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Abstract 

Hydrogen storage is one of the critical technologies needed on the path towards 

commercialization for mobile applications.  In the past few years, a range of new light 

weight hydrogen containing material has been discovered with good storage properties.  

Among them, lithium borohydride (LiBH4) sodium borohydride (NaBH4) and calcium 

borohydride (Ca(BH4)2) have shown promising results to be used as solid state hydrogen 

storage material.  

In this work, we have determined equilibrium vapor pressures of LiBH 4 NaBH4 and 

Ca(BH4)2 obtained by Torsion effusion thermogravimetric method.  Results for all the three 

hydrides exhibited that a small fraction of the materials showed congruency, and sublimed 

as gaseous compound, but the majority of the material showed incongruent vaporization. 

Two Knudsen cells of 0.3 and 0.6mm orifice size was employed to measure the total vapor 

pressures. A Whitman-Motzfeldt method is used to extrapolate the measured vapor 

pressures to zero orifice size to calculate the equilibrium vapor pressures.   

In the case of LiBH4 we found that ~2% of the material evaporated congruently (LiBH4(s) 

Ÿ LiBH4(g)) according to the equation: ὰέὫὖ ὖϳ
Ȣ 

 ρȢπχω πȢφω 

and rest as incongruent vaporization to LiH, B, and hydrogen gas according to the equation 

ὰέὫὖ ὖϳ
Ȣ 

 ςȢτυψ πȢφω  with DHevap.= 62.47°5.9 kJ/mol of H2, 

DSevap.= 47.05°13 J/mol of H2.K.  The NaBH4 also had somewhat similar behavior, with 

~9% congruent evaporation and equilibrium vapor pressure equation of ÌÏÇὖ
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 φȢχ ρȢυ  and 91% incongruent decomposition to Na and Boron metal, and 

hydrogen gas. The enthalpy of vaporization; DHevap.= 147.2°6.4kJ/molH2 and DSevap.= 142 

°28 kJ/molH2.K (550-650K). The Ca(BH4)2 exhibited similar vaporization behavior with 

congruency of ~ 3.2%. The decomposition products are CaH2 and Boron metal with 

evolution of hydrogen gas varying with the pressure equation as ὰέὫὖ ὖϳ

Ȣ 
 ςȢυχ πȢρυυ. The enthalpy and entropy of vaporization, DHevap.= 

29.9°3.3kJ/molH2, DSevap.=49.14 °2.9 J/molH2.K (400-650K) respectively.  More details 

of the properties of the vaporization such partial pressures of effusing gases, Gibbs energies 

of vaporization, molecular weight of effusing gases, as well as decomposition products, 

evaporation reactions, thermodynamic modeling of the disproportionation of these three 

compounds are discussed in this dissertation.  
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1 Research motivation and objectives 

1.1 Hydrogen storage, challenges and applications 

Hydrogen storage is one of the critical technologies needed on the path towards 

commercialization for mobile applications. A modern commercially available car with an 

efficient combustion engine, can cover a range of 400 km using roughly 24 kg (30 liter) of 

gasoline. To cover the same range, it requires 8 kg of hydrogen gas burnt using a 

combustion engine, or 4 kg of hydrogen using an electric motor and fuel cell [1]. Hydrogen 

is therefore a good fuel in terms of mass but not volume. At room temperature and 

atmospheric pressure, 4 kg of molecular gas (H2) would occupy a volume of 45 m3, 

corresponding to a balloon with a diameter of 5 meter. This volume requires significant 

compaction in size to be practical for use in cars. The volume of gas relative to a typical 

car is shown in Figure 1-1, where it is possible to see that significant reductions in volume 

can be obtained by compressing, liquefying or solid state hydrogen storage [1]. Figure 1-2 

represents a few of storage materials which are recently being evaluated by other research 

groups. It shows gravimetric against volumetric hydrogen storage density. The most 

effective material will be one that has the maximum gravimetric and volumetric storage 

density. In Figure 1-2, methane shows highest gravimetric hydrogen density of the 

compounds.  
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Figure 1-1: Relative volume required to store 4 kg of hydrogen using gaseous storage at 

200 bar, cryogenic liquid, LaNi5H6, and Mg2NiH4, compared to a small car [1].  

 

Figure 1-2: Stored hydrogen per mass and per volume. [1]. 

Other materials such as LaNi5H6 and BaReH9 have exceptional volumetric hydrogen 

densities. However, there are drawbacks to these two materials; the hydrogenation of 
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BaReH9 is not a reversible reaction and LaNi5H6 is reversible but not within the required 

range of temperature and pressure specified by DOE. Also, they have poor gravimetric 

storage densities due to the presence of heavy metal atoms [1]. 

In addition to the hydrogen density, desorption temperature must also be considered for 

practical application. Figure 1-3 shows the gravimetric hydrogen storage density against 

desorption temperature, together with the U.S. DoE targets [2]. For the use with a fuel cell, 

ideally the temperature should be between 0 and 100°C for practical vehicular and mobile 

applications.   

