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Hydrogen desorption-absorption during 

decomposition-formation of Mg(BH4)2

Kinetics in the hydrogen sorption depends on the limiting step of the multi-step process:
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Notes: amorphous phases denoted by asterisk; hydrogen evolution steps marked by dashed lines

[1] K. Chłopek, C. Frommen, A. Leon, et al. J Materials Chemistry 3 (2007) 3496–503 A pathway

[2] H-W Li, K. Kikuchi, Y. Nakamori, et al. Acta Materialia 56 (2008) 1342-1347 B pathway

[3] G. Soloveichik, Y. Gao, J. Rijssenbeek, et al. J Hydrogen Energy 34 (2009) 916-928 C pathway

Multi-step of Mg(BH4)2 decomposition
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Multi-step of Mg(BH4)2 decomposition

at 184ºC α,γ-Mg(BH4)2 → β-Mg(BH4)2 0.0 wt%H

> 350ºC 6Mg(BH4)2 → MgB12H12 + 5MgH2 + 13H2 8.1 wt%H

> 450ºC Mg(BH4)2 → MgB2 + 4H2 14.8 wt%H

Note: thermodynamic calculations predict MgB2 + 4H2 to be more stable but in practice

MgH2 + 2B + 3H2 was observed because of high kinetic stability of bulk boron

[4] E. Rönnebro. Currrent Opinion in Solid State and Materials Science 15 (2011) 44–51
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Temperature, ºC Step of Mg(BH4)2 decomposition wt.% H2 Reference

135-165 γ→ε 0.0 [36,62]

165-215 ε→β 0.0 [36,62]

180-190 α→β 0.0 [18,48,59,60]

200 3 Mg(BH4)2 ↔ Mg(B3H8)2 amorphous + 2 MgH2 + 2 H2 2.5 [61]

227 Mg(BH4)2 → 1/6 MgB12H12 amorphous + 5/6 MgH2 +13/6 H2 8.0 [55]

250 Mg(BH4)2 → MgB2H7 + 1/2H2 1.7 [60]

290 Mg(BH4)2 → MgH2 + 2B amorphous + 3 H2 4.7 [55,58]

295 (Mg(BH4)2 → MgB2H5.5 amorphous + 5/4 H2) 4.7 [59]

310 MgB2H7 → MgB2H6 + 1/2H2 2.0 [60]

317 MgH2 → Mg + H2 4.9 [55,58]

320 3 MgB2H6 → 2 MgBH4 amorphous + MgB4 amorphous + 5 H2 6.1 [60]

325 (MgB2H5.5 amorphous → MgBH2.5 amorphous + B amorphous + 3/2 H2) 4.9 [59]

354 12 MgBH4 amorphous → MgB12H12 amorphous + MgH2 + 7H2 1.3 [60]

355 (2 MgBH2.5 amorphous + 10 B amorphous + 9/2 H2 → MgB12H12 amorphous + MgH2) 0.0 [59]

357 MgB12H12 amorphous → MgH2 + 12 B + 5H2 0.8 [60]

410 MgH2 → Mg + H2 3.7 [59]

450-550 (MgB12H12 amorphous → MgB2 + 10 B amorphous + 6 H2) 1.0 [59]

544 MgH2 + 2 B → MgB2 + H2 2.1 [60]

Multi-step of Mg(BH4)2 decomposition

Notes: equation written in brackets means a hypothetical step of MBH decomposition; data in [60] were obtained

during heating in 2MPa H2 back-pressure; all other data were obtained during heating in vacuum; references

taken from the review: I. Saldan. Decomposition and formation of magnesium borohydride.

J Hydrogen Energy (2016) under revision.
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Phase Bravais lattice Space group Reference

Hexagonal P61 [16]

α Hexagonal P6122 [17]

β Orthorombic Fddd [18]

Orthorombic Pmc21 [19]

Trigonal P-3m1 [20]

Monoclinic P12/c1 [20]

Tetragonal I-4m2 [21]

Tetragonal I4122 [22]

Orthorombic F222 [22,23]

γ Cubic Id-3a [29]

δ Tetragonal P42nm [29]

βʹ – – [36]

ε – – [37]

ζ Trigonal P3112 [39]

Experimentally and theoretically observed 

crystal structure of Mg(BH4)2

Notes: references taken from the review: I. Saldan. Decomposition and formation of magnesium borohydride.

