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Abstract: Pristine complex quaternary hydride (LiBH4/2LiNH2) and its destabilized 

counterpart (LiBH4/2LiNH2/nanoMgH2) have recently shown promising reversible 

hydrogen storage capacity under moderate operating conditions. The destabilization of 

complex hydride via nanocrystalline MgH2 apparently lowers the thermodynamic heat 

values and thus enhances the reversible hydrogen storage behavior at moderate 

temperatures. However, the kinetics of these materials is rather low and needs to be 

improved for on-board vehicular applications. Nanocatalyst additives such as nano Ni, 

nano Fe, nano Co, nano Mn and nano Cu at low concentrations on the complex hydride 

host structures have demonstrated a reduction in the decomposition temperature and 

overall increase in the hydrogen desorption reaction rates. Bi-metallic nanocatalysts such 

as the combination of nano Fe and nano Ni have shown further pronounced kinetics 

enhancement in comparison to their individual counterparts. Additionally, the vital 

advantage of using bi-metallic nanocatalysts is to enable the synergistic effects and 

characteristics of the two transitional nanometal species on the host hydride matrix for the 

optimized hydrogen storage behavior. 

Keywords: bimetallic nanocatalysts; hydrogen storage; desorption kinetics; catalyst 

doping; pressure-composition isotherms 
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1. Introduction 

Complex hydrides composed of elements with less than an average molecular weight of 51.8 g/mol 

(Cr) provide a sufficient enough gravimetric hydrogen density to meet or exceed the Department of 

Energy (DOE) targets for a practical hydrogen storage system. Group I, II and III light metals, such as 

Li, K, Be, Na, Mg, B, Ca and Al are considered to be excellent candidates and they form a large 

variety of metal hydrogen complexes [1–5]. The most common of these metal hydrogen complexes 

consists of alanates (AlH4
−), borohydride (BH4

−), amide (NH2
−) ions which are accompanied by 

cations such as Li+ or Na+. The hydrogen is generally stored in the corners of a tetrahedron within 

these systems.  

Most alanates are extremely stable and often decompose in two- or three- step reactions, limiting 

the amount of hydrogen that can be released, since often a higher temperature is required for the 

release of hydrogen from the second step. Borohydrides are also extremely stable and therefore often 

require high temperatures for hydrogen release, but do so in one-step reactions, thereby eliminating the 

need for extremely high temperatures also increase the kinetics of hydrogen release. 

Lithium borohydride (LiBH4) and lithium amide (LiNH2) were chosen as the two primary hydride 

materials for the preparation of novel complex quaternary hydride (LiBH4/2LiNH2) because of their 

high gravimetric hydrogen densities. LiBH4 has been studied extensively for its chemical properties as 

well as its hydrogen storage characteristics. It has been demonstrated that LiBH4 possesses an 

orthorhombic crystal structure [6]. The gravimetric hydrogen density of LiBH4 is 18.5 wt.%, 

significantly more than the material requirements set forth by the US DOE and FreedomCAR. While 

hydrogen is generally not released until above 470 °C [7], it was found that additives can reduce the 

hydrogen release temperature to as low as 200 °C, as is the case for SiO2 [8], but the kinetics of the 

reaction is very slow, making this material impractical for hydrogen storage use in automobiles. 

As early as 1910, it was found that Li3N reacts with hydrogen to form LiNH2 [9], though LiH is 

also formed as a by-product. LiNH2 has a theoretical hydrogen capacity of 8.1 wt.% and releases 

hydrogen after melting at a temperature of 380 °C. While the temperature is too high for hydrogen 

release, there has been significant improvement in the hydrogen storage behavior of LiNH2 by using 

either catalysts to reduce the hydrogen release temperature or by destabilizing LiNH2 with other 

compounds such as MgH2. Additionally, the release of ammonia (NH3) poses a large problem since 

NH3 can poison the fuel cells. However, the formation of ammonia can be suppressed through the 

addition of either catalysts or by destabilizing LiNH2 with other compounds. It was shown, for 

example, that the addition of LiH to LiNH2 can suppress any ammonia formation due to the LiH 

reacting with NH3, which is a very fast reaction [10]. Furthermore, the temperature of hydrogen release 

of LiNH2 has been reduced to approximately 150–250 °C through the addition of TiCl3 [11]. Many 

researchers have been reported complex hydrides for hydrogen storage, the most important and recent 

of which are summarized elsewhere [8,12–37]. 