 

Figure 1-3: Comparison between observed hydrogen capacity and desorption/ 

decomposition temperature and the 2009 US DoE targets [2]. 

1.2 Storage of hydrogen as a compressed gas 

Three isotopes of hydrogen are hydrogen or protium (H), deuterium (D), and the unstable 

tritium (T). All these isotopes of hydrogen form covalent molecules like H2, D2, and T2, 
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respectively, because of the single electron in the atom. The phase diagram of the hydrogen 

molecule H2 is shown in Figure 1-4. At low temperatures, hydrogen is a solid with a density 

of 70.6 kg·m-3 at -262°C, and a gas at higher temperatures with a density of 0.089 kg·m-3 

at 0°C and a pressure of 1 bar. Hydrogen is a liquid in a small zone between the triple and 

critical points with a density of 70.8 kg·m-3 at -253°C [3].  

At ambient temperature (298.15 K), hydrogen gas is described by the Van der Waals 

equation [4]:   

ὖὠ ὲȢὙȢ
Ȣ
ὥȢ                                                                             Equation 1-1       

where P is the gas pressure, V the volume, T the absolute temperature, n, is  the number of 

moles and R the gas constant, a is the dipole interaction or repulsion constant, and b is the 

volume occupied by the hydrogen molecules. The reason for the low critical temperature 

(Tc = 33 K) of the hydrogen is the strong repulsive interaction between hydrogen atoms 

[4]. 

 

Figure 1-4: Primitive phase diagram for hydrogen. [3]. 
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Compressed gas cylinders are the most common method of storing hydrogen on vehicles 

(Toyota Mirai, Hyundai Tucson currently on the market), due to a well-established 

technology in compressing gasses and high pressure cylinder manufacturing. Typical high 

pressure tanks can store up to 300 bar and to store 4Kg of H2 it requires an internal volume 

of 225 liters (~60 gallon). State of the art high pressure tanks made of carbon fiber 

composites and aluminum can store up to 600bar and when it is full can store 4% H2 by 

mass. In compressing hydrogen, the density of hydrogen increases with increasing the 

pressure but gravimetric density decreases, therefore, consequently gravimetric density is 

sacrificed for improved volumetric density[1].  

Safety is one of the biggest concerns associated with pressurized cylinders since vehicles 

are can involve in accidents, also the compression of gasses itself is dangerous and 

complicated process. Nevertheless, the relatively low volumetric hydrogen density of these 

high-pressure gas cylinders is the critical drawback for this technically [1, 3]. 

1.3  Storage of liquefied hydrogen 

Condensation into liquid form or even solid hydrogen is particularly attractive from the 

point of view of increasing the mass per volume. The density of liquid hydrogen is 70.8 

kgm-3 (70.6 kg.m-3 for solid hydrogen). But the condensation temperature of hydrogen at 

1 bar is ï252.7 °C and the vaporization enthalpy at the boiling point is 452 kJ kgï1 [1]. To 

transform gaseous hydrogen into liquid at 1 bar pressure, the gas should be cooled to 20.3 

K (-423.17 °F/ -252.87 °C). Liquid hydrogen is being used as fuel in launching of space 

shuttles before [1]. If stored in a closed system, the pressure at standard temperature could 
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increase dramatically due to vaporization and as a result liquid hydrogen can only be stored 

in an open system like a vessel with free space or tanks equipped with pressure release 

valve. Compared to compression of the gas, a significant amount of energy is required to 

liquefy hydrogen. Together with the losses of hydrogen through evaporation, the net energy 

difference limits the range of application of liquid hydrogen due to the overall cost [5]. 

Therefore, heat transfer through the container leads directly to the loss of hydrogen. The 

loss of hydrogen in larger containers is less, because larger containers have a smaller 

surface to volume ratio than small containers. A Lockheed military-type aircraft and a 

Tupolev supersonic aircraft have been flown with engines fueled by liquid hydrogen. BMW 

have also built an automated liquid-hydrogen filling station as a prototype, and developed 

and tested several cars running with hydrogen using state of the art vessels to reduce losses 

by evaporation [1]. 

1.4 Storage of hydrogen via chemical reaction 

Hydrogen is generated through a chemical reaction of metals and chemical compounds 

with water. These reactions are not easily reversible, and if this process is to be used 

sustainably in a mobile application, then the by-products would need to be removed from 

the vehicle and regenerated. A piece of sodium floating on water produces hydrogen is a 

good demonstration of this process. Two sodium atoms react with two water molecules to 

produce one hydrogen molecule and two sodium hydroxide molecules (NaOH) [6, 7].   

NaBH4 + 2H2O Ÿ NaBO2 + 4H2                                                                  Equation 1-2 
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This process has a gravimetric storage density of 3 wt %. Similar process using Li can 

increase the hydrogen storage density to 6.3 mass % [1] . The main challenge of this storage 

method is reversibility of reactions and control of thermal reduction of the metal and as a 

result, DOE has a no-go for hydrolysis of NaBH4 and reaction base hydrogen storage 

methods [2]. 

