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Abstract 

Mg(BH4)2 is an attractive hydrogen storage material, owing to its high gravimetric capacity of 

14.9 wt. %.  However, the dehydrogenated material MgB2 is very difficult to rehydrogenate, 

requiring excessive pressures and temperatures. Here we report the influence of LiH and TiH2 on 

hydrogen storage reactions involving Bulk MgB2 using XRD, XAS, FTIR and NMR. In ball-

milled mixtures of LiH/MgB2, the LiH loses crystallinity but remains undissociated, forming a 

weakly bound complex with MgB2. The weak interactions produce minor variations in the local 

electronic structure at B and Mg, but do not markedly affect the underlying MgB2 hexagonal 

crystal structure.  No evidence is found for a mixed-metal boride Mg1-xLixB2 in the as-prepared 

LiH/MgB2 materials.  The presence of LiH dramatically improves the hydrogenation of MgB2 at 

700 bar, forming borohydride 100 ⁰C below the minimum hydrogenation temperature of pure 

MgB2 and without the formation of undesirable intermediates such as [B3H8]
-, [B10H10]

2- or 

[B12H12]
2-. Evidence is reported for a mixed-metal borohydride of the type Mg(3-x)/2Lix(BH4)3  

produced by the hydrogenation. Subsequent desorption is also improved compared to pure 

Mg(BH4)2 and LiBH4, showing single-step hydrogen release up to ~8 wt.% by 380 ⁰C, whereas 

Mg(BH4)2 and LiBH4 still retain significant amounts of hydrogen at this temperature. The 

material produced by desorption contains both MgB2 and Mg metal, revealing the original 

LiH/MgB2 system is not fully reversible. In contrast to LiH, TiH2 is essentially inert when ball-

milled with MgB2, and high-pressure hydrogenation leaves only unreacted TiH2 and MgB2. 

Thus, added TiH2 provides no benefit to MgB2 hydrogenation.  
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Introduction 

The properties of complex metal hydrides and their dehydrogenated boride counterparts 

continues to be of high interest for both energy and hydrogen storage technologies [1 – 2].  

Among these is magnesium diboride (MgB2), is a fascinating material, not only for its 

superconducting properties [3], but also for its ability to store hydrogen in the form of 

magnesium borohydride Mg(BH4)2  [4 - 14].  While Mg(BH4)2 has a high hydrogen gravimetric 

capacity of 14.9%, once it releases hydrogen to form MgB2, it is difficult to re-hydrogenate 

MgB2 back to Mg(BH4)2.  As first observed by Severa et al. [12] and reviewed by Ray and co-

workers [7], the complete conversion of MgB2 to Mg(BH4)2 requires excessively high pressures 

(> 700 bar) and temperatures (~ 400 °C). Although the hydrogenation of MgB2 to Mg(BH4)2 is 

somewhat favorable thermodynamically, it proceeds at a very slow rate, with typical reaction 

times of 24 hours or longer [5]. For “light-duty” or “heavy-duty” vehicular use of a practical 

hydrogen storage material, rehydrogenation needs to occur in ~ 5 minutes. However, stationary 

uses of a hydrogen storage material could have more relaxed kinetic requirements. 

This study reports the latest in a series of recent investigations of the hydrogenation of MgB2, 

building off our first effort in 2010 [13].   Previously, a combined theory and experimental study 

[7] revealed that the initial hydrogenation of MgB2 at ~ 120 bar proceeds via a multi-step 

process: molecular H2 dissociation (likely at Mg-terminated MgB2 sites) followed by migration 

of atomic hydrogen to defective boron sites, where the formation of stable B-H bonds ultimately 

leads to the creation of Mg(BH4)2 complexes. A subsequent study [9] examined the extent to 

which these steps might be rate-limiting.  It was found that H-H bond dissociation does not limit 

the rate of hydrogenation of MgB2 because H-H bond cleavage occurs rapidly compared to the 

initial MgB2 hydrogenation. This finding argues against trying to improve MgB2 

rehydrogenation kinetics by introducing additives that promote H-H bond breaking.  The results 

also showed that surface diffusion of hydrogen atoms is not a limiting factor for MgB2 

hydrogenation [9]. Instead, it was speculated that it is the intrinsic stability of the extended B-B 

hexagonal ring structure in MgB2 that hinders the hydrogenation of this material.   The present 

study is motivated by the possibility of disrupting the B-B hexagonal lattice of MgB2 using the 

additives LiH and TiH2.   

 

Anticipating that a significant amount of additive might be needed to disrupt the B-B ring, 

beyond the 1 – 5 mole percent typical of “catalytic additives,” low-mass additives were chosen 

so as not to severely degrade the gravimetric performance of the MgB2/Mg(BH4)2 hydrogen 

storage system. LiH has displayed interesting chemical effects in the hydrogen storage properties 

of LiBH4.  These prior studies were motivated by the discovery by Vajo et al. [15] that 

mechanically milled mixtures of LiH + ½MgB2 (with 2 - 3 mole percent TiCl3) reversibly stored 

~ 9 weight percent hydrogen via the reaction:  LiH + ½MgB2 + 2H2 → LiBH4 + ½MgH2. 

Although these systems are “Li-rich” for our present purposes and target an improvement in the 
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hydrogen storage chemistry of LiBH4, they are relevant to our MgB2 investigation because of the 

simultaneous presence of LiH and MgB2 in the dehydrogenated state of “destabilized” LiBH4.  

 

In studies targeting a better understanding of destabilized LiBH4, 2:1 mixtures of LiH:MgB2 

have been examined [14 – 19].  In investigations of MgB2 superconductivity, lithium metal 

combined with MgB2 has also been studied [20 – 22], where the importance of the ternary boride 

Mg1-xLixB2 was emphasized. This ternary boride has also been proposed for 2:1 LiH/MgB2 

materials subjected to prolonged (24 – 120 hours) ball milling [18, 19].  Such a mixed-metal 

boride, if present, would be important for understanding the chemistry of LiH/MgB2 mixtures, 

not only for destabilized LiBH4 but also for the use of LiH to promote the hydrogenation of 

MgB2 to Mg(BH4)2. Dual-cation species in the hydrogenated state, for example mixed-metal 

borohydrides such as Mg(3-x)/2Lix(BH4)3, have been proposed [23] as an alternative to a physical 

mixture of the individual borohydrides LiBH4 and Mg(BH4)2 which could be produced by 

hydrogenation, or intentionally prepared to make a eutectic mixture [24 - 26].  Dual-cation 

species may be present in the hydrogenation of LiH/MgB2 to form Mg(BH4)2.    

 

There have been prior investigations [27, 28] of the combination of LiH and Mg(BH4)2 showing 

a reduced hydrogen desorption temperature.  We focus here on the influence of LiH on the 

rehydrogenation of MgB2 although we examine as well the desorption from the hydrogenated 

products that are observed.  

