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ABSTRACT 

 

The hydrogen storage issue has been the major setback for commercialization of 

hydrogen powered vehicles. Among many hydrogen storage techniques, borohydride 

materials are very promising due to their light weight and high hydrogen capacity. 

However, these materials generally release and absorb hydrogen under impractical 

extreme conditions. This is a result of the high stability of the B-H bonds in the 

borohydrides. In this study, the hydrogen storage properties of borohydrides destabilized 

with various additives were examined. The onset temperature of Mg(BH4)2 was lowered 

to 150 
o
C by milling with Ca(BH4)2. The mixture also released hydrogen at faster rate 

than either constituent. Mg(BH4)2/CaH2 and Mg(BH4)2/CaH2/NaH also released 

hydrogen but at higher temperature than pure Mg(BH4)2. The activation energies and 

enthalpies for the three systems ranged between 115 to 167 kJ/mol and 84 to 88 kJ/mol 

respectively. These systems are however, only partially reversible losing most of their 

hydrogen- holding capacity after the first dehydrogenation. This can be attributed to the 

formation of a (B12H12)
2-

 containing intermediate which has a high kinetic barrier to 

rehydrogenation. When Mg(BH4)2 was ball milled with NaH, XRD analysis showed the 

possible formation of a dual-cation borohydride material. The new borohydride also 

released more hydrogen at a lower temperature than Mg(BH4)2 but with very poor 

reversibility. 

Studies also showed that boron, boron nitride, carbon and silicon additives did not in any 

way improve the desorption temperature or the reversibility of Mg(BH4)2. They only 

reduced the hydrogen capacity by their physical presence. 
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Kinetics studies showed that the rate of hydrogen desorption from modified Mg(BH4)2 

mixtures is faster than that from the pure material. The results also showed that the 

desorption rates from the two-phase region were much faster than those from the single 

phase region. Modeling studies also showed that the rate of hydrogen release from 

Mg(BH4)2 during the first 80% of the reaction is diffusion controlled, while in Ca(BH4)2 

the reaction is phase boundary controlled. In the Mg(BH4)2/Ca(BH4)2 mixture the 

reaction appears to be under control of both processes. Likewise hydrogen release from 

Mg(BH4)2/CaH2 is controlled by both processes. On the contrary, in 

Mg(BH4)2/CaH2/NaH mixtures the rate of hydrogen release is controlled by reaction at 

the phase boundary up to 90% completion.  

 

Comparisons have also been made of the physical and chemical characteristics of 

Mg(BH4)2, Ca(BH4)2, and mixtures of LiBH4/MgH2 and LiBH4/CaH2. TPD analyses 

showed that samples containing Mg generally had lower onset temperatures than the 

corresponding samples containing Ca. At 450 
o
C and a thermodynamic driving force of 3, 

the reaction rates were in the order: Mg(BH4)2 > Ca(BH4)2 > LiBH4/MgH2 > 

LiBH4/CaH2. The activation energies are also in this order.  Unlike the single rate 

controlling step in Mg(BH4)2 and Ca(BH4)2, in LiBH4/MgH2 and LiBH4/CaH2, reaction at 

the phase boundary controlled reaction rates initially whereas diffusion controlled rates in 

the latter stages. 
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CHAPTER 1 

INTRODUCTION 

1.0 Hydrogen Energy 

Hydrogen is not a natural fuel, but a synthetic energy carrier. It only carries energy 

generated by other processes. Hydrogen is the cleanest sustainable renewable energy 

carrier.  The world over dependency on oil and the need for environmentally friendly and 

renewable energy has lead to an intensive research in alternative energy. Hydrogen which 

serves as fuel in combustion and the fuel cells provides energy with high efficiency as 

well as cleaner environment. The greatest challenge in the development of a hydrogen car 

is the storage problem. Hydrogen cannot be stored in the conventional gas tank that is 

used to supply hydrogen for industrial and laboratory use due to safety issues. 

Furthermore, the tank that will hold about the same amount of fuel that is required to 

travel about 300 miles (for a typical full tank gasoline engine), will probably take the 

whole of the car with room for only the driver. Therefore, there is the need for an 

efficient and safe method of hydrogen storage onboard.  

Basically, four approaches of hydrogen storage are being considered, namely: 

1. Composite pressure vessel, which holds hydrogen as a compressed gas or 

cryogenic liquid; 

2. Physical absorption on high surface area lightweight carbon material; 

3. Reversible metal hydrides; and 

4. Chemical/complex hydrides [1]. 

The most common storage systems are high pressure cylinders with pressure of 20 MPa 

(200 bar). Cryogenic hydrogen (23 K) obtained by a process which is energy intensive, 
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has the problem of boiling off and leakage during storage and handling, as well as safety 

issues [2]. Due to a low critical temperature of hydrogen (33 K), liquid hydrogen can 

only be stored in an open system. The volumetric density of liquid hydrogen is 70.8 

kg/m
3

.
  
Many metals and alloys have been studied for their hydrogen storage properties. 

Elements of group one, two, and three combined with hydrogen forming a large variety 

of complex hydrides with high gravimetric and volumetric densities of hydrogen. These 

groups of complexes are also very light which makes them very good candidates for 

potential solid state hydrogen storage for mobile application [3]. 

 

For a material to be suitable for solid state hydrogen the following requirements should 

be met: High gravimetric and volumetric density; complete reversibility, cycle life 

stability (>500) and fast kinetics (<5min). The department of energy set certain targets 

for research and development in the hydrogen storage materials. The target is to develop 

and verify onboard hydrogen storage systems achieving 1.8 kWh/kg (5.5 wt. %) and 1.3 

kWh/L (0.040 kg hydrogen/L) by the year 2017. The ultimate full-fleet target of 2.5 

kWh/kg systems (7.5 wt% hydrogen) and 2.3 kWh/L (0.070 kg hydrogen/L) were also set 

[4]. In the next few sections, various solid state hydrogen storage materials, hydrides in 

particular will be reviewed. 

 

1.1 Solid state hydrogen storage material. 

This group of hydrogen storage materials includes the metal hydrides and the complex 

hydrides. The greatest values for the volumetric densities of hydrogen are found in metal 

hydrides.  Hydrogen atoms are located on interstitial sites in the lattice structures of the 
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metal. The attractive interaction between the hydrogen atoms in the host lattice leads to 

phase transition from the solid solution phase to the hydride phase [6]. Complex hydrides 

on the other hand consist of a positive metal ion while the negative ion is usually a 

covalent tetrahedral compound of hydrogen and aluminum or boron. These complex 

hydrides decompose to several phases upon hydrogen desorption. The high gravimetric 

hydrogen density and the rather complicated reaction mechanisms make the complex 

hydrides an interesting subject of research [3, 5, 6, 7]. 

 

1.2 Metal Hydrides 

Metal hydrides have been studied for a long time including the intermetallics. LaNi5, a 

very popular AB5 hydride can reversibly store up to 1.4 wt. % hydrogen under very mild 

conditions [8-11], but this amount of hydrogen is too small. Several techniques including 

partial substitutions of Ni to form a compound of the type LaNi5-xMx (M= Cu, Co, Fe, 

Mn, or Cr) have been use to improve its hydrogen storage properties [9]. Some of the 

alloys that have studied for their hydrogen storage properties include: LaNi4.7Al0.3[12], 

LaNi5-xAlx (x = 0, 0.1, 0.2, 0.3)[13]and LaNi5-xCoxH (x=0, 1, 2, and 3)[14]. Srivastava et 

al. studied the effect of a metalloid on LaNi5 in LaNi5-xSix (x=0.1, 0.3, 0.5) compound 

[15]. Other non LaNi5 metallic alloys have also been investigated to test their suitability 

for hydrogen storage. Some of these include, CaNi5 [16], FeTi and Fe0.9TiMn0.1 [17], 

RCo5 [18], ErCo3 [19] and MmNi5 (Mm = mischmetal, sample used in this study are 

MmNi5, MmNi4.5Al0.5 and MmNi4.85Fe0.15) [20]. Goudy et al also studied R2Co7, RCo3, 

and RFe3 (R=rare earth metal); metals studied are Dy2Co7, Ge2Co7, DyCo3, ErCo3, 

DyFe3, and ErFe3 [21]. These hydrides of transition elements have interesting hydrogen 



4 

 

 

storage properties, but none of them meet the goals of the department of energy (DOE). 

LaNi5H6 for instance has excellent kinetics at low temperature. One common feature with 

this group of compounds is low hydrogen content, and this is due to their high atomic 

masses. 

 

In an attempt to solve the problem of low hydrogen content in of the transition 

metal/alloy hydrides, interest shifts to light weight hydrides particularly groups 1 to 3 

metal hydrides. Notable metal hydrides from these groups are NaH, LiH, KH, MgH2 

CaH2 and AlH3. Though all of these have an appreciable amount of hydrogen, it is not 

readily available.  For instance, the hydrogen capacity of LiH (12.7 wt%) and MgH2 (7.6 

wt%) can only be achieved under impracticable conditions [6]. Aluminum hydride, AlH3 

usually referred to as alane, have also been studied a great deal. LiH melts at 689 
o
C 

without hydrogen desorption [22]. Therefore it’s desorption temperature is very high. The 

principle of metal alloys having an improved performance over a single metal was used 

to lower the desorption temperature. This is done by the use of additives that form alloys 

with the Li [23-25]. The hydrogenation cycles take place on the alloy instead of the pure 

metal. The dehydrogenation temperature of LiH was lowered to 490 
o
C at 1 bar by 

alloying with Si with the formation of La2.35Si [24]. In a similar manner, Ca2Si 

synthesized by evacuation of ball-milled 2CaH2+Si, absorbed hydrogen below 0.1 MPa 

between 200-300 
o
C [25]. The hydrogenation process from Ca2Si to Ca2SiHx was 

completely reversible but desorption takes place at higher temperature. 
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1.2.1 Magnesium hydride 

Among the metal hydrides, MgH2 is a very popular hydride that has attracted a lot of 

attention. This is because of its simple decomposition step and its ease of handling. It 

decomposes to give magnesium metal and hydrogen gas. It has gravimetric and 

volumetric hydrogen storage capacity of 7.6 wt% and 55 kg/m
3
 respectively [26]. 

However, its on-board application is been hampered because it does not release hydrogen 

until a temperature of about 300 
o
C is reached [27]. This is not to mention its slow 

kinetics. In order to improve the hydrogen storage properties of MgH2, several 

approaches ranging from addition of catalyst to alloying with other metals have been 

investigated. Reilly and Wiswall showed that the hydrides of Mg2Ni and Mg2Cu are less 

stable than MgH2 as they released hydrogen at lower temperature [28, 29]. A palladium 

capped nanoscale MgH2 was reported to undergo hydrogen sorption at a temperature 

lowered by approximately190 
o
C [30]. However, its capacity of 4-7.5 % is reduced 

considerably after just a few cycles. Milovanovic et al. showed the effect of 

microstructure and phase transformations on the hydrogen desorption of MgH2 [31]. 

MgH2-diatomite nanocomposite prepared by milling of MgH2 and diatomite leads to a 

decrease in desorption temperature. This is associated with the presence of the porous 

diatomite structures. 

 

The effects of metal hydride and oxides as additives to magnesium hydride have also 

been investigated. MgH2 ball milled with Nb2O5 for 20 hrs released about 6 wt% of 

hydrogen between 200 and 250 
o
C [32]. Nb2O5 has also been shown to be the most 

effective in improving the thermodynamics and kinetics of MgH2 [33]. This was out of 
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the four oxides tested (ZrO2, CeO2, Fe3O4 and Nb2O5). Oelerich et al. prepared various 

nanocrystalline MgH2/MexOy (MexOy=Sc2O3, TiO2, V2O5, Cr2O3, Mn2O3, Fe3O4, CuO, 

Al2O3, SiO2) by high energy ball milling [34]. They found that as little as 0.2 mol% of the 

catalyst enhanced the sorption kinetics of MgH2. Sabitu et al. also showed that addition of 

TiH2 to MgH2 lowers the onset desorption temperature as well as the enthalpy [35]. 

 

1.2.2 Alane 

The hydride of aluminum, AlH3 known as alane has attracted a lot of interest in recent 

times as a potential hydrogen storage material. It has a hydrogen capacity of about 10.1% 

and the hydrogen is easily released by heating the material to 80-120 ºC [36]. Several 

phases of unsolvated AlH3 have been reported by Brower et al. [37]. The thermodynamic 

and kinetic properties of freshly prepared α, β and γ phases of AlH3 have been described 

to be appreciable below 100 
o
C [38]. Though this material is very promising, it not easily 

reversible. Therefore, efforts are being geared toward improving its hydrogen storage 

properties. Wong et al. used computational and experimental methods to study six amine-

alane complexes for better understanding of the criterion for complex stability relevant to 

hydrogen storage [39]. A Ti doped alane was reported to have a lower desorption 

temperature of 290 K to 190 K by Chopra et al [40]. This was found to be the result of a 

decrease in mobility of hydrogen, resulting in the formation of fewer large alanes. Small 

alanes are trapped on Ti sites preventing oligomerization. Lacina et al. investigated the 

regeneration of alane using triethylamine [41]. They synthesized AlH3 from Ti-catalyzed 

Al powder, H2, and trimethylamine (TMA) to form an alane adduct. Alane was then 

generated from the adduct through transamilation. 
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1.3 Complex Metal Hydride 

The complex metal hydrides with high gravimetric hydrogen content that have been 

considered as potential candidates for hydrogen storage are amides, alanates and 

borohydrides. The following sections will be used to review the progress and research 

towards developing complex hydrides for hydrogen storage. 

 

1.3.1 Amides 

Amide is class of material that has also been studied extensively for hydrogen storage 

[42-46]. LiNH2 have been studied more than any other amide. This may be due to its 

higher gravimetric hydrogen density (18.5 wt % compared to 5.2 wt% in NaNH2). 

Tsumuraya et al. investigated the fundamental properties of LiNH2, Mg(NH2)2 and 

Li2NH using first principles calculations [47]. The heat of formation of the reaction 

LiHLiNHHNHLi 222  was estimated to be -63 kJ/mol H2. An experimental study 

of this reaction showed that the reaction is controlled by Li
+
 diffusion from LiH to LiNH2 

across the interface [48]. Li2NH2
+
 and Li2NH3 were also suggested as possible 

intermediates in the desorption reaction. The use of amides as hydrogen storage materials 

is being hampered by the release of ammonia, which poisons the fuel cell catalysts [49-

51]. The addition of halides or hydrides is known to reduce or sometimes prevent the 

release of undesirable ammonia byproduct from amides [50, 52-54]. Other additives that 

have been used to improve the hydrogen storage properties of amides include graphite 

[55], TiN and BN [56]. While the graphite improved the hydrogen capacity of the system, 

BN and TiN improved the decomposition temperature. 
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1.3.2 Alanates 

Hydrogen desorption in alanates occurs at temperatures that are fairly low. The major 

hindrances to their practical applications are slow kinetics and poor reversibility [57-59]. 

