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The decomposition and rehydrogenation of γ-Mg(BH4)2 ball milled together with 2 mol% of 

Ni-based additives, Ninano; NiCl2; NiF2; Ni3B, has been investigated during one hydrogen 

desorption-absorption cycle. Under the applied ball-milling conditions, no mechanochemical 

reactions between γ-Mg(BH4)2 and Niadd were observed. Hydrogen desorption carried out at 

temperatures 220-264 ºC resulted for all samples, in partial decomposition of Mg(BH4)2 and 

formation of amorphous phases, as seen by Powder X-ray Diffraction (PXD). PXD analysis 

after rehydrogenation at temperatures 210-262 ºC and at pressures between 100 and 155 bar 

revealed increased fractions of crystalline β-Mg(BH4)2, indicating a partial reversibility of the 

composite powders. The highest amount of [BH4]– is formed in the composite containing 

Ni3B. Analysis by X-ray Absorption Spectroscopy (XAS) performed after ball milling, after 

desorption and after absorption shows that the Ni3B additive remains unaffected, whereas 

NiCl2 and NiF2 additives react with Mg(BH4)2 during the hydrogen desorption-absorption, 
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and forming compounds with a local structure very similar to that of amorphous Ni3B. 

Multinuclear NMR spectroscopy confirms the partial reversibility of the system, as well as 

the formation of [B10H10]2– during hydrogen absorption. The presence of [BnHn]2– (n = 10; 

12) was also detected by infrared (IR) spectroscopy of the dehydrogenated and 

rehydrogenated samples. The IR measurements give no clear indication that ions containing 

B–H–B bridged hydrogen groups were formed during the H-sorption cycle.  
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1. Introduction 

 

Magnesium borohydride, Mg(BH4)2, is one of the most promising hydrogen storage 

materials due to its theoretical hydrogen capacity of 14.9 wt%.1 However, its application is 

hindered by poor kinetics and lack of reversibility. The decomposition of Mg(BH4)2 occurs 

via several steps and the resulting products and intermediates vary depending on the 

experimental conditions.2-6 The main hydrogen release in pure Mg(BH4)2 occurs between 270 

and 320 ºC. In this temperature region, a variety of intermediate amorphous magnesium 

polyboranes are formed before decomposition to MgH2 and amorphous boron. The formation 

of stable higher polyborane intermediates, such as MgB12H12,7,8 has been proposed to be the 

main factor hindering reversible hydrogenation of Mg(BH4)2. The icosahedral framework in 

MgB12H12 and that of bulk boron is a reason for the thermal stability of the polyboranes.9 On 

the other hand, the synthesis of Mg(BH4)2 from lower polyboranes (e.g. Mg(B3H8)2) has been 

demonstrated at a relatively low hydrogen pressure and temperature (~120 bar of H2 and 250 

ºC).10 Decomposition of Mg(BH4)2 to Mg(B3H8)2 is reported to be reversible with theoretical 

hydrogen storage capacity of 2.5 wt%.10 

An additive that changes the reaction pathway and thus inhibits the formation of 

stable higher polyboranes, is one of the possibilities that could improve the reversibility of H-

sorption in Mg(BH4)2. Development of effective additives to improve the hydrogen 

desorption-absorption is therefore crucial to be solved before use as a hydrogen storage 

material. 

Transition metals have the ability to bond hydrogen in a variety of stoichiometries. 

This promotes fast dissociation of molecular hydrogen into atomic hydrogen or its 

recombination back to hydrogen molecules.11 Nickel additives have recently gained interest 

for their catalytic activity towards the reversible hydrogenation of complex hydrides. The 
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valence of Ni in the NiCl2-activated LiBH4+0.5MgH2 and Li3BN2H8 hydrogen storage 

materials is close to zero and invariant during hydrogen cycling when analyzed by X-ray 

Absorption Spectroscopy (XAS).12,13 Moreover, Ni-doped LiBH4+0.5MgH2 initially forms 

amorphous Ni3B, which is partially converted to amorphous Mg2NiHx upon hydrogen 

absorption. Surface calculations performed using density functional theory suggest that the 

lowest kinetic barrier for H2 chemisorption occurs on the Ni3B (100) surface.12 The order of 

catalytic activity of Ni additives towards the hydrogenation of benzene was established to be 

as follows: nanocrystalline Ni > nanoamorphous Ni–B alloy > crystalline Ni ≈ crystalline 

Ni3B.14 Ni additives, Ni nanoparticles, Ni3B, NiCl2, NiF2 and Ni (65 wt % on Si/Al2O3), have 

also been demonstrated to decrease the temperature of hydrogen desorption in NaBH4 by at 

least 60 ºC.15 

In the present work, four different Ni-based additives, Ninano; NiCl2; NiF2; Ni3B, 

have been investigated as possible catalysts towards reversible Mg(BH4)2 decomposition. 