 

To our knowledge there have been no prior studies involving the combination of TiH2 and MgB2 

alone, although Ti-based additives (including TiH2) have been investigated for their influence on 

the 2:1 LiHB4:MgH2 system [29, 30]. TiH2 is predicted to produce strong destabilization (i.e., a 

strong tendency to form TiB2) when combined with LiBH4 [29, 31], suggesting TiH2 could be a 

source of potent B-B ring disruption in MgB2.  In experiments involving LiBH4 and TiH2 alone, 

TiH2 shows no reactivity, with either LiBH4 or the dehydrogenated product B at temperatures up 

to 500 °C [32].  Similar results are found for the combination of NaBH4 and TiH2 [33]. 

Nonetheless, we explore here the influence of TiH2 on the hydrogenation of MgB2.   

 

This first study (I) examines the influence of LiH and TiH2 additives on the hydrogen storage 

properties of Bulk MgB2.  For this investigation of bulk phenomena, x-ray absorption 

spectroscopy (XAS), nuclear magnetic resonance (NMR, 11B, 1H, 7Li), X-ray Diffraction (XRD) 

and Fourier Transform Infrared (FTIR) spectroscopy are used to probe the composition of the “as 

prepared” materials, the products produced by high pressure (700 bar) hydrogenation and 

subsequent desorption.  We assess the presence of mixed metal borides (i.e., Mg1-xLixB2) 

possibly created upon sample synthesis and mixed metal borohydrides (i.e., Mg(3-x)/2Lix(BH4)3  ) 

that could be created by hydrogenation.  If detected, these species would require modification of 

the current view of the kinetics and thermodynamics of not only the LiH/MgB2 system, but in 

other systems where these species appear, for example LiBH4 destabilized with MgH2. We also 
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observed some very interesting phenomena occurring near the surfaces of these materials. These 

surface phenomena, examined with X-ray Photoelectron Spectroscopy (XPS), are the subject of 

the second companion study (II) [34].   

 

Experimental Methods 

Sample preparation and handling were conducted in an Ar-filled glove-box equipped with a 

recirculation system that keeps H2O and O2 concentrations below 0.1 ppm.  Commercial grade 

MgB2, LiH and TiH2 powders were used without further purification. The ball-milled materials 

were produced by loading tungsten carbide (WC) mill pots with the commercial chemicals and 

milling with WC balls under argon.  More details are provided in the Supporting Information (SI).  

Five substances used in the study were:  

1. Bulk MgB2:  MgB2 ball-milled for 2 hours. 

2. [Low LiH/MgB2]: LiH added to MgB2 and ball-milled for one hour. The mole fraction of 

LiH to MgB2 was 0.22.  

3. [High LiH/MgB2]: LiH added to MgB2 and ball-milled for one hour. The mole fraction of 

LiH to MgB2 was 0.43.  

4. [Low TiH2/MgB2]: TiH2 added to MgB2 and ball-milled for one hour. The mole fraction 

of TiH2 to MgB2 was 0.24.  

5. [High TiH2/MgB2]: TiH2 added to MgB2 and ball-milled for one hour. The mole fraction 

of TiH2 to MgB2 was 0.44.  

Several other commercial chemicals were used as spectroscopic standards, including B2O3, MgO, 

Mg metal, LiB2, LiOH and LiBH4 with details given in the SI.   

FTIR measurements were made under argon at Sandia National Laboratories (SNL) using an 

Agilent Technologies Cary 630 instrument housed within the argon glovebox. The wavenumber 

range of the instrument is 400 – 4000 cm-1. All spectra are reported in absorbance mode using a 

diamond attenuated total reflectance (ATR) crystal. The spectra of some of the weakly IR 

absorbing materials show unavoidable sharp artifacts from 1900 to 2200 cm-1 due to incomplete 

background subtraction of the diamond ATR crystal absorption.  XRD patterns were collected 

with an Oxford (currently Rigaku) SuperNova Diffractometer using samples loaded in glass 

capillaries (Charles Supper, Inc.) and sealed under argon with vacuum grease. XAS 

measurements at the B and Mg K edges were performed without exposing the samples to air at 

beamlines (BLs) 6.3.1.2, 7.3.1 and 8.0.1.1 of the Advanced Light Source (ALS), Lawrence 

Berkeley National Laboratory (LBNL).  XAS spectra were collected using total fluorescence 

yield (TFY) mode, as described previously [35]. 

Solid-state NMR experiments (11B, 7Li, 1H) were conducted at Lawrence Livermore National 

Laboratory (LLNL). Experiments were carried out on a Bruker Avance III spectrometer using a 
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Bruker triple-resonance HXY MAS probe at operating frequencies of 600.09 MHz for 1H NMR, 

233.22 MHz for 7Li NMR, and 192.54 MHz for 11B NMR. Solid samples were packed inside the 

argon glove box in 2.5 mm zirconia rotors with tight-fitting vespel top and bottom caps. The 

chemical shift scale was referenced externally to TMS at 0.0 ppm for 1H NMR, to 0.1M LiCl  at 

0.0 ppm for 7Li NMR, and to 0.1M H3BO3 at 19.6 ppm for 11B NMR. All analyses were 

completed within 24 hours of removing the sample from the inert environment to ensure the 

sample integrity. A 90° pulse length of 3.25 s was used for the 1H NMR experiments while /8 

tip angles of 1.35 s and 0.92 s were used for 7Li and 11B experiments, respectively. A 

prominent probe background signal was observed in the chemical shift region from 90 to -30 

ppm in the 11B NMR experiments. An 11B NMR experiment was performed on a rotor filled with 

sodium chloride to determine the magnitude of this background signal and to subtract it from the 

other 11B NMR spectra. 1H and 7Li experiments were carried out at a sample spinning speed of 

30 kHz and 11B NMR experiments were carried out at a sample spinning speed of 33 kHz to 

prevent any overlap of spinning sidebands with the spectral regions of interest. 

High-pressure (HP) hydrogenation experiments at SNL were performed at 700 bar H2 and 280 

°C in a HP reactor with a Newport Scientific compressor and a vessel made from 316L stainless 

steel. Samples were loaded inside the argon glovebox.  Hydrogen desorption from hydrogenated 

samples was studied using the PCTPro 2000 (Setaram, Inc.) at SNL. Hydrogen capacity data are 

presented as weight percent of H desorbed with respect to the total sample weight:  wt.% desorbed 

= [mass H desorbed]/[(mass H desorbed + mass MgB2 original sample)] x 100. Desorption 

measurements into static vacuum were conducted using a temperature ramp of 3 °C/min.  