While it appears that there are several materials that would meet the DOE guidelines, the 

amidoborane compounds [33], such as LiNH2BH3 or NaNH2BH3 are non-reversible, thereby making 

the systems impractical for mobile use. On the other hand, Mg(NH2)2 + 2MgH2 was found to release 

7.6 wt.% around room temperature during ball milling [15], but exhibited such a low enthalpy that a 

high pressure would be required to rehydrogenate the material, thereby also making the material 
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impractical for use as a reversible hydrogen storage system. A promising system for hydrogen storage 

has been magnesium amide (Mg(NH2)2) with a capacity of between 5.6 wt.% and 9.2 wt.% [21,24,36], 

though all of these systems require temperatures of close to 200 °C with a reduction in capacity 

directly proportional to the reduction in temperature. 

By combining the advantages of some of these systems, namely the borohydride family of materials 

with the magnesium amide systems, it is thought that a combinatorial effect can be achieved with a 

reduction in hydrogen sorption temperature, reversibility, as well as a high hydrogen capacity. The 

overall goal of the investigation of complex hydrides for hydrogen storage is to reduce the hydrogen 

release temperature, which can be accomplished by either reducing the particle size, as is the case for 

MgH2, or by destabilizing the material through the addition of catalysts or other additives. Ball milling 

is the chosen processing technique, as this combines both chemical and mechanical synthesis of the 

material. By ball milling, a homogeneous mixture with reduced particle size can be achieved. The 

parent compounds are combined in the ball mill container and through milling at high speeds, the 

materials grind each other down to smaller particle size and produce a homogeneous mixture, possibly 

with a new chemical composition. 

Magnesium hydride, MgH2, has a theoretical hydrogen capacity of 7.6 wt.%, an ideal value for 

practical hydrogen storage applications. However, a temperature of 350 to 400 °C is required to release 

hydrogen from this material. Additionally, the kinetics of release and uptake of hydrogen are too slow 

for practical use [38]. It was found that hydrogen pressure change on MgH2 is the driving force for 

hydrogen absorption [39]. This means that a higher pressure leads to a higher rate of absorption of 

hydrogen by pure magnesium. However, a limiting factor in the rate of hydrogen, as well as the final 

capacity of hydrogen absorbed, is the formation of a surface shell of magnesium hydride, essentially a 

diffusion barrier layer which prevents any further hydrogen uptake. This is found to be the case 

especially for pressures above 30 bars, where the rate of hydrogen uptake is found to be a maximum [39]. 

The hydrogen absorption kinetics was found to be controlled by diffusion of hydrogen atoms [40], 

especially the diffusion of hydrogen in the hydride-metal interface. If the hydride layer exceeds 30 to 

50 μm, hydrogen diffusion, and therefore uptake, is found to decrease due to the coalescence of the 

hydride nuclei on the magnesium surface which forms a compact hydride layer [41].  

In order to prevent this passivation layer, which not only slows the uptake of hydrogen, but also 

prevents full hydrogenation of the magnesium, the particle size of MgH2 can be reduced so as to 

prevent the formation of this hydride layer. If the particles are smaller than 30 μm, the hydrogen 

diffusion should therefore be able to continue, allowing for more rapid and full hydrogen uptake of 

magnesium. As already mentioned, the use of ball milling allows for the reduction of particle sizes. 

Hence, we have investigated the correlation between particle size reduction and thermal properties of 

MgH2 that resulted from this purely physical aspect of mechano-chemical synthesis. In order to keep 

the MgH2 hydrogenated, the sample was purged using ultra high purity hydrogen gas for at least  

15 min in between every 2 h of milling process. 

Solid state synthesis pertaining to the destabilization of LiBH4 and LiBH4/LiNH2 [42] with MgH2 

has been found to enhance the reversible hydrogen storage characteristics. The multinary complex 

hydride LiBH4/2LiNH2/MgH2 (Li-Mg-B-N-H) possesses a theoretical hydrogen capacity of 

approximately 8 to 10 wt.%. However, it has been reported that only about 3 wt.% of hydrogen was 
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reversibly released between 160–200 °C [43,44]. It was reported that the MgH2 acts as a catalyst and 

assists in self-catalyzing the material to release hydrogen with three main reactions: 

~ 175 °C: 2Li4BN3H10 + 3MgH2 3Li2Mg(NH)2 + 2LiBH4 + 6H2 
(1) 

~ 200 °C: Mg(NH2)2 + 2LiHLi2Mg(NH)2 + 2H2 
(2) 

~ 300 °C: 3Li2Mg(NH)2 + 2LiBH4 2Li3BN2 + Mg3N2 + 2LiH + 6H2 
(3) 

Keeping these aspects in view, the current study aims to combine several materials, such as 3d 

transition elements/compounds as efficient catalysts and alkali/alkaline hydrides as destabilizers. The 

activation energy for hydrogen release or absorption can be altered and thus enhance the 

hydrogenation and dehydrogenation behavior of the multinary complex hydrides at low temperatures. 