The most popular alanates are NaAlH4 and LiAlH4 with theoretical hydrogen capacity of 

7.41 and 10.54 wt% respectively. Others are KAlH4, Mg(AlH4)2, and Ca(AlH4)2. 

Dehydrogenations of the alkali alanates occurs between 200-300 
o
C (Li, 201 

o
C; Na, 265 

o
C; K, 290 

o
C) with the decomposition products being the metal hydride and aluminum 

[60].  It has also been shown that their hydrogen desorption occurs in more than one step. 

For instance NaAlH4 decomposes releasing hydrogen according to the following 

equations: 

 

 24 H23AlNaHNaAlH       1.3.1 

 2634 3H2AlAlHNa3NaAlH       1.3.2 

 263 H23AlNaH3AlHNa 
     1.3.3

 

NaAlH4 first decompose to give Na3AlH6 evolving 3.7 wt % hydrogen between 210-220 

o
C [6]. Heating further to about 250 

o
C leads to evolution of more 1.9 wt% hydrogen and 

formation of NaH. Similarly, thermal dehydrogenation of LiAlH4 was reported to be 

multistep reaction involving Li3AlH6 intermediate [61]. It was found that a phase 

transformation occurs between 160-170 
o
C, followed by exothermic dehydrogenation to 

give Li3AlH6 at 187-218 
o
C. Subsequently, the Li3AlH6 decomposed to LiH and Al 

between 228-282 
o
C in an endothermic process and finally LiH decomposes at 370-483 

o
C.  
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Evidence from differential thermal analysis (DSC) and thermogravimetric analysis 

(TGA) of LiAlH4, NaAlH4, KAlH4, and Ca(AlH4)2, also showed that their 

dehydrogenation occurs via a M3AlH6 intermediate [62]. The only exception here is 

Ca(AlH4)2 which decomposed directly to CaH2. In an attempt to make NaAlH4 suitable 

for hydrogen storage, it was doped it with a few mol% of Ti compounds by Bogdanovic 

and Schwickardi [63]. The Ti-doped material became reversible and both hydrogenation 

and rehydrogenation were catalyzed. Rehydrogenation was achieved at 170 
o
C and 15.2 

MPa in 5 hrs. However, the catalyst could not sustain the hydrogen capacity of the 

NaAlH4 material which was already too low for practical application. The amount of 

hydrogen in the second dehydrogenation was 4.2 wt% and reduced to 3.1 wt% after 31 

cycles.  Following this discovery, many researchers investigated and characterized Ti-

doped alanates hydrogen storage properties [59, 64-71]. 

 

Jensen et al. made Ti doped material by mechanical homogenization of NaAlH4 with 2 

mol% Ti(OBu
n
)4 [65]. Their sample desorbed hydrogen at a temperature 30 

o
C lower than 

the Bogdanovic and Schwickardi’s doped sample, which was prepared by wet chemistry. 

The kinetics of the material was faster and sustained over several cycles. By varying the 

particle size of NaAlH4, catalyst (dopant) and doping procedure, Bogdanovic et al. were 

able to enhance and also attain stable constant capacity [66]. They showed that a mixture 

of Ti and Fe as dopants enhanced the rate of de- and rehydrogenation of a stable storage 

capacity. This was believed to be due to formation of nano Fe and probably Fe-Al alloy 

which was observed persistently during cycling. Gross et al. demonstrated that solvent 

free doped NaAlH4 has better kinetics [67]. They also showed that irrespective of the Ti-
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halide used as Ti precursor, the kinetics enhancement was the same, but there is 

preference for Ti-fluorides in order to maintain reversibility. Studies also showed that Ti 

enhanced desorption kinetics of NaAlH4 and Na3AlH6 equally, while their kinetic 

differed with Zr dopant. It was suggested that the desorption kinetics of the alanates 

depends on the nature and distribution of dopant rather than Al-H bonding interactions in 

[AlH4]
-
 and [AlH6]

3-
. They also thought the kinetics was controlled by nucleation and 

growth and/or atomic transportation. Other metal halides that have been used as dopant 

for NaAlH4 include ScCl3 and CeCl3 [73,74]. Sc was found to be a highly effective 

catalyst with 4.9 wt% hydrogen capacity and even faster rehydrogenation under milder 

conditions [73].  With a Ce-doped sample, fast rehydrogenation kinetics was found to be 

persistent after cycling with low pressure [73,74]. The enhanced kinetics was claimed to 

be due to the formation of cerium alumide (CeAl4) in the composite [74]. 

 

Furthermore, the hydrogen storage properties of other metal doped alanates have also 

been studied and some interesting hydrogen storage properties were found. Balema et al. 

found that polycrystalline transformation of LiAlH4 to Li3AlH6 and Al takes place during 

ball-milling with 3 mol% of TiCl4 for 5 mins [75]. Ball-milled LiAlH4 or a sample doped 

by another method other than ball-milling does not undergo this transformation. 

TiCl3·1/3AlCl3-doped LiAlH4 and Li3AlH6 prepared by a vibrating mill-technique was 

shown to obey the Arrhenius equation [76]. The technique provides more mechanical 

energy than the usual ball-milling. The activation energies determined for LiAlH4 and 

Li3AlH6 were 42.6 and 54.8 kJ/mol respectively.  They conclude that the homogeneous 

distribution of Ti-catalyzed nanocrystalline complex hydride and Ti-catalyst defect sites 
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play important roles in optimizing the sample’s reversible hydrogen storage. Studies by 

Fernandez et al. found that LiAlH4 does not lose any hydrogen to decomposition during 

milling with the metal hydride [77].  None of the three metal additives (VCl3, VBr3 and 

AlCl3) was incorporated into the lattice of the alanate. No change in the cell volume or 

Al-H bond length was observed in the milled sample.  

 

LiAlH4 doped with 2 mol% TiC nanopowder desorbed about 5 wt% hydrogen at 85-138 

o
C [78,79]. The sample desorbed hydrogen 7-8 times faster than pure LiAlH4 and the first 

dehydrogenation had a maximum absorption with 5 mol % dopant.  Similarly, NiCl2 and 

TiN showed a catalytic effect on LiAlH4 lowering the decomposition temperature of the 

first step by 50-65 
o
C [79]. While TiC and TiN remained stable during ball-milling and 

dehydrogenation, NiCl2 decomposed and caused partial decomposition of the alanate 

during ball-milling. Fichtner et al. studied dehydrogenation of Ti-doped Mg(AlH4)2 

prepared by the metathesis reaction of MgCl2 and NaAlH4 [80]. The Ti-doped material 

was found to have a significantly lower decomposition temperature than the as prepared 

sample. Among all of the alanates, NaAlH4 is the only one that has the potential of being 

used for on-board hydrogen storage. The only major issue being its cycle life which 

unfortunately did not meet the DOE target. The Ti-doped sample appears to have 

thermodynamics that are better than most other hydrides and complex hydrides. The fact 

that the only gaseous species involved in its dehydrogenation is hydrogen makes them 

more appealing.  
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1.4 Borohydrides 

The interest in borohydrides started because of the problems associated with the alanates. 

They are lighter than alanates and have higher gravimetric hydrogen density making them 

more promising and appealing to study. Borohydrides have been synthesized from the 

constituent elements, solvent mediated synthesis from metal hydride and diborane 

[81,82], and metathesis reactions [83,84]. Al(BH4)3, the first known metal borohydride 

was synthesized using the wet synthesis by Schlesinger et al. in 1939 [81]. Direct 

synthesis of Mg(BH4)2 from magnesium boride was achieved by Severa et al [85]. 

Borohydrides also have barriers that have to be overcome before they could be used for 

practical applications. Notable among the problems are high dehydrogenation 

temperatures, diborane production, poor reversibility, as well as cycle life [57, 86-90]. A 

lot of approaches have been used in order to solve the problem hindering their application 

as solid state/chemical hydrogen storage materials. These include reducing the particles 

size to nano scale by ball milling, doping with catalyst/additives, destabilization with 

other metal hydrides and recently nano confinement in porous materials. 

 

1.4.1 LiBH4 

LiBH4 is lightest of all borohydrides with a gravimetric hydrogen capacity of 18.5 wt% 

and volumetric density of 122.5 kg H2/m
3 
[91]. It decomposes to give ~14 wt% of 

hydrogen according to the following equation: 

24 3/2HBLiHLiBH        1.4.1 

The enthalpy for this reaction is about 72 kJ/mol and as such high temperature is required 

for the release of hydrogen from the reaction [91, 92]. The crystal structure of LiBH4 is 
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orthorhombic. It undergoes transition to a hexagonal structure at above 100 
o
C and melts 

at about 280 
o
C [93, 94]. This is followed by decomposition which usually occurs above 

400 
o
C.  Orimo et al showed that the decomposition proceeds according to the equation 

above producing LiH and B at 600 
o
C under 1 bar of hydrogen [95]. The lithium hydride 

will not decompose until a temperature above 900 
o
C is reached, so that hydrogen is 

usually not available. However, it has been shown that this dehydrogenation proceeds via 

some intermediate such as LiB3H8 and Li2B12H12 [96, 97]. The following were proposed 

as possible reactions involving Li2B12H12 

 

 2121224 13/12H10/12LiHHB1/12LiLiBH     1.4.2 

 212122 5H12B2LiHHBLi       1.4.3 

XRD and raman spectroscopy studies of the intermediate in LiBH4 decomposition 

showed the presence of Li2B12H12 [97].  

 

Further evidence from 
11

B NMR studies by Hwang et al. [98] showed that [B12H12]
2-

 is 

the major intermediate in all borohydride system hydrogen desorption. This is regardless 

of the metal involved or whether it’s a mixture of the borohydride and another hydride. 

Rehydrogenation of LiH and B to give LiBH4 has also been reported but this occurs 

under extreme conditions of temperature above 600 
o
C and pressure up to 35MPa [57, 99, 

100,].  Mauron et al. achieved rehydrogenation at a temperature of 600 
o
C and a pressure 

of 155 bar [101]. The rehydrided sample desorbs only 8.3 wt% of hydrogen in the 2nd 

dehrogenation cycle. XRD studies show the presence of LiBH4 and LiH in the rehydrided 

sample indicating that the process is not completed. The reason for this is either 
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insufficient pressure or time of rehydrogenation. Another possibility is that there might 

have been the loss of boron as diborane (B2H6) during the dehydrogenation cycle [100]. 

Since it has been demonstrated that LiBH4 could be synthesized from LiH and B2H6 

[102,103], then B2H6 is a possible intermediate in the dehydrogenation. In order to 

achieve the goal of a suitable hydrogen storage material, the thermodynamics, kinetics 

and reversibility of LiBH4 have to be improved.  The various approaches that are being 

used to achieve this goal will be reviewed next.  

 

Zuttel et al. demonstrated the catalytic effect of SiO2 on hydrogen desorption from LiBH4 

[91, 92]. The catalyzed sample has an onset temperature of 200 
o
C and desorbs up to 13.5 

wt% hydrogen Au et al. investigated the effect of ball milling metals, oxides and halides 

with LiBH4 [104-106]. The modified LiBH4 desorbed 9 wt% hydrogen starting from 200 

o
C and absorbed 7-9 wt% at 600 

o
C and 7 MPa.  The hydrogen capacity of the sample 

was reduced while that of the oxide-modified sample decreased gradually during cycling 

due to the loss of BH3 [104]. Out of the several additives investigated, Mg, Al, MgH2, 

CaH2, TiCl3 and MgCl2 were found to lower the desorption temperature while Ni, C, In, 

Ca and NaH does not.  The modified sample LiBH4+0.2MgCl2+0.1TiCl3 was shown to 

start desorbing hydrogen from 60 
o
C [105]. Up to 5 wt% of hydrogen was released and 

about 4.5 wt% was reabsorbed at 600 
o
C and 70 bars. This was shown to be as a result of 

interaction of TiCl3 and MgCl2 with LiBH4 producing LiCl thereby altering the B-H 

strength. Similarly, TiF3 and ZnCl3 were found to lower the dehydriding temperature of 

LiBH4 through cation exchange interaction but no cation interaction occurs with TiH2 as 

additives[106]. For instance, LiBH4+0.1TiF3 desorbed 3.5 wt% and 8.5wt% at 150 and 
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450 
o
C respectively. Increasing the amount of additives makes the borohydride less stable 

and volatile, even releasing hydrogen at room temperature (LiBH4+0.5ZnCL2). However, 

they become non reversible due to irrecoverable boron loss in diborane. 

 

Destabilization of LiBH4 with other hydrides is a very popular practice for LiBH4, 

following in the footsteps of Reilly and Wiswall [27, 26]. The effect of MgH2 additive on 

the hydrogen storage properties of LiBH4 has been studied a lot [107-122]. Mechanically 

milled mixtures of LiBH4+1/2MgH2 or LiH+1/2MgB2 with 2-3 mol% of TiCl3 reversibly 

stored 8-10 wt% hydrogen [107, 108]. The enthalpy of the reaction was lower by 25 

kJ/mol than that of pure LiBH4.  MgB2 stabilizes the dehydrogenated state thereby 

destabilizing LiBH4. The two constituents have the potential of decomposing separately 

but this prevents the formation of MgB2. An overpressure of 3 bar applied during 

dehydrogenation favored production of LiH and MgB2 making it completely reversible 

[108]. Shaw et al. showed that the mechanism of hydrogenation in LiBH4+MgB2 

involves two elementary steps [111]. Exchange of Li
+
 for Mg

2+
 in MgB2 to form the 

intermediate (Mg1-xLi2x)B2 occurs first. This is followed by continuous ion exchange and 

simultaneous hydrogenation to give LiBH4. The formation of LiB12H12 intermediate 

during dehydrogenation of LiBH4+MgH2 was reported to be a function of applied 

pressure [122]. While Li2B12H12 was observed at pressure ≤1.0 MPa, it was not observed 

at a pressure under 2.0 MPa. Formation of MgB2 was enhanced at this pressure. 

 

In order to make LiBH4+MgH2 suitable for hydrogen storage, the effect of several 

dopants has been studied on the system [109,110,115-117,119,123].  It was shown that 
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the LiBH4+MgH2+16wt% Nb2O5 can desorbed 6-8 wt% hydrogen below 400 
o
C and 

absorbs 5-6 wt% at 400 
o
C and 1.9 MPa [109]. The activation energy of the Nb2O5 doped 

sample was lower by ~17 kJ/mol, but the hydrogen capacity decreased with cycling. 