J Hydrogen Energy (2016) under revision.
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Structural properties of γ–Mg(BH4)2 (Sigma-Aldrich) 

X-ray powder diffraction (λ=1.540598 Å) of commercial

Mg(BH4)2 carried out at room temperature and argon

atmosphere. The calculated pattern was obtained by

Rietveld refinement with MAUD software, CIF file:

262080-ICSD (γ-phase of Mg(BH4)2), Rwp = 11.79%.

DSC measurement for commercial Mg(BH4)2

carried out in temperature range of 25-450 ºC 

in vacuum with heating rate of 5 ºC/min.
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Three hydrogen desorptions of γ–Mg(BH4)2 at 400 ºC

PCT measurement for commercial γ–Mg(BH4)2 carried out at 400 ºC in vacuum for hydrogen

desorption and 390 ºC under 110 bar H2 for hydrogen absorption.

For application as hydrogen storage materials in fuel cells, the reversible hydrogen storage capacity

must start from ~6 wt% H2 in moderate conditions (from –25 to +50 ºC; ≤ 100 bar H2) that means

reaction enthalpy around ~25–35 kJ/mol H2.

γ–Mg(BH4)2 starts to decompose at 200 ºC and reversible decomposition product within the

temperature range of 200-270 ºC can be MgB4H10 [5] :

2 Mg(BH4)2 ↔ MgB4H10 + MgH2 + 2 H2 3.7 wt% H2

[5] J.G. Vitillo, S. Bordiga, M. Baricco. J. Phys. Chem. C 119 (2015) 25340–25351
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Hydrogen desorption-absorption of γ–Mg(BH4)2 at 271 ºC
Multiple steps under decomposition produce irreversible higher polyboranes MgBnHn (n=10,12) [6].

The lowest energy configuration by DFT for MgB12H12 is monoclinic structure in P21/c space group.

Similarity of boron icosahedral frame-work in MgB12H12 and bulk boron can be a reason of kinetic stability.

< 300 ºC 3Mg(BH4)2 ↔ Mg(B3H8)2 + 2MgH2 + 2H2 [7] 2.5 wt%H

> 300 ºC Mg(B3H8)2 → 0.5MgB12H12 + 0.5MgH2 + 4.5H2 8.5 wt%H

Decomposition of Mg(BH4)2 at 200 ºC in vacuum (over 5 weeks) results in the formation of Mg(B3H8)2 while

rehydrogenation at 250 ºC under 120 bar of H2 (for 48 h) results in the formation of Mg(BH4)2 [7].

Hydrogen desorption–absorption cycling of the γ–Mg(BH4)2–TiO2 mixture in molar ratio of 1:0.02

prepared by planetary micro mill with previously high–energy milled TiO2. Desorption & absorption

were carried out at ~271 ºC in vacuum (~10–5 mbar) and 140 bar of H2, respectively [8].

[6] H-W Li, K. Miwa, N. Ohba, et al. Nanotechology 20 (2009) 204013 

[7] M. Chong, A. Karkamkar, T. Autrey, et al. Chemical Communication 47 (2011) 1330–1332

[8] I. Saldan, C. Frommen, I. Llamas-Jansa, et al. J Hydrogen Energy 40 (2015) 12286–12293
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Hydrogen desorption-absorption of γ–Mg(BH4)2 at 271 ºC

In practice, hydrogen desorption at ~271 ºC for first cycle produced 2.4 and 1.4 wt%H 

during two parallel reactions  where for the both starting materias is Mg(BH4)2 [8]:

~271 ºC 3Mg(BH4)2 ↔ Mg(B3H8)2 + 2MgH2 + 2H2 2.4 wt%H 

~271 ºC n/2 Mg(BH4)2 → MgBnHn + (n/2–1) MgH2 + (n+1) H2 1.4 wt%H

Solid state 11B MAS NMR of the dehydrogenated γ–Mg(BH4)2–(25 h Spex)TiO2 (top) and

the γ–Mg(BH4)2–(25 h Spex)MoO3 (bottom) mixtures in molar ratio of 1:0.02 prepared by

planetary micro mill with previously high–energy milled (25 h Spex) TiO2 and MoO3.

The right-hand part of this figure represents the extended view of the left-hand part.

Solid state 11B NMR data obtained for mixtures after the first hydrogen desorption show 

peaks at ~ –20, –40 and ~ –50 ppm, which could be attributed to the presence of (B3H8)
–, 

(BH4)
– and MgBnHn (n=10,12).