When a material is destabilized, it can react with the additive during dehydrogenation to form a new 

compound, one that requires a lower energy. In this paper, various nano additives such as nano Ni, 

nano Fe, nano Co, nano Mn and nano Cu are investigated for the hydrogen sorption characteristics of 

multinary complex hydride LiBH4/2LiNH2/nanoMgH2 (LinMgBNH) system. 

2. Results and Discussion 

2.1. Structural and Chemical Characteristics of Multinary Complex Hydride LiBH4/2LiNH2/Nano 

MgH2 (XRD and FTIR Explorations) 

Figure 1 shows the XRD pattern of the parent complex metal hydrides such as LiBH4, LiNH2 and 

MgH2, nano MgH2; the as-synthesized quaternary (LiBNH) and multinary (LinMgBNH) systems. The 

peak around 21° is from the Parafilm® used to protect the samples during XRD measurements. Neither 

LiBH4 nor LiNH2 peaks are observed in the as-prepared LiBNH and LinMgBNH complex hydrides. 

This confirms that these two materials are fully consumed during the milling process and actually form 

a new quaternary structure, referred to as LiBNH. The quaternary structure has been reported to be 

Li4BN3H10 [26]. When the nano sized MgH2 is added to the quaternary LiBNH, the MgH2 peaks are 

barely picked up by the XRD. This indicates that the small size of the MgH2 causes the material to 

intermix and fill voids of the quaternary structure, which results in a nanocrystalline particle 

distribution, while still preserving the quaternary structure formed by the LiNH2 and LiBH4. The  

as-synthesized multinary complex hydride is a physical rather than a chemical mixture of the 

quaternary structure LiBNH with nano MgH2. 

The as-prepared quaternary (LiBNH) and multinary (LinMgBNH) complex hydrides have been 

characterized using FTIR to obtain information about the B-H and N-H stretches. The data clearly 

shows (see Figure 2) that the amide (NH2
-), and borohydride (BH4

-), anions remain intact, as observed 

previously for the quaternary LiBNH samples [45]. The peaks of the symmetric and asymmetric amide 

anions are shifted from the expected 3312 and 3259 cm−1 to 3302 and 3244 cm−1, respectively. 

Furthermore, the peak around 1560 cm−1 is characteristic of the amide ion (see Figure 2). 
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Figure 1. XRD Profiles of the plain LiBH4, plain LiNH2, LiBH4/2LiNH2 quaternary, 

commercial MgH2, nanoMgH2 and LiBH4/2LiNH2/nanoMgH2 multinary complex hydride. 

 

Figure 2. FTIR spectra of the plain LiBH4, plain LiNH2, LiBH4/2LiNH2 quaternary and 

LiBH4/2LiNH2/nanoMgH2 multinary complex hydride. 

 

The B-H stretches, usually found at 2225, 2237, 2293, and 2387 cm−1, overlap in the samples to 

form one large B-H stretch with a peak around 2320 cm-1. Finally, the BH2 deformation peaks found at 
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1120 and 1092 cm−1 in LiBH4 are observed at 1120 and 1082 cm−1, respectively, though the peak 

around 1120 cm−1 is extremely weak. However, there is no observable shift in any of the main 

stretches indicating that the chemical composition of the quaternary hydride is kept intact, and there is, 

in fact, no formation of a new compound other than the previously reported structure [45]. There is no 

evidence in the FTIR data indicating the reaction of MgH2 with either the amide or borohydride, 

further confirming the XRD data shown in Figure 1.  

2.2. Thermal Desorption Characteristics of Undoped and Bimetallic Catalysts Doped Multinary 

Complex Hydrides (LiBnMgNH) 

Thermal Programmed Desorption (TPD) was used to obtain information about changes in the parent 

material’s hydrogen characteristics. Specifically, the temperature of hydrogen release, as well as some 

general information about the kinetics of hydrogen release can be ascertained from this type of 

measurement. The peak temperature indicates the optimal hydrogen release temperature, whereas the 

width of the peak can be used to get insight into the rate at which hydrogen is released, at least 

qualitatively. A wide peak indicates a low rate of hydrogen release, whereas a narrow and sharp peak 

indicates rapid hydrogen release. As can be seen from Figure 3, it is clear that all of the additives allow 

for a lower hydrogen release temperature. It is clearly discernible that the as-synthesized multinary 

complex hydride, LiBNH + nMgH2, exhibits a three-step hydrogen release. While the TPD 

measurements are used for quick-screening the effect of the additives on the hydrogen performance of 

the material, it can be seen that each additive material either affects the rate of hydrogen release, as 

depicted by a sharp and narrow peak (especially nano iron), or significantly lowers the temperature 

required for hydrogen release. 