The theoretical calculations performed in the work is based on density functional theory (DFT) 

[36] as implemented in the Vienna Ab initio Simulation Package (VASP) [37, 38]. Projector-

augmented-wave pseudopotentials are used to replace the all-electron ion potentials [39, 40], 

with a kinetic energy cutoff of 600 eV to truncate the planewave basis set. The LiH/MgB2 

interfacial structure is modeled using a ~ 15.49×10.86×21.52 Å3 simulation cell, where a k-point 

sampling of 3×4×1 is used to sample the first Brillouin zone. Based on the generalized gradient 

approximation of the exchange-correlation functional in DFT [41], the initial LiH/MgB2 

interfacial structure was firstly fully optimized at 0 K, followed by ab initio molecular dynamics 

(AIMD) sampling at finite temperatures (300 K, 700 K and 1000 K) under NVT ensemble using 

the Nose-Hoover thermostat [42, 43] and a timestep of 0.25 fs. The AIMD simulations 

performed at elevated temperatures were meant to enhance the structure sampling of the 

LiH/MgB2 interface.  Limited theoretical results are presented here, with a comprehensive 

account to be published separately.  
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Results and Discussion  

Materials Characterization 

TiH2/MgB2: 

The XRD, FTIR and XAS data all show no reaction takes place between TiH2 and MgB2 upon 

ball milling, even though TiB2 formation via the potential reaction: TiH2 + MgB2 → TiB2 + 

MgH2 has a favorable ∆Hrxn of -118.38 kJ/mole [44]. Furthermore, high pressure hydrogenation 

of [Low TiH2/MgB2] and [High TiH2/MgB2] for 24 hours at 700 bar and 280 °C, a temperature 

about 100 °C below the threshold for hydrogenation of Bulk MgB2, yielded only unreacted TiH2 

and MgB2. Thus, despite the thermodynamic potential for TiH2 to disrupt the B-B ring of MgB2 

and the elevated temperature, no reaction was observed.  The lack of reaction upon ball-milling 

is presumably due to a high activation energy for this reaction, which likely involves a high 

barrier for TiH2 dissociation.  Thus TiH2 is not a useful way of introducing Ti species,  which 

prior studies [15, 29, 30] have been shown to be an active additive for hydrogen storage. 

Characterization results for the [Low TiH2/MgB2] and [High TiH2/MgB2] samples are given in the 

SI (Figs. S1-S7).  The [Low TiH2/MgB2] and [High TiH2/MgB2] samples served as useful control 

samples, as these materials were processed identically to the LiH/MgB2 samples with respect to 

synthesis, handling, characterization, hydrogenation and material storage.  Selected results for 

these control samples are presented as needed. 

 

LiH/MgB2: The “As-prepared” Materials 

XRD data for the “as prepared” [Low LiH/MgB2] and [High LiH/MgB2] samples are shown in 

Fig. 1, indicating a loss of LiH crystallinity, but no other crystallographic changes.  The 

prominent LiH (200) peak at 44.4 degrees is barely detected, indicating almost complete 

elimination of crystalline LiH.  Comparison of the MgB2 (101) peak at 42.5 degrees in Fig. 1(b) 

shows no significant variation in peak position with addition of Li, indicating that a mixed metal 

boride of the type Mg1-xLixB2 has not formed in the “as prepared” samples and that the 

underlying MgB2 hexagonal lattice is maintained.  Zhao et al. reported [22] XRD measurements 

of Li-Mg boride synthesized by melting Li metal, B and Mg metal together at 950 °C and found 

that the “a axis” (within the B-B plane) decreases with the introduction of Li as evidenced by a 

shift of the (101) and (100) peaks to larger 2θ while the (002) peak remains constant.  We find no 

evidence for this lattice effect in the as-prepared ball-milled LiH/MgB2 materials.  A comparison 

(not shown) of the XRD for [Low LiH/MgB2] and [High LiH/MgB2] with that of standard LiB2 

powder revealed no evidence for the formation of a crystalline LiB2 phase in the “as-prepared” 

LiH/MgB2 samples.  
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Fig. 1: a) XRD patterns of commercial (bulk) LiH, Bulk MgB2, [Low LiH/MgB2] and [High 

LiH/MgB2]. The data has been shifted vertically for clarity; (b) XRD data with an expanded 

abscissa scale near the MgB2 (101) peak for the various samples. 

FTIR data were collected for [Low LiH/MgB2] and [High LiH/MgB2] and show no production of 

amorphous reaction products, but does reveal undissociated LiH.  The FTIR spectra in Fig. 2(a) 

do not show the presence of partially hydrogenated boron species (e.g., [B3H8]
-, [B10H10]

2- or 

[B12H12]
2-) which would present absorbance peaks in the 2400 – 2500 cm-1 range [7].  Such 

species could have arisen from the possible reaction of LiH with MgB2.   
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Fig. 2: (a) FTIR spectra for LiH, LiB2 and Bulk MgB2 standards, along with [Low LiH/MgB2] 

and [High LiH/MgB2] from 400 – 4000 cm-1; (b) same data plotted with an expanded abscissa 

from 500 – 650 cm-1 with the addition of data from LiOH standard powder.  The LiH/MgB2 data 

have been scaled by a factor of 8.8 in panel 2(b) to increase the prominence of this feature on the 

elevated spectral background in order to compare with Bulk LiH. 

 

Fig. 2(b) shows a 550 cm-1 feature which grows in prominence as the LiH content of the 

LiH/MgB2 samples increase. The feature is not due to LiOH contamination or LiB2. Rather, it 

corresponds to LiH [45, 46],  indicating that while the crystalline form of LiH was removed by 

the ball-milling (Fig. 1(b)), LiH remains, either in amorphous form or as particles too small to 

support the diffraction of x-rays. 

NMR was used on selected samples to further clarify chemical species in the “as prepared” 

LiH/MgB2 materials. Fig. 3 presents results from 7Li, 11B and 1H NMR for the [Low LiH/MgB2] 

and [High LiH/MgB2] samples, along with comparison to a LiB2 standard. 
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Fig. 3:  (a) 7Li, (b) 11B and (c) 1H NMR spectra for [Low LiH/MgB2] and [High LiH/MgB2] 

compared to a standard LiB2 sample powder.  
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The 7Li NMR data in Fig. 3(a) reveals a single common Li species for both the [Low LiH/MgB2] 

and [High LiH/MgB2] samples. The peak at -0.05 ppm agrees well with literature reports for LiH 

[47], thereby confirming the FTIR results indicating the presence of undissociated LiH in the 

[Low LiH/MgB2] and [High LiH/MgB2] samples.  The poor correspondence to LiB2 confirms the 

LiH did not react with MgB2 to form LiB2. 

The 11B spectra in Fig. 3(b) for [Low LiH/MgB2] and [High LiH/MgB2] show a boride-like 

feature at 101.5 ppm, but it is shifted to higher ppm than the corresponding peak in Bulk MgB2 at 

98 ppm [35].  This suggests an electronic modification at B in the LiH/MgB2 samples.  In 

agreement with the FTIR findings (Fig. 2), no evidence  is found for previously identified 

hydrogenated boron species which would be found at -41 ppm ([BH4]
-) [35, 48], -12 to -16 ppm 

([B12H12]
2-) [49, 50], -37 ppm ([B4H11]

3-) [51] and -31 ppm ([B10H10]
2- )[35].  There is a small 

feature at -8.2 ppm that could not be identified but could be a previously uncharacterized BxHy 

species with low H content. There is also a small peak at 19 ppm which corresponds to boron 

hydroxide (i.e., boric acid) [52], shifted to higher ppm than the peak position reported for the 

hard oxide B2O3 (14.6 ppm) [53].  Boron hydroxide was found in the B 1s XPS data for [Low 

LiH/MgB2] and [High LiH/MgB2], as will be reported in (II) [34]. 

The 1H NMR for [Low LiH/MgB2] and [High LiH/MgB2] are very similar. The main peak at 3.5 

ppm corresponds to LiH, consistent with prior studies [47].  The main peak is accompanied by 

smaller features at ~ 0.1 ppm and 8.4 ppm which could not be definitively identified.  The 8.4 

ppm feature is likely hydroxylated B, as was found in the XPS study of (II) [34]. 