Similarly, the onset desorption temperature of LiBH4+MgH2+Al (ratio 4:1:1) was 

lowered by 100 
o
C compared to that of LiBH4+MgH2 [110].  The decomposition product 

was found to be MgAlB4 by XRD analysis, with 9.4 wt% hydrogen (theoretical =9.9 wt 

%). Its enthalpy and entropy were calculated to be 57 kJ/mol and 75 J/K/mol 

respectively, but the system was only partially reversible due to the alloying of Mg and 

Al.  Xia et al. also found that MoCl3 doped LiBH4-MgH2 released about 7 wt% of 

hydrogen at 300 
o
C [119].  The activation energy was estimated to be ~43 kJ/mol and 

evidence of well dispersed metallic Mo in the sample was shown by XRD analysis. 

Addition of Mn was shown to improve the sorption kinetics of LiBH4+MgH2 by 

distorting the MgB2 crystals [115]. However, V does not have the ability to distort the 

lattice crystal and therefore it has no effect on the system’s kinetics. Recently, Sabitu and 

Goudy [123] reported that NbF5 greatly improved the desorption kinetics of 

LiBH4+MgH2 under constant pressure thermodynamic driving force. The ability of the 

catalysts tested to improve the desorption kinetics are in the order Mg2Ni < Nb2O5 ≪ 

NbF5. 

 

Theoretical calculations using density functional theory have also been used to predict a 

number favorable destabilized reaction schemes for borohydrides [124-128]. Some of 

these reactions have been experimentally proved. The following equations are some of 

the predicted reactions involving LiBH4: 
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2242 4HMgB2LiHLiBH2MgH      1.4.4 

22324 4HBNLi2LiNHLiBH       1.4.5 

2424 7HMgB4LiHMgH4LiBH      1.4.6 

2724 H5.11MgB7LiHMgH7LiBH      1.4.7  

2642 10HCaB6LiH6LiBHCaH      1.4.8 

24 2HLiBCCLiBH        1.4.9 

2224 4HScB2LiHScH2LiBH      1.4.10 

2224 4HTiB2LiHTiH2LiBH      1.4.11 

2234 4HMgBNaH2LiHNaMgH2LiBH     1.4.12 

Though deviations from the predictions are sometimes observed, these predicted reaction 

schemes have become invaluable resources in the development of hydrogen storage 

materials. For instance ab-initio density functional theory was use to investigate the effect 

of transition metal dopants on the diffusion of Mg vacancies in MgB2 [124]. These 

findings were found to be consistent with already existing experimental results. The 

reaction in equation 1.4.8 has been studied and shows reversible hydrogen storage [130-

132]. The system desorbs hydrogen between 400 to 450 
o
C with hydrogen capacity close 

to the theoretical amount (11.7 wt %) while only LiH and CaB6 were discovered by XRD 

in dehydrided sample. The addition of higher amounts of TiCl3 lowered the onset 

temperature and the activation energy, but this also reduced the amount of hydrogen 

[131, 132]. Mass spectrometry also showed hydrogen as the only gas evolved. 
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Amides have also been used to achieve destabilization of LiBH4 [121, 133-136]. The 

major issue with their application is that hydrogen release is usually accompanied by 

some ammonia. Pinkerton et al. reported that a quaternary hydride, Li3BN2H8 formed 

from ball milling a 2:1 mixture of LiNH2 and LiBH4, released ≥10 wt% above 250 
o
C 

[136]. It was found that 2-3 mol % of the gas released is ammonia and the system is not 

easily reversible.  A ternary system consisting of LiBH4, LiNH2 and MgH2 was 

developed to solve the problem of irreversibility and ammonia release associated with 

amine containing materials [111-114, 120, 137]. This system reversibly stored hydrogen 

at a lower temperature than any of the components or their binary mixtures and ammonia 

was significantly suppressed. A similar reaction of a ternary system containing CaH2 

instead of MgH2 was also investigated by Ibikunle et al. [130]. This system released 

hydrogen at a temperature 100 
o
C lower than that of CaH2/LiBH4 but it was irreversible.  

 

Other destabilized LiBH4 systems that have been studied include LiBH4-CeH2 [129], 

LiBH4-ScH2 [138], LiBH4-NaAlH4 [139], LiBH4-La2Mg7 [140], LiBH4-Mg(AlH4)2 [141], 

LiBH4-Mg(BH4)2 [142,143] and  LiBH4-Ca(BH4)2 [144]. They all alter the stability and 

reversibility of LiBH4 positively. It has also been shown that the hydrogen storage 

properties of LiBH4 can be improved by ball-milling with carbon materials [145,146]. 

The carbon materials that were studied include: graphite, single-walled carbon nanotubes 

(SWNTs) and activated carbon. In summary, additions of catalyst/additives/dopant alter 

the decomposition pathway of LiBH4, but the conditions are still not favorable for on-

board hydrogen storage. Therefore, while efforts are still going on in various laboratories 
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worldwide to break these barriers, other materials are also been sought and researched 

simultaneously. 

1.4.2 Other Group I borohydrides 

NaBH4 and KBH4 are the other members of group I borohydrides but interest in them as 

hydrogen storage materials are not as much as that of LiBH4. Their theoretical hydrogen 

contents are 10.6 and 7.48 wt % respectively. There is more research on hydrogen 

generation by hydrolysis from NaBH4 judging by the number of publications. Thermal 

decomposition of group 1 borohydrides was supposed to proceed with formation of the 

metal hydride [57,147]. However, NaBH4 decomposed to Na instead of NaH 

[100,148,149] according to equation 1.4.13 

24 2HBNaNaBH        1.4.13 

This is due to the lower stability of NaH compared to LiH, with ∆H values of -113 and -

233 kJ/mol of H2 respectively [148]. Evidence of Na metal was also seen in the XRD 

data. It should also be noted that NaBH4 decomposition occurs at 534 
o
C. KBH4 on the 

other hand decomposes at higher temperature than NaBH4 (~585), but the decomposition 

paths are the same [57,100]. 

 

1.4.3 Group II Borohydrides 

Because of the various barriers that have been faced with LiBH4, borohydrides of this 

group are being considered and studied for their hydrogen storage properties. Their 

hydrogen capacities are low compare to LiBH4, but they do have some very interesting 

properties. Mg(BH4)2 and Ca(BH4)2 with gravimetric hydrogen capacities of 14.9 and 

11.6 wt% respectively are the most popular of this group. Be(BH4)2, though has the 
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highest gravimetric hydrogen capacity (20.8 wt %), but it has not been studied due to the 

toxicity of beryllium metal [150]. The hydrogen capacities of the higher group members 

are also too low for consideration. Interest in this group’s borohydrides might be linked 

to the fact that studies have shown that stability of borohydrides are related to the 

electronegativity of the metal [57, 151, 152].  The decomposition temperature, Td, is 

somehow related to the Pauli electronegativity, χp of the metal/cation. This trend is seen 

with alkaline borohyhydrides as their Td increases, the metals’ χp decreases (LiBH4 (0.98), 

NaBH4 (0.93), KBH4 (0.83)) [100]. Therefore group II borohydrides with even higher χp 

than group I have lower Td. Their stability depends on charge transfer between M
n+

 and 

[BH4]
-
, since the bond between them is ionic [151,152].  

 

1.5 Mg(BH4)2 

Magnesium borohydride has been known for over five decades. Konoplev and Bakulani 

reported some of its properties in 1971 [153]. The Mg(BH4)2 was made from an exchange 

reaction between sodium borohydride and magnesium chloride in diethyl ether and first 

showed that the compound undergoes a polymorphic transformation above 180 
o
C. The 

two phases are α-Mg(BH4)2 with a tetragonal lattice and β-Mg(BH4)2 with a face-

centered lattice. Soloveichik et al found that diethyl ether is the best solvent for its 

synthesis from NaBH4 and MgCl2 by solvent assisted reactive ball-milling [154]. It has 

also been synthesized from a metathesis reaction involving MgCl2 and LiBH4 in ether by 

Cerny et al. [155]. They claimed that this is more efficient than the synthesis involving 

NaBH4 since LiBH4 is more soluble in ether.  
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Similarly, there have been some reports of dry synthesis without solvent from LiBH4 and 

MgCl2 [156,157]. LiCl is a by-product of the dry synthesis procedure from heat treatment 

of the sample by Matsunaga et al [156] and mechanical milling by Chlopek et al [157]. 

Based on the evidence of the presence of MgB2 as a decomposition product of Mg(BH4)2, 

direct synthesis from MgB2 under high temperature and pressure has been achieved 

[85,158]. Pistidda et al also demonstrated the formation of amorphous Mg(BH4)2 from 

ball-milling of MgB2 under 100 bar of hydrogen at room temperature[159]. Thermal 

decomposition of their material was similar to that observed for Mg(BH4)2, but the 

material was associated with other higher borohydride species. A method of preparation 

from the reaction of magnesium hydride and triethylamine complex has 98% purity based 

on hydrogen content [157]. Zanella et al showed that Mg(BH4) can be prepared from two 

different reaction procedures (1.5.1 and 1.5.2) in toluene starting from commercially 

available Mg(C4H9)2 in toluene [160].  

 )H2Al(C + )3Mg(BH  )2Al(BH + )H3Mg(C 942434294    1.5.1 

 
233942324

233294

)S(CH)H2B(C  )2S(CH)3Mg(BH     

 )S(CH8BH  )H3Mg(C





  1.5.2 

In both of the wet synthesis methods described in reference 157 and 160 (reaction 1.5.2), 

Mg(BH4)2 is formed by heating the adduct of magnesium borohydride under vacuum. 

Both groups also identified the low temperature and high temperature phases of 

Mg(BH4)2 in their characterization. 

 

The crystal structure of Mg(BH4)2 as determined by Filinchuk et al showed that each Mg 

atom is coordinated to eight hydrogen atoms from four BH4
2-

 ions [161]. They found that 

the α-Mg(BH4)2 consists of [Mg(BH4)4] with the geometry being the same for three 
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independent Mg atoms given the structure in figure 1.1 This MgH8 coordination 

polyhedra in the Mg(BH4)2 have 12 faces and are thus referred to as dodecahedra. 

However, Caputo et al. [162] reported the symmetry groups that have been associated 

with α-Mg(BH4)2 as reported by various groups. These include trigonal, orthorhombic 

tetragonal and hexagonal. They all have different lattice parameters, even for the ones 

with the same symmetry group. Therefore, there is still a lot of disagreement with regards 

to the structure of Mg(BH4)2. 

 

 

Figure 1.1: The geometry of [Mg(BH4)4] units in α- Mg(BH4)2 showing the MgH8 

coordination[ref. 161] 

 

The product of complete dehydrogenation of Mg(BH4)2 is MgB2 according to equation 

1.5.3, but studies have shown that this is not always the case. The dehydrogenation 

usually involves several steps with different intermediates such as Mg(BxHy)n including 

MgB12H12 [163,164]. Matsunaga et al showed a two-step dehydrogenation involving 
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MgH2 and Mg as the dehydrogenation products according to equations (1.5.4) and 

(1.5.5). The stable intermediate Mg(BxHy)n is formed at about 300 
o
C desorption 

temperature while at 600 
o
C, MgB2 is the major product of decomposition [164]. Another 

study by Soloveichik et al reported a stepwise release of up 14.8 wt% hydrogen 

according to eqn. 1.5.6 to 1.5.8 [165].  Theoretical studies predict MgB12H12 and MgB2 to 

be the only energetically stable and possible decomposition product of Mg(BH4)2 [166]. 

No other intermediate such as MgB2H6 were found to be plausible. 

2224 4HMgB)Mg(BH         1.5.3 

2224 3H2BMgH)Mg(BH        1.5.4 

22 HMgMgH          1.5.5 

22112224 3H1H2Mg(BMgH5)6Mg(BH      1.5.6 

 22 H5Mg55MgH         1.5.7 

 221212 6H6MgB)HMg(B5Mg        1.5.8 

 

Thermal analysis showed that most of hydrogen loss from the decomposition of 

Mg(BH4)2 occurs between 300 and 400 
o
C [150,157,167]. Decomposition starts at 290 

o
C  

and about 13 wt% hydrogen released up to 500 
o
C with a minimal trace of B2H6 [157]. At 

290 
o
C MgH2, MgB2 and Mg were observed while at 450 

o
C and above Mg, MgB2 and an 

unknown phase were detected.  

 

The effect of ball milling and several additives on the decomposition on Mg(BH4)2 have 

been investigated [164, 167, 168]. Ball milling does not have any effect on the 

decomposition temperature[167, 168]. The sample become amorphous during ball 
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milling but is recrystallized to the α-phase after heating to about 150 
o
C. The influence of 

several Ti-based additives on Mg(BH4)2 was investigated by Li et al. [167]. They 

reported that the onset desorption temperature was lowered from 262 to 88 
o
C by addition 

of TiCl3 with no traces of diborane. It was proposed that the improvement is due to 

formation of more stable TiB2 or less stable MgTi-based borohydride, but these have not 

been proved. Badaji et al. also studied Mg(BH4)2 mechanochemically alloyed with 

several metal chlorides [168]. The additives used included PdCl2, TiCl3, VCl3, MoCl3, 

RuCl3, CeCl3 and NbCl5, but only TiCl3 and NbCl5 were found to lower the temperature 

by about 100 
o
C.  Moreover, combined Nb-Ti additives were found to lower the onset 

temperature by up to 125 
o
C. None of the additives were able to improve the reversibility 

of the material.  

 

In an attempt improve both de- and rehydrogenation of Mg(BH4)2, Newhouse et al. 

examined the effect of doping with 5 mol% TiF3 and ScCl3 [164]. Hydrogen released 

from the doped sample was reported to be five times faster than without an additive. 

More hydrogen was reported to be released at 300 
o
C due to destabilization of MgH2. 

MgB2 is the main product at 600 
o
C and its full rehydrogenation to Mg(BH4)2 is 

improved by the additives. They claimed that this was due to the formation of a boron-

hydrogen intermediate during rehydrogenation. Recently Shi et al. investigated the 

influence of Ti dopants on dehyhydrogenation of Mg(BH4)2 using first principle 

calculations [169]. They concluded that the mechanism of hydrogen release depends on 

the sites it occupies in the Mg(BH4)2. It was reported that Ti prefers to occupy the Mg 

sites and it does possess a weaker interaction between itself and B than the Mg-B 
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interaction. If it substitutes a B atom, TiH2 is formed while the other two H atoms are 

held by weaker bonds and as such can be more easily released during hydrogenation. 