Qualitative analysis of the additives during hydrogen desorption-absorption was performed 

by X-ray Absorption Near Edge Spectroscopy/Extended X-ray Absorption Fine Structure 

(XANES/EXAFS) as a “finger print” method and their Fourier Transforms to determine the 

interatomic distances between Ni and other neighboring atoms. The borane species present 

after desorption-absorption were characterized by 11B and 1H NMR and infrared (IR) 

spectroscopy. 

 

2. Experimental methods 

 

Commercial γ-Mg(BH4)2 (≥95%, Sigma Aldrich) was used to prepare Mg(BH4)2–

Niadd (Niadd = Ninano (30 nm, nanostructured & Amorphous Inc); NiCl2 (99.99 %, Sigma 

Aldrich); NiF2 (Sigma Aldrich) and Ni3B (synthesized in-house)) composites with 2 mol% of 
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additives by ball-milling. Synthesis of Ni3B was carried out as described by Kapfenberger et 

al.16 An aqueous 2 M solution of NaBH4 was added drop-wise to an ice-cooled 0.27 M 

aqueous solution of NiCl2 over 45 min, during which effervescence and formation of a black 

precipitate was observed. The precipitate was then collected by filtration and washed with 

water, followed by EtOH. The amorphous solid was allowed to dry in air overnight, giving a 

yield of 62 %. The identity of the amorphous powder was confirmed by Powder X-ray 

Diffraction (PXD) after annealing a small quantity at 350 ºC for 1.3 h. PXD analysis 

indicated the presence of Ni3B as the major phase (ICDD PDF 00-001-1260) with some 

metallic Ni. The amorphous powder was used as the additive.  

Milling was conducted in a Fritsch Pulverisette 7 planetary mill with tempered steel 

vials (26 ml volume) and balls (10 mm diameter) in Ar atmosphere. A ball-to-powder mass 

ratio of 40:1 was employed, with a milling time of 1 h at a speed of 300 rpm. All powder 

manipulations were carried out in MBraun Unilab glove boxes filled with purified argon (<1 

ppm O2/H2O).  

Hydrogen sorption measurements were carried out in an in-house manufactured 

Sievert’s type apparatus.17 All Mg(BH4)2–Niadd composites were dehydrogenated under static 

vacuum (~10−5 mbar) and rehydrogenated under 100-155 bar of H2. The hydrogenation 

reaction conditions of all composites are summarized in Table 1. 

PXD patterns were collected in Debye-Scherrer geometry using CuKα radiation (λ = 

1.5418 Å), using a Bruker AXS D8 Advance Diffractometer equipped with a Göbbel mirror 

and a LynxEye 1D strip detector. The diffraction patterns were obtained using rotating boron 

glass capillaries, filled and sealed under Ar atmosphere. Small amounts of pure Si (ABCR, 

APS 1−5 μm, 99.999%) were added as an internal standard. Data acquisition was restricted to 

2θ = 5−60º, with Δ2θ = 0.02º and 2 s/step scanning rates. 
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EXAFS spectra were collected at beamline I811 at MaxLab (Lund, Sweden) in the 

energy range 8200-9000 eV of Ni K-edge (8331.4 eV) at room temperature.16 Boron nitride 

(BN)-2mol% Ninano, NiCl2, NiF2, and Ni3B mixtures were measured for reference. Finely 

ground powders were pressed into pellets, which were mounted into special aluminum plates. 

