations of the local potential which 
facilitate the cation mobility. This results in a range of values for 
the activation energy associated with the conductivity in the supe-
rionic phase between ca. 0.1 eV for NaCB

11
H

12,
 0.3 eV for Na

2-x 
(CB

11
H

12
)

x
(B

12
H

12
)

1–x
, and 0.34 eV for Na

2
(B

12
H

12
)

0.5
(B

10
H

10
)

0.5
 

above 70 °C.[26,86] These interactions have been studied in detail 
recently for Na

2
(B

12
H

12
)

0.5
(B

10
H

10
)

0.5
.[86] Three different tempera-

ture regimes can be distinguished by impedance spectroscopy and 
have been further characterized using X-ray diffraction, NMR and 
QENS spectroscopies. In the lowest temperature regime (below 
–50 °C) , the conductivity is very low and the activation energy 
is very high: ca. 0.8 eV. At –50 °C, a glasslike transition is ob-
served, leading to a faster increase of the sodium conductivity. In 
the second regime, the apparent activation energy is found to be 
about 0.6 eV, while in the same temperature range, 23Na NMR ex-
periments indicate a local barrier of 0.35 V. The anion and cation 
motions are found to be coupled due to short range interactions. 
QENS experiments show that librational motions of the closo hy-
dridoborate anions come here into play. Above 70 °C, the thermal 
energy becomes larger than the background energy fluctuations 
and the activation barrier comes back to the value of 0.35 eV 
found for the local energy barrier of the sodium ion.

The electrochemical stability of these materials is also remark-
able: for Na

2-x
(CB

11
H

12
)

x
(B

12
H

12
)

1–x
, an anodic peak is observed 

at 4.1 V vs Na+/Na, while for Na
2
(B

12
H

12
)

0.5
(B

10
H

10
)

0.5
, the anodic 

peak started around 3V.[20,26] DFT calculations on partially ha-
logenated B

12
H

12-x
X

x
2– (X = F, Cl, Br) ions in the gas phase of 

the vertical detachment energy (which is indirectly related to the 
electrochemical stability) show an increasing electrochemical sta-
bility with increasing halogen content.[87]

High-pressure experiments on Na
2
B

12
H

12
 reveal two phase tran-

sitions observed at 0.5 and 5.7–8.1 GPa at room temperature.[88] 
The bulk modulus of the first high pressure phase was found to 
be B

0 
= 14.0±0.5 GPa, which shows that compared to oxide-based 

sodium ionic conductors Na
2
B

12
H

12
 is much softer.

5. Conclusions
Boron hydrogen compounds are attractive materials for hy-

drogen storage, due to their high gravimetric hydrogen content. 
Thermodynamic studies confirm that the hydrogen release reac-
tions are in the appropriate range for a safe storage. Many catalysts 
have been tested and shown to improve the kinetics of the dehydro-
genation reactions, but not necessarily also the reverse reaction. It 
is very important to understand the detailed reaction mechanisms, 
which is the object of our current studies on Mg(BH

4
)

2
, in order to 

optimize the necessary catalysts. It appears that Lewis acid-base 
reactions are probably the key for these mechanisms.

Closo hydroborate-based and closo hydrocarborate solid ionic 
conductors show many promising properties for all-solid-state 
batteries:[89] they have high conductivity at room temperature, 
they are chemically and electrochemically stable and also rather 
compressible. There appears to be scope for further improvements 
of these materials such as structure management by solid solutions 
using for instance partially halogenated closo hydridoborates or 
closo hydridocarborates. The current bottleneck here is the price, 

other Lewis bases appear to accelerate both dehydrogenation and 
rehydrogenation reactions of Mg(BH

4
)

2
 and encourage further 

studies to improve the kinetics even more.
Comparative experiments using solvent-free and THF adducts 

of Mg(B
3
H

8
)