 

Furthermore, there have been reports on studies involving destabilization of Mg(BH4)2 

with other hydrides, other borohydrides and amides [142,143,170-172]. Some of the 

reaction schemes of destabilized systems involving Mg(BH4)2 have also been predicted to 

have favorable thermodynamics by theoretical calculations [127,128]. The reaction 

schemes predicted are as follows: 

2212122424 13H5MgHHBLi2LiBH)Mg(BH5    1.5.9 

 22121222424 13H5MgHHBLi)Ca(BH)5Mg(BH    1.5.10 

 22924 13H3MgHNMgBBN)4Mg(BH     1.5.11 

 24324 7H3MgBNaMgHNaH)2Mg(BH     1.5.12 

 263224 4HCaB3MgHCaH)3Mg(BH     1.5.13 

 262224 13HCaBSi1.5Mg1.5SiCaH)3Mg(BH    1.5.14 

 263224 10HCaB3NaMgH3NaHCaH)3Mg(BH   1.5.15 

 2724 4HMgB5B)Mg(BH       1.5.16 

 222224 4HScBMgHScH)4Mg(BH     1.5.17 

Studies have shown that the system consisting of Mg(BH4)2 and LiBH4 possesses 

hydrogen storage properties that are superior to either of the constituents [142,143,170]. 

Nale et al. investigated the dehydrogenation reaction of a 0.6LiBH4+0.4Mg(BH4)2 using 

Temperature-Programmed-Desorption (TPD) and Pressure-Composition-Isotherm (PCI) 

[143]. They found that the system undergoes desorption in a sequence of four steps at 
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235, 315, 365 and 460 
o
C releasing 2.0, 5.5, 1.5 and 3.0 respectively. They proposed that 

LiBH4 and Mg(BH4)2 will react according to  equation 1.5.18, corresponding to step 2 in 

dehydrogenation. The first and fourth steps correspond to hydrogen release from excess 

pure Mg(BH4)2 and LiBH4 respectively, while the third is due to that of MgH2 produced 

from the first step.  

 22244 7HMgB2LiH2B)Mg(BH2LiBH    1.5.18 

 

A 1:1 LiBH4/Mg(BH4)2 mixture was also reported to have a lower onset temperature in 

comparison to its components by Fang et al. [142]. This was thought to be the result of 

the formation of a Li-Mg dual-cation during mechanical milling and subsequent heating 

of the mixture. They also thought its dehydrogenation mechanism will be different.  

Bardaji et al investigated several composites of xLiBH4-(1-x)Mg(BH4)2 and found that 

the eutectic composition melting at 180 
o
C existed at 0.5<x<0.6 [170]. They showed that 

with x=0.5, the composite releases about 7.0 wt % of hydrogen, which is much lower 

than that of the pure borohydride. 

 

The mixture Mg(BH4)2-LiNH2 in ratio 1:1 was shown to have a favorable 

dehydrogenation [171].The system with an onset temperature of 160 
o
C released 7.2 wt% 

hydrogen at ~300 
o
C with no traces of ammonia. The estimated activation energy from 

Kissinger’s method was 121.7 and 236.6 kJ/mol for the 1st and 2nd steps respectively. 

Yang et al showed that LiH additive reduces the dehydrogenation to 150 
o
C with a 

release of more than 10 wt% below 250 
o
C [172]. The system undergoes rehydrogenation 

up to 3.6 wt% after twenty cycles at 180
o
C. It was suggested that controlled cation 
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stoichiometry combined with doping by metal Li
+
 subvalent to Mg

2+
 facilitates the 

formation of polyborane intermediates ([B3H8]
-
 and [B2H6]

2-
). This they thought 

improves the dehydrogenation properties and makes the material reversible under mild 

conditions.  Recent work by Hino et al showed a slight reduction in the desorption 

temperature of Mg(BH4)2 as a result of partial substitution of [BH4]
- 
with chloride ion 

[173].  The substitution was achieved by annealing a milled mixture of Mg(BH4)2 and 

MgH2. The annealing was proved by shifts in Braggs peaks to higher angles.  

 

The infiltration of Mg(BH4)2 in activated carbon has been shown to increase its hydrogen 

desorption kinetics and lower the decomposition temperature by Fichtner et al.[174]. 

They also reported that the activation energy for the first step of dehydrogenation of 

nano-confined material was lowered by a factor of two compared to that of the bulk. 

Satori et al proved that nano-confined Mg(BH4)2 maintained its particle size and heat 

treatment only affected the surface morphology [175]. The bulk material however, 

showed significant modification in both particle size and surface morphology.  

 

Mg(BH4)2, though is a promising candidate for hydrogen storage, but its properties are 

still not suitable for practical applications. Specifically, its dehydrogenation temperature 

and kinetics need to be significantly improved. Most importantly its reversibility has only 

been achieved under extreme conditions whereas milder conditions are desirable. 
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1.6 Ca(BH4)2 

Calcium borohydride was first made by Mikheeva and Titov from the reaction of NaBH4 

with a suspension of CaCl2 in pyridine [176]. Ca(BH4)2 is separated from the mixture 

with tetrahydrofuran (THF). A sample of Ca(BH4)2(THF)2 is commercially available 

from which Ca(BH4)2 is obtained by heating in vacuum [177]. It has also been 

synthesized from dry metathesis reaction of LiBH4 and CaCl2 by mechanical milling with 

the associated LiCl by product [178]. Barkhordarian et al. reported the formation of 

Ca(BH4)2 from a mixture of CaH2 and MgB2 heated at 350 
o
C under 140 bar of hydrogen 

pressure[179]. They found two phases of Ca(BH4)2 (α and β) along with MgH2 as a 

byproduct.  The α-phase was prepared by the reaction of a ball-milled mixture of CaH2 

and CaB2 in ratio 2:1 under 700 bar of hydrogen pressure at 400-440 
o
C for 48 hrs [150]. 

Additives were also found to aid the synthesis with RuCl3 been the best. The highest 

yield obtained was between 60-70 %. A synthetic route involving ball milled CaH2 in 

B2H6 gave 90 % yield [180] while that with CaB6 and CaH2 (ratio 1:2) under 140 bar H2 

pressure had only 20 % yield [181].  

 

Several polymorphs of calcium borohydydride have been identified [90]. α, α
1
, β and γ 

phases have all been identified and their crystal structures have been described by 

different groups using several techniques [182-189]. The structure of δ-phase has not 

been determined and therefore is not known but is known to decompose between 440-480 

o
C [190]. When heated the α-phase transforms to α

1
 at about 180 

o
C and then to β-phase 

before hydrogen release at 330-380 
o
C [184].  The decomposition analysis of Ca(BH4)2 

was first shown by first principle calculation to give CaB2 and CaH2 upon release of 9 
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wt% hydrogen [191]. This was based on their synthesis of the material from these two 

components without solvent according to equation 1.6.1. However, the existence of other 

intermediates was suggested which they hoped will be revealed by further studies. Kim et 

al achieved rehydrogenation up to about 3.8 wt% at 350 
o
C under 90 bar pressure with 

TiCl3 additive, while 1% rehydrogenation was obtained without the additive [192]. In an 

effort to further improve the sorption properties of Ca(BH4)2, they investigated the effect 

of TiF3, NbF5 and NbCl5 [193]. It was found that NbF5 lower the desorption temperature 

and about 5.0 wt% rehydrogenation was achieved at 420 
o
C under 90 bar pressure. The 

main dehydrogenation product with NbF5 was CaH2-xFx and CaH2 with uncatalyzed 

sample. 

 24226 )Ca(BH10H2CaHCaB       1.6.1 

Wang et al showed that the formation of several CaB12H12 polymorph intermediates 

which are energetically favorable is the reason why Ca(BH4)2 is not completely reversible 

[194]. A recent study of the pathway of dehydrogenation of β-Ca(BH4)2 under 1 bar 

pressure by XRD showed a gradual transformation into an amorphous phase [185]. 

Further heating lead to decomposition involving two competing reaction paths shown in 

equations 1.6.2 and 1.6.3. They concluded that all of the products and intermediates 

except CaB12H12 could be rehydrogenated at 330 
o
C and 90 bar without any additive. The 

presence of CaB12H12 has also contributed to irreversibility in the Ca(BH4)2+MgH2 

composite system [195]. 

262

2x224

10/3H  1/3CaB  2/3CaH         

x)/2H- (4  HCaB phase  amorphous )Ca(BH




   1.6.2 

22121224 13/6H  5/6CaH  H1/6CaB phase  amorphous)Ca(BH   1.6.3  
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There have been reports on the effects of additives/dopant on the hydrogen storage 

properties of Ca(BH4)2. The additives range from metal halides [190, 193, 196-198], 

hydrides [195, 199-201], amides [202-203], and even ammonia [204].  There has also 

been a report on the effect of nano confinement in porous carbon on the hydrogen storage 

properties [205]. As with other solid hydride materials, halides are known to lower their 

decomposition temperature and sometimes improve the reversibility. The presence of 

MgF2 lead to maintenance of the amount of hydrogen absorbed to between 5.1—5.8 wt% 

after 2.5 hrs [197]. This was due to the formation of CaF2-xHx intermediate during 

rehydrogenation. The Ca(BH4)2-MgF2 composite also released 4.3 wt%  during the first 

dehydrogenation under isothermal and isobaric conditions in 4 hrs. On other hand, CaI2 

interacts with Ca(BH4)2 by anion substitution during ball milling, with I
-
 replacing BH4

2-
 

[198]. Three compounds of the type Ca((BH4)1-xIx)2 with CaI2 structures were identified 

from synchrotron radiation powder XRD. Although the substitution changed the 

decomposition pathway of Ca(BH4)2, the  desorption temperature is still too high.  

 

A mixture of NaBH4 and Ca(BH4)2 with the potential of forming a double cation (Na, Ca) 

borohydride was investigated by Mao et al. [199].  This composite with various 

compositions of NaBH4 prepared by ball milling showed a two-step dehydrogenation 

with the second step onset at 380
o
 C. This was about 110 

o
C lower than that for the 

dehydrogenation of pure NaBH4. The system only improved the properties of NaBH4 and 

not that of Ca(BH4)2. One destabilized system involving Ca(BH4)2 that has been 

investigated by various groups is LiBH4-Ca(BH4)2. This composite will release 6.7 wt% 
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with an enthalpy of 37.9 kJ/mol H2 at 300 K, as predicted by Ozolins et al in equation 

1.6.4 [128]. A 0.4 LiBH4-0.6 Ca(BH4)2 eutectic mixture released about 10 wt % H2 below 

400 
o
C [144]. This mixture should release hydrogen according to equation 1.6.5 with 

theoretical value of 12.8 wt%. With the addition of 2 mol% NbF5, up to 40% 

rehydrogenation was also achieved at 400 
o
C and 120 bar.  

 2212122424 13H5CaHHBLi2LiBH)Ca(BH5     1.6.4 

 22424 10HCaBLiH44LiBH)Ca(BH      1.6.5 

 

On the contrary, Fang et al. showed that a ball-milled 1:1 mixture of LiBH4 and Ca(BH4)2 

forms a dual-cation borohydride Li0.9Ca(BH4)2.9 which upon heating becomes the 

stoichiometric LiCa(BH4)3 [200]. This new compound exhibits superior hydrogen 

sorption properties compared to the components. This dual-cation borohydride melted at 

290 
o
C and desorbed 9.6 wt% of hydrogen starting at 200 up to 500 

o
C. Rehydrogenation 

up to 5.3 wt% was also shown in the first cycle, but XRD studies indicated non 

regeneration of the dual cation- borohydride. However, exposure of this compound to air 

during dehydrogenation may lead to formation of LiCa3(BH4)(BO3)2. The structure of 

this compound has been studied by Lee as a possible unknown phase found in the dual-

cation study [201]. The effect of nano confinement on the hydrogen storage properties of 

the LiBH4-Ca(BH4)2 eutectic mixture has also been examined by Lee et al. [205]. The 

mixture was confined in a mesoporous carbon scaffold using the melt filteration method. 

The desorption temperatures was lowered to ~300 
o
C from ~400 

o
C for bulk composite. 

They concluded that this was due to the reduction in the dimensions of the hydride by the 

porous carbon and that this occurred without it reacting with the hydride. 
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Amide additives have been shown to lower the decomposition temperature of Ca(BH4)2 

[202,203].  A Ca(BH4)2/LiNH2 composite mixture started hydrogen release at 250 
o
C 

which is 100 
o
C lower than that of pure Ca(BH4)2 [202]. However, this mixture also 

released ammonia between 150-250 
o
C. The decomposition product was found to be 

mainly LiCa4(BN2)3. Addition of LiH reduced the ammonia production by reacting with it 

producing more LiNH2. Similar results were found with the use of alkaline-earth metal 

amides [203].  Mg(NH2)2 and Ca(NH2)2 both reduced the dehydrogenation temperatures 

of Ca(BH4)2 accompanied by  <1.4 mol % ammonia. It was suggested that the interaction 

of B-H and N-H bonds may be responsible for the hydrogen release mechanism. An 

ammine calcium borohydride complex, Ca(BH4)2·2NH3 synthesized by reacting calcium 

borohydride and ammonia released about 11.3 wt% hydrogen [204]. Dehydrogenation 

occurs between 190-250 
o
C, and this was found to be due to the interaction of the B-H 

and N-H bond. 

 

 

1.7 Motivation and Scope 

Borohydrides are potential candidates for hydrogen storage due to their light weight and 

high hydrogen capacity (> 6 wt %). However, these systems do not release hydrogen near 

ambient conditions. We have seen how the addition of additives to destabilized 

borohydride has enhanced their hydrogen storage properties. In this study, the hydrogen 

storage properties of destabilized systems will be presented. The goal is to examine the 

destabilized borohydride systems that were predicted as potential materials for hydrogen 
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storage. The results of the experimental investigations on these systems will be presented. 

The thesis focuses on the following aspects: 

 Synthesis of the destabilized borohydride composites 

 Dehydrogenation/rehydrogenation of the new material in comparison with the 

staring material 

 Determining the thermodynamics and kinetics parameters of the materials 

 Kinetics and modeling studies and 

 Structural analysis. 
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CHAPTER 2 

EXPERIMENTAL METHODS 

2.1 Chemical and Materials Used 

All chemicals used were obtained from Sigma-Aldrich and were used without further 

treatment. Mg(BH4)2 was prepared by a method described in Chlopek et al.[157] and a 

detailed description of the preparation will be given in a subsequent section.  The 

hydrogen used for the analyses was 99.999% pure and was obtained from Matheson Tri-

Gas. All sample handling was done in a Vacuum Atmospheres glove box with oxygen 

and moisture levels below 1ppm. Destabilized samples were prepared by mechanical 

milling in a Spex mill/mixer shaker mill. X-ray diffraction analyses were done to 

determine the formation of new phases. Pressure composition isotherms (PCI) were done 

on an automated Advanced Materials corporation gas reaction unit. DTA analysis was 

carried out on a Diamond TG/DTA by Pekin Elmer Instruments. Kinetic measurements 

were done in an in-house designed kinetics rack. 