To avoid oxidation, the plates were covered by polyimide film adhered by high vacuum 

grease. EXAFS data were measured in fluorescence mode, six times for each sample (where 

four quick scans were used for sample adjustments). Two step scans were measured in pre 

edge and edge regions with counting time 0.5 s and in EXAFS region – 20 s per point. All 

presented data analyses were performed using ATHENA and ARTEMIS software.19 

1H and 11B NMR solution spectroscopy was carried out on a Varian Unity Innova 

500 MHz spectrometer with 11B chemical shifts referenced to BF3·OEt2 (δ = 0 ppm) at 20 ºC.  

All 1H were referenced to the D2O peak at 4.79 ppm. Deuterium oxide was chosen as the 

solvent for the NMR studies because it allowed for the most complete dissolution of the 

sample powders.10 As a consequence, however, any boranes possessing open cage structures, 

such as nido or arachnoboranes tend to hydrolyze usually appearing somewhat downfield of 

0 ppm.20-22  

Attenuated Total Reflection Fourier Transformed Infrared (ATR FT-IR) spectra 

were measured on a Bruker Alpha-Platinum infrared spectrometer upon a diamond crystal. 

The spectra were obtained in the range of 4000-400 cm−1
, with a resolution of 2 cm−1

, with 32 

scans averaged for each spectrum and the background. The samples were measured without 

any dilution. All of the IR measurements were conducted in an argon-filled glove box. 
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3. Results and discussion 

 

3.1 Hydrogen desorption-absorption and PXD analysis  

Each of the milled Mg(BH4)2–Niadd composites were dehydrogenated in the Sieverts 

type apparatus at temperatures between 220 and 264 ºC. This temperature range was chosen 

to promote partial decomposition and, in particular, the formation of Mg(B3H8)2 rather than 

the thermodynamically stable polyboranes, e.g. MgB10H10 or MgB12H12. These conditions are 

close to those utilized in a previous study in which Mg(B3H8)2 was demonstrated to be 

reversibly hydrogenated to Mg(BH4)2.10 Hydrogen absorption was then performed on the 

dehydrogenated powders in order to reform Mg(BH4)2. The experimental conditions along 

with quantitative results for desorption-absorption are given in Table 1.  

The results of the desorption experiments on the composites containing Ninano, NiCl2 

and Ni3B indicate that the hydrogen content (approximately ~2.5 wt% of H2) corresponds to 

what is theoretically expected for the formation of Mg(B3H8)2. However, the time of 60 h 

required for hydrogen desorption is significantly reduced compared to 5 weeks at 200 ºC  

reported for pure Mg(BH4)2.10 This suggests an apparent effectiveness of Ni-based additives 

in promoting hydrogen desorption in Mg(BH4)2, although the higher operating temperatures 

used in our work during desorption also play a beneficial role for improving the desorption 

kinetics. The high desorption value obtained for Mg(BH4)2–NiF2 (~6.5 wt% of H2) might be 

due to the effect of a slightly higher temperature. After desorption each sample absorbed 1–2 

wt% H2. The reasons for this discrepancy can be ascribed to several interplaying factors: 1) 

the gas desorbed was not pure hydrogen but consisted also of, for instance, B2H6; 2) some 

irreversible phases were formed during desorption; and 3) the absorption pressure was not 

high enough to completely reform Mg(BH4)2.   
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PXD patterns of the Mg(BH4)2–Niadd composites, in the as-milled, desorbed and 

absorbed state, were collected for phase identification. Si powder was used as an internal 

standard to enable Bragg peak position correction. Although moderate milling conditions 

were employed, slight amorphization of γ-Mg(BH4)2 takes place during milling (see PXD for 

as-milled samples: patterns (i) in Fig. 1), as previously reported by Li et al.23 This may be 

because the ball milling can easily induce the collapse of the highly porous structure of γ-

Mg(BH4)2.24 The remaining fraction of crystalline γ-Mg(BH4)2 undergoes an irreversible 

phase transformation via the ε polymorph to β-Mg(BH4)2 upon heating to 200 ºC.25 This is in 

agreement with our PXD results: in all samples desorption is not complete and the remaining 

fraction of Mg(BH4)2 is theβ-modification (see PXD after desorption: patterns (ii) in Fig. 1). 

After absorption of H2, all Mg(BH4)2–Niadd composites exhibit an increased relative intensity 

of the β-Mg(BH4)2 peaks, when compared with the PXD patterns after desorption. This 

indicates that during rehydrogenation, magnesium borohydride partially reforms from the 

desorbed samples.  