Even though LiH has not reacted with MgB2, B K-edge XAS was used to assess possible 

influences on the B-B ring. The results, shown in Fig. 4, indicate only a very small influence on 

the B-B ring structure.  
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Fig. 4:  Boron K-edge TFY XAS data for Bulk MgB2, [Low LiH/MgB2] and [High LiH/MgB2] 

along with data for B2O3 standard powder. The depth sensitivity of the B K-edge TFY 

measurement is estimated to be 135 nm. 

The B 2pxy feature at 187.2 eV photon energy is the XAS signature for the B-B network in 

MgB2.  Significant disruptions of the B-B ring, for example oxidizing boron completely to B2O3, 

eliminates the intensity of the B K-edge 2pxy feature, as shown in Fig. 4.   An analysis of the 

intensity of the B 2pxy feature (Fig. S8 of the SI) reveals that the addition of LiH causes at most a 

10% reduction in the XAS intensity in the B-B ring signature, indicating that although the 

majority of the B-B network is not significantly disrupted by introducing LiH, a small minority 

of the B atoms may be affected, as observed in the ab initio molecular dynamics simulations 

(AIMD) depicted in Fig. 5. Similar phenomena are seen in the Mg K-edge XAS (Fig. S9 of the 

SI), where added LiH causes a slight modification of the unoccupied electronic structure at the 

Mg site.  These XAS findings are consistent with the XRD data (Fig. 1) that showed retention of 

the MgB2 crystallography of  [Low LiH/MgB2] and [High LiH/MgB2] with no apparent change 

in the MgB2 lattice spacings.  

The picture emerging from the data on the “as prepared” LiH/MgB2 is captured in Fig. 5, which 

is the result of an AIMD calculation for explicit modeling of the LiH-MgB2 interactions. A 
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comprehensive account of this theoretical work on LiH-MgB2 interaction and its impact on the 

initial hydrogenation of MgB2 will be given in a future publication. 

 

Fig. 5: Schematic diagram of intact LiH molecules interacting with B and Mg atoms in MgB2 for 

the as-prepared ball-milled LiH/MgB2 materials. Legend:  Large orange balls = Mg; large light 

green balls = Li;  small dark green balls = B, and small white balls =  H.   

 

The LiH/MgB2 interfacial model, shown in Fig. 5, was initially constructed based on crystalline 

LiH(111) surface interfacing with the B-terminated MgB2 basal plane. Partial Li substitution is 

considered by replacing certain Mg atoms in MgB2 with Li. The thermodynamics associated with 

Li substitution will be addressed in the follow-up theory study as well as its potential impact on 

B-H interactions during initial hydrogenation reactions. In our simulations, we have also 

considered other interfacial models based on different crystallographic orientations and 

terminations of LiH and MgB2. Similar behavior is observed in all models, where LiH quickly 

losses its crystallinity during AIMD, in agreement with the XRD results discussed in Fig. 1. 

However, the degree of LiH-MgB2 interaction varies in the different interfacial models due to 

variation in the intrinsic reactivity of the different LiH and MgB2 surfaces. The interfacial model, 

depicted in Fig. 5, show the strongest interactions between LiH and MgB2, where a few BHx 

bonds are formed right at the LiH/MgB2 interface and a small fraction of LiH diffuses into the 

interior of MgB2. Although the limited interaction between LiH and MgB2 at the interface is 

predicted to produce amorphous LiH (as seen in the XRD of Fig. 1(b)), the chemical 

characteristic of bulk LiH and MgB2 are mostly preserved, i.e. Li and H remains positively and 
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negatively charged, respectively and the B-B ring structure is maintained. The MgB2 structure 

remains bulk-like where not proximate to LiH.  The diffused H in the diffused LiH, as 

highlighted in the zoom-in plot in Fig. 5, retains its two electrons and predominately resides at 

the bridging site between two B atoms to form the so called three-center two-electron bond, but 

with bonding interactions with Mg and Li as well.   

Note that Fig. 5 depicts a precursor state for potential lithium substitution of Mg and 

hydrogenation of B.  A system like this could be metastable, mobile and reactive.  The 

companion study (II) [34] will probe the LiH-B and LiH-Mg interactions further with XPS and 

confirm the metastability, mobility and reactivity of the as prepared LiH/MgB2 materials at and 

near their surfaces. 

 

HP Hydrogenation: 

Although as-prepared LiH/MgB2 materials did not have strongly disrupted hexagonal B-B ring 

networks,  we tested if the weak LiH-Mg and LiH-B interactions could lead to an improved 

MgB2 hydrogenation.  It was decided the most informative test would be to attempt the HP 

hydrogenation for conditions of temperature and time for which pure MgB2 does not 

hydrogenate. In this way, if hydrogenation occurred for the LiH/MgB2 materials, a significant 

improvement in hydrogenation would have been shown.  Along these lines, we simultaneously 

exposed Bulk MgB2, [Low LiH/MgB2], [High LiH/MgB2], [Low TiH2/MgB2] and [High 

TiH2/MgB2] to 700 bar hydrogen for 24 hours at 280 ⁰C, 100 ⁰C below the temperature threshold 

for Bulk MgB2 hydrogenation. The experimental arrangement did not allow for the measurement 

of hydrogen uptake versus time at this high pressure. The materials were examined post-

exposure with XRD, FTIR, XAS and NMR.  

For the TiH2/MgB2 samples, HP hydrogenation yielded only unreacted TiH2 and MgB2, with no 

hydrogenation having taken place (see Figs. S4-S7 of the SI). In contrast, the [Low LiH/MgB2] 

did react, turning from a fine black powder into a uniform and hard black mass, difficult to 

scrape out of the vial. In contrast, the [High LiH/MgB2] sample converted into a roughly 50-50 

(by volume) mixture of an off-white fluffy material on top, and a very hard black mass on the 

bottom of the vial. We call these two fractions “Top” and “Bottom,” respectively.  Our labels for 

the HP hydrogenation materials produced from the original [Low LiH/MgB2] and [High 

LiH/MgB2] samples are: [Low LiH/MgB2 HP], [High LiH/MgB2 HP Top] and [High LiH/MgB2 

HP Bottom], respectively.    

XRD data of the [Low LiH/MgB2 HP] material is shown in Fig. 6 (a), which shows evidence of 

hydrogenation 100 ⁰C below that of the ball-milled MgB2.  The data indicates that some 

unconverted MgB2 remains, along with a primary crystalline phase similar to β-Mg(BH4)2.  

However, the borohydride XRD peaks are shifted 0.2° to higher 2θ values than β-Mg(BH4)2, 

indicating a decrease in the lattice d-spacing, perhaps due to a partial substitution of Mg with 
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smaller Li atoms in the Mg(BH4)2 lattice. Very small XRD peaks observed from 23 - 27° 

correspond to the presence of o-LiBH4 in small amounts. These peaks show a subtle increase in 

lattice d-spacing, 0.1° shift to lower 2θ values than o-LiBH4, which would again be consistent 

with substitution between Li and Mg atoms. 