 

2.1 Sample Preparation 

About 4-10 ml total volume of sample was weighed in the glove box and placed in a 

stainless steel vial. The glove box was equipped with an evacuating and refilling 

antechamber which isolated it from the environment. The picture of the glove box is 

shown in figure 2.1. Several cycles of evacuation and refilling were done before moving 

the sample in and out of the glove box. The vial consisted of two big balls and four small 

ones and a lid equipped with an O-ring seal to prevent air. Once the sample is weighed 

and sealed in the glove box, it was transferred to the SPEX 800M Mixer/Mill (figure 2.2) 
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and mixture milled for 10 hours. After the mixing time was completed, the vial was 

moved back to the glove box. The sample was then transferred into sample bottles and 

kept there before further analyses were carried out.  

 

Figure 2.1: Vacumm Atmospheres Glove Box. 

 

 

Figure 2.2: Spex 8000M Mixer/Mill 
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Figure 2.3: Picture of PANalytical X-ray Diffractometer 

 

2.2 X-Ray Diffraction (XRD) Analysis 

X-ray powder diffraction analyses were used to determine phase purity and to determine 

if a reaction had occurred. XRD analysis was carried on a PANalytical X’Pert Pro MPD 

Analytical X-Ray Diffractometer Model PW3040 Pro (figure 2.3) equipped with an 

accelerator detector. Analyses were done using copper K-alpha radiation. Samples 

prepared in the glove-box were sealed with a thin Kapton polymer film to protect them 

from air and moisture during transfer and analysis. This film did not interfere with the 

sample as it has been shown not to have any peaks in the region of study. Some of the 

samples required grounding in a mortar and pestle to achieve a smooth and fine powder. 

A razor was used to level the sample to ensure even spreading.  The instrument is also 
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equipped with an oven camera which enabled you to run the XRD at different 

temperatures. This could be done under vacuum or under the flow of inert gas. The 

samples for the in situ analyses were prepared in a similar way except the sample holder 

was made with ceramic to withstand the high temperature. 

 

2.3 Pressure Composition Isotherm (PCI) 

The PCI analyses of the samples were determined using an Advanced Materials 

Corporation Gas Reaction Unit (figure 2.4). The sample chamber of the PCI apparatus 

was fed into the glove box through its big chamber, which was subjected to four cycles of 

evacuation and refill by an automated system of the glove box.  Approximately 1.0 g of 

the sample was placed in the stainless steel holder of the sample chamber and glass wool 

was placed on it to prevent sample from been sucked into the instrument. The chamber 

was connected to the instrument via a quick connect fitting. The instrument was operated 

by Lab view software installed on the computer. The apparatus and data were collected 

for both the absorption and desorption processes. Plateau pressures for the samples were 

determined from their isotherms and these were used to calculate the thermodynamic 

properties from van’t Hoff plots.  

 

This instrument was also used to determine the amount of hydrogen desorbed by the 

sample. This was done running a temperature programmed desorption on the sample. 

Using a temperature profile release menu, the sample was heated from room temperature 

to 450 
o
C at 4 

o
C/min. The result was a plot of weight of hydrogen loss as a function of 

temperature. 
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Figure 2. 4: Advanced Materials Corporation Gas Reaction Unit 

To test if the material would be reversible; a pressure in excess of 100 atm was applied to 

the sample and it was allowed to sit for about 24 hrs. The sample temperature was then 

cooled back down to room temperature and the TPD was repeated. 

 

2.4 Thermal Differential Analysis (DTA) 

A Lab System-Diamond TG/DTA thermogravimetric analyzer (TGA) was used to 

determine the temperature profile of the sample. The machine used was placed inside an 

argon-filled glove box to prevent contamination of the sample by air and moisture.  The 

instrument was operated by a Pyris program. This instrument could also determine the 

amount of hydrogen released as a function of temperature. This DTA technique is similar 

to the differential scanning calorimetry (DSC). The sample was heated at a certain 

heating rate from room temperature to high temperature.  The various processes 
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occurring in the sample were indicated by peaks in the temperature profile. The process 

included phase transformation and hydrogen release by the sample. The sample was also 

heated at different heating rate in order to determine the activation energy. This was 

calculated using an isoconversion method which involved a relationship between the 

heating rate and the peak temperature.  

 

 

Figure 2.5: Diamond TG/DTA Themogravimetric Analyzer 

 

2.5 Kinetics Study 

The kinetics experiments were carried out on stainless steel Sieverts apparatus. The 

schematic of the kinetics apparatus is shown in figure 2.1. It consisted of valves, 

regulators, transducers and reservoirs (gas ballast). Only kinetics for hydrogen desorption 

of the samples were carried out. About 2.0 g of the sample was weighed into the sample 

reactor in the glove box. Glass wool was placed on it to prevent sucking of the sample 
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into the tubing of the apparatus. It was then sealed through the quick connect fittings and 

connected to the apparatus. Kinetics experiments were run at constant temperature which 

was maintained with the aid of a tube furnace. A thermocouple was allowed to run into 

the bed of the sample and into the sample reactor.  This was connected to a digital 

readout to monitor the temperature during the experiments. The kinetics experiments 

were all carried out at 450 
o
C and at constant pressure thermodynamic driving force. 

    

 

Figure 2.6 Schematic of Apparatus used for Kinetic Study 

 

The thermodynamic driving force, N is defined as the ratio of the mid-plateau pressure, 

Pm to the opposing pressure, Popp (i.e. Popp= Pm/N). An initial pressure, Pi, that was higher 

than the plateau pressure was set in the sample reactor while the temperature was 

maintained by a tube furnace. Once the sample reactor was connected to the kinetics 

apparatus, the temperature was allowed to stabilize.  The temperature change in the 

sample during the experiment was in range of ±5.0 
o
C. The initial pressure, Pi was set 

using the calibrated pressure transducer on the apparatus and sample valve was then 

closed. An opposing pressure which corresponded to the thermodynamic driving force 
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used was then set with the aid of a back pressure regulator. Hydrogen was then allowed 

to flow into the reservoir from the sample across the back pressure regulator while 

monitoring its pressure as a function of time. Pressure transducers were used to monitor 

the pressure in the reservoirs and the sample reactor. The reaction was allowed to 

continue until no further change in pressure is noticed. 

 

 

2.6 Preparation of Magnesium borohydride Mg(BH4)2 

Magnesium borohydride was prepared from triethylamine borane complex and 

magnesium borohydride. The synthesis was carried out in a Schlenk line. All solid 

sample handlings were done in the glove box. In a typical synthesis 1.836 g (69.4 mmol) 

of pre-milled MgH2 was added to 22.55 ml (153.6 mmol) of triethyl amine borane 

complex under argon atmosphere. The mixture was heated under reflux at 100 
o
C for one 

hr with vigorous stirring. It was refluxed at 145 
o
C for another six hours and then allowed 

to cool down to room temperature. 60 ml of n-hexane was to added and stirred for eight 

hours at room temperature. The suspension was filtered, washed with 60 ml of n-hexane 

three times and dried. The solid obtained was the triethylamine adduct of Mg(BH4)2. 

Unsolvated magnesium borohydride was obtained from the triethylamine adduct by 

heating it under vacuum at different temperatures for 17 hrs.  It was heated at 100 
o
C for 

1 hr, at 130 
o
 C for another 1 hr, at 170 

o
C for 3 hrs and at 160 

o
C for 12 hrs. The solid 

material obtained showed a resemblance to adduct free magnesium borohydride reported 

in literature. 
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Figure 2.7: Schlenk line set up for preparing Mg(BH4)2 . 
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CHAPTER 3 

HYDROGEN STORAGE IN DESTABILIZED BOROHYDRIDE MATERIALS 

In this study we examine the hydrogen storage properties of destabilized magnesium 

borohydride systems. The destabilized systems in this study have been predicted by first 

principles calculations as potential hydrogen storage materials to have the following 

dehydrogenation paths: 

 
2212122424

13H5MgHHCaB)Ca(BH)5Mg(BH   3.1  

 262224
H10CaB3MgHCaH)3Mg(BH    3.2 

 263224
10HCaB3NaMgH3NaHCaH)3Mg(BH   3.3  

The materials were prepared by balling the mixtures for 10 hrs each. TPD, PCI and 

Kissinger analysis were carried out on the systems. Powder X-ray diffraction analyses 

were also done on the reactions. 

 

3.1 Temperature Programmed Desorption (TPD) analysis 

 Temperature programmed desorption (TPD) curves were constructed for the systems 

under study. Figure 3.1 shows the TPD curve for the Mg(BH4)2/Ca(BH4)2 mixture. In the 

figure, the TPD curves of pure Mg(BH4) and pure Ca(BH4)2 are also presented. We can 

see that the mixture releases hydrogen at a lower temperature than either Mg(BH4)2 or 

Ca(BH4)2. Its onset decomposition temperature is about 150 
o
C and it has released about 

6 wt% hydrogen at 300 
o
C. It is also interesting to see that at the onset temperature of 

Ca(BH4)2 (330 
o
C), the mixture has released 7 wt % of hydrogen. This finding agrees 

with what has been reported in literature that Mg(BH4)2 is destabilized by ball milling 

with another complex hydride [142,168,169]. 



44 

 

 

 

-14

-12

-10

-8

-6

-4

-2

0

0 100 200 300 400 500

Temperature (C)

W
e
ig

h
t 

%

Mg(BH4)2

Ca(BH4)2

Ca(BH4)2+Mg(BH4)2

 

Figure 3.1:  TPD profiles of Mg(BH4)2, Ca(BH4)2 and the mixture formed by 

mechanochemical synthesis from the two compounds; the black line indicates the onset 

temperature on each curve. 

 

In figure 3.2, the TPD curves of several destabilized systems, Mg(BH4)2/Ca(BH4)2, 

Mg(BH4)2/CaH2 and Mg(BH4)2/CaH2/NaH are presented. For comparison, the TPD curve 

of pure MgH2 is also added. All three destabilized materials except Mg(BH4)2/CaH2/NaH 

shows an onset temperature that is lower than that of MgH2. The onset temperatures for 

Mg(BH4)2/CaH2 and Mg(BH4)2/CaH2/NaH are 100 and 200 
o
C higher than that of 

Mg(BH4)2/Ca(BH4)2. In addition, all of the mixtures also released more hydrogen than 

MgH2 except the Mg(BH4)2/CaH2/NaH. This system released about 4 wt% hydrogen up 



45 

 

 

to about 450 
o
C. Additional hydrogen could possibly be released if the temperature is 

further increased but the limit of the instrument would have been exceeded. 
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Figure 3.2:  TPD profiles of comparing the desorption temperatures of several solid state 

hydrogen storage materials; the black line indicates the onset temperature on each curve. 

 

It could also be observed from the TPD curves that the decomposition of the destabilized 

systems is more complex or one involving more than one step. This is evident in the 

manner in which the decomposition tends to proceed. This is unlike the TPD curve for 

MgH2 that has a sharp drop immediately after the onset temperature is reached. Attempts 

were also made to rehydrogenate the sample in order to test the reversibility of the 

material. Figure 3.3 shows the TPD profiles of the second dehydrogenation cycle of 

Mg(BH4)2/Ca(BH4)2, Mg(BH4)2/CaH2 and Mg(BH4)2/CaH2/NaH respectively.  It can be 
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seen from these figures that the amount of hydrogen released in the second cycle after 

hydrogenation of the materials at 120 atm for about 24 hrs is considerably reduced. The 

Mg(BH4)2/Ca(BH4)2 appears to release the least amount of hydrogen and at higher 

temperature too. 
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Figure 3.3:  TPD profiles of 2nd dehydrogenation cycles of Mg(BH4)2/Ca(BH4)2, 

Mg(BH4)2/CaH2 and Mg(BH4)2/CaH2/NaH. 

 

 

3.2 Pressure Composition Isotherms (PCT) 

Pressure composition isotherms, PCIs were also determined for each of the three systems 

under study. The result confirms that the systems are only partially reversible as less than 

3 wt% of hydrogen was seen with the TPD profiles of the second dehydrogenation cycle. 



47 

 

 

As seen in figure 3.4, the isotherms of all the materials only show absorption of less than 

3 wt% hydrogen. They were all done on samples after the initial dehydrogenation had 

undergone about 3 cycles. These plateau pressures of all the mixtures were in the region 

of 60 atm at 450 
o
C. The possible explanation of the partial reversibility is probably due 

to the formation of a stable intermediate. 
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Figure 3.4:  Desorption PCIs at 450 
o
C of several mixtures. 

 

It has been proposed that the decomposition of magnesium borohydride proceeds 

stepwise to give MgB2 according to equation 3.4 to 3.6 [85,165]. 
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 13H)HMg(B5MgH)6Mg(BH 21212224      3.4 

22 5HMg55MgH         3.5 

221212 6H 6MgB)HMg(B5Mg       3.6 

The hydrogenation of MgB12H12 has also been suggested to suffer a great kinetics barrier. 

Since this intermediate has also been reported to be common in borohydride reactions, it 

could then be the barrier in rehydrogenation of the systems under study. If this is the case, 

it means only the third step described in equation 3.3 would be involved during the 

rehydrogenation cycle in the experiment. The amount of hydrogen in the step is 

approximately 4 wt%, which is similar in magnitude to that seen in the isotherms in 

figure 3.4. These amounts also correspond to the amount of hydrogen seen in the second 

dehydrogenation TPD profiles in figure 3.3. The somewhat lesser amounts observed 

experimentally could result from the fact that the reaction temperatures are as high as 450 

o
C and the systems may be nearing the critical temperature. 

 

PCIs measured at several temperatures were used to construct the van’t Hoff plots shown 

in Fig. 3.5. These plots were used to determine the enthalpies of reaction for the 

destabilized systems. This is a plot of the natural logarithm of the mid plateau pressure 

(ln P) against the inverse of the absolute temperature (1/T). The slope and intercept can 

be used to determine the values of the various thermodynamic parameters. The enthalpy, 

pressure and temperature are related as follows: 

 

orption)const (desΔH/RTP ln      3.7 

T = the absolute temperature 

 R = gas constant  
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Based on density functional theory calculations, the Department of Energy set the 

enthalpy range for a material to be suitable for hydrogen storage. The limit is 30≤ΔH≤60 

kJ/mol. Any material with ΔH value below the lower limit is believed to be too unstable 

for hydrogen storage purposes. On the other hand, any material with a ΔH value above 

the upper limit will be too stable and as such will be unsuitable for hydrogen storage.  

 

The reaction enthalpies were determined from the slope of the graph. The range of 

enthalpies was 84-88 kJ/mol which is within the range of experimental errors in these 

measurements. Therefore, these ΔH values are still too high for practical applications. 

However, it is interesting to note that these enthalpies are all higher than the 76 kJ/mol 

that has been reported for the dehydrogenation of MgH2 by Sabitu et al. [35]. This 

indicates that the material that is absorbing and releasing hydrogen during subsequent 

cycles is probably not MgH2 but another intermediate such as Mg(B12H12). 
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Figure 3.5:  van’t Hoff isochors for several mixtures. 