1.5 Solid state hydrogen storage (area of interest in the present work) 

It is possible to increase the density of hydrogen beyond what can be achieved via 

compression or liquefaction through solid state hydrogen storage. This is possible because 

in many hydride-type materials, hydrogen is packed with HïH distances as small as 2.1 

Angstroms, resulting in hydrogen densities up to 170 g H2/L, which is twice greater than 

the density of hydrogen in liquid form. The strength of the bond between hydrogen and a 

host material ranges from weak van der Waals bonds in  physisorption of molecular H2, to 

the strong ionic bonding of atomic hydrogen [8].  

Groups 1, 2, and 3 light metals such as lithium, magnesium, boron and aluminum, all are 

capable of forming metal-hydrogen complexes. Their biggest advantage is their low weight 

and the high number of hydrogen atoms per metal, which is two in many cases. In these 

complex hydrides, the hydrogen is located in the corners of a tetrahedron structure with 

boron or aluminum in the center of the unit cell [9]. In this group, the LiBH 4 compound 

with the highest gravimetric hydrogen storage density at 18 wt%, is a potential hydrogen 

storage material for mobile applications. LiBH4 desorbs three of four hydrogen atoms on 
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heating to 600°C, forming LiH and boron, accounting for the 9 wt.% of the hydrogen 

released [10].  

In this dissertation, we limit the scope of our discussion to those categories of storage 

materials which are the most relevant and received the most attention from the research 

community. LiBH4, NaBH4 and Ca(BH4)2 have shown promising properties as hydrogen 

storage material. The main focus of this work is vaper pressure measurements on LiBH4, 

NaBH4 and Ca(BH4)2. Using the vapor pressure results can help us to determine the 

thermodynamic properties of these metal borohydrides. These fundamental properties can 

help engineers and scientists to better understand the nature of the hydrogen storage 

capability of these compounds. 
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2 Literature review  

2.1 Review on hydrides 

The term hydride is mainly named after binary compounds that hydrogen forms with other 

elements. Hydride compounds usually form with most elements, except a few noble gases 

[6]. Gibb has defined a hydride as a compound in which there is a metal to hydrogen bond 

in the structure [9, 11]. The importance of this definition is in the nature of the hydrogen 

bond (which can be covalent, ionic and metallic). Often, for metallic hydrides, the reaction 

between hydrogen and metal results in a range of compositions and with properties that are 

very different from the initial metal. Although there has been some argument as to whether 

such phases are compounds or solid solution, the definition will include both whether or 

not an exact stoichiometric ratio exist. There may be a number of reasons for 

nonstoichiometric in metal hydrides. It may be due to trace impurities in the hydrogen 

which can inhibit the uptake of the hydrogen by the metal, impurities in the metal,  or to 

incomplete hydriding reaction during the synthesis of the compounds [11]. 

Hydrogen reacts at high temperatures with many transition metals and their alloys to form 

hydrides. The electropositive elements are the most reactive elements toward hydrogen 

(i.e. Sc, Y, lanthanides, actinides). The binary hydrides of the transition metals are 

predominantly metallic in character and are usually referred to as metallic hydrides. They 

are good conductors, have a metallic or graphite-like appearance. Many of these 

compounds, (MHn), show large deviations from ideal stoichiometric (n = 1, 2, 3) and can 

exist as multiphase or solid solution systems under different pressure and temperature. The 
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lattice structure is similar to the metal with hydrogen atoms on the interstitial sites; so they 

are also called interstitial hydrides. This type of structure is limited to the compositions 

MH, MH2, and MH3, with the hydrogen atoms in octahedral or tetrahedral vacancies in the 

metal lattice, or a combination of the two. The reaction of hydrogen gas with a metal is 

called the absorption process and can be described in terms of amplified one-dimensional 

potential energy curve (Figure 2-1) [3].  

 

Figure 2-1: Energy for desorption of hydrogen to the metal and forming metal hydride [3]. 
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2.2 Classification of hydrides 

In recent years, the hydrides have been classified into three main categories [11]: 

1. Classical metal hydrides 

2. Chemical hydrides 

3. Complex hydrides.  

Chemical hydrides, such as ammonia, NH3 (15.1%), methanol CH3OH (8.9%), and others 

can be used to generate hydrogen gas. The development of light metal complex hydrides 

was shown by Bogdanovic and Schwickadi in 1997 in which normally non-reversible 

hydrides such as NaAlH4 were shown to become reversible by the addition of transition 

metal-based catalysts [12]. The current focus of research on hydrides is for vehicular 

development and complex hydrides have shown great potential to satisfy US DOE 

FreedomCAR goals [12, 13].  

Complex hydrides are usually salt-like materials in which hydrogen is bound to the central 

atoms, covalently. In general, complex hydrides have the chemical formula AxMyHz where 

A is occupied by elements of the alkaline and alkaline earth metals, and M is either B or 

Al  [14].  

The formation of metal hydrides is typically exothermic and hydrogen desorption from the 

hydrides can be achieved endothermally under suitable thermodynamic conditions[15]. 