 

Fig. 6:  (a) XRD patterns of [Low LiH/MgB2 HP] compared to standard powders of Bulk MgB2,  

β-Mg(BH4)2 and o-LiBH4; (b) XRD patterns of [High LiH/MgB2 HP Top] and [High LiH/MgB2 

HP Bottom] compared to standard powders of Bulk MgB2, o-LiBH4, γ-Mg(BH4)2, α-Mg(BH4)2 

and β-MgH2; (c) Comparison of [High LiH/MgB2 HP Top] and [High LiH/MgB2 HP Bottom] 

with standard samples of o-LiBH4 and α-Mg(BH4)2 from 2Ɵ values 16 – 21 degrees. 
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The XRD pattern of [High LiH/MgB2 HP Bottom] shown in Fig. 6 (b) was very similar to that of 

the [Low LiH/MgB2 HP] sample, with a significant amount of MgB2 remaining. Other observed 

products include β-MgH2 (peaks at 28° and 35.8°), o-LiBH4 (minor peaks from 23-27°), and an 

apparent α-Mg(BH4)2 phase (peaks from 17-22°). The low temperature α-phase is not expected 

to be stable at the hydrogenation conditions [5] and evidence suggests that these peaks are 

indicative of a mixed metal borohydride phase.  The pattern for [High LiH/MgB2 HP Top] in 

Fig. 6 (b) was quite different. The off-white material displayed an XRD pattern composed 

primarily of apparent α- and γ-Mg(BH4)2 phases with very little unreacted MgB2 present. 

Interestingly, both the [High LiH/MgB2 HP Top] and [High LiH/MgB2 HP Bottom] samples 

have peaks similar to those of Mg(BH4)2 phases that are expected to irreversibly transform to β-

Mg(BH4)2 at the temperature of the hydrogenation.  

Fig. 6(c) examines the XRD of [High LiH/MgB2 HP Top] and [High LiH/MgB2 HP Bottom] 

more closely, and provides evidence for a new borohydride phase which may account for these 

unexpected peaks. Rather than producing a mixture of Mg(BH4)2 and LiBH4, we see evidence for 

a mixed metal borohydride, similar to the mixed-metal borohydride reported by Fang et al. [23] 

when 1:1 mixtures of LiBH4 and Mg(BH4)2 are ball milled together and heated to 200 °C.  These 

workers found the 5-peak pattern that we observe for [High LiH/MgB2 HP Bottom].  In 

comparison, the [High LiH/MgB2 HP Top] pattern is similarly offset from the Mg(BH4)2 and 

LiBH4 standards; however, it lacks the peak at 19.1° which is found in the 5-peak pattern. This 

suggests that a different mixed-metal phase present in [High LiH/MgB2 HP Top], which may 

also include the large peak at 13.9°. The proposed mixed metal borohydride phases are consistent 

with the observed XRD patterns and the absence of β-Mg(BH4)2 after heating. Summarizing, 

these XRD results show that [Low LiH/MgB2] and [High LiH/MgB2] materials hydrogenate to 

form borohydride species 100 ⁰C below that of the ball-milled MgB2.  Furthermore, there is 

evidence for a mixed metal borohydride of the type Mg(3-x)/2Lix(BH4)3  produced by the 

hydrogenation. 

Fig. 7 displays FTIR data for the HP hydrogenation products, compared to the standard powders 

α-Mg(BH4)2 and o-LiBH4. The hydrogenated LiH/MgB2 materials show borohydride stretches in 

the region 2100 - 2400 cm-1 and no evidence for terminal B-H intermediates (BxHy) in the range 

2400 – 2500 cm-1 [7]. A closer inspection of the borohydride region (Fig. S10 of the SI) is 

inconclusive on the presence of a mixed-metal borohydride. For the [High LiH/MgB2 HP Top] 

sample, and to a much lesser extent the [High LiH/MgB2 HP Bottom] sample, there appear 

features from 650 – 800 cm-1 that correspond to a lithium borate glass [53]. This is a 

consequence of surface carbonate contamination, and will be discussed fully in the companion 

study (II) [34]. Fig. 7(b) shows that upon HP hydrogenation, the molecular LiH feature at 550 

cm-1 disappears, signaling reaction of LiH with MgB2. 
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 Fig. 7:  (a) FTIR data of the original samples [Low LiH/MgB2] and [High LiH/MgB2] along 

with hydrogenated samples [Low LiH/MgB2 HP], [High LiH/MgB2 HP Top] and [High 

LiH/MgB2 HP Bottom]. Data are also shown for α-Mg(BH4)2 and o-LiBH4 standards,  (b) FTIR 

data from 500 – 650 cm-1, with the spectrum from standard LiH plotted.  

 

NMR was used to further clarify the chemical identity of the hydrogenated sample [High 

LiH/MgB2 HP Top], especially the question of the existence of the mixed-metal borohydride 

Mg(3-x)/2Lix(BH4)3, as shown in Fig. 8.  The results confirm the presence of a mixture of 

borohydrides including the presence of mixed metal borohydrides that are consistent with the x-

ray diffraction data in Fig. 6(b). 
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Fig. 8:  (a) 7Li, (b) 1H, and (c, d) 11B NMR results for [High LiH/MgB2 HP Top] compared to 

standard powders of o-LiBH4 and α-Mg(BH4)2.   

 

The 7Li results (Fig. 8(a)) shows that the original LiH peak at -0.05 ppm (Fig. 3(a)) is no longer 

present, and instead there appears a single broad peak at -2.4 ppm that is shifted significantly 

away from the pure o-LiBH4 peak at -1.5 ppm.  Given the prior XRD results in Fig. 6 which 

indicated a mixed metal borohydride, we attribute the 7Li peak at -2.4 ppm to the formation of 
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Mg(3-x)/2Lix(BH4)3.  However, the broad nature of this peak does not exclude the possibility that 

other species (e.g., LiBH4) are also contributing to the peak shape and intensity.  

The 1H results in Fig. 8(b) indicate a wholesale transformation from the original 1H peak at 3.5 

ppm characteristic of LiH (Fig. 3(c)) to a single peak at -1.0 ppm for [High LiH/MgB2 HP Top].  

This peak does not solely correspond to either pure Mg(BH4)2 (at – 0.6 ppm) or pure LiBH4 (at -

0.3 ppm).  Again, given the prior XRD results, we attribute the 1H peak at -1.0 ppm to a mixed-

metal borohydride Mg(3-x)/2Lix(BH4)3.  However, the peak is broad and asymmetric, and we 

cannot exclude from this NMR data alone possible contributions of Mg(BH4)2 and LiBH4 to the 

broad lineshape.  There is also no indication of the proton NMR signatures of closo-borates 

[B10H10]
2- or [B12H12]

2- which would produce 1H peaks from ~ 0 – 1 ppm [55].  

The differing 7Li and 1H chemical shifts observed in Fig. 8 between [High LiH/MgB2 HP Top] 

and the pure substances Mg(BH4)2 and LiBH4 cannot be attributed to a spurious effect assuming 

the presence of a physical mixture composed of Mg(BH4)2 and LiBH4.  Lee and coworkers [56] 

have shown that the multi-nuclear NMR peak positions for pure LiBH4 and Ca(BH4)2 are 

unchanged when LiBH4 is ball milled together with Ca(BH4)2.  The same is likely true for the 

combination of LiBH4 and Mg(BH4)2.   

