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ABSTRACT 

 

Light metal hydrides are excellent candidates for hydrogen storage. They can store 

hydrogen effectively, safely and reversibly under moderate conditions. Among them, 

perovskite hydrides and lithium borohydride (LiBH4) have received special interest due to the 

low cost, availability, and high gravimetric and volumetric hydrogen density. However, the 

poor thermodynamic in dehydrogenation process prevents their practical applications. It is 

important challenge to facilitate hydrogen release in these metal hydrides. In this work, using 

density functional theory (DFT) calculations, a series of perovskite hydrides with a general 

formula ABH3 comprising alkali metals of A, where A is Li, Na, K, Rb, or Cs, and alkaline-

earth metals of B, where B is Be, Mg, Ca, Sr, or Ba were screened and the most favorable 

dehydrogenation pathways were obtained. The thermodynamic properties of these perovskite 

hydrides, especially for NaCaH3 and KMgH3 for hydrogen storage were mainly investigated. 

The structural and dehydrogenation properties of lithium borohydride surface were also 

checked. To tune hydrogen release processes, the destabilization approaches with adaptive 

dopants have been employed on NaCaH3, KMgH3, and LiBH4. Besides, the effects of 

pressure/strain on these metal hydrides were examined. Furthermore, the electronic properties 

such as density of states (DOS) and Bader charge were analyzed to find the reaction 

mechanism of hydrogen release under these improvements.  

Firstly, perovskite hydrides (ABH3) were studied to screen the highest potential hydrides 

for hydrogen release. Herein, the ground state structures of all available systems were obtained. 

We then investigated the most favorable dehydrogenation pathway for each ABH3 system and 

found that NaCaH3 was the most attractive ABH3 system. Analysis was performed to 

determine the influence of the alkali dopants (at the A-site) and alkaline-earth dopants (at the 

B-site) on hydrogen release from NaCaH3. For this analysis, we calculated the reaction 

enthalpies of a NaCaH3 system for hydrogen release with different dopants and pathways. Cs 

was the best dopant for improving hydrogen release with the lowest reaction enthalpy. 

However, no clear effect from B-site doping on the dehydrogenation was found.  
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Mg-Based metal hydrides have attracted considerable attention for hydrogen storage. The 

perovskite hydride KMgH3 with an ideal cubic structure has been viewed as a promising 

material to store hydrogen. To make a further study on the improvement of hydrogen release, 

M-doped KMgH3 (M = Li, Na, Rb, or Cs) were examined for the structural stability and 

dehydrogenation properties. The reaction enthalpies (∆H) of the four possible dehydrogenation 

reaction pathways were calculated using the doped structures with different phases (Pm3m, 

Pnma, R3c). The most favorable reaction pathway among these four pathways was found. 

Among the alkali metal dopants M investigated, the most promising dopant for this reaction 

was Li. In addition, the pressure of 0, 0.5, 1.0, 1.5, and 2 GPa were applied to dopant-free and 

doped KMgH3. It was found that pressure is useful for tuning the reaction enthalpies of the 

dehydrogenation reactions. 

For most hydrides, the surface property is an important factor responsible for hydrogen 

release. Lithium borohydride (LiBH4) has excellent properties for hydrogen storage due to its 

high lightweight (21.78 g/mol) and the gravimetric/volumetric hydrogen densities. For 

LiBH4(010) surface, the structural and chemical effects on dehydrogenation were considered 

using the strain (-3% − +3%) and five dopants (M = Na, K, Al, F, or Cl). The hydrogen release 

energies of a hydrogen molecule decreased with increasing tensile strain on the LiBH4(010) 

surface. The tensile strain was useful for promoting the dehydrogenation process by 

weakening the B-H interactions. Among the dopants examined, the most favorable dopant to 

enhance dehydrogenation was Al. The ranking of dopants for promoting hydrogen release was 

Al > Cl > F > Na > K. Remarkably, co-doping of Al and Cl was more effective for hydrogen 

release than the single doping of Al or Cl with the lowest hydrogen desorption energy. These 

methods that destabilize metal hydrides are practical for tuning the hydrogen release of LiBH4 

hydrides. 

It is very significant to understand the dehydrogenation mechanism of metal hydrides for 

hydrogen storage. A first-principle approach is a valuable and powerful tool in the design of 

alloy systems. Our work shows that both dopant/co-doping and pressure/strain can facilitate 

the release of hydrogen from NaCaH3, KMgH3, and LiBH4 hydrides by reducing the reaction 

enthalpies. These results can be utilized as efficient means for the design of highly promising 

hydride-based hydrogen storage materials. 
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CHAPTER 1. Introduction 

1.1. Hydrogen energy 

Nowadays, 80% of the energy requirement in the world is supported by fossil fuels, 

which includes coal, petroleum, and natural gas [1]. Unfortunately, these energy reserves will 

not persist in abundance forever. In addition, the combustion of fossil fuels also brings a heavy 

burden to our environment, due to the emission of greenhouse gases like CO2, sold waste and 

other pollutions [2]. The energy crisis and environment problems become more and more 

serious. Thus, exploiting clean and renewable energy is extremely urgency. 

Hydrogen has been considered as a promising alternative energy carrier in the 21st 

century [3]. On the periodic table, hydrogen is found to be the lightest element. It has a density 

of only 0.0899 kg/m3 at normal temperature (272.150 K) and pressure (101.325 kPa) [4]. 

Hydrogen is also the most abundant element in the universe (88.6% by mass). It does not 

occur naturally in large quantities for pure hydrogen on the earth. Hydrogen is always found in 

a bonded form, mainly store in water, living organisms and fossil fuels [5]. With current 

technologies, hydrogen can be produced from methane or by electrolysis of water [6]. The 

current leading technology for producing hydrogen in large quantities is seam-methane 

reforming, which is dependent on fossil fuels [7]. In addition, by using thermochemical, 

photochemical, photoelectrochemical, electrochemical, biochemical, or biophotochemical 

routes, hydrogen can be generated from water. Among available fuel molecules, hydrogen 

shows many desirable attributes as a better fuel with good combustion energy. It is not only 

abundantly available, generates nontoxic emissions, but also high efficiency. The energy 

density of hydrogen is 143 MJ/Kg. It is approximately 3 times higher than that store by 
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petroleum-based fuels [8]. A comparison of properties Between hydrogen and the other fuels 

is listed in Table 1.1 [9]. As an excellent alternative energy carrier, the application of hydrogen 

becomes one important cyclic part of sustainable global energy system, as shown in Fig. 1.1 

[10].  

1.2. Hydrogen storage  

For the practical utilization of hydrogen energy, hydrogen production is the foundation and 

the hydrogen storage and transportation are the core processes. To develop the “hydrogen 

economy”, a major obstacle is the problem of hydrogen storage, which is needed to be solved 

currently. At present, hydrogen can be stored by three different phases: gas, liquid, and solid 

states [11].   

1.2.1. Gaseous hydrogen  

Storage of hydrogen as a gas typically requires high-pressure tanks or cylinder (350 - 700 

bar tank pressure). The hydrogen gas is kept under pressures to increase the storage density. 

Hydrogen with a gravimetric capacity of 4.5 wt.% can be stored in the gaseous phase at a 

pressure of 700 bar [12]. It is low cost and relatively mature for this technology. But there is 

much lower volumetric hydrogen storage density than hydrocarbon fuels. In addition, the 

gaseous hydrogen also has safety hazards for leak and explosion [1]. Even though this 

technique is the most commonly used for vehicle fuel systems until now, it is not the most 

practical method in the long run.  
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Table 1.1. Properties of hydrogen and the other fuels [9].  

 Hydrogen Petroleum Methanol Methane Propane Ammonia 

Boiling point [K]  20.3 350-400 337 111.7 230.8 240 

Liquid density [kg/m3] NTP  70.8 702 797 425 507 771 

Gas density [kg/m3] NTP  0.0899 ---- ---- 0.718 2.01 0.77 

Heat of vaporization [KJ/kg]  444 302 1168 577 388 1377 

Higher heating value [MJ/kg]  41.9 46.7 23.3 55.5 48.9 22.5 

Lower heating value [MJ/kg]  120 44.38 20.1 50.0 46.4 18.6 

Lower heating value (liquid) 

[MJ/m3]  

8520 31170 16020 21250 23520 14350 

Diffusivity in air [cm2/s]  0.63 0.08 0.16 0.20 0.10 0.20 

Lower flammability limit  

[vol% (in air)]  

4 1 7 5 2 15 

Higher flammability limit  

[vol% (in air)]  

75 6 36 15 10 28 

Ignition temperature in air [0C]  585 222 385 534 466 651 

Ignition energy [MJ]  0.02 0.25 ---- 0.30 0.25 ---- 

Flame velocity [cm/s]  270 30 ---- 34 38 ---- 
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Figure 1.1. A sustainable energy system in global [10]. 
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1.2.2. Liquefied hydrogen 

Storage of hydrogen as a liquid requires cryogenic temperatures and high pressure. 

Because the boiling point of hydrogen at one atmosphere pressure is -252.8℃  [1]. The 

volumetric hydrogen density in liquid phase is almost 845 times as much as that in gas phase. 

The transport efficiency of liquid hydrogen is also higher than that of gaseous hydrogen. The 

application of liquid hydrogen is mostly used in aeronautics and astronautics fields as a liquid 

fuel [13]. This technique can reduce the requirement of weight and size of cryogenic storage 

tanks. But the liquefaction process needs high energy consumption and cost. Specialized 

cryogenic vessels are also necessary to prevent severe boil-off losses. 

1.2.3. Solid state for hydrogen storage  

Hydrogen can also be stored on the surfaces of solids by physical adsorption, or within 

solids by chemical reaction [14]. Hydrogen in the solid state can be released by decomposition 

reactions under the suitable temperature or pressure-based swing techniques. The transport 

volume of solid state is reduced greatly comparing with gaseous and liquid hydrogen. 

Moreover, the volumetric hydrogen density in solid state is relatively high. It also has safe and 

convenient operation to store hydrogen in solid state [15]. 

1.2.3.1. Hydrogen physisorption 

Like other gases, hydrogen molecules can be held to the surface through van der waals 

interactions. The strength of this physical adsorption for hydrogen is very weak with the 

enthalpy of adsorption between 4 and 10 KJ/mol. This physisorption process needs low 

temperatures and high surface area to obtain significant amount of hydrogen gas adsorbed. The 
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kinetics of hydrogen adsorption and desorption is very fast as no activation energy involved. 

Porous materials such as metal-organic frameworks (MOF) [16], zeolites [17], carbon 

nanotubes (CNT) [18], can adsorb a high density of hydrogen molecules by high surface area 

and pore volume. However, it can achieve the high hydrogen storage capacities only at 

extremely low temperature about 77 K [19]. In addition, the hydrogen physisorption systems 

can react with other chemical hydrides. Thus, protective coating should be improved to resist 

these chemical oxidations [2]. 

1.2.3.2. Hydrogen chemisorption  

The classic materials with chemical bonding for hydrogen storage are metal hydrides. 

Hydrogen molecules are absorbed on the surface of the metal and dissociate into two hydrogen 

atoms. These hydrogen atoms diffuse into the metal and form a chemical bond with the metal 

atoms, which forms the metal hydride [20, 21]. This is the direct dissociative chemisorption to 

hydrogenate metal. The process of chemisorption is shown in Fig. 1.2 [21]. Generally, the 

chemical bond between metals and hydrogen is covalent in nature, but some hydrides are 

formed from ionic bonds. These metal–hydrogen bonds provide a high hydrogen density. 

Another way to form the metal hydride is electrochemical splitting of water. The two reactions 

are as follows [4]:     

M +
𝑥

2
H2 ↔ MH𝑥 

M +  
𝑥

2
H2O +  

𝑥

2
𝑒−  ↔ MH𝑥 +  

𝑥

2
OH− 

Where M refers to the metal. Most of the hydrogenation reactions to form hydrides are 

reversible. The process can be realized safely under moderate temperature and pressure. Thus,  
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Figure 1.2. Schematic model of hydrogen adsorption process in a metal hydride. The 

hydrogen atoms in the metal hydride are from hydrogen molecules with physisorption (on the 

left side) and the dissociation of water molecules (on the right side) [21]. 
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metal hydrides show great advantage to release hydrogen for the practical application. Some 

metal hydrides like MgH2 have higher hydrogen-storage density (6.5 H atoms/cm3) than 

hydrogen gas (0.99 H atoms/cm3) or liquid hydrogen (4.2 H atoms/cm3) [4]. The high stability 

and safety, the reversibility, limited energy loss, and long cycle life allow the metal hydrides to 

be promising candidates for on-board vehicle applications. This is one of the important 

development directions in the future for hydrogen storage.  

1.2.4. Liquid Organic Hydrogen Carriers 

Another method to store hydrogen at ambient conditions are Liquid Organic Hydrogen 

Carriers (LOHC) [22]. LOHCs are potentially cheap, safe, and easily manageable. Moreover, 

they allow for a long-term energy storage without boil-off or other hydrogen losses as well as 

an uncomplicated transportation. The storage concept of hydrogen within a LOHC is shown in 

Fig. 1.3 [22]. It is typically based on reversible hydrogenation and dehydrogenation of carbon 

double bounds. During the hydrogenation process the double bounds are saturated with 

hydrogen. This process is exothermic and typically takes place at elevated temperatures and 

pressures. Vice versa the hydrogen can be released again in its pure form based on a catalytic 

endothermic de-hydrogenation reaction taking place mostly close to atmospheric pressure, 

although at elevated temperatures. The LOHC-based storage systems include N-ethylcarbazole, 

dibenzyltoluene, toluene and 1,2-dihydro-1,2-azaborine [22]. 
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1.3. Metal hydrides  

For practical applications, an ideal hydrogen storage material should be required to have 

the main following properties: high energy storage capacity with abundance of hydrogen 

above 6.5 wt % and no less than 65 g/L of hydrogen from the material [23], low temperature 

and moderate pressure for hydrogen desorption, reversibility of the thermal 

absorption/desorption cycle, low heat of formation, limited energy loss, low cost, high stability 

for long cycle life, fast kinetics, and high safety [1, 2, 24]. It is profitable to store hydrogen in 

the solid state combining with light elements. Because it may achieve high gravimetric 

hydrogen densities, as seen in Fig. 1.4 [7]. Unfortunately, there is no material known can 

satisfy all these requirements for commercial applications until now. Metal hydrides possess 

wide range of compositions, versatile stable structures, and various excellent properties, has 

been considered as a class promising material for hydrogen storage. It is significant and 

challenging to develop and explore promising metal hydrides to store hydrogen. More efforts 

should be devoted to the advanced metal hydrides as a safe and efficient way for hydrogen 

storage. The properties of some commonly studied materials are listed in Table 1.2 [23].  
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Figure 1.3. Concept of the LOHC storage [22].  
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Figure 1.4. Overview of volumetric and gravimetric hydrogen density for part of materials [7].  
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Table 1.2. Properties of some commonly studied materials [23]. 