While PXD analysis confirms slight amorphization of γ-Mg(BH4)2 in all as-milled 

Mg(BH4)2–Niadd composites, it does not provide much information about the nature of the Ni 

additives. NiCl2 and Ninano can still be detected after milling, however, the Bragg peaks for 

NiF2 are obscured by those for Mg(BH4)2 therefore rendering the identification of the 

additive problematic. Furthermore, since amorphous nickel boride was used for the 

composite preparation, this additive is not detectible by PXD. All Ni additives (with 

exception for Ninano) were not detected by PXD after the hydrogen desorption-absorption 

cycle. Therefore X-ray Absorption Spectroscopy (XAS) was used as a suitable technique for 

monitoring the local chemical structure of the Ni additives. 
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3.2. X-ray absorption spectroscopy at the Ni K-edge  

XAS at the Ni K-edge, measured in the range of 8200–9000 eV, was used to 

determine the local structure around the Ni atoms. EXAFS represents the fractional change in 

the absorption coefficient induced by neighboring atoms and contains only structural 

information. Fig. 2 illustrates the normalized absorption spectra of the Mg(BH4)2–Niadd 

composites (as-milled and after hydrogen desorption-absorption). 

The individual spectral profiles of the as-milled samples in Fig. 2a are noticeably 

different, indicating that each additive has dissimilar neighboring atoms around the respective 

Ni atoms. Each profile is basically identical to that of each reference materials (shown in 

supporting information), suggesting that the structure of the various Ni-additives were 

preserved after milling. However, after hydrogen desorption-absorption, Fig. 2(b), the 

EXAFS spectra are nearly undistinguishable from one another. The two insets in Fig. 2 show 

the XANES data in the energy region of 8200–8390 eV. The Mg(BH4)2 composites 

containing NiCl2 and NiF2 show a small shift of the Ni-edge to higher energies compared to 

Ninano and Ni3B indicating that the Ni exists in a higher oxidation state (inset in Fig. 2a). 

When the metal center possesses a higher oxidation state, the attraction between the electrons 

and nucleus increases as the removal of the valence electrons reduces the shielding of the 

core electrons from the nucleus. For the rehydrogenated Mg(BH4)2–Niadd composites, all of 

the XANES spectra (inset in Fig. 2(b)) are almost identical, indicating that the Ni atoms exist 

in the same oxidation state. In light of these facts, it is proposed that during hydrogen 

desorption-absorption, the Ni additives react to form a new Ni compound that might be 

responsible for the enhanced desorption activity of Mg(BH4)2. 

Fourier Transform (FT) of the XAFS data is useful for separating XAFS frequency 

functions and converting them to corresponding peaks in real space, with the aim to extract 

the interatomic distances (R) between the absorber and backscattering coordination shell. FT 
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of the k3-weighted χ(k) function for the milled, dehydrogenated and rehydrogenated 

Mg(BH4)2–Niadd composites is shown in Fig. 3. For each milled composite, the atomic 

distribution around the Ni atom is identical to that of the respective Ni containing reference 

samples. This suggests that the milling process does not result in chemical reaction between 

the Mg(BH4)2 and the additives.  

Analysis of the Ni nanopowder composite samples indicates that the main peak at 

2.2 Å is from the Ni nearest neighbor and peaks in the range of 3 – 5 Å correspond to 2nd; 3rd 

and 4th nearest shells. The Ni–Ni distances measured in the milled and desorbed Mg(BH4)2–

Ninano composites are very similar to the Ni nanopowder reference sample in Fig. 3(a). This 

suggests an almost identical Ni local structure and confirms the presence of metallic Ni as 

identified by PXD. However, the intensities of peaks above 3 Å are reduced compared to the 

1st peak in the desorbed sample, indicating a lower degree of long-range order. After 

hydrogen absorption, the intensity of the main peak at ~2.1 Å has decreased and peaks above 

3.5 Å are barely visible. This is indicative of a higher degree of disorder in the medium- and 

long range around the central Ni atom. 