The wide-scan 11B spectrum in Fig. 8(c) shows the presence of borohydride in the - 40 to - 50 

ppm range, and no evidence for significant production of previously identified hydrogenated 

BxHy species by the HP hydrogenation, which would manifest at -12 to -16 ppm ([B12H12]
2-) [49, 

50], -37 ppm ([B4H11]
3-) [51] and -31 ppm ([B10H10]

2- )[35]. There is a small feature at 13.6 ppm 

that indicates a B-O species, not too far from the 14.6 ppm reported  [53] for the hard oxide 

B2O3. There is also a small feature at 0.27 ppm that may represent a small amount of a BO4 

species.   

A closer look at the 11B borohydride region in Fig. 8(d) compares the data for [High LiH/MgB2 

HP Top] with standard o-LiBH4. Qualitative analysis of the 11B data show four broad peaks for 

[High LiH/MgB2 HP Top] centered near -40.2 ppm, -42.2 ppm, -44.6 ppm, and  -47.2 ppm. The 

broad peak centered near -40.2 ppm is consistent with previously reported [28, 48] chemical shift 

values for Mg(BH4)2 and confirms the presence of Mg(BH4)2 in [High LiH/MgB2 HP Top].  The 

broad peak centered near -42.2 ppm is shifted by roughly 0.7 ppm from the o-LiBH4 standard (-

41.5 ppm). If this were LiBH4,  a possible explanation for the shift could be that the LiBH4 in the 

[High LiH/MgB2 HP Top] sample is in the proximity of or coordinated to an electronically 

shielding species, such as that reported by Yan et al. [57] for LiBH4-Co1.34B,  which produced a 

LiBH4 peak shifted to -41.9 ppm. Alternatively, Ravnsbaek and coworkers have noted [58] that 

for mixed-metal M-Zn borohydride phases where M is an alkali metal, the mixed metal 

borohydrides exhibit 11B NMR shifted to lower (i.e., more negative) ppm than those of the pure 

alkali metal borohydrides (MBH4).  The assignment of this feature needs follow-on work, but it 

is likely amorphous since the x-ray diffraction data of [High LiH/MgB2 HP Top] didn’t show 

any reflections consistent pure LiBH4.   
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The two peaks in Fig. 8(d) at -44.5 and -47.3 ppm display more distinct chemical shift 

differences from the LiBH4 standard (-41.5 ppm). We assign these peaks to the presence of 

mixed metal borohydrides such as Mg(3-x)/2Lix(BH4)3. Ravnsbaek et al. report [59]  LiZn2(BD4)5 

shows a 11B NMR peaks  at -46 ppm which could be analogous to the 11B feature at -47.3 ppm in 

Fig. 8(d).  While singular, broad peaks are observed for both the 7Li and the 1H NMR data, the 
11B NMR data indicates a mixture of borohydrides of varying amounts and types including the 

presence of mixed metal borohydrides that are consistent with the x-ray diffraction data in Fig. 

6(b). 

The effect of the HP hydrogenation on the B-B ring of MgB2 was examined with B K-edge XAS, 

as shown in Fig. 9. In contrast to the XAS data (Fig. 4) for the as-prepared precursor state of Fig. 

5, the HP hydrogen treatment produces dramatic changes in the B unoccupied electronic 

structure.  

 

Fig. 9: Boron K-edge TFY XAS data for original [Low LiH/MgB2] and [High LiH/MgB2] 

samples along with data for the HP hydrogenated samples [Low LiH/MgB2 HP], [High 

LiH/MgB2 HP Top] and [High LiH/MgB2 HP Bottom]. These spectra are compared to those 

obtained from pure α-Mg(BH4)2 and o-LiBH4.  
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The B 2pxy feature at 187.2 eV photon energy in Fig. 9, signature for the B-B ring in MgB2, is 

almost completely removed in the [Low LiH/MgB2 HP] and [High LiH/MgB2 HP Bottom] 

samples and is completely removed in the [High LiH/MgB2 HP Top] sample.  Similar results are 

seen for Mg K-edge XAS for these samples (Fig. S11 of the SI).  In addition, B K-edge TFY 

intensity for all three hydrogenated LiH/MgB2 samples starts to grow in at the general position of 

the Mg(BH4)2 and LiBH4 but does not reproduce them in detail. For example, the Mg(BH4)2  

peak at 192.2 eV is not seen. Additional B K-edge XAS spectra shown in the SI (Fig. S12) 

indicate there is no evidence for elemental B, [B12H12]
2- or [B10H10]

2- which could have been 

produced as hydrogenation intermediates, consistent with the FTIR and NMR findings.   

The production of borohydride by the HP hydrogenation of the LiH/MgB2 materials introduces 

the possibility of eutectic formation in the product phase. Bardaji and co-workers [26] found that 

ball-milled mixtures of xLiBH4 and (1-x)Mg(BH4)2 form a eutectic for 0.33 < x < 0.66.  The 

eutectic mixture melts at 180 °C, well below both the melting points of pure LiBH4 and 

Mg(BH4)2, and also below the 280 °C temperature of the HP hydrogenation.  

Eutectic melting explains the physical characteristics of the Li/MgB2 HP hydrogenation 

products.  For the [Low LiH/MgB2] sample, the Li/Mg ratio is 0.22, which corresponds to an x 

value of 0.18.  Even if the entire sample were hydrogenated to the pure substances LiBH4 and 

Mg(BH4)2 (as opposed to the mixed-metal borohydride), the relative amounts of Li and Mg are 

inconsistent with the eutectic composition range, and no melting occurs. This explains why the 

product [Low LiH/MgB2 HP] was a single-phase material. However, for the [High LiH/MgB2] 

sample, the Li/Mg ratio is 0.43, which corresponds to an x value of 0.30.   This value of x is 

close to the lower end of the eutectic range 0.33 < x < 0.66.  Since two material phases [High 

LiH/MgB2 HP Bottom] and [High LiH/MgB2 HP Top] were produced as a result of the HP 

hydrogenation of [High LiH/MgB2], it seems likely that eutectic melting of borohydride product 

occurred.  As LiBH4 and Mg(BH4)2 were being produced at 280 °C in the HP hydrogenation of 

[High LiH/MgB2], the product mixture melted, and floated to the top of the sample, leaving 

behind an un-melted phase with composition insufficient to support eutectic melting. This would 

naturally explain the creation of the white-fluffy [High LiH/MgB2 HP Top] material on top of 

the hard black [High LiH/MgB2 HP Bottom] material. It may also be that the initial creation of a 

eutectic liquid phase, promotes the complete MgB2 hydrogenation seen for [High LiH/MgB2 HP 

Top]. 