Material 
Practical 

wt % H 
Kinetic reversibility Tdec/°C Notes 

PdH0.6 0.6 excellent ambient $1000/oz. 

NaH 4.2 good 425 cheap Na metal 

BN  
(Collapsed nanotubes) 

4.2 sufficient 300 expensive 

Mg2NiH4 3.6 very good ambient fails to meet wt% criterion 

CaH2 4.8 good 600 cheap Ca metal 

HF(l) 5.0 c boils at +20 highly toxic and corrosive 

NaAlH4:TiO2 5.5 good 125 fails to meet wt% criterion 

 6.5   DOE limit 

Li2NH 6.5-7.0 good 285  

MgH2 7.6 very poor 330 cheap Mg metal 

Li3Be2H7 8.7 sufficient 300 toxic and expensive 

PH3(l) 8.8 irreverisble broad range 
toxic liquid, low storage 

temperature, risk of explosion 

LiBH4:SiO2 9.0 so far irreversible 200-400 at present LiBH4 is expensive 

NaBH4/H2O(l) 9.2 irreversible ambient expensive Ru-containing catalyst 

AlH3 10.0 irreversible 150 very cheap Al metal 

NH3AlH3 11.6-12.8 irreversible broad range  

MeOH(l) 12.5 irreversible 
very difficult 

thermal activation  
toxic liquid 

SiH4(l) 12.5 irreversible broad range 
toxic liquid, low storage 

temperature, 

LiH 12.6 poor 720 
aggressive Li vapor formed upon 

decomposition 

NaBH4 13.0 irreversible 400 cheap 

NH4F/LiBH4 13.6 irreversible > ambient laboratory-scale reaction 

petroleum 17.3    

BeH2 18.2 irreversible 250 
extremely toxic and volative 

powder 

NH3BH3 18.3 irreversible melts at +104 multistage decomposition 

LiBH4 19.6 irreversible 380 
expensive as compared to Na 

compound 

Be(BH)2 20.6 irreversible sublimes at +40 toxic, flammable, and expensive 

B2H6(l) 21.7 irreversible ambient explosive 

NH4BH4 24.4 irreversible -40 to +100 multistage decomposition 

CH4(l) 25.0 irreversible 
very difficult 

thermal activation 
gas difficult to liquidify 
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1.3.1. Intermetallic hydrides 

So far, various metal hydrides and their properties for hydrogen storage have been 

investigated. In early research, intermetallic compounds are attractive for storing hydrogen. 

They have the ability to absorb large amount of hydrogen. The common intermetallic hydrides 

studied include PdH0.6, LaNi5H6, FeTiH2, Mg2NiH4 [25, 26]. The properties of some common 

intermetallic metal hydrides are listed in Table 1.3 [2]. In intermetallic compounds, there are 

interactions between the hydrogen atoms and metal atoms. It can determine the hydrogen 

storage properties of intermetallic hydrides directly [2, 27]. However, the low gravimetric 

hydrogen storage capacities and slow kinetics limits their practical application as an energy 

carrier [28]. To improve the performance of intermetallic hydrides for hydrogen storage, more 

effort has been put on various aspects of intermetallic hydrides like the composition, the 

surface, the size of hydrides particles [29].  

1.3.2. Complex metal hydride 

Recently, the attention has been shifted to the complex metal hydride. Since the 

composition of most conventional metal hydrides is heavy, formed by the light metals such as 

lithium (Li), sodium (Na), magnesium (Mg), and aluminum (Al) are especially interesting for 

hydrogen storage. They have light weight and relatively high volumetric density of hydrogen 

[30]. In complex hydride, the metal atoms and hydrogen are connected by stable and ionic 

bonding, whereas covalent bonds are mainly found in the anions. Among the different 

combining ways, there is a sliding transition for the nature of the quantum chemical binding 

[31]. In 1996, Bogdanovic and Schwickardi [32] found that the introduction of TiO2 can 

decrease the decomposition temperature of NaAlH4. More than that, the reversibility of the 
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reaction was also discovered for several desorption/absorption cycles. They showed a good 

example to develop the potential of such hydrides for hydrogen storage. Then, the relevant 

research is extended to a variety of complex metal hydrides, including alanates (LiAlH4, 

Ca(AlH4)2, KAlH4), borohydrides (LiBH4, NaBH4, Mg(BH4)2), and nitrides (Li2NH) [2, 10, 33, 

34]. 

Although the complex metal hydrides have advantages to store hydrogen, they are 

unsuitable for vehicle applications due to the poor thermodynamic and kinetic properties. The 

hydrogen release and uptake of these hydrides need high temperature and pressure. In addition, 

the decomposition process may produce highly stable structures and it is also hard to handle 

safely [35]. It also remains not fully understood for the complicated hydrogen release pathway 

from complex hydrides. Thus, it is a challenge to apply the complex metal hydrides as an 

efficient energy carrier.  

1.4. Strategies to modify the metal hydrides 

Many strategies have been proved to effectively improve the hydrogen storage 

performance of metal hydrides by numerous experiments and theoretical research. The first 

method is introducing the appropriate dopants or catalysts. It was discovered that the reaction 

kinetics of NaAlH4 can be improved drastically after adding a small amount of transition 

metals Ti or Zr [36]. The temperatures and pressures for cycling are also close to optimal. 

Using a mechanical ball-milling technique, Zhang et. al [37] reported that the dehydrogenation 

properties of MgH2 were remarkably enhanced by doping Ni and graphene. The 

dehydrogenation temperature is 339.5°C in Ni and graphene doped MgH2 system. It is 

approximately 90°C lower than that in pure MgH2 system. Besides, by introducing Ti based  
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Table 1.3. Properties of some common intermetallic metal hydrides [2]. 

 

 

 

 

 

 

 

Intermetallic compound Intermetallic hydride 
Hydrogen storage capacity 

(wt%) 
Temperature at 1 bar (K) 

LaNi5  LaNi5H6 1.37 295 

FeTi FeTiH2 1.89 185 

Mg2Ni Mg2NiH4 3.59 255 

ZrMn2 ZrMn2H2 1.77 440 
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additives TiCl3, the initial dehydrogenation temperature of Mg(BH4)2 was significantly 

reduced from 535 to 361 K due to the lower stability [38]. It is an efficient strategy to enhance 

the hydrogen storage properties especially for the dehydrogenation thermodynamics by 

introducing the dopants or catalysts. Combing appropriate reactant as a destabilization is the 

second approach. A high hydrogen storage capacity of 6.5 wt.% can be found in Li2NH which 

formed by the reversible reaction of LiNH2 and LiH [39, 40]. LiH played an important role in 

reducing the decomposition temperature by destabilizing LiNH2. Patelli et. al [41] 

incorporated TiH2 into MgH2, and the temperature of reversible hydrogen desorption for MgH2 

was reduced to the range of 340 to 425 K. Furthermore, the nanoscaffolding incorporation can 

also improve the hydrogenation and dehydrogenation properties [42]. Using DFT method, the 

dehydrogenation performance of MXH4 (M = Na, Li and X = Al, B) nanoclusters confined in 

carbon nanotubes was investigated by Meenakshi et. al [43]. With respect to pure system, the 

hydrogen release energies of modified nanoclusters were decreased sharply by up to 68.3% 

[43]. By adding 10 wt.% purified single-walled carbon nanotubes (SWNTs), the composite 

with LiBH4 and MgH2 can decompose around 10 wt.% hydrogen at the temperature 450°C 

within 20 min [44]. The micro-confinement effect of SWNTs is an important contributing 

factor on this reaction [45]. In spite of this, the hydrogen storage properties especially for 

hydrogen release need to be further improved. To gain the excellent hydrogen storage 

materials, more efforts should be devoted to the development of the light metal hydrides. 

In recent years, the first-principle calculation is increasingly prevailing. It is a method to 

calculate basic physical properties directly such as mass, charges, and Coulomb force of an 

electron based on the quantum mechanical modelling [46]. It is a powerful tool to find 

agreement between theoretical calculations and experimental results by deducing physical and 
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chemical properties directly from the basic principle. With the development of the computer 

performance, it has become possible to calculate various systems including many-body 

systems with high speed and very low cost. This method is indispensable as a valuable tool in 

predicting new materials and understanding characterizations of existing materials. Thus, it is 

significant to design advanced metal hydrides for hydrogen storage using first-principle 

calculations. 
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CHAPTER 2. Perovskite hydride and lithium borohydride 

2.1. Perovskite hydride 

As promising candidates for hydrogen storage, perovskite-type hydrides comprising of 

light metals have light weight, high hydrogen capacities, and flexible structures [1, 2]. These 

hydrides have a general chemical formula ABH3, where A is alkali metals (Li, Na, K, Rb, or 

Cs), and B is alkaline-earth metals (Be, Mg, Ca, Sr, or Ba). To make a comprehensive 

understanding of the hydrogenation/dehydrogenation properties of the light perovskite-type 

hydrides, all the possibilities including the experimentally available structures and 

theoretically designed structures should be considered. Moreover, like most metal hydrides, 

the high stable thermodynamics and slow kinetics properties limits the practical application of 

these hydrides. Among them, the mechanism of hydrogen release on the thermodynamic 

aspects is particularly important. It will provide great help to explore advanced materials for 

hydrogen storage. Thus, it is a key to find effective ways to promote the hydrogen release of 

the perovskite-type hydrides. 

2.1.1. ABeH3 and AMgH3 perovskite-type hydrides 

2.1.1.1. LiBeH3 and NaBeH3 

The perovskite-type hydride LiBeH3 is an orthorhombic structure (space group Pnma, No. 

62) with 15.93 wt. % of hydrogen [3]. The LiBeH3 structure is composed of corner-sharing 

BeH6 octahedra and the there are eight H atoms around each Li atom. A cubic phase can be 

found in NaBeH3 and the lattice constant is 3.35 Å using DFT calculations with PBE-GGA 

method [4]. The crystal structure of LiBeH3 and NaBeH3 is shown as Fig. 2.1. These two 
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materials display excellent performance to improve the photocatalytic H2 production systems 

[6, 7]. The good oxidation ability and high photocatalytic activity can be obtained in LiBeH3 

and NaBeH3 due to their indirect band gaps and a strong optical absorption coefficient [5]. 

Thus, they are also considered as promising materials for light-driven photocatalysts.  

2.1.1.2. KBeH3, RbBeH3, and CsBeH3 

The ground states of KBeH3 and RbBeH3 have been proved to be at CaCO3(II)-type 

structural arrangement with P21/c space group [8]. The crystal structures of KBeH3 and 

RbBeH3 are composed by almost-planar BeH3 molecules around the K and Rb matrix, 

respectively. For CsBeH3, the structure with P21/m1 space group have the lowest total energy 

[8]. The atomic arrangements of these three structures are similar, as shown in Fig. 2.2 [8].  

Their structures consist of alkali atoms and almost separated BeH3 planar molecules. It is 

rigorous to obtain the experimental data available due to the special precautions for the toxic 

element Be [8, 9]. These hydrides have high gravimetric densities to store hydrogen. Thus, 

theoretical studies on these hydrides is safe and efficient way. It is better to explore more fully 

properties of structures and feasibility as the promising hydrogen storage materials.  

2.1.1.3. LiMgH3 and NaMgH3 

In recent years, Mg-based hydrides as the typical hydrogen storage materials have been 

attracted much attention. To develop the new functional materials, more efforts have been 

made to investigate specific materials properties. No experimentally structural data of LiMgH3 

can be acquired hitherto. Theoretical studies have shown that the ground state phase of 

LiMgH3 is LiTaO3-type [10]. The crystal structure of LiMgH3 is composed by corner sharing 

MgH6 octahedra, as shown in Fig. 2.3 (a). This octahedra has been proved to be distorted  
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Figure 2.1. Crystal structure of the perovskite-type hydrides: (a) LiBeH3, (b) NaBeH3. 
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Figure 2.2. Predicted crystal structure of the perovskite-type hydrides: (a) KBeH3 (RbBeH3) (b) 

CsBeH3 [8]. 
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Figure 2.3. Optimized crystal structure of: (a) LiMgH3, (b) NaMgH3 [10]. 
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highly and each Li is surrounded by 6 H atoms. By the analysis of electronic structure, the 

LiMgH3 has insulating characteristic [11]. Perovskite-type hydride NaMgH3 can be 

synthesized using ball-milling method [12]. The crystal structure of NaMgH3 is orthorhombic 

with Pnma space group, as shown in Fig. 2.3 (b). It also consists MgH6 octahedra somewhat 

distorted [10]. Besides, each Na and Mg cation is surrounded by 12 and 6 H anions, 

respectively. 

 NaMgH3 is an insulator because of the direct large band gap and the hydrogen atoms 

make main contribution on the valence band [10]. The strong ionic character can be found in 

the mixed bonding between Mg and H atoms [13]. NaMgH3 has been investigated to be as one 

of the suitable hydrogen storage materials due to the high gravimetric and volumetric H 

densities (6 wt. % and 88 kg/m3) and the reversibility [14]. The dehydrogenation properties of 

NaMgH3 can be improved by introducing the dopant K [15]. The calculated formation 

enthalpies of different crystal structures of K-doped NaMgH3 are shown as Fig. 2.4 [15]. The 

destabilized structure of NaMgH3 by 10 at.% of K reveals good hydrogen storage performance. 

The onset desorption temperature was decreased dramatically from 581 to 430 K.  

2.1.1.4. KMgH3, RbMgH3, and CsMgH3 

The structure of KMgH3 is an ideal perovskite-type atomic arrangement with Pm3m space 

group [10]. The lattice parameter is 4.023 Å by experimentally measurement. Each K and Mg 

atom in KMgH3 is surrounded by 12 and 6 H atoms, respectively. The unit cell of KMgH3 

crystal structure is shown as Fig. 2.5. Like NaMgH3, KMgH3 is also an insulator due to the 

wide band gap. The main contribution at Fermi level comes from hydrogen atoms. KMgH3 can 

be synthesized by mechanical ball-milling method [16]. The single-step reaction has been 
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found in KMgH3 decomposition. Using DFT calculations, the thermodynamic properties of 

KMgH3 have been investigated [17]. In addition, it reported that the hydrogen positions 

determine the stability of KMgH3 by first-principles studies [18]. However, little research 

focus on the hydrogen storage performance of KMgH3 especially for the hydrogen release 

properties. Thus, it is necessary to make further investigation on the mechanism of 

hydrogenation/dehydrogenation performance of KMgH3. Under high-pressure and moderate 

temperature conditions, the Na1−xLixMgH3 can be synthesized in one single step and a very 

short reaction time [19]. The hydrogen desorption temperature is decreased as the lower 

structural stability after adding Li dopant. Moreover, the decomposition of metal hydrides can 

be induced by pressure [20]. From these studies, the hydrogen storage properties of KMgH3 

may be improved by introducing dopants and pressure. 