Over the years a number of alloys/intermetallics have been designed for a variety of 

applications [16-18].  For mobile and vehicular applications, the hydride should possess 
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good hydriding/dehydriding properties, optimum kinetics at reasonably low temperatures 

(25-100oC)to be used commercial applications [2, 12].  

Many metal hydrides are stable at ambient conditions, and the exothermic formation 

enthalpy for these compounds reflects the strong bonding between metal and H atoms [19].  

Figure 2-2, column 1 shows an overview of the properties of conventional metal hydrides.   

 

Figure 2-2: Overview of the properties of the major hydrogen storage materials classes. 

Red indicates significant challenges remain towards achieving DOE targets; Green 

signifies satisfactory performance; Yellow indicates some improvement is required. [8].  

In interstitial hydrides, the crystal structure of the metal does not change upon insertion of 

the hydrogen atom. Examples of interstitial hydrides include palladium hydride, PdH, (Viï

TiïFe) H2 and LaNi5Hx (see Table 2-1, reactions 1 and 2). In other cases, a new structural 
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type is formed upon hydrogen incorporation. Examples of these so-called structural 

hydrides include MgH2 and AlH3 (Table 2-1, reactions 3 and 9).  

For use in automotive applications, however, the gravimetric capacity of conventional 

metal hydrides is generally too low, or the thermodynamics of H bonding is either too 

strong or too weak for easy hydrogen desorption/adsorption. For example, alane (AlH3) 

has a large gravimetric capacity (~10 wt%). Nevertheless, due to a weak bond energy, (ȹH 

= 5ï8 kJ/mol H2), it is not possible to directly recharge alane from Al and H2. On the other 

hand, Magnesium hydride (MgH2) also has a high gravimetric capacity, but the bond 

energy of this compound is too strong (ȹH = 66-75 kJ/mol H2), requiring ~290 °C to desorb 

H2 at 0.1 MPa. Metal hydrides with more moderate bond energies, such as vanadium 

hydride, VH2 and LaNi5Hx, have decent thermodynamics (ȹH ~30ï43 J/mol H2,Table 2-1), 

but have limited gravimetric densities [8]. 
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Table 2-1: Summary of thermodynamic and theoretical capacity data for hydrogen storage 

reactions of selected metal hydrides (from [8] and therein references) 

 

2.3  Complex hydrides:  

Groups 1, 2, and 3 light metals such as lithium, magnesium, boron and aluminum, along 

with nitrogen, all are capable of forming a number of metal-hydrogen complexes [20-22]. 

These compounds are interesting because of their low weight and the number of hydrogen 

atom per metal. The main difference between these complex hydrides and metallic hydrides 

is a transition to ionic and covalent bonding of the absorbed hydrogen.  

Light elements and more covalent hydrides, such as BH3, AlH3 and NH3 have high energy 

densities but they decompose to very stable elements, B, Al and N2, which are very difficult 

to re-fuel with hydrogen for on board and vehicle application. All three compounds readily 

react with ionic hydrides, e.g. alkali MH, forming LiBH4, NaAlH4 and LiNH2. This class 
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of material contains stable solids, which are easier to work with and consist of an 

electropositive counter ion and a coordination complex where hydrogen is covalently 

bonded, i.e. [BH4]
ī, [AlH4]

ī and [NH2]
ī [23]. In these complex hydrides, the hydrogen is 

often located in the corners of a tetrahedron with boron or aluminum in the center. The 

negative charge of the anion, [BH4]
- and [AlH4]

-, is compensated by a cation metal, e.g. Li 

or Na. the hydride complexes of borane, the borohydrides M(BH4), and tetrahydroaluinates 

M(AlH 4) are interesting storage materials. They have stable composition and decompose 

only at elevated temperatures [3]. Bogdanovic et al. [24] showed desorption/adsorption 

isotherms for NaAlH4 at temperatures of 180°C and 210°C. NaAlH4 absorbs and desorbs 

hydrogen up to 4.2 mass%. They proposed two-step reaction for decomposition of NaAlH4 

as follow: 

3NaAlH4 Ÿ Na3AlH6 + 2Al + 3H2 (3.7 wt%)                                                  Equation 2-1 

Na3AlH6 Ÿ 3NaH + Al + 3/2 H2 (3.0 wt%)                                                     Equation 2-2 

And the enthalpy for the dissociation reaction was determined to be 37 kJ.mol-1 and 47 

kJ/mol-for the first and second dissociation reactions respectively [24].  

The structures of mono-metallic borohydrides range from ionic to complex structures, e.g. 