[8] I. Saldan, C. Frommen, I. Llamas-Jansa, et al. J Hydrogen Energy 40 (2015) 12286–12293
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Preparation of γ–Mg(BH4)2 modified by additives

PXD patterns of high–energy milled γ–Mg(BH4)2 and its mixture with TiO2 and MoO3 in different molar ratios. 

As–received MoO3 and TiO2 are shown for comparison. Bragg peaks from MoB2 are marked with “” [8].

PXD of γ–Mg(BH4)2 –(25 h Spex) TMO (TMO=MoO3;TiO2) mixtures in molar ratio of 1:0.02 prepared by planetary 

micro mill with previously high–energy milled (25 h Spex) TMO powders [8].

[8] I. Saldan, C. Frommen, I. Llamas-Jansa, et al. J Hydrogen Energy 40 (2015) 12286–12293
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Preparation of γ–Mg(BH4)2 modified by additives

TPD of γ–Mg(BH4)2–TMO (TMO=MoO3 (a); TiO2 (b)) mixtures in a molar ratio of 1:0.02 prepared by planetary

micro mill with as–received and high–energy milled (25 h Spex) TMO powders. As–received γ–Mg(BH4)2 is

shown as reference. Heating rate of 2 ºC/min [8,9].

The most pronounced influence on the decomposition of γ–Mg(BH4)2 was found for 

TMOs previously subjected to high–energy milling. This fact can be explained by the

larger entropy of the smaller particles [10] that leads to increased equilibrium pressure

and destabilization of the prepared mixtures.

[8] I. Saldan, C. Frommen, I. Llamas-Jansa, et al. J Hydrogen Energy 40 (2015) 12286–12293

[9] I. Saldan, I. Llamas-Jansa, S. Hino, et al. IOP Conference Series: Materials Science and

Engineering 77 (2015) 012041

[10] M. Fichtner Nanotechnology 20 (2009) 204009
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Effects of additives on decomposition-formation of γ-Mg(BH4)2

General parameters Mg(BH4)2–Niadd composite

Ninano NiCl2 NiF2 Ni3B

Desorption temperature (ºC) 256 258 264 220

Absorption temperature (ºC) 251 253 262 210

Absorption pressure (bar) 140 140 100 155

H2 desorbed (wt%) 2.7 2.7 6.5 2.7

H2 absorbed (wt%) 1.3 1.2 2.0 1.0

Normalized X-ray absorption spectra of Mg(BH4)2–Niadd, Niadd=Ninano; NiCl2; NiF2; Ni3B, composites (a) after milling

and (b) after hydrogen desorption-absorption [11].

Fourier Transform of k3-weighted χ(k) function of Mg(BH4)2–Niadd, Niadd=Ninano; NiCl2; NiF2; Ni3B, composites after 

hydrogen desorption-absorption; synthesized Ni3B as reference and calculated crystalline Ni3B [11].

[11] I. Saldan, S. Hino, T. Humphries, et al. J Physical Chemistry C 118 (2014) 23376–23384
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Effects of additives on decomposition-formation of γ-Mg(BH4)2
γ-Mg(BH4)2

as received

γ-Mg(BH4)2

ball-milled

γ-Mg(BH4)2

+2mol% CoF3

γ-Mg(BH4)2

+2mol% Co2B

γ-Mg(BH4)2

+2mol% CoCl2

γ-Mg(BH4)2

+2mol% Co3O4
a

1-st des T, oC 284 285 284 284 288 288

p, bar 2.7–3.3 2.8–3.7 2.6–3.1 2.7–3.5 2.6–3.7 2.8–4

Δwt% 4.1 4.2 3.2 3.1 4.4 3.9

isotherm time, h 19 20 18 10 39 21

1-st abs T, oC 282 283 281 282 284 285

p, bar 117 125 117 120 125 122

Δwt% 2.1 2.2 1.9 1.9 1.9 1.6

isotherm time, h 16 5.2 4 3.5 3 2

2-nd des T, oC n/a 286 285 286 285 284

p, bar 2.8–3.0 2.4–2.5 2.7–2.9 3.0–3.1 2.7–2.9

Δwt% 2.2 1.9 1.9 1.4 1.7

isotherm time, h 23.5 21 25.5 19 22

2-nd abs T, oC n/a 286 279 283 285 289

p, bar 114 118 112 117 117

Δwt% 1.9 1.9 1.7 1.6 1.4

isotherm time, h 6 8 9 6.5 5

3-rd des T, oC n/a 286 285 286 286 285

p, bar 2.7–2.9 2.3–2.4 2.7–2.8 2.7–2.9 2.7–2.9

Δwt% 1.8 1.7 1.5 2.0 1.4

isotherm time, h 26 17 23 46 25

3-rd abs T, oC n/a 282 278 283 285 285

p, bar 113 118 122 111 116

Δwt% 1.6 2.3 1.6 1.4 1.2

isotherm time, h 5 22 14 4 4

Re-absorption results in the formation of β-Mg(BH4)2 while amorphous Mg(BH4)2 was formed during the 3-rd abs.