RbMgH3 is the hexagonal perovskite-type hydride (6H-BaTiO3-type) with P63/mmc space 

group at the temperature of 5-300 K [10]. It contains the corner- and some face-sharing MgH6 

octahedra in the crystal structure of RbMgH3 [21]. The 12-fold coordination of Rb ions with 

different coordination polyhedral can be found. H anion polarization mainly determines the 

stability of the 90° Mg-H-Mg bonds. The experiment has been proved that the 

dehydrogenation of RbMgH3 can happen at low temperature (below 400 °C) and re-

hydrogenation under moderate pressure and temperatures [21]. This perovskite hydride has the 

potential to be as a candidate for hydrogen storage. CsMgH3 can be synthesized experimentally 

by mixing the binary hydrides [22]. There are two different modifications of CsMgH3 from the 

available finding. One is β-CsMgH3 with trigonal phase formed at high pressure. Another one 

is α-CsMgH3 with orthorhombic phase formed at intermediate pressure [22, 23]. The α-

CsMgH3 with Pmmn space group can be synthesized at much lower energy than β-CsMgH3.  
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Figure 2.4. Calculated formation enthalpies of different crystal structures of Na1-xKxMgH3 

hydride [15].  
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Figure 2.5. Unit cell of KMgH3 crystal structure with Pm3m space group. 

 

 

 

 

 

 

 

 



 31 

This structure consists of highly distorted MgH6 octahedra and the atomic arrangement is 

superior than other Mg-based structures [8, 24]. Hence, it is interesting to investigate α-

CsMgH3 as one of the suitable and potential materials for hydrogen storage at moderate 

pressures and temperatures. The predicted crystal structures of RbMgH3 and CsMgH3 are 

shown in Fig. 2.6 [10].  

2.1.2. ACaH3, ASrH3, and ABaH3 perovskite-type hydrides 

2.1.2.1. LiCaH3, NaCaH3, and KCaH3 

The hexagonal structure of LiCaH3 with R3c space group has been predicted by 

theoretical calculations [25]. The slightly distorted LiH6 octahedra in LiCaH3 crystal structure 

is linked at the corner. Each Ca atoms is surrounded by 9 H atoms and the distances between 

them vary from 2.32 to 2.57 Å. In the same work, the ground state structure of NaCaH3 is the 

low symmetry triclinic phase with P1 space group. Every Na is surrounded by 5 H atoms and 

7 H atoms surround one Ca atom. The bond length of Ca–H and Na–H are 2.33 and 2.30 Å, 

respectively [25]. For KCaH3, the lowest total energy can be obtained in the GdFeO3-type 

structure. The space group is Pnma. The crystal structure of KCaH3 consists of the corner-

sharing octahedra CaH6. In these slightly distorted octahedra, the bond length of Ca–H is 2.26 

Å. The angles of H–Ca–H vary from 89° to 91°. There are 8 H atoms surrounding at one K 

atom. The structural features of LiCaH3, NaCaH3, and KCaH3 can be obtained only from the 

theoretical simulation [25].  
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2.1.2.2. RbCaH3 and CsCaH3 

RbCaH3 and CsCaH3 can be synthesized by experimental means and their crystal 

structures have almost same atomic arrangement [21, 25-27]. They are cubic structures with 

Pm3m space group. The RbCaH3 structure consists of corner-sharing CaH6 octahedra. Each Rb 

is surrounded by 12 H atoms and the distance between Rb and H is 3.21 Å [25]. There are 6 H 

atoms surrounding one Ca atom and the distance of Ca-H is 2.27 Å in the structure of RbCaH3 

[25]. For CsCaH3, similar coordination can be found in. The distances of Cs-H and Ca-H are 

3.27 and 2.31 Å in CsCaH3, respectively [25]. The predicted crystal structures of ACaH3 (A = 

Li, Na, K, Rb, or Cs) are shown in Fig. 2.7 [25]. For the theoretical calculations, the formation 

enthalpies can be calculated according to the following equations [25]:  

 MH + CaH2 → MCaH3                                                                                                              (1) 

 M + CaH2 + 1

2
H2 → MCaH3                                                                                                      (2) 

 M + B + 3

2
H2 → MCaH3                                                                                                             (3) 

 MH + B + H2 → MCaH3                                                                                                           (4)                                                                            

Here, M represents the alkali metals Li, Na, K, Rb, or Cs. The structural properties of these 

hydrides have been studied experimentally or theoretically, but the extended properties for 

practical application have not been researched thoroughly. Therefore, it is significance to 

explore the hydrogen storage performance from these hydrides.  
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Figure 2.6. Ground state structures for (a) RbMgH3, (b) CsMgH3 [10]. 
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Figure 2.7. Predicted crystal structures of (a) LiCaH3, (b) NaCaH3, (c) KCaH3, (d) RbCaH3 and 

CsCaH3 by theoretical calculations [25].  
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2.1.2.3. ASrH3 and ABaH3  

For ASrH3 and ABaH3 perovskite-type hydrides (A = Li, Na, K, Rb, or Cs), there is no 

more data available from experimental or theoretical studies except LiSrH3 and LiBaH3 [28]. 

The crystal structure of LiSrH3 is composed by cubo-octahedral surrounding with Sr and H 

atoms [29]. The space group type is Pm3m, as shown in Fig. 2.8 [28]. LiBaH3 has the similar 

structure with LiSrH3. In addition, the properties of persistent luminescence and 

thermoluminescence in LiMH3 (M = Sr, Ba) with Eu2+ doping are investigated by both 

experiment and theoretical calculations [30]. There is still a considerable research space for the 

fundamental properties of these hydrides. First-principles studies are powerful and efficient to 

predict the properties of structure and thermodynamics of hydrides. Thus, it shows great 

advantage to screen advanced hydrogen storage materials from these light perovskite-type 

hydrides using the first-principles approach.  

2.2. lithium borohydride 

2.2.1. Structure of LiBH4 

LiBH4 is an attractive candidate for hydrogen storage due to its lightweight (21.78g/mol) 

and high gravimetric/volumetric hydrogen densities of 18.5 wt.% and 121 kg H2/m
3, 

respectively [1, 31-33]. At room temperature, the crystal structure of LiBH4 is an 

orthorhombic symmetry group of Pnma [34]. In this structure, [BH4]‾ ions are almost ideal 

tetrahedral surrounded by Li+ cations by the ratio of 1:4 and every Li+ is surrounded by four 

[BH4]‾ anions [35]. They form two different types of tetrahedral configurations. Under the 

different temperature or pressure, LiBH4 may undergo a structural transition. A hexagonal 
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phase of LiBH4 with the space group P63mc can be found at approximately 408 K [36]. 

Moreover, at room temperature, LiBH4 transforms into a new phase with pseudo-tetragonal 

Ama2 space group by tuning the pressure from 1.2 - 10 GPa [37]. A cubic phase of LiBH4 

with Fm3m structure is formed above 10 GPa. There are octahedrally coordination between 

Li+ cations and [BH4]‾
 groups [37]. The different crystal structures of LiBH4 are shown in Fig. 

2.9 [31].  

2.2.2. Surface property of LiBH4 

It is very significant to investigate the surface properties of metal hydrides. For most 

metal hydrides, the dehydrogenation processes can be controlled by altering the surface such 

as the strain applying. Understanding this microscopic factor is helpful to determining the 

reactivity and then improving the activity of catalysts in metal hydrides [38, 39]. As one of the 

promising hydrogen storage material, the surface research of LiBH4 is necessary to gain better 

performance.   

The low-index surfaces of LiBH4 with an orthorhombic structure have been studied by 

previous DFT calculations [40]. Among all surfaces studied, the (001) surface is more unstable 

than (010), (100), and (101) surfaces. The (010) surface of LiBH4 with the ~0.12 J/m2 surface 

energy was found to be the most stable one. These conclusions are in agreement with 

experimental results by the synchrotron X-ray diffraction [34, 36]. Thus, the further 

investigation for the hydrogen release property of LiBH4 surface can be made based on this 

study. 
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2.2.3. Hydrogen release of LiBH4(010) surface 

The hydrogenation and dehydrogenation process of LiBH4 is reversible. This reaction can 

produce LiH and boron absorb hydrogen. It is helpful for hydrogen storage. However, the 

hydrogen desorption of LiBH4 occurs at 600 ℃ and 35 MPa and it requires a long time (>12 h) 

for the absorption reaction [41]. These conditions are rather harsh for the practical application 

of hydrogen energy. In the orthorhombic structure of LiBH4, both ionic and covalent bonding 

exist. To reduce the thermodynamic stability of LiBH4, the key idea is to weaken the bond 

strength between boron and hydrogen. Previous studies have confirmed that the many physical 

and chemical methods can overcome the stable thermodynamics of metal hydrides. 

The hydrogen release property of LiBH4 substituted with Al are investigated using first 

principles calculations [42]. The dehydrogenation energy of LiBH4 is found to be reduced after 

doping Al due to the low structural stability. The energy cost to introduce the Al should be 

reduced for practical application. The dopant Mg is also useful to destabilize the structure of 

LiBH4 and reduce the H desorption energy [43]. The bonding strength between Li and B/H 

was decreased by the Mg substitution. It means that Mg modification can effectively improve 

the hydrogen release performance of LiBH4. Moreover, for the dehydrogenation reaction of 

LiBH4(010) surface, Nb has great effect on lowering the average hydrogen desorption energy 

[44]. The bond strength of B-H in LiBH4(010) surface is reduced due to the import of Nb. It is 

a great progress to improve the hydrogen storage of LiBH4 by doping method. The synergistic 

effects of Ti-doping and Li-vacancy on the dehydrogenation properties of LiBH4(010) surface 

are studied by DFT calculations [45]. The composite modified material exhibits better 

thermodynamic destabilization than that with single modification with Ti-doping or Li- 
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Figure 2.8. Optimized crystal structure of LiSrH3 with Pm3m phase [28]. 
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Figure 2.9. The crystal structure of LiBH4 with different phases: (a) Pnma, (b) P63mc, (c) Ama2, 

and (d) Fm3m [31]. 
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vacancy. The weakened B-H bond is the main factor to facilitate the hydrogen desorption of 

LiBH4 [45]. Experimentally, aluminium hydride and LiBH4 formed the composite using ball 

milling method [46]. Based on the hydrogen desorption measurements, the hydrogen capacity 

of this composite is 11.2 wt% and the dehydrogenation temperature is reduced by more than 

30 ℃ [46].The typical destabilization example of LiBH4 is using MgH2 as a destabilizing 

agent [47-49]. The hydrogenation/dehydrogenation reaction is reversibility. The reaction 

enthalpy of LiBH4 is reduced by 25 KJ/ (mol of H2) due to the formation of MgB2 [50]. This 

destabilizing process can be described as following [31]:  

2LiBH4  +  MgH2 ↔  2LiH2  +  MgB2  +  4H2 

The addition of MgH2 plays an important role in decreasing the dehydrogenation enthalpy of 

LiBH4. Without the formation of MgB2, the decomposition of MgH2 maybe the intermediate 

step for the dehydrogenation of LiBH4. The reaction enthalpy of LiBH4 with MgH2 in 

destabilization process is shown in Fig. 2.10 [49]. 

More than that, interfacial elastic constraint or elastic clamping [51] was reported to be a 

possible way to tune the thermodynamics of Mg-based hydrides. The performance of hydrides 

will be altered along with the change of the structure by extra strain energy. Thus, the effect of 

strain on hydrides for hydrogen storage has been investigated. The structural deformation can 

be observed in MgH2 under the biaxial tensile or compressive strain [52]. The reaction 

enthalpies and temperature of dehydrogenation are decreased by applying strain on MgH2 

hydride. The biaxial tensile strain has more contribution on the thermodynamic improvement 

of hydrogen release than that of compressive one in MgH2. It means that the application of 

strain is beneficial to enhance the dehydrogenation property of MgH2. In addition, the 
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dehydrogenation enthalpy of MgH2 could be reduced by introducing the misfit strain on 

MgH2/Mg films with TiH2(111) substrate [53]. These studies show that the strain plays an 

important role in tuning the dehydrogenation properties of metal hydrides.  

From the various studies, both doping and strain methods are responsible for the 

destabilization of metal hydrides. Therefore, these methods can be used in LiBH4(010) surface 

to improve the hydrogen storage properties. To control the hydrogen release properties of 

LiBH4(010) surface, suitable dopants such as Na, K, Al, F, or Cl and strain can be applied to 

reduce the structural stability. This process is shown as Fig. 2.11. 
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Figure 2.10. Reaction enthalpy of LiBH4 with MgH2 in destabilization process [49]. 
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Figure 2.11. Hydrogen desorption of LiBH
4
(010) surface can be facilitated by tensile strain or 

doping. 
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2.3. Research objectives  

Light metal hydrides have attracted a lot of interests as energy carrier due to the high 

hydrogen capacities, light weight and safety. Exploring the structural and thermodynamic 

performance of promising hydrides including perovskite-type hydrides ABH3 (A = Li, Na, K, 

Rb, or Cs, B = Be, Mg, Ca, Sr, or Ba) and lithium borohydride LiBH4 is meaningful to develop 

the advanced hydrogen storage materials. However, the practical application of these hydrides 

has been limited because of the high thermodynamic properties. Thus, how to reduce their 

thermodynamic stability to enhance the dehydrogenation of the metal hydrides is a key 

problem. To make a comprehensive understanding of the structural and thermodynamic 

properties and find effective ways to promote the hydrogen release of light metal hydrides, the 

objectives of this study are as follows: 

(1) To obtain all ground state structures of light perovskite-type hydrides ABH3 and lithium 

borohydride LiBH4. 

(2) To calculate formation and reaction enthalpies of all optimized systems.  

(3) To find the most possible reaction pathway to release hydrogen. 

(4) To investigate the dopants (Li, K, Rb, Cs, Be, Mg, Ca, Sr, or Ba) effects on hydrogen 

release of the screened potential hydride NaCaH3. 

(5) To identify the most promising dopant for hydrogen release of KMgH3 among dopants Li, 

Na, K, Rb, and Cs. 

(6) To investigate the pressure effects (0~2 GPa) on hydrogen release in the bulk system of 

KMgH3. 
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(7) To examine the dopants (Na, K, Al, F, or Cl) effects on the hydrogen desorption of 

LiBH4(010) surface. 

(8) To investigate the strain effects (-3% ‒ 3%) on hydrogen release in LiBH4(010) surface. 
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CHAPTER 3. Screening of perovskite hydrides for hydrogen storage 

3.1. Introduction 

Exploitation of renewable energy resources has become important owing to the increasing 

energy crisis [1, 2]. Although hydrogen is currently abundant, characterized by the highest 

energy per mass [1], its storage limits its application [1, 2]. Light metal hydrides for hydrogen 

storage has received considerable attention owing to their safe operation and high efficiency 

[3-5]. Alkali metals/ alkaline-earth metals based on perovskite hydrides with a general formula 

of ABH3 possess flexible structures, low cost, lightweight, and high hydrogen capacities [6, 7]. 

Several perovskite hydrides for hydrogen storage have been experimentally and theoretically 

studied. For instance, NaMgH3 shows good structural and thermodynamic properties required 

for hydrogen storage systems [8]. In addition, RbMgH3 and RbCaH3 can be decomposed into 

metals and hydrogen at a moderate pressure and temperature < 400°C [9]. Rehmat et al. 

reported that MBeH3 (M = Li and Na) was a stable hydride in their computational studies [10]. 