Summarizing the HP hydrogenation results, [Low LiH/MgB2] and [High LiH/MgB2] samples 

hydrogenate to borohydride 100 ⁰C below that of the Bulk MgB2. However, the reaction kinetics 

are still sluggish, with neither the [Low LiH/MgB2] nor [High LiH/MgB2] samples completely 

hydrogenating after 24 hours of the HP hydrogenation. No partially hydrogenated BxHy species 

are formed during the hydrogenation, indicating direct conversion of the precursor LiH-MgB2 

state to borohydride. XRD and NMR evidence is reported for a mixed metal borohydride of the 

type Mg(3-x)/2Lix(BH4)3  produced by the hydrogenation along with varying amounts of crystalline 

MgH2.  The production of a mixed metal borohydride seems like a natural result of high-
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temperature hydrogenation of the precursor LiH-MgB2 state (Fig. 5) since Li has  substituted for 

Mg and can interact with B.  Also, the formation of MgH2 and borohydride are natural 

consequences of the H-Mg interaction and the proximity of H to B in the proposed precursor 

structure.  Eutectic melting influences the physical characteristics of the reaction products. 

Hydrogen Desorption: 

The materials produced by the HP hydrogenation were investigated for their ability to desorb 

hydrogen, thus measuring the extent of the hydrogenation achieved by the HP hydrogen 

treatment and testing the reversibility of the materials for hydrogen storage. Fig. 10 shows 

thermal desorption into static vacuum from [Low LiH/MgB2 HP], [High LiH/MgB2 HP Bottom] 

and [High LiH/MgB2 HP Top] as they were heated to 385 °C with a ramp of 3 °C/min.  
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Fig. 10:  Thermal desorption of hydrogen gas from the three HP hydrogenated samples; (a) [Low 

LiH/MgB2 HP]; (b) [High LiH/MgB2 HP Bottom] and  (c) [High LiH/MgB2 HP Top]. Desorption 

occurred into static vacuum with a temperature ramp of 3 °C/min.  The dip in the temperature 

profile of panel (a) at 3.4  hours is an experimental heating artifact. 
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For [Low LiH/MgB2 HP], 5.6 wt.% H is released. The onset of hydrogen desorption, defined 

here as the hydrogen release value increasing 0.02 wt.%  above its initial baseline and indicated 

by the first dashed line in Fig. 10(a), is ~ 140 °C. The onset of rapid desorption occurs at ~250 

°C.  The [High LiH/MgB2 HP Bottom] sample shows similar hydrogen release, with the onset for 

rapid hydrogen release occurring at ~ 250 °C with 5.5 wt.% H being desorbed.  However, there 

is no low temperature onset at 140 °C as was seen for [Low LiH/MgB2 HP] in Fig. 10(a).  The 

[High LiH/MgB2 HP Top] material releases 7.9 wt.% hydrogen with an onset of hydrogen 

desorption at a very low 65 °C followed by rapid hydrogen release at ~ 250 °C.  In an overall 

sense, LiH promotes the kinetics of the hydrogen release. As apparent from Fig. 10, the average 

wt. % released per hour over the course of ~ 2 – 3 hours increases with LiH content, since the 

hydrogen desorption rate varies as:  [Low LiH/MgB2 HP] < [High LiH/MgB2 HP Bottom] < 

[High LiH/MgB2 HP Top]. 

XRD was used to probe for crystalline products created by the desorption, as shown in Fig. 11. 

We label the desorbed samples as follows:  For desorption from [Low LiH/MgB2 HP], [High 

LiH/MgB2 HP Top] and [High LiH/MgB2 HP Bottom], we have, respectively, the desorbed 

samples [Low LiH/MgB2 HPD], [High LiH/MgB2 HPD Top] and [High LiH/MgB2 HPD 

Bottom].    

 

Fig. 11:  XRD of HP hydrogenated samples after undergoing thermal desorption into static 

vacuum up to 385 °C: [Low LiH/MgB2 HPD], [High LiH/MgB2 HPD Bottom] and [High 

LiH/MgB2 HPD Top] are compared to Mg metal and Bulk MgB2 standards. 
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For [Low LiH/MgB2 HPD], borohydride crystalline peaks have disappeared upon desorption, 

producing two major crystalline phases: Mg metal and MgB2.  There is no sign of β-MgH2 (peaks 

that would appear at 28° and 35.8°), as the temperature of the desorption is sufficient for MgH2 

dissociation [60].  Similar results are seen for [High LiH/MgB2 HPD Bottom] where borohydride 

peaks all disappear upon desorption, leading to crystalline phases of Mg metal and MgB2.  An 

unknown phase is observed in [High LiH/MgB2 HPD Top] which does not match Mg, MgB2, or 

elemental boron [61]. This unknown phase also exists as a minority component of the other two 

“HPD” samples, suggesting that it plays a role in the desorption of all LiH-MgB2 samples. 

The desorbed samples were examined with FTIR to search for possible amorphous desorption 

products that would not be detected by XRD, as shown in Fig. 12.  

 

 

Fig. 12:  FTIR spectra for [Low LiH/MgB2 HPD], [High LiH/MgB2 HPD Bottom] and [High 

LiH/MgB2 HPD Top] (a) FTIR spectrum from 400 – 4000 cm-1; (b) same data plotted with an 

expanded abscissa from 500 – 650 cm-1 where no evidence for the LiH vibrational feature at 550 

cm-1 is seen.   

 

For all of the samples, the borohydride features disappear upon desorption. There is no evidence 

for partially dehydrogenated boron species BxHy in the 2100 – 2400 cm-1 range which could have 

been produced by intermediate species that inhibit full hydrogen desorption. Thus, the combined 

XRD and FTIR results indicate there is no hydrogen remaining in the sample after heating to 385 

⁰C.  The FTIR features between 650 cm-1 and 800 cm-1 (Fig. 7(b)) which are characteristic of 

lithium borate also disappear with desorption (Fig. 12(a)). This phenomenon will be discussed 
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more fully in the companion study (II) [34]. There is no sign of LiH in the FTIR  (Fig. 12(b)) 

which indicates the system is not reversible since LiH/MgB2 is not regenerated by the hydrogen 

desorption. 

The desorption data are quite different from that reported in the literature for pure Mg(BH4)2 and 

LiBH4 as well as for a eutectic mixture of these borohydrides.  Soloveichick et al. [48] reports a 

series of steps in the hydrogen desorption from pure Mg(BH4)2 corresponding to the production 

of different BxHy intermediates.  In addition, there is still hydrogen in the Mg(BH4)2 sample at 

400 °C, and it takes heating the sample to 500 °C to release all the hydrogen.  For LiBH4, Guo et 

al. [62] report that hydrogen thermally desorbs in a step-wise fashion, with only 2 wt.% H 

desorbing up to 450 °C. The FTIR and XRD data show that there are no hydrogen-containing 

species left in the hydrogenated LiH/MgB2 samples after heating to 385 °C. Multiple desorption 

steps were also seen in a 1:1 eutectic mixture of Mg(BH4)2 and LiBH4, with a lowered hydrogen 

desorption onset of 170 °C [26]. In contrast, desorption from the hydrogenated samples [Low 

LiH/MgB2 HP], [High LiH/MgB2 HP Bottom] and [High LiH/MgB2 HP Top] seems to be 

completed in one step, although the desorption from [High LiH/MgB2 HP Top] does have a very 

low temperature onset of 65 °C which appears to be a precursor step to the main hydrogen 

desorption.  One difference between the hydrogenated LiH/MgB2 samples in the present study 

and those of eutectic mixture is that the eutectic mixture of Mg(BH4)2 and LiBH4 showed no 

evidence for the mixed metal borohydride Mg(3-x)/2Lix(BH4)3 [26].  This mixed metal borohydride 

may be responsible for the rapid single-step release of hydrogen from the hydrogenated 

LiH/MgB2 system studied here.  