 

3.3 DTA analysis and Kissinger plots 

To further understand these systems, Differential thermal analyses (DTA) were run and 

the activation energies calculated using the Kissinger method. The DTA was carried out 

on each of the systems at three or more heating rates. The results of the analysis are 

shown in figures 3.6-3.8. Each plot consists of several peaks. The first peak is believed to 

be due to the decomposition of Mg(BH4)2 as it reacts with other species in the mixtures. 

The other peaks are probably associated with the decomposition of the intermediate. As 

expected there is shift in the position of the peaks to higher temperatures with increasing 

scan rates. The first peak in each plot was used for Kissinger analysis. 
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Figure 3.6:  DTA curves for the Mg(BH4)2/Ca(BH4)2 system at various heating rates. 
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Figure 3.7:  DTA curves for the Mg(BH4)2/CaH2 system at various heating rates. 
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The activation energy for the hydrogen desorption reaction was determined using the 

isoconversion method based on the Kissinger equation [206]. The equation shows the 

relationship between temperature and reaction rate as follows: 

)(
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max




ka x

a F
TR

E

T































        3.5 

Where 

  Tmax = the temperature at maximum reaction rate 

 Β = the heating rate 

 Ea = the activation energy 

 α = the fraction of transformation 

 FKAS(α) = a function of the fraction of transformation, and  

 R = gas constant. 
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Figure 3.8:  DTA curves for the Mg(BH4)2/CaH2/NaH system at various heating rates. 
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The relationship in equation 3.5 can be used to obtain the activation energy Ea from a 

constant reacted fraction of the material if Ea >> RT, which is the case here. Therefore 

using the results of the DTA measurements with heating rates 4, 10 and 20 
o
C/min shown 

in figures 3.6 to 3.8, we obtain the Kissinger plots shown in figure 3.9. It can be seen that 

a good linear relationship exists between )/ln( 2

maxT  and 1/Tmax. The activation energies 

of dehydrogenation calculated from the slope of the straight lines are presented in table 

3.1. 
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Figure 3.9:  Activation energy plots using Kissinger equation for several mixtures 
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System Onset Temperature 

(
o
C) 

H(kJ/mol Ea(kJ/mol 

Mg(BH4)2 270 - - 

Ca(BH4)2 330 - - 

Mg(BH4)2/Ca(BH4)2 150 87.9±2.7 136.7±0.9 

Mg(BH4)2/CaH2 260 87.7±1.5 115.3±2.1 

Mg(BH4)2/CaH2/NaH 350 83.8±1.2 166.8±0.5 

 

Table 3.1 Thermodynamic and kinetic parameters for the borohydride systems 

 

3.4 X-ray Diffraction Analysis 

From the XRD patterns shown in figure 3.10, it can be seen that the mixture of 

Mg(BH4)2/Ca(BH4)2 becomes amorphous after ball-milling for 10 hrs as there are no 

identifiable peaks in the pattern. After heating the sample to 200 
o
C, the peaks of the 

constituents of the mixture (Mg(BH4)2 and Ca(BH4)2) become noticeable. This is due to 

its annealing at high temperature, resulting in the amorphous sample regaining its 

crystallinity.  As the sample is heated further to 300 
o
C, the peaks of Mg(BH4)2 and 

Ca(BH4)2 disappeared gradually and are been replaced by the peaks of the decomposition 

products. MgH2 is the main product of dehydrogenation at 300 
o
C. There is also a 

residual peak of Ca(BH4)2 at this temperature as well as at 400 
o
C while peaks for 

Mg(BH4)2 are completely absent.  More peaks of MgH2 also appear at 400 
o
C alongside 

some peaks of Mg. This may be as a result of decomposition of some MgH2 at high 

temperature. 



55 

 

 

10 20 30 40 50 60 70

 

2 Theta

In
te

n
s
it

y

RT

400 C

300 C

200 C

 MgBH4)2 

Ca(BH4)2 

MgH2 

CaB12H12 

Mg 

MgB6 

 

Figure 3.10:  XRD pattern of Mg(BH4)2/Ca(BH4)2 mixture. 

A single peak which is characteristic of CaB12H12 was also noticed at 400 
o
C. According 

to equation 3.1, this and MgH2 should be the decomposition product of the mixture 

accompanying hydrogen release. The B12H12 species are known to be very difficult to 

rehyhydrogenate [85,163,193]. An unexpected species, MgB6 was also found at 300 and 

400 
o
C. This may be one of the intermediates of dehydrogenation of Mg(BH4)2 as the 

major product of its complete dehydrogenation is MgB2. 

Figure 3.11 shows the XRD patterns of Mg(BH4)2-CaH2 mixtures at room temperature 

and at 400 
o
C. The pattern at room temperature unlike the Mg(BH4)2/Ca(BH4)2 patterns, 

is not amorphous and the peaks of Mg(BH4)2 and CaH2 are the only species observed. 

Therefore no decomposition occurs during ball milling. At 400 
o
C, the peaks of the 

constituents have all vanished and have been replaced by the peaks of MgH2 and CaB6. 
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These are the reaction products according to equation 3.2. Further heating will probably 

lead to the MgH2 decomposing to Mg but this was unnecessary because the desorption 

temperature was already too high. No other major species was detected. Therefore the 

system is just not simply reversible or the conditions are not right. 
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Figure 3.11:  XRD pattern of Mg(BH4)2/CaH2 mixture. 

 

Figure 3.12 shows the XRD patterns of the Mg(BH4)2/CaH2/NaH system at room and 

high temperatures.  The pattern consists of the peaks of the components of the mixture at 

room temperature. At 400 
o
C however, while all the peaks of Mg(BH4)2 have all 

disappeared, there are still traces of CaH2 and NaH in the sample. The peaks of the CaB6 

and NaMgH3, the expected products of dehydrogenation according to equation 3.3, have 
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also started coming out. Since the onset temperature of the mixture is so high, another 

analysis was done at 450 
o
C to enable decomposition to proceed further. Although, more 

peaks of the products appear at the temperature, the peaks of CaH2 and NaH also remain 

persistent. There are also some unidentifiable peaks which may be due to some other 

intermediates that are not familiar. The decomposition of Mg(BH4)2/CaH2/NaH is 

believed to be more complex than the one predicted in equation 3.3. 

10 20 30 40 50 60 70

2 Theta

In
te

n
s
it

y

RT

400 C

450 C

D

D

D

D

Mg(BH4)2

CaH2

NaH

CaB6

NaMgH3

 

Figure 3.12:  XRD pattern of Mg(BH4)2/CaH2/NaH mixture. 
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3.5 Conclusion  

This study has shown that the desorption temperature of Mg(BH4)2 can be lowered by 

ball milling it with Ca(BH4)2. The resulting mixture releases and absorbs hydrogen with a 

well-defined plateau region. It also shows that the other two systems; Mg(BH4)2/CaH2 

and Mg(BH4)2/CaH2/NaH can also release and absorb hydrogen. However, these systems 

are only partially reversible and lost much of their hydrogen holding capacity after the 

first dehydrogenation. A possible explanation for this is that there is the formation of a 

(B12H12
)2-

 containing intermediate which is known to have a high kinetic barrier to re-

hydrogenation. Thus, only a fraction of the hydrogen that was initially released is 

reabsorbed. The activation energies for these systems determined from Kissinger plots 

range from 115 to 167 kJ/mol. XRD analyses also indicate that the hydrogen desorption 

in some of the mixtures is more complex than is predicted from DFT calculations. 
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CHAPTER 4 

KINETICS AND MODELING STUDY OF MODIFIED Mg(BH4)2 

In this study we investigate how fast Mg(BH4)2/Ca(BH4)2 as well as Mg(BH4)2 and 

Ca(BH4)2 releases hydrogen. The kinetics experiments were done on the Sieverts 

apparatus described in section 2.5 in chapter 2. The experiments were done under the 

same condition of temperature and thermodynamic driving force (N). The 

thermodynamic driving force is the ratio of the pressure at the middle of the plateau to the 

opposing pressure. In this study a thermodynamic driving force of N=10 was used and 

the experiment were done at 450 
o
C. This method of doing kinetics was first used by 

Goudy and co-workers to study the kinetics of LaNi5 [11,14]. It has been used by Yang et 

al. [71 to study the kinetics of sodium alanate, Sabitu et al. [33,35] to study the kinetics of 

MgH2 with different catalyst and Durojaiye and Goudy [207] for desorption kinetics of 

MgH2-LiNH2 catalyzed with KH. Also in order to understand the mechanism controlling 

the hydrogen desorption from these materials, modeling studies were done on the 

materials. The experimental kinetics curves of the systems under study were fitted to 

already known models. 

 

4.1 Kinetics study 

Desorption kinetics on the Mg(BH4)2/Ca(BH4)2 mixture as well as those of the pure 

Mg(BH4)2  and Ca(BH4)2 components were performed at 450 
o
C. As stated previously 

these measurements were carried out at constant pressure thermodynamic driving forces. 

In order to accomplish this, it was first necessary to determine a PCT isotherm for each 

sample at 450 
o
C. Figure 4.1 contains an isotherm obtained at 450 

o
C for the, Mg(BH4)2, 
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Ca(BH4)2 and Mg(BH4)2/Ca(BH4)2 mixture . The opposing pressure corresponding to the 

thermodynamic driving force for N = 10 was calculated from the pressure at the middle 

of the plateau. For instance, for the Mg(BH4)2/Ca(BH4)2 system the plateau pressure at 

450 
o
C is 64 atm. Since we wished to perform all experiments at N = 10, an opposing 

pressure of 6.4 atm was applied. 

0

20

40

60

80

100

120

140

0 0.5 1 1.5 2 2.5 3 3.5 4

Weight %

P
re

s
s

u
re

 (
a

tm
)

Mg(BH4)2

Ca(BH4)2

Mg(BH4)2+Ca(BH4)2

 

Figure 4.1:  Desorption isotherm for the Mg(BH4)2, Ca(BH4)2 and Mg(BH4)2/Ca(BH4)2 

mixture at 450 
o
C. 

 

The hydrogen pressure in the reactor was initially set to a value that was slightly higher 

than that of the mid-plateau pressure (Pm) of each sample, to make sure that only the 

hydrogen rich phase was present initially and the reactor was sealed off. The back 

pressure regulator was then set to 6.4 atm and the reservoir was evacuated. When the 
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sample chamber was opened, hydrogen flowed from the sample chamber through the 

back pressure regulator and into the reservoir while the pressure in the reservoir was 

monitored as a function of time. The reaction was allowed to continue until no further 

change in pressure was noticed. Figure 4.2 contains a plot of the pressure transducer 

readout in the sample chamber versus time. 

50

60

70

80

90

100

0 2 4 6 8 10 12 14
Time(min)

P
re

s
s
u

re
(p

s
i)

Reservoir press

Opposing Press

 

 

Figure 4.2:  Pressure transducer plots for hydrogen desorption from the 

Mg(BH4)2/Ca(BH4)2 mixture at 450 
o
C and N = 10. 

 

It shows that the pressure remained essentially constant at ~6.4 atm. The other transducer 

readout showed that the reservoir pressure changed as a function of time before becoming 
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constant. The pressure changes in the reservoir were used to construct plots of reacted 

fraction versus time. Figure 4.3 contains plots of reacted fraction versus time for 

hydrogen desorption from the borohydride samples. It can be seen that the 

Mg(BH4)2/Ca(BH4)2 mixture has faster kinetics than Mg(BH4)2 or Ca(BH4)2. This 

mixture was also reported to have a lower desorption temperature than either constituent 

in the previous chapter. 
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Figure 4.3:  Plots of reacted fraction versus time for Mg(BH4)2, Ca(BH4)2 and the 

Mg(BH4)2/Ca(BH4)2 mixture at 450 
o
C and N = 10. 

 

We also examined the reaction kinetics of the Mg(BH4)2/CaH2 and M(gBH4)2/CaH2/NaH 

systems as well. Figure 4.4 contains the reaction rates curves of these two systems 
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including that of pure Mg(BH4)2 and Mg(BH4)2/Ca(BH4)2 mixture. All of the reactions 

are faster than that of pure Mg(BH4)2. All the reactions except Mg(BH4)2, reached 90% 

competition on or before 5 minutes. Table 4.1 shows the time taken for hydrogen 

desorption reactions of the systems to reach 90 % completion (T90).  
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Figure 4.4:  Combined plots of reacted fraction versus time for Mg(BH4)2, 

Mg(BH4)2/Ca(BH4)2, Mg(BH4)2/CaH2 and Mg(BH4)2/CaH2/NaH mixtures at 450 
o
C and 

N = 10. 
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System T90(min) 

Mg(BH4)2 12.0 

Mg(BH4)2/Ca(BH4)2 4.0 

Mg(BH4)2/CaH2 5.0 

Mg(BH4)2/CaH2/NaH 2.5 

 

Table 4.1:  Reaction times to reach 90 % completion for borohydride systems. 

 

4.2 Modeling Studies 

 Modeling studies were done to determine the rate-controlling process in these samples. 

There have been many equations used to describe the rate limiting step of solid state 

reactions. There are different equations that have been developed for comparing the 

kinetics of solid state reactions. However, some of these equations suffer have one 

limitation or the other.  For instance, the equations developed by Hancock and Sharp 

(208) only work in 0.15 to 0.5 reacted fraction; therefore it cannot be applied to all parts 

of the reaction. The method used in this study was the one used by Smith and Goudy [14] 

to determine the process controlled hydrogen desorption from a series of  LaNi5-xCox 

alloys. The equations used are shown as follow: 

 31)1(1 BX
t




       4.1 

where  
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The terms in the equation are defined as follows: 

  t = the time at a specific point in the reaction;  

 XB = the fraction of the material reacted;  

 R = the initial radius of the sample particles;  

 b = a stoichiometric coefficient of the material;  

 CAg = the gas phase concentration of the reactant;  

 De = the effective diffusivity of hydrogen atom in the material;  

 pB = the density of material; and 

  kS = a rate constant. 