The stability of α-CsMgH3 has been explored by theoretical calculations [11]. Several light 

perovskite hydrides, such as LiBeH3 [12], NaMgH3 [13-15], KMgH3 [16, 17], RbMgH3 [9, 18], 

CsMgH3 [19, 20], RbCaH3 [9], CsCaH3 [18], LiSrH3 [21], and LiBaH3 [21] have been 

experimentally explored. Hypothetical perovskite-type hydrides have been investigated using 

various theoretical methods [22-25]. Vajeeston et al. [26, 27] investigated the structural 

stabilities and electronic structures of LiBeH3, NaBeH3, KBeH3, RbBeH3, CsBeH3, LiMgH3, 

NaMgH3, KMgH3, RbMgH3, and CsMgH3 using first-principles methods. 

Relatively high thermodynamic stability limits the practical application of most metal 

hydrides [28]. A high temperature is required for releasing molecular hydrogen from light 
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perovskite-type hydrides [14]. Komiya et al. [29] synthesized NaMgH3, KMgH3, and RbMgH3 

hydrides via ball-milling method and found that different hydrides have different 

decomposition pathways at the temperatures ranging between 673 K and 723 K. Doping 

suitable elements has been found to be effective in facilitating the dehydrogenation process for 

most hydrides, making hydrides unstable [30-33]. In comparison with NaMgH3 [34], 

Na0.9K0.1MgH3 experimentally exhibited the enhanced dehydrogenation performance owing to 

its reduced structural stability. The temperature for releasing hydrogen from NaMgH3 system 

was reduced from 580 to 328 K after introducing K2TiF6 [35]. He et al. [36] discovered that 

phosphorus was a useful dopant for hydrogen release from MgH2, which reduced the energy 

required for a dehydrogenation process. Furthermore, it was found that introducing appropriate 

dopants to the hydride systems is a great approach for promoting hydrogen release [34-36]. 

Although we solely focus on the thermodynamics in this work, both aspects of 

thermodynamics and kinetics have to be considered in selecting hydrides for hydrogen storage 

applications. Several methods (i.e., particle size control and catalyst) can be applied for 

enhancing the kinetics of hydrides [37-41]. First-principles studies show obvious advantages 

in predicting the structural and thermodynamic performance of hydrides [8, 42, 43]. Using the 

consistent level theory, all the DFT calculations were done to examine the dehydrogenation 

performance of light ABH3-type hydrides (A = Li, Na, K, Rb, or Cs; B = Be, Mg, Ca, Sr, or 

Ba). 
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3.2. Computational methods 

Periodic calculations were done by employing the Vienna Ab initio Simulation Package 

(VASP) [44, 45] along with the generalized-gradient approximation of Perdew–Burke–

Ernzerhof [46, 47]. We set the energy cutoff to 550 eV. The convergence criterion for each 

calculation was 10−6 eV. The convergence processes continued until the force was < 10−2 

eVÅ−1. Grimme's dispersion corrections [48] were included. Both cell volume and shape were 

fully relaxed for each system. Table 3.1 lists the Monkhorst–Pack k-points used for different 

systems [49]. A 2 × 2 × 1 supercell was used in a doped NaCaH3 system. The enthalpy change 

(∆H) at 0 K was determined by the following equation [50]:  

∆H = ∑ E
(products)

 - ∑ E
(reactants)

                                                                                                 (1) 

where E(products) (E(reactants)) was the calculated total energy of the products (reactants). 

3.3. Results and discussion 

3.3.1. Ground state structures of ABH3  

The light perovskite hydrides ABH3 (A = Li, Na, K, Rb, or Cs and B = Be, Mg, Ca, Sr, or 

Ba) including experimentally available structures (i.e., LiBeH3, NaMgH3, KMgH3, RbMgH3, 

CsMgH3, RbCaH3, CsCaH3, LiSrH3, and LiBaH3) and hypothetically designed structures (i.e., 

NaBeH3, KBeH3, RbBeH3, CsBeH3, LiMgH3, LiCaH3, NaCaH3, KCaH3, NaSrH3, KSrH3, 

RbSrH3, CsSrH3, NaBaH3, KBaH3, RbBaH3, and CsBaH3) were optimized by DFT 

calculations. Among these systems, nine out of 25 perovskite-types are available from 

experimental studies [18, 20, 21, 51-55]. The optimized lattice parameters of ground state 

structures based on the DFT calculations are tabulated in Table 3.2. Our calculations are in 
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agreement with those reported experimentally [18, 20, 21, 51-55] and found theoretically [7, 

10, 11, 24, 26, 27, 56, 57]. For an optimized NaMgH3 structure, the range of bond length (d 

(Mg-H)) and angle ∠H–Mg–H is 1.966–1.967 Å and 88.58°–91.42°, respectively. Similar 

experimental results (d (Mg–H): 1.961–1.964 Å and ∠H–Mg–H: 88.83°–91.17°) were 

observed in NaMgH3 structure [58]. The range of Rb–H and Mg–H bonding distances are 

2.964–3.049 Å and 2.012–2.056 Å in an optimized structure of RbMgH3, respectively. These 

are consistent with the experimental results (d (Rb–H): 2.96–3.03 Å and d (Mg–H): 2.01–2.04 

Å) [12]. These examples illustrate that our calculations predict the experimental structures. For 

hypothetical structures of ABH3, we optimized various crystal structures [10, 22, 23, 26, 27, 

56] to determine the most stable phase. For KCaH3, the optimized structure with a Pnma phase 

shows the highest stability. The Ca (K) atom is surrounded by 6 (8) numbers of hydrogen 

atoms. The average distance (d ) of Ca–H is 2.263 Å. The ∠H–Ca–H range is from 88.88° to 

91.13°. The range of K–H bond length is 2.827–3.135 Å. These results agree with other results 

(d  (Ca–H): 2.26 Å, ∠H–Ca–H: 89–91°, d (K–H): 2.83–3.15 Å) [24]. 

Formation enthalpy provides an insight on the stability of compounds [34, 50, 56]. Under 

appropriate conditions, most hydrides are prepared through the solid-phase reactions of 

hydride powders [8, 59-61]. Herein, four possible synthesis methods were considered to 

explore the formation of optimized structures, which are as follows: 

A + B + 3

2
H2 → ABH3                                                                                                                 (2) 

A + BH2 + 1

2
H2 → ABH3                                                                                                            (3) 

AH + B + H2 → ABH3                                                                                                               (4) 

AH + BH2 → ABH3                                                                                                                   (5) 
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Among these pathways, (2) and (5) are found in the experiments [21, 59-62]. The 

formation enthalpies (∆Hf) were calculated using the equation (1). Results show that pathways 

for the hydrides formation (2)–(5) are either exothermic or endothermic reactions for different 

systems. Interestingly, pathway (2) is the most favorable for all systems. That is, all hydrides 
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Table 3.1. k-points employed for all perovskite hydrides. 

Material k-points Material k-points 

LiBeH3 (Pnma) 8 × 6 × 8 KCaH3 (Pnma) 8 × 6 × 8 

NaBeH3 (Pm3m) 11 × 11 × 11 RbCaH3 (Pm3m) 8 × 8 × 8 

KBeH3 (P21/c) 6 × 8 × 6 CsCaH3 (Pm3m) 8 × 8 × 8 

RbBeH3 (P21/c) 6 × 8 × 6 LiSrH3 (Pm3m) 10 × 10 × 10 

CsBeH3 (P21/m1) 8 × 8 × 6 NaSrH3 (P21/c) 6 × 8 × 6 

LiMgH3 (R3c) 8 × 8 × 4 KSrH3 (Pnma) 8 × 6 × 8 

NaMgH3 (Pnma) 8 × 6 × 8 RbSrH3 (Pnma) 8 × 6 × 8 

KMgH3 (Pm3m) 9 × 9 × 9 CsSrH3 (Pm3m) 10 × 10 × 10 

RbMgH3 (P63/mmc) 8 ×8 × 4 LiBaH3 (Pm3m) 10 × 10 × 10 

CsMgH3 (Pmmn) 4 × 8 × 6 NaBaH3 (R3c) 8 × 8 × 4 

LiCaH3 (R3c) 8 × 8 × 4 KBaH3 (R3c) 8 × 8 × 4 

NaCaH3 (P21/c) 6 × 8 × 6 RbBaH3 (R3c) 8 × 8 × 4 

NaCaH3 (P21/c, 2 × 2 × 1) 4 × 4 × 6 CsBaH3 (Pnma) 8 × 6 × 8 
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Table 3.2. Lattice parameters of optimized ground state phases of perovskite-type hydrides 

(ABH3). 

Material Space group 
Lattice parameter (Å) 

Reference 
a  b c β (deg.) 

LiBeH3 Pnma (No. 62) 4.517 6.273 4.387  This work 

    4.424(2) 6.217(2) 4.639(2)  Expt.1 

    4.526 6.293 4.404  Calc.2 

    4.536(1) 6.299(2) 4.410(4)  Calc.3 

NaBeH3 Pm3m (No. 221) 3.346      This work 

   3.350      Calc.2 

   3.352      Calc.4 

KBeH3 P21/c (No. 14) 7.052 5.459 8.692 108.31 This work 

   7.085 5.562(1) 8.948(3) 107.45 Calc.3 

   7.362 5.779 9.297 106.70 Calc.5 

RbBeH3 P21/c (No. 14) 7.502 5.685 9.175 109.43 This work 

   7.439 5.789(9) 9.457(9) 108.05 Calc.3 

   7.150 5.613 9.030 107.40 Calc.5 

CsBeH3 P21/m1 (No. 11) 5.098 5.937 7.463 108.01 This work 

   5.096(9) 5.935(9) 7.845(1) 107.97 Calc.3 

LiMgH3 R3c (No. 161) 4.945   13.293  This work 

   4.958   13.337  Calc.6 

   4.9226   13.210(6)  Calc.7 

NaMgH3 Pnma (No. 62) 5.446 7.643 5.365  This work 

    5.463(4) 7.703 5.410(8)  Expt.8 

    5.456(8) 7.696(8) 5.377(9)  Calc.9 

    5.452(5) 7.695(2) 5.368(3)  Calc.6 

KMgH3 Pm3m (No. 221) 4.018      This work 

    4.023      Expt.10 

    4.029(5)      Calc.6 

    4.010      Calc.11 

RbMgH3 P63/mmc (No. 194) 5.932   14.377  This work 

    5.903   14.315(8)  Expt.12 
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Material Space group 
Lattice parameter (Å) 

Reference 
a  b c β (deg.) 

    5.906(8)   14.326(1)  Calc.6 

       

CsMgH3 Pmmn (No. 59) 9.994 6.148 8.584  This work 

    9.995(8) 6.132(7) 8.573(6)  Expt.13 

    9.997(6) 6.133(1) 8.574(1)  Calc.14 

    9.992(2) 6.140(5) 8.576(8)  Calc.6 

LiCaH3 R3c (No. 161) 5.218   12.461  This work 

NaCaH3 P21/c (No. 14) 6.805   7.191 90.136 This work 

KCaH3 Pnma (No. 62) 6.325 8.929 6.299  This work 

RbCaH3 Pm3m (No. 221) 4.547      This work 

    4.547      Expt.15 

    4.542(7)      Calc.16 

CsCaH3 Pm3m (No. 221) 4.631      This work 

    4.6170(2)      Expt.12 

    4.629(7)      Calc.16 

LiSrH3 Pm3m (No. 221) 4.644      This work 

    3.835(7)      Expt.17 

    3.833      Expt.18 

NaSrH3 P21/c (No. 14) 6.853 6.151 7.739 90.716 This work 

KSrH3 Pnma (No. 62) 6.744 9.394 6.588  This work 

RbSrH3 Pnma (No. 62) 6.833 9.607 6.785  This work 

CsSrH3 Pm3m (No. 221) 4.888      This work 

LiBaH3 Pm3m (No. 221) 4.020      This work 

    4.023(9)      Expt.17 

    4.023      Expt.18 

NaBaH3 R3c (No. 161) 6.207   14.600  This work 

KBaH3 R3c (No. 161) 6.937   17.459  This work 

RbBaH3 R3c (No. 161) 7.158   17.856  This work 

CsBaH3 Pnma (No. 62) 7.390 10.329 7.275  This work 
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are preferred to be formed through the pathway (2). Table 3.3 lists the results of the enthalpy 

formation with a pathway (2). Thus, the route (2) is the most favorable pathway to synthesize 

the hydrides. However, further studies are needed in this direction. The formation enthalpies of 

all the optimized structures with other different formation pathways are tabulated in Table 3.3. 

3.3.2. Hydrogen release of ABH3-type hydrides 

To explore the dehydrogenation performance of ABH3-type hydrides, three pathways to 

release H2 molecules were considered, which are as follows [8]: 

ABH3 → A + B + 3

2
H2                                                                                                                 (6) 

ABH3 → A + BH2 + 1

2
H2                                                                                                            (7) 

ABH3 → AH + B + H2                                                                                                               (8) 

The entropy change in decomposition reactions is mainly due to the entropy change of 

gaseous H2 [50, 63]. Therefore, reaction enthalpies (∆Hr) can be used as an efficient indicator 

to screen the most useful hydride [50, 63]. The reaction enthalpies (∆Hr) of a dehydrogenation 

process were calculated based on the pathways of (6)–(8). Table 3.4 lists the reaction 

enthalpies of all ABH3 systems investigated herein, showing that all the calculated reaction 

enthalpies of the pathway (8) (as the boldface shown) are lower than those of pathways (6) and 

(7) for ABeH3 (A = Li, Na, K, Rb, or Cs) and LiMgH3 systems. This exhibits that the pathway 

(8) is more favorable for releasing molecular hydrogen than the pathways (6) and (7). For the 

rest of hydrides (i.e., AMgH3 (except LiMgH3), ACaH3, ASrH3, and ABaH3), the pathway (7) 

shows the lowest reaction enthalpy, signifying that these hydrides release molecular hydrogen 

through the pathway (7). The negative reaction enthalpies were found in LiBeH3, NaBeH3, 
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LiSrH3, KBaH3, RbBaH3, and CsBaH3 structures, indicating that it was exothermic to release 

hydrogen molecules from these systems.  

To screen the best material, both formation and reaction enthalpies were considered. Fig. 

3.1 displays the formation (ΔHf) and reaction enthalpies (ΔHr) for all light perovskite-type 

hydrides (ABH3). Among these systems, NaCaH3 system was found to be one of the most 

attractive materials with reasonable reaction and formation enthalpies. On the other hand, 

LiBaH3 (LiSrH3) shows the highest (lowest) reaction enthalpy and the lowest (highest) 

formation enthalpy. Fig. 3.2 (a) shows the optimized structure of NaCaH3. A total of 4 (6) Na–

H (Ca–H) bonds are in the ground state structure (i.e., P21/c phase) of NaCaH3. The average 

Na–H distance and the range of Ca–H distance are 2.242 Å and 2.259–2.395 Å, respectively. 
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Table 3.3. Formation enthalpies (∆Hf (eV)) of all hydrides with pathways of (2)–(5). 