Mg(BH4)2 and Ca(BH4)2, and molecular structures, e.g. Al(BH4)3 and Zr(BH4)4, show 

increasing degrees of directionality and covalency in the bonding [23]. Table 2-2 lists some 

of the important complex hydrides and their hydrogen storage capacity [25] (please notice 

the capacity of commercially available compounds).    
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Table 2-2: Selected complex hydrides [25] 

 

In general, borohydrides have very high available hydrogen mass % that meet the current 

U.S. Department of Energy targets. Amides have reaction kinetics and hydrogen 

gravimetric capacity which both approach practical viability. However, all of the complex 

hydrides currently have practical limitations that must be overcome. Alanates have 

insufficient reversible capacity whereas, borohydrides suffer from slow kinetics and 

amides are by both capacity and kinetic limitations as well as undesirable evolution of 

ammonia [26]. 
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2.4 Metal Borohydrides 

 Alkali and alkali-earth metal borohydrides are ionic, with the anionic [BH4]- group 

countered by an alkali metal cation in a 1:1 ratio. Borohydrides, or tetrahydroborates, also 

have been the subject of numerous studies due to their use as a reagent in the reduction of 

organic compounds. The borohydride creates invariably covalent bonds through a three 

center two electron bridging hydrogen in monodentate, bidentate and tridentate manner, as 

shown in Figure 2-3. The simplest known boron hydrogen anion is borohydride ion, [BH4]
-

Borohydrides can make covalent complexes with transition metals. 

 

Figure 2-3: Borohydride bonding configuration [27] 

Covalent borohydrides can often be synthesized, whereby substitution of the [BH4]- group 

occurs with a halide ion.  

MCln + nABH4 Ÿ M(BH4)n + nACl                                                             Equation 2-3 

Interest in borohydrides as hydrogen storage sparked after Grochala et al published a 

summary of gravimetric storage densities in 2004 [28]. Complex hydrides in the form of 

borohydrides have the potential to satisfy many of the demands, notably high gravimetric 

and volumetric storage capacities. With such a large number of different borohydrides there 
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are some that satisfy more criteria than others. Some borohydrides can be used at room 

temperature, while others have decomposition temperatures above 300°C [29]. Many 

borohydrides have been successfully synthesized, as summarized in Figure 2-4 and it 

shows most of the metals can form borohydride complexes [27].  

 

Figure 2-4: The periodic table of elements, with known borohydride complexes shown in 

green [27].  

Four general methods are used for the sythesis of metal borohydrides: 

I. addition of diborane, B2H6, to metal hydrides 

II.  reaction of B2H6 with metal alkyls or metal alkoxides 

III.  reaction of metal hydrides with boron compounds 

IV.  exchange reaction between metal borohydrides and other metals salts, mostly 

halides.  
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In complex hydrides, such as metal borohydrides, hydrogen gravimetric and volumetric 

densities can reach as high as 18.4 wt % and 102 kg/m3 (e.g., in LiBH4), but the strong 

bonds for hydrogen in these materials do not allow complex hydrides to desorb hydrogen 

at ambient conditions effectively. Also, during the decomposition process intermediate 

phases are formed that prevent these materials from storing hydrogen reversibly and limits 

their application as storage. Generally, the decomposition of metal borohydrides M(BH4)n 

proceeds in two different pathways depending on whether a stable binary hydride (i.e., 

MHx) or elemental metal (M) is the final product or not. These are [30]: 

M(BH4)n Ÿ M + nB + (2n)H2                                                                          Equation 2-4 

M(BH4)n Ÿ MHx + nB + (2n-x/2)H2                                                               Equation 2-5 

Usually, the decomposition process in M(BH4)n is accompanied by the formation of an 

intermediate compound. For example, early studies by Orimo et. al. [26], using Raman 

Spectroscopy, identified dodecaborane, [B12H12]
2ī, as a dominant intermediate phase and 

proposed the following hydriding (dehydriding) process: 

LiBH4 Ÿ 1/12 Li2B12H12 + 5/6 LiH + 13/12 H2 + B + 3/2H2                          Equation 2-6 

P. Jenna et al. [30] has studied the stability of potential intermediate phases containing 

B3H8 ī and B12H12
2ī ions produced during the decomposition of Na(BH4), Mg(BH4)2, and 

Y(BH4)3 using DFT. They found that while Na2B12H12 is the most stable species 

borohydride and intermediate NaB3H8 phase, the results are dissimilar for Mg and Y 

borohydrides. The preferred intermediate phase during the decomposition of Mg(BH4)2 is 

Mg(B3H8)2, while both Y(B3H8)3 and Y2(B12H12)3 could be found in the intermediate 

products of Y(BH4)3. Konoplev and Bakulina [31] showed that the decomposition of 
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Mg(BH4)2 was a two-step process where the Mg(BH4)2 decomposes to MgH2 with the 

evolution of hydrogen in the first step and the subsequent decomposition of the MgH into 

Mg and B accompanied by additional hydrogen release.  