In an attempt to explain the improvement in the kinetics, equations 4.1 and 4.2 were fitted 

to the kinetic data for Mg(BH4)2, Ca(BH4)2 and Mg(BH4)2+Ca(BH4)2. Figs. 4.5 to 4.7 

contain modeling plots for the samples in Fig. 4.  In each graph, one curve was obtained 

from the experimental data; the second curve was calculated from equation (4.1) 

corresponding to the phase boundary model; and the third from equation (4.2) 

corresponding to the diffusion model. In each case a statistical analysis was done to 
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determine a value for τ that resulted in the lowest standard deviation between the 

experimental and theoretically generated curves.  In these analyses τ is essentially a 

fitting parameter.  The plots in Fig. 4.5 for Mg(BH4)2 show that the diffusion controlled 

model fits the experimental data very well up to 80% of the reaction whereas the fit with 

the phase boundary controlled model is relatively poor.  Beyond 80% reaction, neither 

model is a good fit. A possible explanation for the slow rate is that hydrogen is being 

desorbed from the two-phase plateau region of the isotherm only during the first 80% of 

the reaction.  In the latter stage, the desorption reaction occurs along the sloping portion 

of the isotherm in the single phase region.   
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Figure 4.5:  Modeling curves for Mg(BH4)2. 
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In this stage, the thermodynamic driving force diminishes with time and the desorption 

process slows down.  Fig. 4.6 contains modeling plots for Ca(BH4)2.  In this case the 

plots show that the phase boundary controlled model is a better fit for the experimental 

data.  It is also evident that the model works well only during the first 80% of the reaction 

for the same reasons given for the plots in Fig. 4.5.   
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Figure 4.6:  Modeling curves for Ca(BH4)2. 

 

Modeling plots for the Mg(BH4)2/Ca(BH4)2 mixture are given in Fig. 4.7.  In this case it 

can be seen that neither model fits the experimental data very well over the first 80% of 

reaction.  It should be noted that both processes (i.e. phase boundary movement and 
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diffusion) are always occurring simultaneously. The rate determining step is just the one 

with slower rate. 
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Figure 4.7:  Modeling curves for the Mg(BH4)2/Ca(BH4)2 mixture. 

Looking closely at the two theoretical curves, it is evident that the one representing 

chemical reaction at the phase boundary fits the experimental data reasonably well up to 

about 70% reaction.  At that point the curve representing diffusion crosses it and, for a 

short time (70 – 80%) that curve seems to match the experimental data better than the 

phase boundary curve.  Therefore we see that a simple ‘linear combination’ of the 

separate components’ theoretical curves actually fits the experimental data better than 

those for either constituent.  This is a case in which the rate limiting step actually changes 
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during the course of the reaction.  It is also apparent that, since diffusion is the rate-

limiting process in Mg(BH4)2, the presence of Ca
2+

 in the destabilized 

Mg(BH4)2/Ca(BH4)2 mixture may play a role in increasing the mobility of the diffusing 

species, thus leading to faster diffusion rates, and ultimately faster overall kinetics. 
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Figure 4.8:  Modeling curves for the Mg(BH4)2/CaH2 mixture 

 

Furthermore, equations 4.1 and 4.2 were also fitted to the kinetic data for 

Mg(BH4)2/CaH2 and Mg(BH4)2/(BH4)2/CaH2/NaH. Figures 4.8 and 4.9 contain the 

modeling plots for these systems. The plot in figure 4.8  for Mg(BH4)2/CaH2 show that 

the phase boundary controlled model fit the experimental curve up to 70% of the 
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reaction, while the diffusion controlled model fit between 75 and 85%. Above that region 

none of the two models fits. Therefore, the system rate determining step also changes 

during the course of the reaction. 

0

0.2

0.4

0.6

0.8

1

0 5 10 15

Time(min)

R
e

a
c

te
d

 F
ra

c
ti

o
n

Experimental

Phase Boundary Controlled

Diffusion Controlled

 

Figure 4.9:  Modeling curves for the Mg(BH4)2/CaH2/NaH mixture 

 

Model fitting for the Mg(BH4)2/CaH2/NaH mixture in figure 4.9 shows a good fit of the 

phase boundary controlled model with the experimental up to about 90% of the reaction. 

The diffusion controlled model does not fit at all for this process. Therefore the rate 

limiting process in the dehydrogenation of Mg(BH4)2/CaH2/NaH system is reaction at the 

phase boundary. 
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The modeling studies were based on the principle of shrinking core model, in which there 

is a hydrided phase known as β, and a dehydrided phase known as . As an illustration, 

the dehydrogenation of the Mg(BH4)2 according to the following equation:  

 Mg(BH4)2   MgB2 + 4H2 

The hydrided phase will be Mg(BH4)2 while the dehydrided phase will be MgB2. The 

principle involves the shrinking or reduction of the β-phase as hydrogen desorption 

reaction occurs at the phase boundary while the -phase will be growing or increasing.  

The process controlling hydrogen desorption depends on whether the rate of reaction 

occurring at the phase boundary is faster compared to the rate at which the hydrogen 

produced at the surface diffuse through the -phase. The slower of these two processes is 

the process controlling hydrogen desorption of the system.  

 

Figure 4.10 Schematic of the shrinking core model 
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4.3 Conclusions 

The results of this study show that the rate of hydrogen desorption from Mg(BH4)2 can be 

increased by mechanically alloying it with Ca(BH4)2.  This indicates that a Ca
2+

 species 

may be enhancing the mobility of the diffusing species in Mg(BH4)2, which leads to 

faster overall kinetics.  The results also show that the desorption rates from the two-phase 

region are much faster than those from the single phase region.  Modeling studies 

indicate that the rate of hydrogen release from Mg(BH4)2, during the first 80% of the 

reaction, is diffusion controlled while in Ca(BH4)2 the reaction rate is phase boundary 

controlled.  In the mixture the rate appears to be under the mixed control of both 

processes. It appears that in the early stages of the reaction the rate is controlled by 

chemical reaction at the phase boundary whereas in the latter stages diffusion is the rate-

controlling process. Similarly, the reaction in the mixture of Mg(BH4)2/CaH2 is 

controlled by both processes. On the contrary the reaction in the Mg(BH4)2/CaH2/NaH 

mixture has mostly reaction at the phase boundary as the rate limiting process. 
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CHAPTER 5 

KINETICS AND MODELING STUDIES OF THE CaH2/LiBH4, MgH2/LiBH4, 

Ca(BH4)2 AND Mg(BH4)2 SYSTEMS 

In this study, the thermodynamics and kinetics properties of LiBH4 destabilized with 

CaH2 and MgH2, as well as Ca and Mg based borohydrides are presented.  Modeling 

studies to determine the processes controlling their dehydrogenation will also be 

presented.  The overall goal is to compare and contrast the hydrogen storage properties of 

these systems under the same conditions. The kinetics were all done at the same 

thermodynamic driving force and temperature similar to that in chapter 4 except that an 

N=3 was used instead of N=10. This is because the plateau pressures of the destabilized 

species are lower thereby making the opposing pressure to become too low at higher N 

value. XRD data, TPD profiles, kinetics and modeling data are presented in this study. 

The CaH2/LiBH4 and MgH2/LiBH4 mixtures were prepared by ball-milling for 10 hrs 

according equations 5.1 and 5.2. Activation energies were obtained from DTA analysis 

using the Kissinger method. 

2642 10HCaB6LiH6LiBHCaH      5.1 

MgH2 + 2LiBH4 → 2LiH + MgB2 + 4H    5.2 

 

5.1 XRD Analysis of the Sample  

XRD studies of the systems are shown in figures 5.1 and 5.2. Figure 5.1 show the XRD 

patterns for MgH2, LiBH4 and the ball milled mixture of MgH2 and LiBH4. For easy 

comparison, the pattern for Mg(BH4)2 is also included. It can be seen from this figure that 
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the mechanical milling of MgH2 and LiBH4 does not give Mg(BH4)2. Though there 

appears to be the formation of a new phase in the mixture, the new peaks are not due to 

even partial formation Mg(BH4)2. The synthesis of Mg(BH4)2 by a metathesis reaction 

starting with LiBH4 has only been achieved with metal chlorides such as MgCl2 and 

CaCl2 [155-157, 176,178]. 
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Figure 5.1:  Combined XRD of Mg(BH4)2, LiBH4 and MgH2/LiBH4 

Figure 5.2 also shows the presence of CaH2 and LiBH4 in the as milled CaH2/LiBH4 

sample. For the same reason Ca(BH4)2 was not observed in the mixture. This confirms 

that the Mg- and Ca- borohydride cannot be synthesized by ion exchange reactions using 

the MgH2 and CaH2 as precursors. 
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Figure 5.2:  Combined XRD of Ca(BH4)2, LiBH4 and CaH2/LiBH2  

 

5.2 Temperature Programmed Desorption 

TPD curves were constructed for all the samples to determine the temperatures at which 

hydrogen is released.  Figure 5.3 shows the TPD curves for the systems under study.  The 

results show that CaH2/LiBH4 has the highest onset temperature while Mg(BH4)2 has the 

lowest temperature. Of all the systems under study CaH2/LiBH4 has the highest onset 

temperature of 350
o
C and it releases about 9 wt% of hydrogen up to 500 

o
C. Ca(BH4)2 

and MgH2/LiBH4 with onset temperatures of 330 
o
C and 340 

o
C respectively released 
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about 7 wt% of hydrogen up to 430 
o
C. Mg(BH4)2 has the lowest onset temperature of 

270 
o
C and released 8 wt% up to 375 

o
C. 
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Figure 5.3:  Combined TPD Curves of borohydride systems 

 

5.3 Kinetics and Modeling Studies 

Kinetics and modeling studies were also done.  Prior to these measurements PCI 

isotherms were constructed to determine if a plateau region existed.  Using these 

isotherms, it should be possible to measure the kinetics of the hydrogen desorption in the 

two-phase region at constant pressure thermodynamic driving force. The PCT isotherm 
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for the Mg(BH4)2 sample at 450 
o
C is shown in figure 5.4 to illustrate how the kinetics 

measurements were done. The pressure in the sample reactor was initially adjusted to a 

value just slightly above the plateau region.  At that stage the sample would be fully 

hydrided with the system at point “a” on the isotherm.  Then the reactor was sealed off 

and the applied pressure was adjusted to a fraction of the plateau pressure (point “c” on 

the isotherm).  When the sample reactor valve was re-opened hydrogen was allowed to 

flow through a regulator and into an evacuated reservoir.  
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Figure 5.4: Desorption isotherm for Mg(BH4)2 at 450 
o
C. 

The regulator served to keep the applied pressure constant during the measurement.  The 

ratio of the plateau pressure Pm to the applied pressure Pappl has been defined as the N-
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Value in these experiments.  In these experiments, all kinetics measurements were done 

at 450 
o
C and at an N-Value of 3.  Since ΔG is a measure of the thermodynamic driving 

force and since it is proportional of Ln(Pm/Pappl), all samples are believed to have been 

done at the same thermodynamic driving force.  Figure 5.5 shows the kinetics curves of 

the samples at 450 
o
C and N=3.  Mg(BH4)2 is the fastest of the systems; it takes about 19 

mins for it to reach 90% completion. For Ca(BH4)2, it takes about 30 mins for the 

reaction to reach 90% completion.  The two destabilized systems are slower, reaching 

90% completion in 75 and 120 minutes respectively for MgH2/LiBH4 and CaH2/LiBH4 
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Figure 5.5:  Desorption Kinetics Curves of Borohydride systems at 450 
o
C and N=3.  

Modeling studies to determine the process controlling the hydrogen desorption of the 

systems were also carried out. Equations 4.1 and 4.2 described in section 4.2 in chapter 4 
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were used also to model the systems. Figures 5.6-5.9 show the modeling curves for 

Ca(BH4)2, Mg(BH4)2, CaH2/LiBH4 and MgH2/LiBH4 respectively.  In the case of 

Mg(BH4)2, the curve in figure 5.6 for a diffusion controlled process fits the experimental 

curve very well up to a reacted fraction of 0.8.  Thus, during this stage of the reaction the 

hydrogen desorption process is being controlled by diffusion.  The reaction proceeds 

from point “a” to point “b” along the isotherm in figure 5.4 during this stage.  The last 

20% of the reaction occurs from point “b” to point “c” along the isotherm.  

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60

Time (min)

R
e
a
c
te

d
 F

ra
c
ti

o
n

Experimental

Phase Boundary Controlled

Diffusion Controlled

 

Figure 5.6:  Modeling curves for Mg(BH4)2. 
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The reaction rate during this segment slows considerably since the thermodynamic 

driving force decreases and neither modeling curve fits the experimental data. Hydrogen 

desorption from Ca(BH4)2 is controlled by reaction at the phase boundary as seen in 

figure 5.7. Again, there is a good fit between the theoretical and experimental curves only 

during the first 80% of the reaction.  
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Figure 5.7: Modeling curves for Ca(BH4)2 

The modeling curves for the MgH2/LiBH4 system are shown in figure 5.8.  An inspection 

of these curves reveals that reaction at the phase boundary seems to be the one 

controlling the reaction up about 60% of the reaction. A closer look at the curves also 

reveals that the reaction seems to be controlled by diffusion between 60 - 80% of the 
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reaction.  The curves in figure 5.9 show that the modeling for the CaH2/LiBH4 system 

can be described similarly as that for MgH2/LiBH4. 
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Figure 5.8: Modeling curves for 2LiBH4 + MgH2. 

 

5.4 Activation Energy  

Activation energies for these systems were determined by the Kissinger method.  In order 

to do this it was first necessary to determine DTA of the samples. Figure 5.10 shows the 

DTA plots for Ca(BH4)2 at different heating rates.  Each curve shows an endothermic 

peak that varies with the scan rate.  These curves are typical of what was obtained for 
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other samples. The data obtained from these curves was used to construct the Kissinger 

plots in figure 5.11.  These plots are based on the Kissinger equation described in section 

3.3 in chapter 3. 
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Figure 5.9: Modeling curves for 6LiBH4+ CaH2. 
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Figure 5.10. DTA curves for Ca(BH4)2 

 

The values for the activations energies for each system are given in Table 1.  It is 

apparent that there is a correlation between activation energies and reaction rates.  The 

samples with the fastest rates also have the lowest activation energies.  
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Figure 5.11:  Kissinger Plots for the Borohydride Systems 

 

 

System Ea(kJ/mol) Onset Temp 

(
o
C) 

T90(min) 

Ca(BH4)2 156.8±0.6 330 30 

Mg(BH4)2 155.2±0.7 270 19 

LiBH4/CaH2 187.3±2.8 350 120 

LiBH4/MgH2 159.8±1.9 340 75 

 

 

Table 5. 1. Thermodynamic and kinetics parameters of borohydride systems 

 

 



85 

 

 

5.5 Conclusions 

The results from this study show that the hydrogen storage properties of Mg(BH4)2 and 

Ca(BH4)2 are quite different than those of two modified LiBH4 systems. The Mg(BH4)2 

and Ca(BH4)2 samples have faster desorption kinetics, lower activation energies and 

lower onset temperatures than the destabilized LiBH4 mixtures.  In addition, the Mg-

containing samples have faster desorption kinetics, lower activation energies and lower 

onset temperatures than the corresponding Ca-containing samples. Modeling studies 

show that the Mg(BH4)2 and Ca(BH4)2 samples have different processes controlling the 

hydrogen desorption rates.  Reaction at the phase boundary controls the desorption rate 

from Ca(BH4)2 whereas diffusion controls reaction rates from the Mg(BH4)2 sample.  