2
 under the same conditions are currently under way 

and are expected to shed more light on the hydrogenation and 
dehydrogenation reactions of this material. In parallel, new theo-
retical approaches to predict the morphology of potential reaction 
intermediates have been developed and allow to explore the ener-
getics of reaction pathways in this system.[82]

4. Closo Hydridoborates and Related Species as Solid 
Ionic Conductors

Solid ionic conductors for lithium or sodium batteries allow 
the use of a flammable organic electrolyte to be avoided and are 
thus expected to improve considerably the safety of batteries. A 
good solid electrolyte must fulfill several empirical criteria, ac-
cording to ref. [83]: (a) An ‘open structure’ with a low coordina-
tion number of the mobile ion. (b) Presence of structural phase 
transitions at low pressures. In the case of AgI, the ambient pres-
sure wurtzite structure transforms at 3 kbar and 315 K into a NaCl 
structure going thus from a rather covalent network with coordina-
tion number 4 to a rather ionic structure with coordination number 
6. The associated charge fluctuations between ions can potentially 
be coupled to vibrational motions and favor thus dynamically the 
ionic conduction. (c) For a material composed of two elements 

A and B, the parameter Z* defined as 𝒁𝒁∗ = 𝒁𝒁𝑨𝑨𝒁𝒁𝑩𝑩
𝜺𝜺 Symb a has a small value 

(Z
A,B

 is the valence of A and B and ε is the dielectric constant). 

This parameter reflects the polarizability of the material.
For practical applications, the conductivity of the material 

should be higher than 1 mS/cm. Further, the material should have 
high chemical and thermal stability as well as a high electrochem-
ical stability window. Additionally, it must be electronically insu-
lating to avoid self-discharge or shortage of the battery. Further, 
the electrolyte should be deformable in order to accommodate the 
volume changes of anode and cathode materials upon lithium or 
sodium insertion and removal. This can thus limit the formation 
of fractures which reduce the performance of the battery. Finally, 
the material should not be toxic and cheap enough for the applica-
tions considered.

The discovery in 2014 of superionic conductivity in Na
2
B

12
H

12
 

above its high-temperature phase transition at 539 K with a con-
ductivity of 0.1 S/cm has stimulated new research for similar 
compounds with high ionic conductivity at lower temperatures.[15] 
The ions B

10
H

10
2– and B

12
H

12
2– are not very toxic. Mutterties et al. 

report the LD
50

 values for Na
2
B

10
H

10
 and Na

2
B

12
H

12
 administered 

orally to rats to be around or higher than 7.5 g / kg of body weight 
for both compounds.[84]

Table 1 summarizes different compounds studied and the con-
ductivities observed at different temperatures.[15–29] Most studies 
have focused so far on lithium and sodium ionic conductors with 
closo hydridoborates and related compounds.

The abovementioned criteria of ref. [83] can be expanded for 
these new borate-based ionic conductors:[18,85]

The crystal structure must have many accessible interstitial 
sites and different types of sites to provide ion diffusion pathways. 
The comparison of different structure types of closo hydridobo-
rate solid ionic conductors shows that a hexagonal closed packing 
(hcp), as observed in the partially substituted Na

2
B

12
H

12–x
I

x
 with 

space group P6
3
mc above 360 K, is very favorable. This pack-

ing allows for hops of ions between octahedral and octahedral, 
octahedral and tetrahedral as well as tetrahedral and tetrahedral 
sites. It is interesting to note also that different crystal structures 
for Na

2
B

12
H

12
 are relatively close in energy and depend also on 

the unit cell volume.
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as there is presently only one commercial source of these ma-
terials. We have developed a safe and upscalable synthesis of 
Na

2
B

12
H

12
 starting from NaBH

4
, which is the cheapest brohydride 

available.[44] This process was further improved to yield directly 
Na

2
(B

12
H

12
)

0.5
(B

10
H

10
)

0.5
 in five steps.[45] The larger availability of 

these compounds is necessary to generalize the exploration for the 
optimal materials and for their eventual commercial applications.
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