Since the TPD measurements only give an indication of the hydrogen sorption results, ramping 

kinetic measurements, where approximately 0.1 g of sample are loaded into the Pressure-Composition-

Temperature (PCT) and then ramped at a rate of 1 °C/min, are performed on all samples. Figure 4 

shows the more detailed hydrogen performance of the standard sample, LiBNH + nMgH2 without any 

additives, as well as with 2 mol% of the previously mentioned additives. It becomes clear that while 

nano cobalt seems promising from the TPD data, it, in fact has such slow kinetics that nano cobalt is 

no longer of interest as an additive. The kinetics measurements confirms the TPD data in that nano 

manganese and nano iron have the fastest kinetics, as indicated by the slope of the desorption curves. 

Furthermore, the significant reduction in hydrogen release temperature of nano nickel is confirmed. It 

is also noteworthy to mention from Figure 4 that a faster desorption kinetics at lowest temperature was 

obtained for the multinary complex hydride (LinMgBNH) simultaneously doped with 2 mol% of both 

nanoFe and nanoNi. This may be due to the synergistic nature and characteristics of both the 3d 

transition metal nanocatalysts such as nano iron and nano nickel on the complex hydride system.  

Figure 5 shows a comparison of the hydrogen release rate and hydrogen release temperature of the 

complex multinary hydride LiBNH + nMgH2 without and with 2 mol% of nano-sized additives. Since 

the nano-sized nickel showed the lowest hydrogen release temperature of just under 200 °C and  

nano-sized iron showed the highest release rate (0.2 wt.%/min) at a comparatively low temperature of 

245 °C, these two additives were chosen to be optimized in terms of their concentration. 
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Figure 3. TPD profiles comparison of LiBNH + nMgH2 without additive and with 2 mol% 

nano catalysts such as Ni, Cu, Mn, Co and Fe at a constant ramping rate of 1 °C/min. 

 

Figure 4. Ramping kinetic measurements of LiBNH + nMgH2 without and with 2 mol% 

nano catalysts such as Mn, Fe, Co, Cu, Ni and Fe + Ni. 

 

TPD measurements are used to obtain information about the effect of various concentrations of 

nano nickel and nano iron, but these are not shown here, as the optimum concentration of these 

additives was investigated for their hydrogen sorption properties. The effect of 2, 4, and 10 mol% of 

nano nickel on the complex hydride material (LinMgBNH) can be seen in Figure 6. While 2 mol% 

reduces the hydrogen release temperature as previously mentioned, any further amount of nickel does 

not further lower this temperature, but instead leads to much slower kinetics of hydrogen release, as is 

evident by the hydrogen desorption of the standard sample with 10 mol% nanoNi. 
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Figure 5. Comparison of hydrogen release temperature and hydrogen release rate of the 

standard LiBNH + nMgH2 without and with 2 mol% of various nano additives. 

 

Figure 6. Ramping desorption kinetics of LiBNH + nMgH2 without and with 2 mol%, 

4 mol% and 10 mol% nano nickel. 

 

Nano sized iron, on the other hand, maintains its kinetic advantage, but the hydrogen release 

temperature is further reduced with increasing iron amounts, as seen in Figure 7. A capacity of 6 wt.% 

of hydrogen can be achieved with 0.2 wt.%/min at a temperature of around 200 °C for 10 mol% nano 

iron, as compared to 6 wt.% at 300 °C at a rate of 0.08 wt.%/min without any additive. This is a 

significant improvement and is most likely due the interaction of iron with magnesium which allows 

for a rapid hydrogen release at lower temperatures as the iron bonds with the magnesium, thereby 

forming a magnesium-iron alloy. 
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Figure 7. Ramping desorption kinetics comparing LiBNH + nMgH2 without and with 

2 mol% and 10 mol% nano iron. 