The spectra of the Mg(BH4)2–NiCl2 and Mg(BH4)2–NiF2 composites (Figs. 3b-c) 

show an alternative trend. For these Ni additives, the first coordination shell around the 

central Ni atom consists of lighter atoms (Cl or F). After hydrogen desorption the XANES 

and EXAFS profiles of these samples are dramatically altered from their initial state, 

suggesting the local environment of the Ni atom is chemically and structurally different. At 

the same time it is similar to that observed for Ninano. Following hydrogen absorption, these 

configurations remain, suggesting that the central Ni atom undergoes no further reaction 

during the hydrogenation process.   
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The FT for the Mg(BH4)2–Ni3B composites after milling, desorption and absorption 

(Fig. 3d) show similar patterns. The shoulder at 1.6 Å corresponds to the nearest B shell and 

the main peak at ~2.1 Å corresponds to the nearest Ni shell.26 Absence of major peaks above 

3 Å implies medium- and long range disorder in the local environment of Ni. This is due to 

the amorphous nature of the as-prepared Ni3B. The lack of difference in the long range order 

suggests that the crystallization of amorphous NiB3, which is possible at the temperatures 

used for absorption, has not occurred.26-30 This is confirmed by PXD analysis (see Fig. 1d).  

It should be noted that for all rehydrogenated Mg(BH4)2–Niadd composites, XANES 

and EXAFS profiles are almost identical (Fig. 2b) and are similar to those of amorphous Ni3B 

(Fig. 3d). This suggests that in all composites, a Ni species with a local structure similar to 

that of Ni3B forms after hydrogen desorption-absorption. The FT for all rehydrogenated 

Mg(BH4)2–Niadd composites together with two references of Ni3B are shown in Fig. 4. In fact, 

after hydrogen desorption-absorption the local structure of Niadd is very similar to that of the 

synthesized amorphous Ni3B (ref in Fig. 4). In addition to that, only FT of crystalline Ni3B 

(calculated from theoretical FEFF files using crystallographic data) shows peaks at ~3.1; 3.6 

and 4.3 Å. These quite intense peaks insist on long range ordering around Ni that is not 

observed for amorphous Ni3B or rehydrogenated Mg(BH4)2–Niadd composites. These 

obtained XAS results conclusions are not surprising, as a recent cycling study of NaBH4 with 

similar Ni additives yielded identical observations by PXD.15 It is reasonable that during the 

decomposition of Mg(BH4)2 composites, chemical reaction between the Ni additives and the 

intermediate B-containing species prevails to form a thermodynamically stable NixBy species. 

In this work, Ni3B appears to be the most stable NixBy species as no further reaction occurs 

during subsequent hydrogenation. 

 

3.3. 1H and 11B NMR spectroscopy studies 
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In an effort to understand the phases that are formed during desorption and 

absorption, 1H and 11B NMR spectroscopy studies were performed in D2O on each of the 

Mg(BH4)2–Niadd composites after H-sorption and on pure γ-Mg(BH4)2 as reference. NMR 

spectroscopy enables the identification of phases that, if amorphous, cannot be detected by 

PXD. This is particularly helpful for the study of borane containing species. The 1H NMR 

spectra of Mg(BH4)2–Niadd composites after desorption and absorption are presented in Fig. 

5. A broad multiplet consisting of at least a quadruplet is observed in all spectra between 0.25 

and −0.45 ppm after desorption, indicative of Mg(BH4)2. This suggests that total 

decomposition of γ-Mg(BH4)2 did not occur during hydrogen desorption, which was also 

evident by PXD (Fig. 1). Other broad features are observed but their intensities are too weak 

to unambiguously assign them. 

The decoupled 11B NMR spectra illustrated in Fig. 6 provide a clear insight into the 

boron phases produced during hydrogen desorption-absorption of the Mg(BH4)2–Niadd 

composites. The resonance at –42 ppm in all spectra is attributed to Mg(BH4)2 and confirms 

the incomplete decomposition of the initial Mg(BH4)2–Niadd composites.31,32 All desorbed 

composite samples feature a resonance at –31 ppm, which is the most intense in 11B NMR 

spectra apart from the Mg(BH4)2–Ni3B sample. After hydrogenation, this peak disappears 

completely, while the resonances at –42 ppm ([BH4]–) and –30 ppm, which are also observed 

after desorption, grow in intensity.  