Mg(BH4)2  Ÿ MgH2 + 2B + 3H2 Ÿ Mg + 2B + H2                                       Equation 2-7 

Mg(BH4)2 Ÿ MgH2 + 2B + 3H2 Ÿ MgB2 + 4H2                                           Equation 2-8 

Results of a study by Chlopek et al. [32] based on simultaneous TGA, DSC and MS show 

that the thermal decomposition of Mg(BH4)2 proceeds via four or more endothermic steps 

with Mg, MgB2 and MgB4 found as decomposition products depending on temperature.  Li 

et al. [32] had initially proposed from their TG and PCT measurements as well as 

theoretical studies that for Mg(BH4)2 an intermediate product of MgB12H12 was a possible 

intermediate product in the multistep decomposition of Mg(BH4)2 as shown in the 

equations (3-9): 

Mg(BH4)2 Ÿ5/6 MgH2 + 1/6 MgB12H12 + 13/6 H2  Ÿ MgH2 + 2B + 3H2 ŸMg + 2B + 4H2                                                                                                                 

Equation 2-9 
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2.4.1 Lithium Borohydride LiBH 4 

Lithium tetrahydroborate, LiBH4, is an important energy material with a range of 

significant properties. As a potential hydrogen storage material, it is the lightest of the 

tetrahydroborates with volumetric and gravimetric hydrogen densities of 121 kg H/m3 and 

18.5 mass% respectively [33]. LiBH4 is salt-like and sensitive to moisture and not to 

oxygen, which is a crystalline material with melting point at 275 °C or 278 °C and densities 

0.681 or 0.66 g cmī3 at 25 °C.  

Currently, LiBH4 is one of the main candidates for vehicular hydrogen storage application 

because of its high gravimetric and volumetric hydrogen capacity of 18.5 wt % and a 121 

kg H2 m-3 respectively [10]. The crystal structure of LiBH4 at room temperature is 

orthorhombic with space group of Pnma. As the temperature is increase up to 408K, the 

structure undergoes a phase transition and becomes hexagonal with the space group of 

P63mc [34]. It is found that upon increasing temperature, hydrogen releases in several 

reaction steps and temperature regimes [10, 35-38]. The low temperature transformation 

from the orthorhombic phase liberates only 0.3 wt% hydrogen. The high temperature phase 

liberates up to 13.5 wt% of hydrogen which is about 3 mol of H per LiBH4. A total of 4.5 

wt% of the hydrogen remains as LiH  in the decomposition product [10, 36]. Desorption 

of hydrogen results in LiH and solid B. Due to stability of LiH (ȹHf = -90.7kJ), its 

desorption proceeds at temperatures above 1000K and therefore not usually assessable in 

practical applications [35]. Orimo et al. [39] studied the decomposition of LiBH4 using 

XRD and observed the diffraction peak corresponding to LiH at 743K [38]. Reaction 2-10 
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has been reported to be the pathway for the thermal decomposition of pure LiBH4 at high 

temperature. 

LiBH4(s) = LiH(s) + B(s) + 3/2 H2 (g)                                                                Equation 2-10 

Xia et al. [33] studied the desorption of LiBH4 using PCT isotherms. The ȹH and ȹS were 

60.76 kJmol-1 H2 and 91.21JK-1mol-1 H2 according to the Van Hoff equation [40]. Zhang 

et al. [41] showed that the thermal stability of LiBH4 can be reduced by the addition of 

SrH2 as catalyst for decomposition.   The desorption enthalpy change for LiBH4/SrH2 

system is 48kJ.mol-1 H2, which is reduced by 26kJ.mol-1 H2 compared to pure LiBH4.   

In 1940, Schlesinger et al. synthesized LiBH4 by the reaction of ethyl lithium with diborane 

(B2H6). The direct reaction (Eq. 2-11) of LiH with diborane under suitable conditions can 

synthesize LiBH4[42]  

LiH + 1/2B2H6 = LiBH4                                                                                  Equation 2-11 

Direct synthesis from the Li, B, and hydrogen (Eq. 2-12) at 550ï700 °C has been reported 

for LiBH4. The reaction kinetics can be enhanced by forming a binary LiBx compound 

(e.g., Li7B6, LiB3, and LiB, etc.) [33, 43] 

Li+B+2H2ŸLiBH4                                                                                          Equation 2-12 

Cakanyildrim et al studied the formation of LiBH4 using mechanical milling of LiH and B 

and showed the formation of LiBH4 under H2 atmosphere [44].   

Soulie et al. [34] studied the structure of the low temperature orthorhombic (o-LiBH4) 

phase and the high temperature hexagonal (h-LiBH4) phase. At room temperature o-LiBH4 
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phase has an orthorhombic structure and Pnma space group with cell dimensions a= 

7.17858 A°, b= 4.43686 A° and c= 6.80321 A° at 25 °C [34, 45].   

Figure 2-5 shows that in orthorhombic LiBH4 tetrahedral onions ([BH4]-) are aligned along 

the two orthogonal directions and are heavily distorted with respect to bond length (B-H 

1.04-1.28 Å) and bond angle (H-B-H 85.1-120.1°) [34, 45] 

 

Figure 2-5: Crystal structure of LiBH4 phases: Pnma (a), P63mc (b) [34]. 

At 381K, LiBH4 undergoes a structural phase transition to a hexagonal superionic phase 

with a Li+ ionic conductivity of the order of 10-3 S.cm-1. The crystal structure and, in 

particular, the endemic disorder in LiBH4 are the main components of these diverse 

properties. This transformation is a reconstructive order-disorder transformation. [46].  