Material Eq. (2) Eq. (3) Eq. (4) Eq. (5) 

LiBeH3 (Pnma) −0.630  −0.475  0.208  0.363  

NaBeH3 (Pm3m) −0.258  −0.103  0.120  0.275  

KBeH3 (P21/c) −0.531  −0.376  −0.131  0.024  

RbBeH3 (P21/c) −0.505  −0.350  −0.196  −0.041  

CsBeH3 (P21/m1) −0.583  −0.429  −0.261  −0.106  

LiMgH3 (R3c) −1.339  −0.822  −0.501  0.017  

NaMgH3 (Pnma) −1.043  −0.526  −0.665  −0.148  

KMgH3 (Pm3m) −1.292  −0.775  −0.892  −0.375  

RbMgH3 (P63/mmc) −1.142  −0.625  −0.833  −0.316  

CsMgH3 (Pmmn) −1.194  −0.676  −0.871  −0.354  

LiCaH3 (R3c) −2.424  −0.740  −1.585  0.099  

NaCaH3 (P21/c) −1.755  −0.071  −1.377  0.307  

KCaH3 (Pnma) −1.902  −0.217  −1.502  0.182  

RbCaH3 (Pm3m) −1.900  −0.216  −1.591  0.093  

CsCaH3 (Pm3m) −1.961  −0.277  −1.638  0.046  

LiSrH3 (Pm3m) −0.163  1.455  0.676  2.294  

NaSrH3 (P21/c) −1.719  −0.101  −1.341  0.277  

KSrH3 (Pnma) −1.691  −0.073  −1.291  0.327  

RbSrH3 (Pnma) −1.676  −0.058  −1.367  0.251  

CsSrH3 (Pm3m) −1.809  −0.191  −1.487  0.131  

LiBaH3 (Pm3m) −2.554  −1.082  −1.716  −0.243  

NaBaH3 (R3c) −1.723  −0.251  −1.346  0.127  

KBaH3 (R3c) −1.449  0.023  −1.049  0.423  

RbBaH3 (R3c) −1.371  0.102  −1.062  0.410  

CsBaH3 (Pnma) −1.461  0.011  −1.139  0.334  
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Table 3.4. Reaction enthalpies (eV) of hydrogen release by pathways of (6)–(8) for 

LiBeH3, NaBeH3, KBeH3, RbBeH3, CsBeH3, LiMgH3, NaMgH3, KMgH3, RbMgH3, CsMgH3, 

LiCaH3, NaCaH3, KCaH3, RbCaH3, CsCaH3, LiSrH3, NaSrH3, KSrH3, RbSrH3, CsSrH3, 

LiBaH3, NaBaH3, KBaH3, RbBaH3, and CsBaH3. 

Material Eq. (6) Eq. (7) Eq. (8) 

LiBeH3 (Pnma) 0.630 0.475 −0.208 

NaBeH3 (Pm3m) 0.258 0.103 −0.120 

KBeH3 (P21/c) 0.531 0.376 0.131 

RbBeH3 (P21/c) 0.505 0.350 0.196 

CsBeH3 (P21/m1) 0.583 0.429 0.261 

LiMgH3 (R3c) 1.339 0.822 0.501 

NaMgH3 (Pnma) 1.043 0.526 0.665 

KMgH3 (Pm3m) 1.292 0.775 0.892 

RbMgH3 (P63/mmc) 1.142 0.625 0.833 

CsMgH3 (Pmmn) 1.194 0.676 0.871 

LiCaH3 (R3c) 2.424 0.740 1.585 

NaCaH3 (P21/c) 1.755 0.071 1.377 

KCaH3 (Pnma) 1.902 0.217 1.502 

RbCaH3 (Pm3m) 1.900 0.216 1.591 

CsCaH3 (Pm3m) 1.961 0.277 1.638 

LiSrH3 (Pm3m) 0.163 −1.455 −0.676 

NaSrH3 (P21/c) 1.719 0.101 1.341 

KSrH3 (Pnma) 1.691 0.073 1.291 

RbSrH3 (Pnma) 1.676 0.058 1.367 

CsSrH3 (Pm3m) 1.809 0.191 1.487 

LiBaH3 (Pm3m) 2.554 1.082 1.716 

NaBaH3 (R3c) 1.723 0.251 1.346 

KBaH3 (R3c) 1.449 −0.023 1.049 

RbBaH3 (R3c) 1.371 −0.102 1.062 

CsBaH3 (Pnma) 1.461 −0.011 1.139 
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3.3.3. Dopants effects on Na Site  

Alkali/ alkaline-earth metals are effective in improving hydrogen release in hydrides [34, 

64, 65]. To facilitate the dehydrogenation process of NaCaH3, alkali dopants, M = Li, K, Rb, 

or Cs, and the alkaline-earth dopants, M′ = Be, Mg, Sr, or Ba, were introduced to a NaCaH3 

system by replacing the Na and Ca sites, respectively. Various configurations of different 

dopant positions were considered to discover the most preferable dopant position. Based on 

the most stable configuration of M-doped NaCaH3 (M = Li, K, Rb, or Cs), the study to 

determine the pathway for hydrogen release was continued. Five different dehydrogenation 

pathways of (9)–(13) for each doped system are as follows [66]: 

Na1-xMxCaH3 → (1-x)Na + xM + Ca + 3

2
H2                                                                              (9) 

Na1-xMxCaH3 → (1-x)Na + xM + CaH2 + 1

2
H2                                                                        (10) 

Na1-xMxCaH3 → (1-x)NaH + xM + Ca + 2+x

2
H2                                                                       (11) 

Na1-xMxCaH3 → (1-x)Na + xMH + Ca + 3-x

2
H2                                                                       (12) 

Na1-xMxCaH3 → (1-x)NaH + xMH + Ca + H2                                                                       (13) 

The enthalpies of hydrogen release, i.e., reaction enthalpies, for pure and doped NaCaH3 

systems were obtained and tabulated in Table 3.5. Using the favorable pathway (7), the 

reaction enthalpy of NaCaH3 without dopants was employed as a reference, setting its ΔHr to 

zero. As observed in Table 3.5, the lowest enthalpies of M-doped NaCaH3 structures are found 

in the pathway (10) for all systems. This indicates that the reaction pathway (10) is the most 

useful for releasing molecular hydrogen from M-doped systems. On the contrary, Li-doped 

NaCaH3 shows a high reaction enthalpy in comparison with a dopant-free NaCaH3 system. 

This demonstrates that Li is not a useful dopant for the hydrogen release from NaCaH3. K-, 
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Rb-, and Cs-doped NaCaH3 systems show higher negative reaction enthalpies than a pure 

NaCaH3 system by 0.017, 0.037, and 0.05 eV, respectively. It is found that the Cs-doped 

NaCaH3 has the lowest reaction enthalpy, indicating that Cs is the most useful dopant for 

hydrogen release from a NaCaH3 system. Fig. 3.2 (b) shows the optimized structure of Cs-

doped NaCaH3. 

3.3.4. Dopants effects on Ca site 

The following pathways of (14)–(18) determine the reaction enthalpies of alkaline-earth 

metal (M′)-doped NaCaH3 (M′ = Be, Mg, Sr, or Ba) systems, as follows: 

NaCa1-xMx
′ H

3
 → Na + (1-x)Ca + xM′ + 3

2
H2                                                                          (14) 

NaCa1-xMx
′ H

3
 → Na + (1-x)CaH2 + xM′ + (x+ 

1

2
)H2                                                              (15) 

NaCa1-xMx
' H

3
 → NaH + (1-x)Ca + xM' + H2                                                                        (16) 

NaCa1-xMx
′ H

3
 → Na + (1-x)Ca + xM′H2 + 3-2x

2
H2                                                                  (17) 

NaCa1-xMx
′ H

3
 → NaH + (1-x)Ca + xM′H2 + (1-x)H

2
                                                            (18) 

Table 3.6 lists the calculated reaction enthalpies of M′-doped NaCaH3 systems of each 

pathway. Of all dehydrogenation pathways, the pathway (15) had the lowest reaction enthalpy. 

That is, the M′-doped NaCaH3 systems release molecular hydrogen through it. However, all 

these reaction enthalpies are high compared to the dopant-free NaCaH3 system. Therefore, 

doping an alkaline-earth metal at a Ca site is nonbeneficial for releasing molecular hydrogen 

from NaCaH3. However, alkali metal doping at the Na site is more effective for the hydrogen 

release than alkaline-earth metal doping at the Ca site in a NaCaH3 system. In addition, the 

influence of van der Waals interactions on reaction enthalpies of NaCaH3 and Cs-doped 

NaCaH3 are not found to be large in our DFT calculations with dispersion corrections [48].  
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Figure 3.1. Formation (∆Hf) and reaction enthalpies (∆Hr) of all light ABH3-type hydrides. 
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Figure 3.2. Predicted structures of (a) NaCaH3 (P21/c) and (b) Cs-doped NaCaH3. 
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Table 3.5. Calculated reaction enthalpies (eV) of M-doped NaCaH3 systems by pathways of (9)–

(13) (M = Li, K, Rb, or Cs). 

Material Eq. (9) Eq. (10) Eq. (11) Eq. (12) Eq. (13) 

NaCaH3
* 1.684 0.000 1.306 - - 

Na0.9375Li0.0625CaH3 1.703 0.019 1.349 1.651 1.297 

Na0.9375K0.0625CaH3 1.667 −0.017 1.313 1.642 1.288 

Na0.9375Rb0.0625CaH3 1.647 −0.037 1.293 1.628 1.274 

Na0.9375Cs0.0625CaH3 1.634 −0.050 1.280 1.614 1.260 

* Herein, the reaction enthalpies of the pure system were calculated based on Eq. (6)–(8). 
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The difference of the reaction enthalpy (in the most preferable pathway) of NaCaH3 (Cs-doped 

NaCaH3) between the calculation with corrections and that without corrections is 0.032 (0.036) 

eV. Overall, a Cs-doped NaCaH3 system performs the best for dehydrogenation reaction 

among the other systems investigated by virtue of the lowest reaction enthalpy. 

3.3.5. Electronic properties  

The atomic charge was calculated via Bader charge methods [67] for exploring the 

influence of a Cs-doping on the hydrogen release of a NaCaH3 system. Fig. 3.3 (a) and (b) 

display the Bader atomic charges of dopant-free and Cs-doped NaCaH3 structures, respectively. 

Using the density derived electrostatic and chemical analysis [68, 69], we determined related 

bond orders of these two systems listed in Table 3.7. Based on the Bader atomic charges, the 

sum of atomic charges of total H atoms increased by 0.067e after introducing a Cs dopant to a 

NaCaH3 system, indicating that the amount of electron was reduced after Cs-doping at the Na 

site of NaCaH3. Specifically, the H atoms around Ca lose electrons by 0.027e after Cs-doping. 

In addition, the average bond order of Ca–H in a Cs-doped NaCaH3 structure is lower than that 

in the pure NaCaH3 structure, illustrating that Ca–H bond strength becomes weaker after Cs is 

doped at the Na site of a NaCaH3 system. Similarly, the charge of H atoms around Na 

decreases by 0.008e (on average) after the Cs-doping. The average bond order of Na–H bonds 

near a Cs atom in a Cs-doped NaCaH3 system is 0.006 lower than that in a dopant-free system. 

Doping Cs can also weaken the Na–H bond strength in NaCaH3. Then, the reaction enthalpy 

for hydrogen release can be negatively increased by virtue of the reduced strength of both Na–

H and Ca–H bonds in NaCaH3. 
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Table 3.6. Calculated reaction Enthalpies (eV) of M′-doped NaCaH3 systems by pathways of 

(14)–(18) (M′ = Be, Mg, Sr, or Ba). 

Material Eq. (14) Eq. (15) Eq. (16) Eq. (17) Eq. (18) 

NaCaH3
* 1.684 0.000 1.306 - - 

NaCa0.9375Be0.0625H3 1.581 0.002 1.203 1.571 1.194 

NaCa0.9375Mg0.0625H3 1.618 0.040 1.241 1.586 1.208 

NaCa0.9375Sr0.0625H3 1.677 0.098 1.299 1.576 1.198 

NaCa0.9375Ba0.0625H3 1.656 0.077 1.279 1.564 1.187 

* Herein, the reaction enthalpies of the pure system were calculated based on Eq. (6)–(8). 
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Figure 3.3. Bader atomic charges (e) calculated on (a) dopant-free and (b) Cs-doped NaCaH3. 

Herein, the numbers of 1–10 denote different bonds for bond order analysis (Table 3.7). 
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Table 3.7. Bond orders of dopant-free and Cs-doped NaCaH3 systems.a 

System 1 2 3 4 5 6 7 8 9 10 

NaCaH3 0.152 0.084 0.151 0.151 0.204 0.198 0.172 0.217 0.234 0.225 

Cs-doped NaCaH3 0.130 0.150 0.097 0.136 0.195 0.204 0.181 0.219 0.185 0.219 

aAll bonds of 1–10 are shown in Figure 3.3. 
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3.4. Conclusions 

Herein, we screened a NaCaH3 system from 25 perovskite-type hydrides (ABH3) 

comprising A, where A = Li, Na, K, Rb, or Cs and B, where B = Be, Mg, Ca, Sr, or Ba, using 

DFT modeling. For facilitating the dehydrogenation process of NaCaH3, the alkali dopants, M 

= Li, K, Rb, or Cs, and alkaline-earth dopants, M′ = Be, Mg, Sr, or Ba, were introduced at the 

Na and Ca sites in a NaCaH3 system, respectively. Doping alkali metal at the Na site was 

found to be useful in comparison with doping alkaline-earth metal at the Ca site of NaCaH3. 

Among all the dopants studied, Cs was found to be the most beneficial dopant for 

dehydrogenation of NaCaH3 with the lowest reaction enthalpy in a dehydrogenation process. 

Analyzing atomic charges and bond order was helpful in understanding the effect of a Cs-

doping at the Na site on hydrogen release. The bond strength of both Na–H and Ca–H bonds 

are reduced after Cs-doping. Overall, these studies suggest a valuable system of Cs-doped 

NaCaH3 as the novel hydrogen storage material. 
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CHAPTER 4. Perovskite hydride KMgH3 with pressure and dopants M (M 

= Li, Na, Rb or Cs) for dehydrogenation 

4.1. Introduction 

Hydrogen is considered an alternative energy source owing to its abundant reserves, 

highest energy density (per unit mass), and environmental friendliness, particularly for 

transportation applications [1]. On the other hand, the most difficult hurdle for these 

applications is associated with hydrogen storage. Hydrogen can be stored safely and 

effectively using metal hydrides as hydrogen storage materials [2, 3]. Mg-based hydrides have 

attracted considerable attention due to the lightweight, relatively low cost, and good quality 

functional properties for hydrogen storage [4-7]. Among them, perovskite-type hydride 

materials, AMgH3 (A-alkali elements), have attracted considerable interest [8-10]. Komiya et 

al. [11] examined the decomposition of NaMgH3, KMgH3, and RbMgH3 by ball-milling and 

heat-treatment methods and found that KMgH3 decomposed in a single-step reaction. They 

also found that NaMgH3 is the most unstable among the three hydrides examined [11]. Using 

DFT calculations, Bouhadda and Ghebouli et al. [12, 13] examined the thermal properties of 

KMgH3 and found that KMgH3 was an insulator. Reshak et al. [14] conducted first-principles 

studies, and reported that the stability of KMgH3 depends on the hydrogen positions.  