The peak at –31 ppm can obviously be assigned to a reversible phase, which from 

general consensus can be attributed to [B3H8]–.10,32 The resonance at –30 ppm can be assigned 

to [B10H10]2–. Additional weak peaks are observed between –12 and –24 ppm, where the 

resonances for the [B2H6]2–, [B5H8]–, and [B12H12]2– anions are expected. This implies that the 

formation of the decomposition products [B2H6]2–, [B5H8]–, and [B12H12]2– is limited but not 

completely avoided even at a temperature below 264 ºC. Their concentration does not 
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increase after hydrogenation, confirming their thermodynamic stability and their role in 

inhibiting reversibility of Mg(BH4)2. The fraction of [B10H10]– is significant already after 

desorption and increases after hydrogenation (Table 2). This might suggest that the Ni 

additives, which were expected to enhance the reversible hydrogenation of Mg(BH4)2, are 

also promoting the formation of [B10H10]2–. 

Another major resonance observed in the decoupled 11B NMR spectra is a broad 

feature at 4 ppm attributed to hydrolyzed borane derivatives, which are likely reaction 

products of boranes possessing open cage structures, such as nido or arachno boranes, and 

D2O solvent.20-22 Although the measurements are conducted promptly after addition of the 

D2O solvent, this reaction is unavoidably rapid but the use of this solvent has been identified 

as the most efficient at dissolving the majority of the products associated with the reversible 

hydrogenation of Mg(BH4)2. On the other hand, IR analysis (see section 3.4 below) shows 

that the sample was possibly already contaminated with borates following the ball milling. 

Thus the peak at 4 ppm can be at least partially due to these impurities. The amorphous and 

insoluble Ni3B additives formed during desorption are not observed by liquid state NMR 

spectroscopy. 

The relative concentration of the boron containing species measured by 11B NMR 

spectroscopy is summarized in Table 2. The data in the table suggest that the Ni additives 

promote both [BH4]– and [B10H10]2– formation from [B3H8]– during hydrogenation. The least 

relative concentration of the undesirable [B10H10]2– is formed upon absorption in presence of 

Ni3B. There is an increase in relative concentration of [BH4]– in the Ninano containing sample 

from 0.25 to 0.94 and an increase from 0.18 to 0.34 in the NiF2 containing sample, but the 

most dramatic increase in integrated relative concentration is that of [B10H10]2–. 

 

3.4. Infrared study  
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The IR spectra of the ball milled, dehydrogenated and rehydrogenated samples of 

Mg(BH4)2–Niadd composites and pure γ-Mg(BH4)2 are shown in Fig. 7. For γ-Mg(BH4)2 (Fig. 

7a) the IR data exhibits the internal vibrations of [BH4]– ions in the 2900-600 cm–1 region. 

The B–H fundamental stretching modes are centred at 2270 cm–1, and the bending modes are 

located at ca. 1420 (broad), 1260 and 1130 cm–1.33 The peaks at 2660 and 2400 cm–1 are 

assigned to the overtones and combinations of [BH4]– stretching and bending. According to 

Raman measurements and DFT calculations, Mg(BH4)2 does not have normal modes of 

vibrations in the 670-1120 cm–1 region.33 Therefore the peaks at 913 and 706 cm–1 may be 

attributed to impurities, for example, boron oxides due to small air contamination during 

sample preparation.    

The spectrum of Mg(BH4)2 is slightly altered after milling with the Ni containing 

additives. The principle stretching and bending modes of [BH4]– are preserved, although their 

position is slightly shifted by 2-5cm–1. For the as-milled Mg(BH4)2–NiF2 composite (Fig. 7c) 

an additional peak at 1194 cm–1 is clearly distinguishable. These changes may be induced by 

slight disorder in the [BH4]– structure and local environment. 