Hydrogen desorption from the LiBH4/MgH2 and LiBH4/CaH2 mixtures are controlled by 

mixed processes.  For both samples reaction at the phase boundary controls desorption 

rates initially whereas diffusion controls it in latter stages. 
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CHAPTER 6 

OTHER REACTIONS 

In this chapter we are going to consider some other destabilized borohydride systems and 

examine their hydrogen desorption properties. The systems are been investigated based 

on their theoretical prediction as potential hydrogen storage materials. The reactions that 

will be considered in this chapter include both LiBH4 and Mg(BH4)2 based destabilized 

systems The predicted reaction schemes of the borohydrides being considered in this 

chapter are as follow:  

262224 13HCaBSi1.5Mg1.5SiCaH)3Mg(BH    6.1 

24324 7H3MgBNaMgHNaH)2Mg(BH     6.2 

222224
4HCMgBC)2Mg(BH 

    6.3 

2724 4HMgB5B)Mg(BH       6.4 

22924 13H3MgHNMgBBN)4Mg(BH     6.5 

2224 4HTiB2LiHTiH2LiBH      6.6 

 

6.1 Analyses of Mg(BH4)2/CaH2/Si, Mg(BH4)2/NaH and Mg(BH4)2/Ca systems 

Temperature programmed desorption (TPD) analysis was carried out on the systems and 

their profiles are shown in figures 6.1 to 6.3. The TPD curve of Mg(BH4)2/CaH2/Si is 

shown in figure 6.1 along with those of pure Mg(BH4)2 and Mg(BH4)2/CaH2. It has been 

shown that the decomposition temperature of hydrides could be lowered by alloying with 

silicon [24,25]. However, in this mixture the addition of silicon reduced the onset 
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temperature of the Mg(BH4)2/CaH2 mixture, but the overall decomposition temperature 

was still higher than that of Mg(BH4)2. 
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Figures 6.1: Combined TPD curves of Mg(BH4)2/CaH2 and Mg(BH4)2/CaH2/Si and 

Mg(BH4)2. 

 

From the results of the XRD studies shown in figure 6.2, it is clear that the silicon did not 

form any alloy with CaH2. It only remains in the mixture throughout the dehydrogenation 

reaction. The products of the dehydrogenation are also similar to those of the mixture 

involving Mg(BH4)2 and CaH2 only i.e. MgH2 and CaB6. The proposed product of 

dehydrogenation of this mixture, Mg2Si according to equation 6.1 is also absent in the 

XRD pattern. 
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Figure 6.2: XRD pattern of Mg(BH4)2/CaH2/Si mixture 

 

In figure 6.3, the TPD curve of Mg(BH4)2/NaH shows a big reduction in the onset 

temperature of Mg(BH4)2.This shows that NaH is better at destabilizing the Mg(BH4)2 

than either CaH2 or a mixture of CaH2 and NaH, but the amount of hydrogen released is 

about half that of pure Mg(BH4)2. From the XRD analysis of the Mg(BH4)2/NaH shown 

in figure 6.4, neither the peaks of Mg(BH4)2 nor NaH were present in the as-milled 

sample at room temperature. This suggests that a new species might have been formed 

during ball milling. The appearance of some new peaks which become persistent even 

after heating to 300 
o
C also indicates the presence of a new phase.  
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Figures 6.3: Combined TPD curves of Mg(BH4)2, Mg(BH4)2/NaH, Mg(BH4)2/CaH2/NaH 

and Mg(BH4)2/CaH2. 

 

But the peaks that appear between 10 to 20 
o
 are characteristic of borohydrides. These 

peaks disappear after heating to 250 
o
C, which is about the onset temperature for 

dehydrogenation on the TPD curve. None of the expected products of dehydrogenation 

(NaMgH3 and MgH4) proposed in equation 6.2 were also identified in the XRD patterns. 

Therefore, the new compound formed during ball milling may likely be a dual cation 

borohydride of Na and Mg. Fang et al.[200] have reported the formation LiCa(BH4)3 by 

ball milling and heating a mixture of LiBH4 and Ca(BH4)2.  
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Figure 6.4: XRD pattern of Mg(BH4)2/NaH mixture 

 

Figure 6.5 contains the TPD curve of the Mg(BH4)2/C system alongside that of pure 

Mg(BH4)2. It can be seen from the curve that the presence of carbon does not affect the 

decomposition temperature of mixture. However, the amount of hydrogen released was 

reduced and this can be ascribed to the physical presence of carbon adding to the overall 

weight in the mixture. Further evidence from of the XRD analyses show that carbon is 

just passive in the mixture. In figure 6.6, the major peaks of carbon were persistent 

throughout the analysis. However, no peak for the product of dehydrogenation (MgB2C2) 

in equation 6.3 was detected.  MgB2 is the only species identified as the product after 

dehydrogenation. 
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Figures 6.5: Combined TPD curves of Mg(BH4)2/C and pure Mg(BH4)2. 

10 20 30 40 50 60 70

2Theta

In
te

n
s

it
y

RT

200 C

300 C

400 C

450 C

Mg(BH4)2

Carbon

MgB2

MgB2

 

 

Figure 6.6: XRD pattern of Mg(BH4)2/C mixture 
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Attempts to rehydrogenate the mixtures after initial dehydrogenation showed that these 

mixtures have very poor reversibility. Figure 6.7 shows the TPD curves of the 

rehydrogenated samples. All the mixtures released just about 1 wt% in the second 

dehydrogenation cycle. Attempts to obtain the isotherms for the mixtures were 

unsuccessful as no clear plateau region was observed confirming their poor reversibility.  
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Figures 6.7: 2nd TPD curves of Magnesium Borohydride Reactions 

 

6.2 Analyses of Mg(BH4)2/BN and Mg(BH4)2/B 

According to theoretical calculations, the Mg(BH4)2/BN and Mg(BH4)2/B will release 13 

and 7.5 wt% of hydrogen respectively. Figure 6.8 shows the TPD curves of the 

Mg(BH4)2/BN mixture in a ratio of 4:1 ball milled for 10 hr. It can be seen that this 

mixture starts releasing hydrogen at the same onset temperature as the pure Mg(BH4)2. 
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Clearly the BN is not an effective additive for destabilizing Mg(BH4)2 and the mixture 

even desorbed hydrogen at higher temperature. In terms of reversibility, the mixture did 

not show any improvement as it only released about 1 wt% hydrogen in the second 

dehydrogenation cycle.  
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Figures 6.8: TPD of 4Mg(BH4)2 + BN 

 

From the XRD analysis shown in figure 6.9, we can also see that the as-milled sample 

only contains the peaks of the constituents. Thus no loss of hydrogen occurred during the 

ball-milling process. 
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Figure 6.9: Combined XRD pattern of Mg(BH4)2, BN and Mg(BH4)2+BN mixture 

 

In figure 6.10, the TPD profile of Mg(BH4)2 + 5B presented along with that of pure 

Mg(BH4)2 shows that the mixture is even worse than the 4Mg(BH4)2 + BN mixture as it 

released less than 1 wt% of hydrogen. This can be associated with the large amount of 

boron in the mixture (ratio 5:1). So its physical presence in the mixture only contributed 

to the total weight, thereby reducing the relative amount of hydrogen. The XRD pattern 

of the mixture is shown in figure 6.11.  Only Mg(BH4)2 can be identified in the mixtures 

as the peaks matched those of pure Mg(BH4)2.  
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Figures 6.10: TPD of Mg(BH4)2 + 5B 
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Figure 6.11: Combined XRD pattern of Mg(BH4)2, and Mg(BH4)2+B mixture 
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6.3 Analyses of 2LiBH4/TiH2 

Based on the reports on the effectiveness of titanium based additives in lowering the 

decomposition temperature of hydrides, a mixture of LiBH4 and TiH2 was prepared. 

Figure 6.12 shows the TPD curves of the first three dehydrogenation cycles of this 

material. The material released more than 6 wt % hydrogen and from the look of the 

curves, more will still be released at higher temperature. However, most of the hydrogen 

is released above 350 
o
C which is just too high for practical purposes. The mixture also 

shows poor reversibility, releasing less than 1 wt % in the third dehydrogenation cycle 

after heating to 450 
o
C. Au et. al. [106] reported that a mixture of LiBH4 and TiF3 

desorbed 8.5 wt% at 450 
o
C. Therefore TiH2 is not as effective as the halide in 

destabilizing LiBH4. 
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Figure 6.12: TPD of 2LiBH4+TiH2 
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Figure 6.13 shows the x-ray diffraction pattern of the mixture. Analysis of the pattern 

shows only the presence of TiH2, as the peaks of the mixture matches that of pure TiH2. 

The peaks of the decomposition products (TiB2 and LiH) are not noticed in the pattern. 

Thus, the chance of the mixture decomposing and losing some hydrogen during ball 

milling is very small. The peaks of LiBH4 are also absent in the pattern. This is due to the 

fact the borohydride becomes amorphous during ball milling. 
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Figure 6.13: XRD pattern of 2LiBH4+TiH2 mixture 
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6.4 Conclusions 

The results from this study have shown the effects of various additives on the 

dehydrogenation of borohydrides. Of all the various ball milled mixtures of Mg(BH4)2 

and additives, NaH is the only one that effectively lowers the desorption temperature of 

Mg(BH4)2. This is due to the formation of new borohydride species during ball-milling of 

the mixture. Other additives did not have any effect on the desorption temperatures but 

rather reduced the amount of hydrogen released due to their physical presence in the 

mixture. The mixtures also show poor reversibility releasing much lower amounts of 

hydrogen in the second dehydrogenation. TiH2 also lowers the desorption temperature of 

LiBH4 to 450 
o
C from 600 

o
C for the pure material reported in literature. However, the 

mixture shows poor reversibility and the titanium hydride is not as effective as titanium 

halides. 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

7.1 Summary of the thesis 

The main objective of this study was to determine the suitability of destabilized 

borohydride systems as potential materials for hydrogen storage. The use of solid state 

hydrogen storage materials suffers from various hindrances. Intermetallic alloys absorb 

and release hydrogen at moderate temperatures but their hydrogen capacities are too low. 

Metal hydrides such as MgH2 and AlH3, and complex hydride such as alanates, amides 

and borohydrides are viable options. They are characterized by their light weight and 

high hydrogen capacities. However, these materials only release hydrogen at high 

temperatures. This study therefore focused on improving the hydrogen storage properties 

Mg(BH4)2. 

 The method employed to achieve this goal involved destabilization through mixing with 

various additives. The destabilized materials were prepared by ball milling of the 

Mg(BH4)2 and the various additives which included hydride, nitride, silicon and carbon. 

The properties of the mixtures were studied by XRD, TPD, PCI and DTA. There have 

been several reports on the dehydrogenation and structural characterization of hydrogen 

solid chemical storage materials, but little is known about their kinetics. Therefore, 

kinetics measurements were also carried out on the materials using a unique method. The 

role of the various additives in the dehydrogenation mixture was determined.  

The conclusions drawn from this study are as follow: 
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 The desorption temperature of Mg(BH4)2 can be lowered by ball milling with 

Ca(BH4)2. The resulting mixture releases and absorbs hydrogen with a well 

defined plateau region. 

 The rate of hydrogen desorption from Mg(BH4)2 can be increased by 

mechanically alloying it with Ca(BH4)2. This indicates that a Ca
2+

 species may be 

enhancing the mobility of the diffusing species in Mg(BH4)2, leading to faster 

overall kinetics. 

 Modeling studies show that the rate of hydrogen release from Mg(BH4)2, during 

the first 80% of the reaction, is diffusion controlled while in Ca(BH4)2 it is phase 

boundary controlled. Hydrogen desorption from the mixture of Mg(BH4)2  and 

Ca(BH4)2 appears to be under the mixed control of both processes. It appears that 

in the early stages of the reaction the rate is controlled by chemical reaction at the 

phase boundary whereas in the latter stages diffusion is the rate-controlling 

process. 

 Mg(BH4)2/CaH2 and Mg(BH4)2/CaH2/NaH can also release and absorb hydrogen. 

Hydrogen desorption from the mixture Mg(BH4)2/CaH2 is controlled by both 

phase boundary and diffusion processes, while the Mg(BH4)2/CaH2/NaH mixture 

has mostly the phase boundary movement as the rate limiting process.  

 Mg(BH4)2/Ca(BH4)2, Mg(BH4)2/CaH2 and Mg(BH4)2/CaH2/NaH are only 

partially reversible and lost much of their hydrogen holding capacity after the first 

dehydrogenation. The formation of a (B12H12
)2-

 containing intermediate which is 

known to have a high kinetic barrier to re-hydrogenation is a possible explanation 
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for this observation. Thus, only a fraction of the hydrogen that was initially 

released is reabsorbed. 

 The hydrogen storage properties of Mg(BH4)2 and Ca(BH4)2 are quite different 

from those of modified/destabilized LiBH4 systems. Mg(BH4)2 and Ca(BH4)2 

samples have faster desorption kinetics, lower activation energies and lower onset 

temperatures than the destabilized LiBH4 mixtures. Mg-containing samples also 

have faster desorption kinetics, lower activation energies and lower onset 

temperatures than the corresponding Ca-containing samples. 

 Hydrogen desorption from the LiBH4/MgH2 and LiBH4/CaH2 mixtures are 

controlled by mixed processes.  In both LiBH4/MgH2 and LiBH4/CaH2, reaction 

at the phase boundary controls desorption rates initially whereas diffusion 

controls it in latter stages. 

 The desorption temperature of Mg(BH4)2 can be lowered by ball milling it with 

NaH. Ball milling of Mg(BH4)2 and NaH leads to the formation of a new 

compound. The new compound is proposed to be a dual cation borohydride of Na 

and Mg. 

 The addition of silicon to the Mg(BH4)2/CaH2 mixture has no effect on the 

desorption temperature. 

 Carbon, boron and boron nitride only lead to a reduction of the hydrogen capacity 

of Mg(BH4)2 and had no effect on the desorption temperature. 
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 TiH2 also reduced the desorption temperature of LiBH4 to 450 
o
C from 600 

o
C for 

the pure material reported in the literature. The LiBH4/TiH2 mixture shows poor 

reversibility and the titanium hydride is not as effective as titanium halides. 

 

7.2 Suggestions for future work 

 Addition of NbF5 has been shown to effectively increase the kinetics of MgH2 and 

MgH2/LiBH4 mixture. This knowledge can be extended to Mg(BH4)2/Ca(BH4)2 as 

well as other destabilized hydride mixtures. 

 This mixture can also be nano confined into porous materials since this method 

has been shown to be effective for other hydrides materials. 

 It will also be worthwhile to combine both catalyst and nano confinement on the 

Mg(BH4)2/Ca(BH4)2 in order to improve its hydrogen storage properties. 
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