The thermal hydrogen desorption from LiBH4 liberates the four hydrogen in the compound 

upon melting at 280 °C and decomposes into LiH and B. the thermal desorption spectrum 

(Figure 2-6) exhibits four endothermic peaks. The peaks are attributed to polymorphic 

transformation around 110 °C, melting at 280 °C, the hydrogen desorption  and when three 

of the four hydrogen are desorbed at 680 °C. The calculated enthalpy ȹH= -177.4 kJ/mol 

H2 and entropy ȹS= -238.7 JK1-mol1- H2 of decomposition are not compatible with the 

values measured from indirect measurements of the stability. Also, the value of the entropy 
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is too high and cannot be explained, because the standard entropy for hydrogen is 130 JK1-

mol1- H2. Additives to tetrahydroborates, e.g. SiO2 can lower the hydrogen desorption 

temperature for LiBH4 by approximately 100K, which can be explained according to a 

catalytic effect and not a destabilization of the complex [29].  

The DTA of LiBH4 at very low heating rate (0.5 K/min) exhibits three distinct desorption 

peaks (Figure 2-7). It shows that the desorption mechanism involves several steps due to 

formation of intermediate products.  

 

Figure 2-6: Integrated thermal desorption spectra for LiBH4 measured at various heating 

rates (values in figure in K/min). [29].  

Figure 2-7 summarizes the energy levels for the hydrogen desorption reaction of LiBH4 

considering the enthalpy of the reactants. The most stable state is LiBH4 in the low 

temperature structure Pnma, which is transformed into the high temperature modification 

P63mc at 391 K, followed by melting at around 280 °C. Consequently, desorption of 

hydrogen is observed, resulting in LiH and solid B. Due to the high stability of LiH (ȹHf= 
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-90.7 kJ), its desorption proceeds at temperature above 1000K and is therefore not usually 

accessible in technical applications [35].  

 

Figure 2-7: Schematic enthalpy diagram of the phases and intermediate products of LiBH4 

[35]. 

Orimo et. al. [38] studied the decomposition of LiBH4 and concluded that LiBH4 starts to 

change into an intermediate compound at the temperature range over 700 K. Although the 

compound does not show long-range ordering for the XRD measurement, the local 

atomistic structure can be investigated by the laser Raman spectroscopy. The Raman 

spectroscopy results (Figure 2-8) showed that the BïH stretching modes appear at higher 

frequencies while BïH bending modes have lower frequencies as compared to those of 

LiBH4, while These features are fairly consistent with the theoretical calculation on the 

monoclinic Li2B12H12, consisting of Li+ and [B12H12]
-2 ions, as a possible intermediate 

compound of LiBH4.  



26 

 

 

 

Figure 2-8: (a) Calculated ũ-phonon mode frequencies of Li2B12H12 and (b) laser Raman 

spectra of LiBH4 [38].  

Zhang et. al. [47] reported the dehydrogenation/rehydrogenation properties of a new 

reactive system LiBH4/SrH2. Figure 2-9 gives the vanôt Hoff plot of the LiBH4/ SrH2 system 

by using the dehydrogenation equilibrium pressures at 4.0 wt.% .  According to the 

equation shown in Figure 2-9, the enthalpy and entropy changes for the dehydrogenation 

of the LiBH4/SrH2 system calculated as 48 kJ/mol H2 and 82 J/(mol K) H2, respectively. 

The ȹS value here is rather different from the typical value of 130 J/(mol K) H2 for most 

metal hydrides which can be mainly attributed to the higher entropy of LiBH4 than LiH, 

and the lower ȹS value will result in a higher equilibrium dehydrogenation temperature. 

For the LiBH4/SrH2 system, extrapolation of the linear behavior shown in Figure 2-9 gives 

the T(0.1 MPa) value of 582 K. Compared with the pure LiBH4, the addition of SrH2 lowers 
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the enthalpy change of dehydrogenation by 26 kJ/mol H2. Hence, the stability of the 

LiBH4/SrH2 system decreases considerably. 

 

Figure 2-9: Vanôt Hoff plot for the dehydrogenation of the LiBH4/SrH2 system 

2.4.2  Sodium Borohydride NaBH4 

Sodium tetrahydroborate (NaBH4), shortly called sodium borohydride, is widely used as 

reducing agent in industrial and laboratory applications [48-50]. Due to its large volumetric 

(115kg of H2 m
-3) and gravimetric (10.7 mass%) hydrogen capacity, NaBH4 has a high 

potential to be used as as hydrogen storage material for mobile applications [35].  

Two processes for manufacturing NaBH4 have been commercialized. Probably the easiest 

one is borate method, where methyl borate reacts with sodium hydride in mineral oil (Eq. 

3-13). This reaction does not require high pressure but occurs at 250-280 °C, to melt and 

the intermediate Na[HB(OH3)]. Dissolution of reaction mixture in water and extraction 

with isopropyl amine gives the dyhydrate that can be dissolved by heating vacuum to give 

pure NaBH4 [42].  
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4NaBH4 + B(OCH3)3 = NaBH4 + 3NaOCH3                                                 Equation 2-13 

The borosilicate process developed by Bayer (Eq. 3-14) uses less expensive boron 

compounds but requires higher temperature (400ï500 °C) and hydrogen pressure.  