The desorption results for the [Low LiH/MgB2 HP], [High LiH/MgB2 HP Bottom]  and [High 

LiH/MgB2 HP Top] materials can be compared with prior studies [27, 28] of LiH combined with 

Mg(BH4)2. Yang et al. [27] found that for ball-milled LiH/Mg(BH4)2 with Li/Mg ratio of 0.3, 

thermal desorption of hydrogen occurred in multiple steps (producing BxHy intermediates) at 245 

°C, 306 °C and 332 °C.  In contrast, our [Low LiH/MgB2 HP] material with Li/Mg ratio of 0.2 

shows a single step release at 250 °C, with an onset at 140 °C (Fig. 10(a)).  For higher LiH 

loadings, Yang et al. [27] find a single-step hydrogen release at 210 °C, with an onset of 150 °C, 

releasing a total of 12.5 wt. % when heated to 450 °C.  In another study, Grube et al. [28] found 

that a physical mixture of LiH/Mg(BH4)2 made by mortar and pestle grinding with a Li/Mg ratio 

of 0.5 released hydrogen via multiple steps, with an onset of  ~ 250 °C. These prior results for  

0.5 LiH/Mg(BH4)2 differ from our [High LiH/MgB2 HP Top] sample, which releases 7.9 wt. % 

hydrogen at 250 °C with an onset of 65 °C.  

There are enough differences between the hydrogen desorption data from the LiH/MgB2 HP 

hydrogenated samples and prior work [27, 28] to suggest that the [Low LiH/MgB2 HP] and 

[High LiH/MgB2 HP Top] samples are not the same material species as those releasing hydrogen 

in the prior studies.  It’s possible that the mixed metal borohydride Mg(3-x)/2Lix(BH4)3 found in 

our work is not produced in these prior studies because they used Mg(BH4)2 (as opposed to 
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MgB2) as the starting point in the original mixing with LiH. No mention of a mixed-metal 

borohydride is made in the prior studies [27, 28]. 

The reader is referred to the companion study (II) [34] for a study of the surface and near-surface 

phenomena occurring in the LiH/MgH2 hydrogen storage system as it undergoes the HP- 

hydrogenation/dehydrogenation cycle. 

Future Work 

Future work needs to focus on a better understanding of the precursor LiH-MgB2 state, the 

reaction taking place between LiH and MgB2 during the hydrogenation to form the mixed-metal 

borohydride, and the relative amounts of Mg(3-x)/2Lix(BH4)3 , Mg(BH4)2 and LiBH4 that may co-

exist.  NMR will be a very productive tool to identify and discriminate the identities and amounts 

of possible hydrogenation products.  A deeper follow-on study involving systematic variation of 

the amount of added LiH, changing HP hydrogenation temperature and performing 

deconvolution analyses of the NMR lineshapes would clarify the nature of the broadened 7Li, 1H 

and 11B NMR peaks produced by HP hydrogenation.  Such a study was beyond the scope of the 

current investigation. 

The composition and structure of the mixed metal borohydride needs to be elucidated. We note 

that the identifications of the mixed metal borohydride Mg(3-x)/2Lix(BH4)3  made here have been 

so assigned in part because the XRD and NMR results differ from the pure substances Mg(BH4)2 

and LiBH4.  Such spectral assignments could be placed on a more solid footing if more 

experimental characterization data were gathered for pure mixed metal borohydrides. Strategies 

for improving the reversibility of the LiH/MgB2 material will be pursued. Finally, ongoing 

theoretical work, the subject of a future publication, will investigate the energetics and structural 

consequences of adding LiH to MgB2 for the purposes of storing hydrogen.   

 

Conclusions  
 

The influence of LiH and TiH2 on the hydrogen storage reactions of MgB2 were investigated.  

The results show that for ball-milled mixtures of LiH/MgB2 the LiH forms a weakly-bound 

complex with MgB2. While LiH addition leads to minor influence on the local B and Mg 

electronic structure, the B-B ring signature is not significantly altered and the hexagonal MgB2 

crystal structure persists. The weakly interacting LiH-MgB2 complex state is not a mixed-metal 

boride of the type Mg1-xLixB2 and is additionally characterized by XPS in the companion study 

(II) and theoretically in current studies in progress.  

 

Despite such weak interactions between LiH and MgB2 in the initial state, a dramatic 

improvement is seen for the hydrogenation of MgB2 at 280 °C and 700 bar.  It is unclear at 

present if this is primarily a thermodynamic or kinetic effect. With LiH additive, MgB2 
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hydrogenates to borohydride at least 100 ⁰C lower than pure MgB2.  Furthermore, evidence is 

found for a mixed metal borohydride Mg(3-x)/2Lix(BH4)3  produced by the hydrogenation. The 

species Mg(3-x)/2Lix(BH4)3  should play a role in any hydrogenation of a mixture of LiH and 

MgB2, which is the dehydrogenated state of the LiBH4 system destabilized with MgH2.  The 

thermodynamics of the mixed-metal borohydride are unknown, but would be important for a 

thermodynamic accounting of the MgH2-destabilized LiBH4 material which to date has been 

described (in the hydrogenated state) as a mixture of LiBH4 and MgH2.   

 

No partially hydrogenated closo-borate species such as [B3H8]
-, [B10H10]

2- or [B12H12]
2- are 

formed, indicating hydrogenation of LiH/MgB2 proceeds without the formation of undesirable 

intermediates, which itself is a substantial improvement in hydrogen storage.  Instead of a step-

wise series of desorptions characteristic of pure Mg(BH4)2 and LiBH4 leading to different BxHy 

intermediates, desorption from Mg(3-x)/2Lix(BH4)3  releases up to 7.9 wt.% hydrogen in one step, 

with no hydrogen remaining in the sample by 380 ⁰C.  By contrast, the pure substances 

Mg(BH4)2 and LiBH4 still retain significant amounts of hydrogen when heated to this 

temperature. Unfortunately, after heating to 380 ⁰C, the Mg(3-x)/2Lix(BH4)3  material post 

desorption does not correspond to the starting material made by ball milling together LiH and 

MgB2, with substantial amounts of Mg metal being produced along with MgB2, and no 

regeneration of LiH.  Thus, the material is not fully reversible.  

 

In contrast to LiH, TiH2 is inert when combined with MgB2 via ball milling. TiH2 had been 

predicted to produce strong destabilization in LiBH4 and the reaction TiH2 + MgB2 → TiB2 + 

MgH2 has a favorable ∆Hrxn of -118.38 kJ/mole, providing hope that TiH2 could be a source of 

potent B-B ring disruption in MgB2. This hope was not realized. Our results are similar to prior 

experiments involving LiBH4 and NaBH4  with TiH2, for which TiH2 was found to be unreactive.  
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