The spectra of the samples after desorption exhibit an overall decrease in the 

intensities of the B–H stretching and bending bands, which is indicative of a decreased 

amount of [BH4]– groups compared to the spectra of ball-milled compounds. The fingerprint 

spectrum of Mg(BH4)2, however, is still recognizable in all spectra after desorption. This is 

consistent with the PXD and NMR results, which identifies a small amount of [BH4]– in all 

the samples after desorption. Additionally, for the NiF2-milled sample, a weak absorption 

peak with a distinct maximum at ca. 2540 cm–1 appears. This is the region (between 2550 and 

2400 cm–1) where the B–H stretching of the closo boranes [B12H12]2– and [B10H10]2– is 

expected as strong bands centred at 2485 and 2467 cm–1, respectively.34 [B12H12]2– has 

additional IR-active vibrations at 1070 cm–1 (H–B–B bending, medium in intensity), and at 
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720 cm–1 (B–B stretching, medium); [B10H10]2– also absorbs at 1030 cm–1 (H–B–B bending, 

medium in intensity), and 720 cm–1 (B–B stretching, medium).34 The latter peak is considered 

to be a fingerprint of closo boranes.34 Based on the  very weak intensity of the B–H stretching 

peaks, it is possible that the B–B–H bending and B–B stretching is obscured in the 1100700 

cm–1 region. New small peaks at 770 and 747 cm–1, where B–B–H bending is expected, 

appear in the spectra of all samples after desorption but their origin is unclear.   

In the spectra of Ninano- and NiF2-containg samples after absorption (Fig. 7a-b), the 

intensity of the bands due to [BH4]– and [BnHn]2– increases. The intensity of the vibrations 

due to [BH4]– remains almost unchanged after hydrogen absorption in the NiCl2 and Ni3B 

composites. These findings are consistent with the changes in the relative concentrations of 

these moieties identified by NMR. Finally, it can be noted that the strongest peaks due to 

[BnHn]2– bending are present in the NiF2-containing composite, and the weakest in the one 

with Ni3B. These samples were treated at the highest and the lowest temperature, 

respectively. On the other hand, it is important to point out that the relative intensities of the 

IR vibrations of [BH4]– and [BnHn]2– do not necessarily reflect the relative concentration of 

these species in the mixture. The intensities of the IR peaks in attenuated total reflection 

measurements, used in this work, strongly depend on the refractive indexes of the materials. 

Comparing the intensities ratios of different samples, however, is reasonable.  

The 11B-NMR results indicate [B3H8]– as the main phase of the dehydrogenated 

samples and the significant decrease in its amount upon re-absorption. However, the IR data 

do not unambiguously confirm the presence of the [B3H8]– in the dehydrogenated samples. 

An important distinguishable IR feature of these types of compounds is the B–H stretching of 

the B–H–B bridged hydrogen found as low as 2150-2000 cm–1. This region is almost 

unaffected in the samples upon cycling (Fig. 7, desorption and absorption).  
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4. Conclusions 

 

γ-Mg(BH4)2 was milled with a variety of Ni-based additives, Ninano, NiCl2, NiF2 and 

Ni3B, to study their effect on the reversible hydrogenation of the borohydride. Powders were 

sampled after milling, hydrogen desorption-absorption to monitor the structural changes in 

the hydrogen-containing phases with PXD, XAS, NMR and IR spectroscopies. The key 

conclusions are: 

1) Chemical reactions between the Ni-based additives and γ-Mg(BH4)2 do not 

take place during ball milling, although the crystallinity of the borohydride decreases; 

2) During hydrogen desorption of Mg(BH4)2–NiCl2 at 258 ºC and Mg(BH4)2–

NiF2 at 264 ºC the used additives react with the intermediate boranes to form new compounds 

with amorphous Ni3B-like structure;  

3) Hydrogen desorption results in the formation of a reversible phase which was 

identified by 11B NMR as Mg(B3H8)2. However, IR could not confirm the presence of the B–

H–B bridged bonds, characteristic of Mg(B3H8)2; 

4) Upon rehydrogenation at pressures between 100 and 150 bar, crystalline β-

Mg(BH4)2 is formed at the expenses of the reversible phase. During hydrogenation, all of the 

Ni additives, react to form the thermodynamically stable Ni3B.  

These results, compared with previous studies,10 suggest that the incorporation of Ni 

additives into Mg(BH4)2 enhances the kinetics of hydrogen desorption from Mg(BH4)2. At 

the same time, interplay of low desorption temperatures and Ni additives possibly limits the 

formation of higher boranes, which are believed to hinder the reversibility of Mg(BH4)2. 