(Na2B4O7 + 7 SiO2) + 16 Na + 8 H2 = 4 NaBH4 + 7 Na2SiO3 
                       Equation 2-14 

Due to the potential use of NaBH4 for hydrogen storage by catalytic hydrolysis, its 

regeneration from the borate NaBO2 is being studied intensively. The use of calcium 

hydride (Eq. 3-15) for this purpose is the most favorable approach [42]. 

NaBO2 + 2 CaH2 = NaBH4 + 2 CaO                                                             Equation 2-15 

Extensive studies have been undertaken on the use of NaBH4 as a hydrogen storage 

material. Most of these studies focused on hydrogen release via catalyzed hydrolysis of 

NaBH4 [51-54] However due to the formation of stable NaBO2 that cannot be recycled 

efficiently, DOE recently recommended a no-go for NaBH4 hydrolysis as a hydrogen 

source for vehicular applications [2, 55]. An alternative method to release the hydrogen 

from NaBH4 is by thermal decomposition into H2, B and Na (or NaH). However, like most 

alkali borohydrides, NaBH4 is thermodynamically very stable (standard enthalpy of 

formation ȹfH°= -188.6 kJ per mol NaBH4 and entropy of formation S°=101.3 jK-1 per mol 

NaBH4) [55].  

NaBH4 crystallizes in three different polymorphs. At ambient conditions (STP), the cubic 

Ŭ-phase, the ɓ-phase exists at low temperature, while the ɔ-phase is only observed in high 

temperature. Thermodynamic stability determined by calculating the enthalpy of 

formation, ȹfH°= -245.5 kJ per mol of NaBH4 formed at 0K, a value that becomes -210.73 
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kJ per mol by including the zero-point energy contribution of Na, Ŭ-B, H2, and NaBH4. 

The heat of formation is calculated as the difference between the total electric energy of 

NaBH4  and the pure phase of  Na (bcc), ɓ-B (rhombohedral), and hydrogen gas, according 

to the following reaction [56]: 

Na(S) + Ŭ-B(S) + 2H2(g) = NaBH4(S)                                                                  Equation 2-16 

Pressure concentration isotherms in the temperature range of 600 to 700 °C are measured 

during the decomposition of NaBH4. Each isotherm displays a single plateau, indicative of 

a one-step reaction (Figure 2-10).  

 

Figure 2-10: PCT isotherms measured at a constant hydrogen flow of 2 (a), 1 (b) and 0.5 

(c) cm3 (STP)  min-1  [56]. 

For a given temperature the plateau pressure depends on the applied hydrogen flow and 

increases with a decrease in flow, demonstrating that the kinetic of the material is slow. If 

ln(Pdes/P0) is plotted as a function of hydrogen flow, a straight line can be fitted to the 

measured points and the plateau pressure is extrapolated to equilibrium pressure Peq located 
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at zero flow. Extrapolation results are used as equilibrium Vanôt Hoff plot and are shown 

in Figure 2-11, in which filled symbols correspond to the measured plateau pressures and 

open symbols to the extrapolated values lie in straight line.  

 

Figure 2-11: Vanôt Hoff plot of the plateau pressures for desorption of NaBH4. Ln(Peq/P0) 

is plotted as a function of the inverses temperature 1/T. The cross bar reflects the error bars 

[56].  

Applying the Vanôt Hoff equation, the enthalpy and entropy of the reaction are found: 

ȹHf=108±3 kJ per mol H2 and ȹS= 133Ñ3 J/K per mol of H2, respectively. These values 

are used to calculate the decomposition temperature for NaBH4 , Tdec = ȹH/ȹS = 534 ± 10 

°C as can be seen in Figure 2-11. Furthermore Martelli et al. [56] have studied the stability 

and decomposition of NaBH4 and reported that the compound decomposes in one step 

(unlike other complex metals hydrides) to Na and an unidentified boron rich phase [56]. In 
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their report no further report was made on identification of the composition of the boron 

rich phases and reversibility of the hydrogen desorption was reported.   

 

Figure 2-12: X-ray diffraction pattern of the two products after desorption. The filled 

symbols represent the detected peaks and the empty symbols the unknown peaks and the 

empty symbols the unknown peaks [56].  

Martelli et al.[56] studied the stability and hydrogen decomposition of NaBH4 via PCT 

isotherms under constant hydrogen flows. Using Van Hoff equation, the enthalpy and 

entropy of the reaction are about -108kJ/mol of H2 and 133 J/K per mol of H2 respectively. 

They found that the decomposition occurs in one step due to one plateau observed in 

isotherms. Also elemental Na and a B or boron-rich secondary phase was identified in the 

residue by X-ray diffraction and no NaH was observed.  Brocks et al. [57] proposed a 

possible scenario for decomposition of NaBH4 using DFT calculations. [BH4]
- Ions 

decompose into H- and BH3 molecules. The H- ions remain in the lattice, locally converting 

NaBH4 into NaH. This substitution probably occurs at the surface of NaBH4 releasing BH3. 














































































































































































































