The main disadvantages of using Mg-based hydrides are their poor thermodynamic 

properties and slow desorption kinetics [15]. To develop high-performance hydrogen storage 

materials, it is essential to tune the thermodynamic and kinetic properties of these hydrides [16, 

17]. In recent experimental work, the approach of combining both hydrogen production and 

storage in one step can reduce energy consumption significantly for hydride [18, 19]. Some 
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other efforts have been made to overcome these disadvantages, such as alloying with another 

element, ball milling, adding catalysts and composite effects [20-26]. Modifying the hydrides 

by doping other elements is beneficial for improving the properties of hydrogen storage [27, 

28]. For example, considerable enhancements in the kinetics and cycling stability were 

observed in the NaMgH3 sample with Mg2NiH4 and YH3 nanoparticles embedded [29]. Alkali 

metals appear to have a great influence on them due to their active chemical properties and 

low densities [30, 31]. Liu et al. [32] examined how Li, Na, or K affect the reaction enthalpies 

and the kinetics of hydrogenation/decomposition of Mg nanoparticles by reduction and heat 

treatment methods. They suggested that these alkali metals can be used to enhance the 

properties of Mg nanoparticles for hydrogen storage. Xiao et al. [33] reported that the reaction 

enthalpy of the dehydrogenation reactions was decreased by the substitution of Li at the Na 

site of NaMgH3 by DFT calculations. Using a high-energy ball milling method, Tao et al. [34] 

prepared NaMgH3 and Na0.9K0.1MgH3 hydrides and reported that this addition of K in 

NaMgH3 improved the dehydriding kinetic properties and increased the amount of the 

hydrogen desorbed.  

In addition, pressure can induce the decomposition of hydrides [35, 36]. Yan et al. [37] 

examined how pressure affects the desorption kinetics of hydrogen in Mg(NH2)2-2LiH-

0.07KOH compacts. They suggested that pressure is an important factor for hydrides to release 

hydrogen. Besides, interface is another factor responsible for hydrogen storage of Mg-based 

hydrides [38]. 

A first-principle approach is a valuable and powerful tool in the design of alloy systems 

[39]. This study examined the effects of different alkali metal dopants M (M = Li, Na, Rb, or 
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Cs) and pressures (0, 0.5, 1.0, 1.5, and 2 GPa) on the hydrogen release in KMgH3 hydride 

using the first-principles DFT calculations. 

4.2. Computational details 

All DFT calculations were conducted with the projector augmented plane wave (PAW) 

[40]  on the Vienna ab initio simulation package (VASP) [41]. The generalized-gradient 

approximation (GGA) functional of Perdew-Burke-Ernzerhof (PBE) was used [42]. The three 

phases of KMgH3 having different space groups (Pm3m, Pnma, and R3c) were taken into 

consideration. The same number of atoms (12 K, 12 Mg, and 36 H atoms) was used in all 

phases for a consistent comparison. All structures were relaxed completely. The Brillouin 

zones were sampled with the Monkhorst-Pack scheme [43] by 3×5×5, 3×5×7, and 4×7×3 k-

points for Pm3m, Pnma and R3c phases, respectively. A kinetic energy cutoff of 550 eV was 

employed. The total energy difference of all self-consistent iterative loops was less than 10-6 

eV. Relaxation processes were conducted using conjugate gradient algorithms until the force 

was smaller than 10−2 eVÅ−1. 

4.3. Results and discussion 

4.3.1. Structure and optimization 

KMgH3 was reported to have a Pm3m perovskite-type structure as the ground state 

structure [44]. Table 4.1 lists the DFT results of the lattice parameters. The computational 

lattice values were comparable to the available lattice parameters in the experiments [45, 46] 

and other calculations [14, 47, 48] (Table 4.1). Alkali dopants M (M = Li, Na, Rb or Cs) were 

then introduced at the K-sites of optimized KMgH3. The various configurations for the 
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different positions of dopants were considered to obtain the most stable structure in all doped 

systems.  

The first aim of these calculations was to identify the most likely dehydrogenation 

reaction pathway. Four different reaction pathways for hydrogen release were considered. 

These reactions do not include MgH2 as products [33] because of the lower stability of MgH2 

than alkali hydrides, such as LiH, NaH, KH, RbH, and CsH. The four possible reactions can be 

described as follows: 

K1−xMxMgH3 → xM + (1 − x)K + Mg +
3

2
H2                                                                         (1)  

K1−xMxMgH3 → xMH + (1 − x)K + Mg +
3−x

2
H2                                                                   (2) 

K1−xMxMgH3 → xM + (1 − x)KH + Mg + (1 +
x

2
)H2                                                             (3) 

K1−xMxMgH3 → xMH + (1 − x)KH + Mg + H2                                                                      (4) 

The reaction enthalpies affect the heat of hydrogenation and dehydrogenation reactions 

[49]. Therefore, the reaction enthalpies (∆H) were calculated to study the hydrogen release 

properties of KMgH3. For all possible dehydrogenation reactions, the reaction enthalpies (∆H) 

at 0 K were calculated as follows [50]:   

∆H = ∑ Eproducts − ∑ Ereactants .                                                                                              (5) 

Here ∑ Eproducts  and ∑ Ereactants  represent the sum of the reactants' DFT total energies and the 

sum of the products' DFT total energies, respectively. The effects of the zero-point energy 

(ZPE) are significant for hydrogen [51]. Therefore, the ZPE of the KMgH3 structure with the 

Pm3m phase was checked at the ground state. The calculated ZPE of a hydrogen molecule was  
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Table 4.1. Lattice constants and bond lengths d of the KMgH3 (Pm3m) structure. 

 Calc. (Å) Expt. (Å) Other Calc. (Å) 

Lattice constants a = 4.018 a = 4.023a, a = 4.018b a = 4.0295c, a = 4.035d, a = 4.01e 

d (K-H) 2.841 - 2.85c, 2.853d 

 d (K-Mg) 3.480 - 3.49c, 3.495d 

d (Mg-H) 2.009 - 2.018d 

d (H-H) 2.841 - 2.853d 

a Reference [45]  b Reference [46]  c Reference [47]  d Reference [14]  e Reference [48]. 
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Table 4.2. Reaction enthalpies, ∆H (eV) with and without ZPE corrections of KMgH3 in each 

reaction pathway. 

Reaction enthalpy (∆H) Eq.(6) Eq.(7) 

With ZPE 0.763 0.324 

Without ZPE 0.400 0 
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Table 4.3. Relative ground state energies (eV) of KMgH3 and K1-xMxMgH3 (x = 0, 0.0833 and 

0.1667) structures with three phases. 

Structures Pm3m Pnma R3c 

KMgH3 0 0.065 0.220 

K0.9167Li0.0833MgH3 -0.044 -0.278 -0.290 

K0.8333Li0.1667MgH3 -0.374 -0.678 -0.696 

K0.9167Na0.0833MgH3 0.150 0.184 0.171 

K0.8333Na0.1667MgH3 0.266 0.278 0.285 

K0.9167Rb0.0833MgH3 0.377 0.417 0.595 

K0.8333Rb0.1667MgH3 0.730 0.769 0.955 

K0.9167Cs0.0833MgH3 0.728 0.776 0.967 

K0.8333Cs0.1667MgH3 1.358 1.377 1.404 
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0.273 eV/f.u. Velikokhatnyi et al. [49] reported the DFT calculated ZPE of a hydrogen 

molecule as 0.279 eV/f.u. which was similar to the present ZPE value. The ZPE of KMgH3, 

KH, and H2 were included to obtain ∆H with the ZPE corrections. Table 4.2 lists these reaction 

enthalpies with the ZPE corrections. To understand the effects of ZPE on the reaction 

enthalpies, the ∆H with ZPE corrections and the enthalpies without ZPE corrections in each 

reaction pathway were compared. The reaction enthalpy (∆H) of KMgH3 without ZPE 

corrections in the reaction that has the lowest reaction enthalpy was set to zero as a reference.  

KMgH3 → K + Mg +
3

2
H2                                                                                                         (6)  

KMgH3 → KH + Mg + H2                                                                                                         (7) 

A similar difference between the reaction enthalpies (∆H) with ZPE and ∆H without ZPE 

was observed in reactions (6) and (7) (Table 4.2), indicating that the ZPE correction has a 

slight effect in determining the most favorable reaction pathway. Therefore, the ZPE 

corrections were excluded from later calculations with the aim of finding the most favorable 

reaction pathway. This approach is consistent with others in that the ZPE corrections for the 

reaction enthalpy were neglected [52-54]. 

To find the ground state structure of each compound, the DFT total energies of the 

different phases were compared, as shown in Table 4.3. Here, the total energy of the most 

stable phase of KMgH3 was set to zero as a reference. This is consistent with the experimental 

structure of KMgH3 as a Pm3m structure [55, 56]. The ground state structure of K1-xMxMgH3 

varied with the dopants (M). For example, the R3c phase was the most stable phase among the 

other phases investigated in K1-xLixMgH3 (x = 0.0833 and 0.1667). On the other hand, the Na, 
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Rb or Cs-doped structures showed the Pm3m phase as their ground state structures. The 

optimized lattice constants of all doped structures are shown in Table 4.4. 

4.3.2. Favorable reaction pathway and dopant 

Using the most stable phase of K1-xMxMgH3 (x = 0, 0.0833 and 0.1667), the reaction 

enthalpies (∆H) of the doped systems were calculated to obtain the most plausible reaction 

pathway with the most promising dopant. The calculated reaction enthalpies (∆H) of all the 

doped systems showed similar curves in each reaction pathway. Fig. 4.1 presents the results of 

K1-xLixMgH3 with the most stable phase of the reactants and the most stable phase of products. 

The reaction enthalpies (∆H) of pathways (1) and (2) were higher than ∆H of pathways (3) and 

(4), showing that pathways (1) and (2) were unfavorable for hydrogen release. On the other 

hand, the reaction enthalpies (∆H) of pathway (4) decreased with increasing Li concentrations 

in K1-xMxMgH3. The lowest reaction enthalpies can be found in pathway (4), indicating that 

the reaction pathway (4) was the most favorable for the dehydrogenation reaction of K1-

xLixMgH3. Other systems with Na, Rb, and Cs dopants also showed similar results.  

Each doped structure with different dopants showed the same favorable reaction pathway 

as pathway (4). The reaction enthalpies of each doped material in this dehydrogenation 

reaction (4) were calculated to find the useful dopant for hydrogen release. All reaction 

enthalpies (ΔH) of doped structures were lower than ΔH of dopant-free KMgH3, as shown in 

Fig. 4.2. In particular, K1-xLixMgH3 (x = 0.0833 and 0.1667) showed the lowest reaction 

enthalpies among the other doped systems (Fig. 4.2), indicating that among the four dopants 

examined, Li was the most useful dopant for the KMgH3 hydride to release hydrogen. 

Moreover, the reaction enthalpies (ΔH) of K0.9167Li0.0833MgH3, and K0.8333Li0.1667MgH3 were  
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Table 4.4. DFT calculated lattice constants (Å) and volume (Å3) of all the materials studied. 

Structures Space group a b c Volume  

Li Im3m 3.491 3.491 3.491 42.545 

Na Im3m 4.235 4.235 4.235 75.956 

K Im3m 5.225 5.225 5.225 142.646 

Rb Im3m 5.585 5.585 5.585 174.209 

Cs Im3m 6.045 6.045 6.045 220.897 

Mg P63/mmc 3.208 3.208 5.133 45.745 

KH Fm3m 5.701 5.701 5.701 185.279 

LiH Fm3m 3.998 3.998 3.998 63.907 

NaH Fm3m 4.787 4.787 4.787 109.678 

RbH Fm3m 6.075 6.075 6.075 224.197 

CsH Fm3m 6.439 6.439 6.439 267.027 

KMgH3 Pm3m 12.052 8.034 8.034 777.945 

 
Pnma 

17.017 8.020 5.667 773.401 

 
R3c 

11.308 5.654 13.873 768.165 

K0.9167Li0.0833MgH3  Pm3m 11.996 7.998 7.998 767.271 

 
Pnma 

16.977 7.990 5.666 768.482 

 
R3c 

11.309 5.664 13.859 769.042 

K0.8333Li0.1667MgH3  Pm3m 11.996 7.961 7.961 760.305 

 
Pnma 

16.892 7.965 5.655 760.842 

 
R3c 

11.291 5.649 13.828 762.784 

K0.9167Na0.0833MgH3  Pm3m 12.015 8.010 8.010 770.899 

 
Pnma 

16.970 7.998 5.654 767.425 

 
R3c 

11.318 5.660 13.859 768.812 

K0.8333Na0.1667MgH3  Pm3m 11.977 7.989 7.984 763.909 

 
Pnma 

16.920 7.979 5.642 761.649 

 
R3c 

11.279 5.641 13.808 760.765 

K0.9167Rb0.0833MgH3  Pm3m 12.079 8.053 8.053 783.285 

 
Pnma 

17.065 8.045 5.686 780.570 

 
R3c 

11.333 5.667 13.912 773.796 

K0.8333Rb0.1667MgH3  Pm3m 12.105 8.071 8.071 788.519 

 
Pnma 

17.105 8.064 5.700 786.238 
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Structures Space group a b c Volume  

 
R3c 

11.357 5.680 13.949 779.210 

K0.9167Cs0.0833MgH3  Pm3m 12.112 8.075 8.075 789.790 

 
Pnma 

17.117 8.067 5.706 787.853 

 
R3c 

11.364 5.684 13.956 780.581 

K0.8333Cs0.1667MgH3  Pm3m 12.180 8.103 8.117 801.131 

 
Pnma 

17.207 8.115 5.740 801.410 

 
R3c 

11.469 5.737 14.056 800.870 
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Figure 4.1. Reaction enthalpies (∆H) of K1-xLixMgH3 (x = 0, 0.0833 and 0.1667) hydrides. 
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Figure 4.2. Calculated reaction enthalpies (ΔH) of KMgH3 and K1-xMxMgH3 (x = 0.0833 and 

0.1667) by reaction (4). 
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0.085 eV and 0.160 eV lower, respectively, than that of the KMgH3 structure. Therefore, Li 

doping was effective in reducing the reaction enthalpy of the dehydrogenation reactions.  

4.3.3. Pressure effects and the partial density of states 

Pressures of 0, 0.5, 1.0, 1.5 and 2 GPa were applied to dopant-free and doped KMgH3. 