Additional characterization techniques, e.g. 11B solid-state NMR, coupled with advanced 

modeling methods are required to unambiguously identify the reversible phase found in this 

work.  
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Figure and table captions 

Table 1. Experimental conditions and hydrogen storage capacities during desorption and 

hydrogen re-absorption for Mg(BH4)2–Niadd (Niadd = Ni; NiCl2; NiF2; Ni3B) composites. 

 

Fig. 1. PXD patterns for Mg(BH4)2–Niadd, Niadd = (a) Ninano; (b) NiCl2; (c) NiF2; (d) Ni3B, 

composites (i) as milled; (ii) after hydrogen desorption, and (iii) after hydrogen absorption. 

Additional impurity of Cu2O detected for Mg(BH4)2–Ninano composites in Fig. 1a after 

absorption is due to contamination during preparation of the PXD specimen. 

 

Fig. 2. 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. 

 

Fig. 3. Fourier Transform of k3-weighted χ(k) function of (a) Mg(BH4)2–Ninano, (b) 

Mg(BH4)2–NiCl2, (c) Mg(BH4)2–NiF2  and (d) Mg(BH4)2–Ni3B  composites in the as-milled 

state (mil), after the 1st hydrogen desorption (des) and following absorption (abs) together 

with corresponding Ni additive as reference (ref). 

 

Fig. 4. 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. 

 

Fig. 5. Stacked 1H NMR spectra of Mg(BH4)2–Niadd composites after desorption and 

absorption. All samples measures in D2O solvent. 
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Fig. 6. Stacked decoupled 11B NMR spectra of Mg(BH4)2–Niadd composites after desorption 

and absorption. All samples measures in D2O solvent. 

 

Table 2. Integrated relative concentrations of polyboranes in Mg(BH4)2–Niadd, Niadd = Ninano; 

NiCl2; NiF2; Ni3B, composites in D2O solution after hydrogen desorption-absorption and pure 

γ-Mg(BH4)2 detected by 11B NMR spectroscopy. Chemical shifts: [BH4]– –42 ppm; [B2H6]2– –

21 ppm;  [B3H8]– –31 ppm; [B5H8]– –13 ppm; [B10H10]2– –30 ppm; [B12H12]2– –15 ppm. 

 

Fig. 7. The IR of Mg(BH4)2–Niadd, Niadd = Ninano; NiCl2; NiF2; Ni3B, composites and starting 

γ-Mg(BH4)2. The peaks present in γ-Mg(BH4)2 are indicated with dashed lines. The spectra 

are offset in the vertical direction for better representation and comparison. 
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Table 1 

General parameters of 

hydrogen desorption-absorption 

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 
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Fig. 6 
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Table 2 

Sample Borane Species  

[BH4]– [B2H6]2– [B3H8]–
 [B5H8]– [B10H10]2– [B12H12]2– 

Ninano des 0.25 0.09 1.00 0.00 0.35 0.03 

Ninano abs 0.94 0.11 0.00 0.09 1.00 0.04 

NiCl2 des 0.31 0.13 1.00 0.00 0.47 0.05 

NiCl2 abs 0.26 0.14 0.00 0.00 1.00 0.07 

NiF2 des 0.18 0.13 1.00 0.02 0.15 0.03 

NiF2 abs 0.34 0.27 0.06 0.01 1.00 0.08 

Ni3B des 1.00 0.01 0.38 0.00 0.23 0.01 

Ni3B abs 1.00 0.01 0.04 0.00 0.40 0.01 

γ-Mg(BH4)2 1.00 0.00 0.00 0.08 0.00 0.00 
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Fig. 7 
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Graphical abstract 

0 1 2 3 4 5 6

|χ
(R

)|(
Å-4

)

R (Å)

 Mg(BH4)2 - Ni abs
 Mg(BH4)2 - NiCl2 abs
 Mg(BH4)2 - NiF2 abs
 Mg(BH4)2 - Ni3B abs
 Ni3B reference
 Ni3B crystalline (calc.)

 

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. 

 

The IR of Mg(BH4)2–Niadd, Niadd = Ninano; NiCl2; NiF2; Ni3B, composites and starting γ-

Mg(BH4)2. The peaks present in γ-Mg(BH4)2 are indicated with dashed lines. The spectra are 

offset in the vertical direction for better representation and comparison. 
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