During cycling the reversible hydrogen capacity decreases with an increase in the amount of BxHy compounds.

[12] O. Zavorotynska, I. Saldan, S. Hino, et al. J Materials Chemistry A 3 (2015) 6592–6602
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Effects of additives on decomposition-formation of γ-Mg(BH4)2

Name Sample composition

S0 γ-Mg(BH4)2 as received

S1 γ-Mg(BH4)2 ball-milled

S2 γ-Mg(BH4)2 + 2 mol% CoF3

S3 γ-Mg(BH4)2 + 2 mol% Co2B

S4 γ-Mg(BH4)2 + 2 mol% CoCl2
S5 γ-Mg(BH4)2 + 2 mol% Co3O4

DCS (a) and TG (b) curves of samples.
Heating rate of 2 ºC/min [12].    

[12] O. Zavorotynska, I. Saldan, S. Hino, et al. J Materials Chemistry A 3 (2015) 6592–6602

[13] O. Zavorotynska, S. Deledda, J.G. Vitillo, et al. Energies 8 (2015) 9173–9190

In-situ SR-XRD of milled γ-Mg(BH4)2 obtained by heating the sample  

from RT to 285 ºC at 5 ºC/min (a). Detailed view: (b) γ→ε and (c) ε→β' 

phase transitions. The β′-Mg(BH4)2 is disordered β-Mg(BH4)2. 

At ~285 ºC all crystalline reflections disappeared and only amorphous 

background is present [13].
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Effects of additives on decomposition-formation of γ-Mg(BH4)2

Event γ-Mg(BH4)2 milleda γ-Mg(BH4)2+2 mol%CoF2
b γ-Mg(BH4)2 + 2 mol% CoCl2

b

γ-Mg(BH4)2 → ε-Mg(BH4)2 150-170 ºC 105-160 ºC 107-150 ºC

ε-Mg(BH4)2 → β´-Mg(BH4)2 185-202 ºC 175-200 ºC 175-190 ºC

Mg(BH4)2 decomposition > 200 ºC > 200 ºC > 200 ºC

Notes: measurements in H2 (a) and Ar (b) atmosphere [13].

The effects of pure additives on γ-Mg(BH4)2 could be attributed simply to chemical 

reactions between the two to form amorphous boride-like TMxBy (TM=transition metal)

species at the 1-st hydrogen desorption-absorption [11-13].

Dramatic decrease of decomposition temperature is expected where additives are 

combined with another destabilization approach – dispersion in the highly porous 

medium [10].

[10]  M. Fichtner Nanotechnology 20 (2009) 204009

[11] I. Saldan, S. Hino, T. Humphries, et al. J Physical Chemistry C 118 (2014) 23376–23384

[12] O. Zavorotynska, I. Saldan, S. Hino, et al. J Materials Chemistry A 3 (2015) 6592–6602

[13] O. Zavorotynska, S. Deledda, J.G. Vitillo, et al. Energies 8 (2015) 9173–9190
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Wet impregnation of γ-Mg(BH4)2 in nanoscaffolds

 

A schematic introduction for decomposition of complex hydride

on a solid surface (a) and being confined in a nanoscaffold (b)

preliminary proposed in [9,14].

[10]  M. Fichtner Nanotechnology 20 (2009) 204009

[14] P. E. de Jongh, P. Adelhelm. ChemSusChem 3 (2010) 1332–1348. 

Direct optical 

observation 

confirms no 

melting for 

Mg(BH4)2

till 450 ºC
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Wet impregnation of γ-Mg(BH4)2 in nanoscaffolds

MWCNT+Mg(BH4)2

PtC100+Mg(BH4)2 

DSC and PCT measurements for wet impregnated γ-Mg(BH4)2 in carbon based nanoscaffolds.
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Wet impregnation of γ-Mg(BH4)2 in nanoscaffolds

Wet impregnations of Mg(BH4)2 inside the carbon based

nanoscaffold were carried out in THF at 70 ºC in

continuous nitrogen flux to avoid contact with moisture

and oxygen from air.