The reaction enthalpies (ΔH) decreased with increasing applied pressures (Fig. 4.3). In 

KMgH3, H was reduced by 0.79 eV when 2 GPa was applied to the dopant-free hydride. 

Similar trends of decreasing reaction enthalpies by pressure were observed in M-doped 

KMgH3, showing that pressure can be used to enhance the dehydriding properties of dopant-

free and doped KMgH3 hydride. 

To further understand the effects of the Li dopant and pressure on the hydrogen release of 

KMgH3, the partial density of states (PDOS) of KMgH3 and K0.9167Li0.0833MgH3 structures 

were calculated, as shown in Fig. 4.4 (a-c). All structures exhibited wide band gaps 

(approximately 2.38 ~ 2.47 eV) possessing non-metal features (Fig. 4.4). The band gap of 2.38 

eV for KMgH3 was in good agreement with other computational values (2.32 eV) [47]. The s 

and p states of K and Mg made the main contributions to the conduction band of KMgH3 at P 

= 0 GPa (Fig. 4.4 (a)). The contribution of the Li dopant-s state to the conduction band was 

observed in Li-doped KMgH3 (Fig. 4.4 (b)). After 2 GPa pressure was applied, the band gap of 

KMgH3 was increased by approximately 0.25 eV and the electronic states of K and Mg were 

clearly enhanced (Fig. 4.4 (c)). This indicates that the change in electronic states may make the 

structures unstable after the dopant or pressure was introduced. In summary, both dopant and 

pressure can facilitate the release of hydrogen from KMgH3 hydride, decreasing the reaction 

enthalpies. 
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Figure 4.3. Reaction enthalpies (∆H) of KMgH3 and K1-xLixMgH3 (x = 0.0833 and 0.1667) 

structures with the applied pressure. 
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Figure 4.4. Partial density of states (PDOS) of (a) KMgH3, (b) K0.9167Li0.0833MgH3 and (c) 

KMgH3 at 2 GPa. 
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4.4. Conclusions 

Using first-principles modeling, this study examined the hydrogen release properties of 

KMgH3 and K1-xMxMgH3 (x = 0.0833 and 0.1667). Alkali dopants M (M = Li, Na, Rb or Cs) 

were introduced at the K-sites of KMgH3 and four possible reaction pathways for hydrogen 

release were considered. Reaction pathway (4) was found to be the most favorable pathway 

among the other reaction pathways examined. Li was also found to be the most useful dopant 

for releasing hydrogen. The effects of pressure (0, 0.5, 1.0, 1.5, and 2 GPa) on KMgH3 and K1-

xMxMgH3 structures were also examined. The results showed that the reaction enthalpies (ΔH) 

decreased with increasing applied pressure. The calculated electronic states showed that the Li 

dopant and pressure may reduce the stability of KMgH3, inducing a decrease in the reaction 

enthalpy.  
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CHAPTER 5. Hydrogen release of LiBH4(010) surface with strain and 

dopants (M = Na, K, Al, F, or Cl) 

5.1. Introduction 

With the increasing energy crisis and environmental issues, exploiting alternative clean 

energy is becoming increasingly urgent. In recent years, hydrogen energy has been a key 

research subject for replacing fossil fuels owing to its high energy density, rich reserves, and 

virtually no pollution [1]. On the other hand, despite hydrogen being an ideal renewable 

energy source, effective hydrogen storage is still a problem that limits its practical applications 

[2]. Compared to conventional storage methods, metals and complex hydrides can store 

hydrogen effectively and safely under moderate conditions [3]. The complex metal hydrides 

are attractive hydrogen storage media [4]. For example, lithium borohydride (LiBH4) has 

excellent properties for hydrogen storage because it is lightweight (21.78 g/mol) and the 

gravimetric/volumetric hydrogen densities are high [5-8]. Nevertheless, high temperatures (> 

400 ℃) are needed for hydrogen desorption due to its stable structure [9, 10]. For LiBH4, the 

combination of ionic and covalent bonding results in high thermodynamic stability [11]. 

Therefore, weakening the B-H bond strength can be a key idea to promoting hydrogen release. 

Several physical and chemical means have been explored to overcome the deficiency of 

thermodynamics and improve the dehydrogenation of LiBH4. Among various physical 

methods, the strain and pressure can be used to facilitate hydrogen release for metal hydrides 

[12-14]. Using first-principles calculations, Hussain et al. observed that dehydrogenation 

energies of the system were reduced due to destabilization of the MgH2(001) surface by strain 

and introducing dopants, such as Al, Si, and Ti to the system [15]. In the authors’ previous 
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work, pressure was used to enhance the hydrogen release in KMgH3 [16]. Hao et al. [17] found 

that the strain produced by TiH2 (111) substrates on MgH2 in the interface of MgH2/TiH2 

lowers the enthalpy of dehydrogenation reactions.  

In addition, chemical methods, including catalyst modification [18-20], destabilization 

using various reactive additives [21-24], and nano-confinement with mesoporous scaffolds or 

other nanomaterials [25-27] have been proven to be significant for promoting the desorption of 

a hydrogen molecule. The destabilization approaches have been employed widely for hydrides 

due to the significant improvement in hydrogen desorption. Specifically, metals, hydrides, 

oxides, and metal halides have been used as efficient additives for destabilization [28-30]. In 

earlier research, MgH2, as a representative destabilizing additive, was practically employed to 

reduce the enthalpy of hydrogenation and dehydrogenation of LiBH4 by 25 kJ/mol H2 [31]. 

Zhou et al. [32] found the destabilization of LiBH4 with respect to de/hydrogenation by the 

mechanochemical reactions of MgH2 and LaH3. A composite of LiBH4-0.083La2Mg17 

exhibited high hydrogen desorption amounts of ∼6.8 wt. % and a reversible operating 

temperature of below 400 ℃. In addition, the dehydrogenation of LiBH4 was enhanced by 

doping synthesized mesoporous Ni and Co-based oxide nanorods [33]. They suggested that 

LiBH4-NiCo2O4 composites have a lower hydrogen desorption temperature and higher 

dehydrogenation kinetics than those of pure LiBH4 [33]. In previous theoretical calculations, 

Al doping of LiBH4 was found to destabilize the structure and decrease the energy for 

dehydrogenation owing to the weaker B-H covalent bonding interactions [34]. All these 

studies show that the destabilization of metal hydrides is a practical approach for tuning the 

hydrogen release of LiBH4. Nevertheless, further studies will be needed to fulfill the 

requirements for the practical applications of LiBH4 to hydrogen storage.  
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For most hydrides, the surface properties are very significant for dehydrogenation 

processes [35-37]. For LiBH4 with an orthorhombic structure, the (010) surface was found to 

be the most stable among the other low-index surfaces according to previous density 

functional theory (DFT) calculations [38].  

Taking all the above into consideration, the changes in hydrogen release of the 

LiBH4(010) surface with biaxial strain (-3% − +3%) and five dopants were investigated 

theoretically. Here, the LiBH4(010) surface was chosen because it has the lowest surface 

energy of 0.110 J/m2 compared to the other low-index surfaces [38]. Na, K, Al, F, or Cl were 

employed as modification additives to improve structural/electronic properties of the materials. 

The dehydrogenation performance of NaMgH3 hydrides was improved by the K dopant [39]. 

For the MgH2(110) surface, Al weakens the Mg-H interactions to improve the 

dehydrogenation properties [40]. In addition, doping with F or Cl atoms also can be helpful for 

the hydrogen desorption of Mg2NiH4 hydride [41]. Therefore, Na, K, Al, F, or Cl were 

introduced to the LiBH4(010) surface as dopants for improving the hydrogen release in this 

work. Furthermore, the electronic properties, such as the density of states (DOS) were 

analyzed further to determine the influences of the dopants on hydrogen release. 

5.2. Computational details 

The DFT calculations were conducted using the Vienna ab initio simulation package 

(VASP) [42,43] implementing projector augmented wave (PAW) methods with the 

generalized gradient approximation (GGA) functional of Perdew-Burke-Ernzerhof (PBE) [44, 

45]. A dipole correction was employed [46]. The Grimme’s dispersion corrections (D3) 

method [47] was also incorporated into the DFT calculations. The LiBH4(010) surface with 6 
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layers was constructed based on the optimized LiBH4 bulk system. A 15 Å vacuum space was 

included. The top four (bottom two) layers were relaxed (fixed) out of total layers. The 6 × 8 × 

6 and 6 × 6 × 1 Monkhorst-Pack k-points [48] were employed for the LiBH4 bulk and (010) 

surface systems, respectively. The kinetic energy cutoff was 600 eV. The difference in the 

total energy in all iterative loops was <10-5 eV. Using conjugate gradient algorithms, the 

relaxation processes were conducted until the forces were below 10−2 eVÅ−1. 

5.3. Results and discussion 

5.3.1. Structure and optimization 

The lattice parameters obtained by DFT calculations in the Pnma phase of LiBH4 were a 

= 7.299 Å, b = 4.382 Å, and c = 6.584 Å, which are similar to the other experimental and 

theoretical results [7, 33, 49, 50] (Table 5.1). The top four layers of LiBH4(010) surface were 

relaxed (Fig. 5.1 (a)). The average distance of the B-H bonds was 1.225 Å, which is similar to 

the range of 1.04 − 1.28 Å and 1.21 − 1.24 Å found in the experiment [49] and calculations 

[51], respectively. In addition, the surface energy of the LiBH4(010) surface of 0.120 J m-2 is 

comparable to the results found in the literature: 0.119 J m-2  [52] and 0.112 J m-2  [53]. 

Dopants (M) including Na, K, Al, F, or Cl were introduced to the top layer of the LiBH4(010) 

surface. Na or K was doped at the Li site of the top layer, Al was doped at the B-site, and F or 

Cl were introduced to the hydrogen site of the top layer of the LiBH4(010) surface. The 

structural stabilities were then investigated based on these doped LiBH4 surfaces. Fig. 5.1 (b) - 

(f) present the relaxed (010) surfaces of the Na, K, F, Cl, and Al-doped LiBH4, respectively. 

Table 5.2 lists the mean B-H bond lengths of each system. The average distances of B-H 

bonds of the doped structures were relatively unchanged except for the Al-doped LiBH4  
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Table 5.1.  Lattice parameters (Å) of the optimized LiBH4 bulk system. 

Lattice constants Calc. Expt.[49] Expt. [7] Other Calc.[33] Other Calc.[50] 

A 7.299 7.179 7.173 7.256 7.248 

B 4.382 4.437 4.434 4.398 4.391 

C 6.584 6.803 6.798 6.727 6.606 
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Figure 5.1. Relaxed (010) surfaces of (a) LiBH4, (b) - (g) Na, K, F, Cl, Al-doped, and (Al, Cl)-

codoped LiBH4, respectively. 
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Table 5.2.  Average bond lengths (Å) of B-Ha and relative formation energies (eV) of 

introducing dopants M (M = Na, K, Al, F, or Cl) to the LiBH4(010) surface. 

aHere, for Al-doped LiBH4, Al-H bond lengths are also included. 

 

 

 

 

 

 

Systems Average bond lengths (Å) Formation energies (eV) 

LiBH4 1.225 0 

Na-doped LiBH4 1.228 0.696 

K-doped LiBH4 1.230 0.428 

Al-doped LiBH4 1.428 4.185 

F-doped LiBH4 1.225 -2.653 

Cl-doped LiBH4 1.223 -0.823 
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system. To assess the stability of the optimized structures, the formation energies (Ef) of each 

system were calculated using the following equation [54]:  

  Ef = Edoped - (Eundoped + EM − E
replaced

)                                                                                     (1) 

where Edoped  and Eundoped  represent the total energies of doped and undoped systems, 

respectively.  EM  and Ereplaced  are the DFT total energies per atom of the corresponding 

dopants M (M = Na, K, Al, F, or Cl) and the replaced atoms (Li, B, or H), respectively. Table 

5.2 lists the relative formation energies for introducing dopants. This shows that the Na, K, or 

Al (F or Cl)-doped LiBH4(010) surface systems have higher (lower) formation energies than 

the LiBH4 system without dopants. Among these systems, the Al-doped LiBH4 system shows 

the highest formation energy, suggesting that introducing the Al dopant to LiBH4 requires the 

highest energy. Similar calculated positive formation energies were observed in Ca-Doped 

LiBH4 [55]. Although Ca-doped LiBH4 shows positive formation energies, this material can be 

prepared with pressure and temperature [56]. The high formation energy also represents the 

low stability of the structure [57]. For the Al-doped LiBH4 system, the average distance of the 

B-H bonds (1.428 Å) was larger than that of the pure structure. This destabilization may 

weaken the B-H bonds and be helpful in releasing a hydrogen molecule from LiBH4 hydrides. 
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5.3.2. Hydrogen desorption 

To make further investigations of the dehydrogenation performance of dopant-free and 

M-doped systems, the desorption energy of a hydrogen molecule was calculated using the 

following equation [53]: 

   ED = Efinal + EH2
−Einitial                                                                                                         (2) 

where Efinal  and Einitial  refer to the total energies of optimized structures after releasing a 

hydrogen molecule and the energies of optimized structures without hydrogen release, 

respectively. For LiBH4 and NaAlH4, the release of hydrogen molecules tends to occur in 

surface layers [37, 58]. This shows that the surface properties of a top layer play vital roles on 

the dehydrogenation process of LiBH4 hydride. Therefore, this study examined all possible 

cases that release a hydrogen molecule from [BH4]‾ clusters on the top layers of all doped 

LiBH4(010) surfaces. A hydrogen molecule can be released in two ways. First, two H atoms 

can be removed from a single [BH4]‾ complex in the top layer (Fig. 5.2 (a)). Second, two 

hydrogen atoms from two nearest [BH4]‾ complexes in the top layer can be released (Fig. 5.2 

(b)). The energy required to remove a H2 molecule from two nearest [BH4]‾ groups in the top 

layer of LiBH4(010) surface was found to be 2.225 eV lower than that from the same [BH4]‾ 

group, indicating that the two hydrogen atoms tend to be released from different [BH4]‾
 groups 

in the top layer. Therefore, this study focused on this second approach to release a hydrogen 

molecule.  
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5.3.3. Strain effect on hydrogen desorption 

To determine how strain affects hydrogen release from the LiBH4(010) surface, 

mechanical strains (ε) ranging from -3% to +3% were applied to the optimized structure along 

the biaxial direction. The strain was calculated using equation (3) [59]: 

   ε(%) =
𝑎 − 𝑎0

𝑎0
× 100%                                                                                                               (3) 

where 𝑎 and 𝑎0 represent the lattice constants of strain-applied LiBH4(010) surface and the 

surface without strain, respectively. Fig. 5.3 shows the desorption energies of a hydrogen 

molecule from the strain-applied LiBH4(010) surface. The desorption energies decreased with 

increasing applied strain. This trend is similar to the hydrogen desorption energies calculated 

from the MgH2(001) surface with applied strain [15]. Under a tensile strain (1% − 3%), the 

reduced hydrogen desorption energies were observed, indicating that tensile strain can be 

utilized practically to promote the hydrogen release of LiBH4. After the application of 3% 

tensile strain, the average B-H bond length in the top layer was elongated by approximately 

0.002 Å compared to the system without strain. This suggests that the applied tensile strain 

increases the bond lengths of boron and hydrogen, resulting in weak B-H bond energies. 