 

3. Experimental Section  

3.1. Synthesis and Nanocatalyst Doping of Complex Multinary Hydrides (LinMgBNH) 

The parent compounds, LiBH4 and LiNH2, were purchased from Sigma Aldrich with a purity of 

95%, and MgH2 was obtained from Alfa Aesar with a purity of 98%. All materials were kept in the 

inert atmosphere of the glove box and used without further purification. The MgH2 was either added as 

received or was added as a nano MgH2. The nano MgH2 (nMgH2) was created by ball milling the 

commercial MgH2 (cMgH2) for 12 h with intermittent hydrogen/argon purges every 2 h. This ensured 

the reduction of particle size as well as the decrease in hydrogen release temperature, as previously 

reported [38]. The multinary complex hydride (LinMgBNH) was created in 4 g batch with a constant 

molar ratio of 2LiNH2:LiBH4:nMgH2, while taking into account the purity of the parent compounds, 

by employing high energy ball milling (Fritsch Pulverisette 6) for 5 h at 300 rpm with intermittent 

hydrogen/argon (5%/95%) purges for 20 min before milling and after 2 h and 4 h. This was done to 

ensure that as little hydrogen as possible was released during the milling process and to reduce the 

agglomeration of the hydride that occurs when pure hydrogen is used. The processing scheme adopted 

was to create the quaternary structure Li4BN3H10 (referred as LiBNH) by milling LiBH4 with 2LiNH2 

for 5 h and then adding nano sized MgH2, after which the quaternary and the nano MgH2 were milled 

for an additional 5 h. All milling was carried out in an inert atmosphere and the samples were purged 

with the hydrogen/argon mixture every 2 h. 

After the multinary complex hydride was synthesized as described above, various concentrations of 

nano additives were added to 0.4 g of sample. The samples were loaded in the glove box and the same 

stainless steel milling container was used to synthesize catalyst doped multinary complex hydrides. 

These samples were then purged with the same hydrogen/argon mixture, as previously described, for 

15 min before being milled. Initially, the samples were milled at 300 rpm for 15 min to compare the 

effect of the nano additives on the multinary hydride. This milling duration allowed a thorough mixing 
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of the parent compound with the nano additive without allowing the two to react and form a novel 

chemical structure. After a quick screening comparison of the various nano additives available, the 

samples showed an increase in kinetics and a decrease in hydrogen release temperature. Initially,  

2 mol% of various nano-sized additives obtained from QunatumSphere Inc., was investigated. The 

materials available were nickel, copper, manganese, cobalt and iron. 

3.2. Characterization and Hydrogen Sorption Measurements of Catalyzed Multinary Complex Hydrides 

The powder X-ray diffraction of the samples have been carried out by Philips X’pert diffractometer 

with CuKα radiation of λ = 1.54060 Å. The as-milled sample, which shows peaks at the 2θ angles of 

21° and 23°, are prepared inside the glove box and sealed with Parafilm® tape. Diffraction data are 

analyzed using PANalytical X’pert Highscore software version 1.0f. Perkin-Elmer Spectrum One 

Fourier transform infrared (FTIR) spectrometer was utilized to measure the bonding stretches of the 

complex hydride compound. The working range of the FTIR instrument was between 370–7800 cm−1 

and a resolution of 0.5 cm−1. The thermal volumetric desorption (ramping kinetics) was performed 

using Setaram HyEnergy’s PCTPro 2000 and Quantachrome’s Autosorb 1C thermal programmed 

desorption (TPD) equipment to understand the hydrogen desorption characteristics of undoped and 

nanocatalysts doped multinary complex hydrides. 

4. Conclusions  

Through XRD measurements, it was found that a 2:1 molar ratio of LiNH2:LiBH4 formed a new 

quaternary compound after approximately 5 h of ball milling. The obtained quaternary complex 

hydride (LiBNH) was further mixed with nanoMgH2 and subjected to ball milling under Ar/H2 

(95/5%) ambient for 5 h. XRD of the as-synthesized complex multinary hydride exhibited peaks from 

LiBNH and nanoMgH2; however, no signatures of the parent LiBH4 and LiNH2 compounds are 

observed. The Fourier Transform Infrared Spectroscopy (FTIR) results of the as-prepared complex 

multinary hydride (LinMgBNH) demonstrated the presence of symmetric and asymmetric NH2 

stretches, wide B-H stretch and BH2 deformation bands. The thermal desorption profile of the undoped 

LinMgBNH showed three steps of hydrogen release at temperatures around 150, 200 and 300 °C 

respectively. However, much earlier on-set decomposition temperatures have been obtained for the 

nanocatalyst doped LinMgBNH. Nanocatalyst additives such as nanoNi, nanoFe, nanoCo, nanoMn and 

nanoCu at low concentrations (2 mol%) on the complex hydride host structure demonstrated a 

reduction in the decomposition temperature and overall increase in the hydrogen desorption reaction 

rates. Bi-metallic nanocatalysts such as the combination of nanoFe and nanoNi showed further 

pronounced kinetics enhancement in comparison to their individual counterparts. One important aspect 

of the fate of nanocrystalline behavior of both nanoMgH2 and nano additives after high temperature 

sorption treatment was not yet determined and are currently under investigation. 
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