Sample composition Hydrogen Desorption Notes
2 (CNT15% in PAn) + Mg(BH4)2 1des 400 °C and vacuum 3.3 wt% H2 Not reversible and kinetics 

needs to be improved2des 400 °C and vacuum 2.1 wt% H2

MWCNT + Mg(BH4)2 1des 200 °C and vacuum 2.1 wt% H2 Not reversible and kinetics 

needs to be improved2des 200 °C and vacuum 0.7 wt% H2

PtC100 + Mg(BH4)2 1des 220 °C and vacuum 2.3 wt% H2 Not reversible and kinetics 

needs to be improved2des 220 °C and vacuum 0.5 wt% H2
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Wet impregnation of γ-Mg(BH4)2 in nanoscaffolds
Silica aerogel microparticles were prepared by supercritical drying with CO2 of three-dimensional

solid network previously prepared in hexane [15]: Si(OCH3)4 + 2 H2O → SiO2 + 4 CH3OH

SiOH + HOSi → SiOSi + H2O

[15] M. Rueda, L.M. Sanz-Moral, A. Nieto-Marguez, at al. J. Supercritical fluids 92 (2014) 299–310

[16] C. Milanese, A. Girella, I. Saldan, et al. European Conference on Physical and Theoretical 

Chemistry, Catania, Italy, September 2015

Wet impregnations of Mg(BH4)2 inside the silica nanoscaffold

were carried out in THF at 70 ºC in continuous nitrogen flux to

avoid contact with moisture and oxygen from air.

Sample composition Hydrogen Desorption Notes

2 SiO2 (aerogel) + 1 Mg(BH4)2
1des 400 ºC and vacuum 3.3 wt%H Reversible although 

kinetics needs to be 

improved

2des 400 ºC and vacuum 3.0 wt%H

1 SiO2 (microparticles) + 1 Mg(BH4)2 1des 400 ºC and vacuum 3.5 wt%H Partially reversible and 

kinetics needs to be 

improved

2des 400 ºC and vacuum 2.2 wt%H

2des 400 ºC and vacuum 2.1 wt%H

1 SiO2 (dried microparticles)+ 1 Mg(BH4)2 1des 400 ºC and vacuum 3.3 wt%H Most probably sample 

was oxidized2des
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Wet impregnation of γ-Mg(BH4)2 in nanoscaffolds

DSC curves of the γ-Mg(BH4)2 infiltrated in silica

nanoscaffold in mass ratio of 1:2 and 1:1 together

with pure Mg(BH4)2 and SiO2 as references.

Two endo peaks confirm hydrogen gas evolution

at ∼186 and ∼300 ºC.

The first and second hydrogen desorption (∼3.3

and ∼3.0 wt%H, respectively) of the γ-Mg(BH4)2

infiltrated in silica nanoscaffold.

Hydrogen storage capacity estimated regards to

the total mass of the infiltrated material (100mg

γ-Mg(BH4)2 + 200mg SiO2).

Now we are on the way to get ∼5 wt%H of reversible hydrogen sorption of the γ-Mg(BH4)2 infiltrated in

silica nanoscaffold at ∼200 ºC.
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Wet impregnation of γ-Mg(BH4)2 in nanoscaffolds

=+

SEM images for Mg(BH4)2 (a), SiO2 (b) and γ-Mg(BH4)2 infiltrated in silica nanoscaffold (c).

FT-IR spectra for Mg(BH4)2, SiO2 and two γ-Mg(BH4)2 infiltrated 

in silica nanoscaffold. FT-IR spectroscopy was used to detect 

the functional groups in wave number range of 4000-700 cm-1. 
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Conclusions

 For reversible hydrogen sorption in γ-Mg(BH4)2 silica nanoscaffold is a

promising dispersing agent [10]

 Detailed optimization of the proposed wet impregnation including

properties of both nanoscaffold and solvent is needed

 Kinetics improvement for hydrogen sorption might be improved through

silica nanoscaffold decoration by metal nanoparticles [17]

 Obtain results suggest that silica nanoscaffold has an effect on the

mechanism of decomposition-formation of γ-Mg(BH4)2

[10]  M. Fichtner Nanotechnology 20 (2009) 204009

[17]  I. Saldan, Yu. Semenyuk, I. Marchuk, O. Reshetnyak J Materials Science 50 (2015) 2337-2354
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