Therefore, tensile strain can be used to promote the dehydrogenation of LiBH4. 
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Figure 5.2. Examples of a hydrogen molecule released from: (a) a single [BH4]‾ complex and (b) 

two nearest [BH4]‾ complexes in the top layer of LiBH4(010) surface. 
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Figure 5.3. Changes in hydrogen desorption energy by the biaxial strain on the LiBH4(010) 

surface. 
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To further explore how strain affects hydrogen release from the LiBH4(010) surface, the 

partial density of states (PDOS) of this system without and with 3% strain were compared, as 

shown in Fig. 5.4. The electron states (-2.83 − 0 eV) of LiBH4(010) surface without strain are 

affected mostly by the B-p state and H-s state (Fig. 5.4 (a)). The hybridization of the p orbital 

of B and s orbital of H demonstrates the strong covalent interactions of B with H atoms. This 

may explain the difficult hydrogen desorption from LiBH4 hydrides. The electron states of B-p 

and H-s become smaller after the tensile strain was applied, showing reduced interactions of 

boron with hydrogen atoms as depicted in Fig. 5.4 (b). Therefore, the application of strain 

facilitates hydrogen desorption from LiBH4 hydrides by reducing the B-H bond energies.  
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Figure 5.4. Density of states (DOS) of LiBH4(010) surface with (a) 0% strain and (b) 3% strain. 
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5.3.4. Destabilization for hydrogen desorption 

The destabilization of LiBH4 using five dopants, M (M = Na, K, Al, F or Cl), was made 

to explore the hydrogen release performance of doped systems. The calculated hydrogen 

desorption energies with and without DFT-D3 methods were compared (Fig. 5.5). All 

hydrogen desorption energies with DFT-D3 methods were higher (0.067 ~ 0.232 eV) than the 

results without D3 corrections. For a dopant-free LiBH4(010) surface, all configurations 

showed similar desorption energies. The lowest hydrogen desorption energy using DFT-D3 

methods was found in LiBH4(010) surface to be 1.561 eV, which is higher than the 1.29 eV 

reported in the literature [53]. After removing a hydrogen molecule from the LiBH4(010) 

surface, a B2H6 cluster is formed. The formation of a B2H6 cluster has been reported [60]. For 

doped systems, with the exception of K-doped LiBH4, all hydrogen desorption energies were 

lower than those of the dopant-free LiBH4(010) surface, indicating that Na, Al, F, or Cl can be 

helpful dopants for releasing a hydrogen molecule from LiBH4 hydride. Among the various 

doped systems, Al-doped LiBH4 showed the lowest desorption energy of the hydrogen 

molecule as 1.151 eV. On the other hand, the incorporation of Al is energetically unfavorable 

due to the high formation energy. For practical applications of Al-doped LiBH4, the energy 

cost needs to be reduced. The ranking of dopants for hydrogen desorption of LiBH4 was Al > 

Cl > F > Na > K.  
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Figure 5.5. Hydrogen desorption energies in a dopant-free and doped LiBH4(010) surface with 

and without the DFT-D3 method. 
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Interestingly, the hydrogen desorption energy of the Cl-doped LiBH4 system was only 

0.07 eV higher than that of Al-doped LiBH4. This shows that excellent hydrogen desorption 

performance can be achieved using both Al-doped and Cl-doped systems. Wu et al. [61] 

enhanced the dehydrogenation of Mg(BH4)2 via Ni and N partial codoping methods. In the 

present work, as each Al and Cl dopant plays a good role in promoting the dehydrogenation 

process from the LiBH4(010) surface, these two dopants were codoped on the surface to 

explore the changes in the hydrogen release properties. All possible cases of (Al, Cl)-codoped 

structures were considered. Fig. 5.1 (g) shows the optimized (Al, Cl)-codoped LiBH4. Here, 

the average bond length of B-H is 1.495 Å, which is 0.067 Å larger than that of Al-doped 

LiBH4. This means the (Al, Cl)-codoping has a better effect of destabilization compared to Al 

single doping. In addition, the formation energy of (Al, Cl)-codoped was calculated to be 

2.256 eV using equation (1). This co-doped system showed a lower formation energy than Al-

doped LiBH4 by 1.929 eV, indicating that this co-doped system is easier to form than 

introducing an Al or Cl single dopant to the system. To understand how codoping of Al and Cl 

affects the dehydrogenation process of LiBH4(010) surface, the desorption energy of a 

hydrogen molecule from (Al, Cl)-codoped LiBH4 was calculated using equation (2). The 

lowest energy for hydrogen desorption obtained in this (Al, Cl)-codoped system was 1.003 eV, 

indicating that (Al, Cl)-codoping is most favorable for the dehydrogenation of LiBH4(010) 

surface. After releasing a hydrogen molecule, a complex BH3-AlH2Cl exists in the optimized 

system. This also proves that the two H atoms constituting a H2 molecule are released from 

two clusters of [BH4]‾. Similar results were found in the Fe2O3 cluster-doped LiBH4(001) 

surface for hydrogen release [37]. 
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Figure 5.6. Density of states (DOS) of (a) Al-doped and (b) (Al, Cl)-codoped LiBH4(010) 

surfaces. 
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To determine the influence of (Al, Cl)-codoping on hydrogen release from the LiBH4(010) 

surface, the density of states (DOS) of Al-doped and (Al, Cl)-codoped systems were compared, 

as shown in Fig. 5.6. An analysis of the atomic charge was also conducted using Bader charge 

methods [62]. Fig. 5.7 (a) - (c) shows the calculated atomic charges on the top layer of the 

dopant-free, Al-doped and (Al, Cl)-codoped systems, respectively. Moreover, the relevant 

bond orders [63, 64] are obtained from the Density Derived Electrostatic and Chemical 

(DDEC) approach, shown in Table 5.3. For Al-doped LiBH4, there are clear orbital 

hybridizations of B-p, H-s, and Al-s states below the Fermi level (-3.1 − 0 eV), as depicted in 

Fig. 5.6 (a). Compared to the PDOS of the dopant-free LiBH4(010) surface (Fig. 5.4 (a)), the 

orbital overlaps (-3.1 − -0.9 eV) of B-p and H-s clearly decrease after the introduction of Al, 

showing that the bond strength of B-H is reduced by introducing an Al atom. According to 

Bader charge analysis, the hydrogen atoms around boron lose electrons by 0.01e after 

introducing Al to the LiBH4(010) surface (Fig. 7 (b)). By bond orders analysis, the average 

bond order of H atoms and B in Al-doped system is lower 0.009 than that in dopant-free 

system. It demonstrates that the bond strength of boron and hydrogen becomes weaker in Al-

doped system. Therefore, it is beneficial for facilitating the release of a hydrogen molecule 

from LiBH4 with Al dopant. Fig. 5.6 (b) shows that the overlaps (-3.3 − -0.8 eV) of B-p and H-

s states in the (Al, Cl)-codoped LiBH4 become slightly smaller than that of the Al-doped 

LiBH4 structure. This shows weaker B-H bond strengths in the (Al, Cl)-codoped system. 

Compared to Al-doped LiBH4, the Al-p state was enhanced clearly after introducing Cl. The 

(Al, Cl)-codoped structure showed a smaller peak value of the total DOS (-3.4 − -0.8 eV) than 

the Al-doped LiBH4 system, indicating weak interactions among these atoms of Li, B, and H. 

The average charge of H atoms around B in the Al-doped ((Al, Cl)-codoped) system is -0.618e  
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Figure 5.7. Calculated Bader atomic charges (lel) on the top layer of (a) dopant-free, (b) Al-

doped and (c) (Al, Cl)-codoped systems a. 

a Here, the numbers (1-8) annotated on the bonds are used for the analysis of bond orders. 
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Table 5.3. Bond orders on the top layer of dopant-free, Al-doped and (Al, Cl)-codoped systems. 

Here, the numbers (1-8) are corresponding to the annotation in Fig. 5.7.  
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(-0.619e) (Fig. 5.7 (b)-(c)), indicating that the effect of Cl dopant on the charges of hydrogen 

atoms around boron is not significant. However, after introducing Cl to the Al-doped 

LiBH4(010) surface, both Al dopant and the H atoms around Al dopant lose electrons by 

0.064e and 0.004e, respectively. These charges can weaken the interactions of aluminum and 

hydrogen atoms. Furthermore, the average bond order of Al and H atoms in the (Al, Cl)-

codoped system (0.721) is obviously lower than that of in the Al-doped system (0.757). It also 

proves that the bond strength of Al and H atoms is weaker in the (Al, Cl)-codoped system. 

Similar results can be found in the Mg-doped LiBH4 system [65]. Therefore, Al and Cl are 

practical dopants for promoting the dehydrogenation processes of LiBH4 hydrides. 

5.4. Conclusions 

Several ways to enhance the release of a hydrogen molecule from the LiBH4(010) surface 

were investigated by DFT modeling through the introduction of a wide range of strains and 

various dopants. The release of two hydrogen atoms from different [BH4]‾ groups in the top 

layer were preferred over that from a single [BH4]‾ group. Hydrogen desorption was facilitated 

by tensile strain, which weakens the interactions of B with H atoms. On the other hand, 

dopants, M (M = Na, K, Al, F, or Cl) were introduced at the topmost layer of the LiBH4(010) 

system. The Al dopant showed the highest performance for releasing a hydrogen molecule 

with the lowest energy required for hydrogen desorption of 1.151 eV. The dopant ranking of 

promoting hydrogen desorption from LiBH4 was Al > Cl > F > Na > K. Moreover, (Al, Cl)-

codoped LiBH4 showed the lower formation energy than Al-doped LiBH4 and the lowest 

hydrogen desorption energy among the other doped systems. This shows that the 

destabilization of (Al, Cl)-codoping method can effectively facilitate dehydrogenation 
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processes from LiBH4 hydrides. Overall, strain and dopants can be utilized as efficient means 

for the design of highly promising hydride-based hydrogen storage materials. 
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CHAPTER 6. Conclusions 

In this dissertation work, the structural and thermodynamic properties of light metal 

hydrides have been investigated using density functional theory (DFT) calculations. The 

ground state structures of 25 perovskite-type hydrides ABH3 (alkali metals A = Li, Na, K, Rb, 

or Cs, alkaline-earth metals B = Be, Mg, Ca, Sr, or Ba) were obtained. The lattice parameters 

of all optimized structures are in agreement with the available experimental and theoretical 

data. Then, we investigated the most favorable dehydrogenation pathway for each ABH3 

system. By analyzing the calculated formation and reaction enthalpies, NaCaH3 was found to 

be the most attractive ABH3 system for hydrogen storage. To facilitate the dehydrogenation 

process of NaCaH3, alkali dopants (Li, K, Rb, or Cs) and alkaline-earth dopants (Be, Mg, Sr, 

or Ba) were introduced to replace the Na and Ca sites, respectively. It is more useful doping an 

alkali metal at the Na site for hydrogen release than doping an alkaline-earth metal at the Ca 

site in NaCaH3 system. For dehydrogenation processes of all doped NaCaH3 systems, Cs was 

found to be the most beneficial dopant due to the lowest reaction enthalpy. To explore the 

influence of a Cs-doping at the Na site on hydrogen release, the electronic structures including 

atomic charges and bond order were analyzed. The bond strengths of both the Na−H and 

Ca−H bonds became weak after doping Cs at the Na site. Then, the reaction enthalpy for 

hydrogen release was reduced by the low stability of the structure with Cs doping. 

 KMgH3, as an interesting cubic perovskite structure, the structural stability and hydrogen 

release properties with dopants M (M = Li, Na, Rb, or Cs) were examined using DFT 

calculations. The alkali dopants M were introduced at the K-sites of KMgH3 and the most 

stable structures with different dopants were obtained. The R3c phase was the most stable 

phase among the other phases investigated in K1-xLixMgH3 (x = 0.0833 and 0.1667). On the 
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other hand, the Na, Rb or Cs-doped structures showed the Pm3m phase as their ground state 

structures. Then, four possible reaction pathways to release hydrogen from M-doped KMgH3 

systems were considered. Among the other reaction pathways examined, the pathway (4) was 

found to be the most favorable one for each M-doped structure. To find the useful dopants, the 

reaction enthalpies of each doped system were calculated. We found that all reaction 

enthalpies of doped structures were lower than that of dopant-free KMgH3. In particular, the 

K1-xLixMgH3 (x = 0.0833 and 0.1667) showed the lowest reaction enthalpies among the other 

doped systems. It indicates that all dopants are effective in enhancing the hydrogen release of 

KMgH3 and Li was the most useful dopant. Moreover, the effects of pressure (0, 0.5, 1.0, 1.5, 

and 2 GPa) on KMgH3 and K1-xLixMgH3 (x = 0.0833 and 0.1667) were also investigated. The 

results showed that the reaction enthalpies of KMgH3 and K1-xLixMgH3 decreased with 

increasing applied pressure. By the analysis of the electronic structures, the Li dopant and 

pressure may reduce the stability of KMgH3, inducing a decrease in the reaction enthalpies. 

Thus, suitable dopants and pressure can be used to enhance the dehydrogenation properties of 

KMgH3. 

The surface performance of hydrogen release from lithium borohydride has been made 

further investigation by DFT modeling. To enhance the release of a hydrogen molecule from 

the LiBH4(010) surface, a wide range of strains (-3% - +3%) and various dopants (Na, K, Al, F, 

or Cl) were applied. The ground state structures of all build models were obtained. All possible 

cases that release a hydrogen molecule from the LiBH4(010) surface were examined. The 

results show that the release of two hydrogen atoms from different [BH4]‾ groups in the top 

layer were preferred over that from a single [BH4]‾ group. The desorption energies of a 

hydrogen molecule decreased with increasing tensile strain on the LiBH4(010) surface. The 
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tensile strain can facilitate the dehydrogenation process by weakening the interactions of boron 

with hydrogen atoms. On the other hand, the dopants Na, K, Al, F, or Cl were introduced at 

the topmost layer of the LiBH4(010) system. Among all dopants examined, Al shows the 

highest performance to release a hydrogen molecule with the lowest energy required for 

hydrogen desorption of 1.151 eV. The dopant ranking of promoting hydrogen desorption from 

LiBH4(010) system was Al > Cl > F > Na > K. Besides, co-doping system with Al and Cl 

shows the lower formation energy than Al-doped LiBH4 and the lowest hydrogen desorption 

energy among the other doped systems. It means that the destabilization method with (Al, Cl)-

codoping can effectively facilitate dehydrogenation processes from LiBH4 hydrides. 

Overall, dopants and pressure or strain can be utilized as efficient means for the design of 

highly promising hydride-based hydrogen storage materials. 
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