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ABSTRACT 

In recent years, complex metal hydrides have been widely studied as promising 

hydrogen storage materials. These complex metal hydrides may include the following: 

LiBH4/MgH2, Ca(BH4)2, Ca(BH4)2/MgH2 and many others. The 2LiNH2/MgH2 system 

has been recognized as an attractive system for hydrogen storage. However, there is a 

need to focus on the following factors: increase the reaction rate of hydrogen with this 

system, prevent the emission of ammonia, and lower the desorption temperatures.

 In a previous study, alkali metal hydride catalysts (KH and RbH) have been 

added to the 2LiNH2/MgH2 system and their effects on desorption temperatures and 

dehydriding rates have been compared. Thermodynamic and kinetic studies have shown 

RbH to be the best catalytic additive for the 2LiNH2/MgH2 system so far. Kinetics studies 

were done at constant pressure thermodynamic driving forces.  The results showed that 

the RbH doped mixture desorbed hydrogen about twice as fast as the KH doped mixture 
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as and about 60 times faster than the un-catalyzed mixture. However, no absorption 

studies were done 

Throughout this dissertation research, alkali metal hydrides (KH, RbH, and CsH) 

and their thermodynamic properties in the operating temperature range of 140-180 

degrees Celsius will be discussed and compared at 180 degrees Celsius to determine if 

these systems can operate at low temperatures required by United States Department of 

Energy. At lower temperature pressure composition isotherms, the weight percent of 

hydrogen decreased. However, the ΔH for absorption and desorption studies have 

remained similar compared to previous studies done by Goudy and colleagues. Activation 

energies for absorption studies and desorption were achieved. As expected, activation 

energy values for absorption were less than the values for desorption studies.  

Kinetic results were also conducted at lower temperature range from 160-180 

degrees Celsius. For the first time, absorption kinetics at constant thermodynamic driving 

force has been conducted in this dissertation study.  For each alkali metal-doped system, 

the absorption kinetic study has been shown that it is twice as fast as desorption kinetic 

studies for each temperature. For modeling studies, it shows that all the systems undergo 

a diffusion-controlled process. It is still confirmed that 1.9LiNH2+1.1MgH2+0.1RbH is 

still the fastest system compared to the other doped lithium amide-magnesium hydride 

hydrogen storage system.  

Cycling studies were done to test the durability of the doped- systems over time 

for practical applications. RbH-doped system showed that for each cycle that the mid-
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plateau for absorption and desorption formed a hysteresis up to 70 cycles. The other two 

systems remained the same.  
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CHAPTER 1 

INTRODUCTION 

1.1 Why Hydrogen? - A Short History   

 

Before research and developmental studies of hydrogen energy and storage 

became the subject of significant interest in more contemporary times, there had been a 

concern or disbelief as to whether or not hydrogen would ever be considered a renewable 

or potential alternative energy source in the near future for human civilization. The idea 

of a hydrogen economy originated on November 27, 1820 by the Reverend William 

Cecil.
1
   He presented a speech on the element hydrogen and how it could be used in 

combustion engines eliminating the problem of pollution in the natural environment with 

greenhouse emissions. Due to the disbelief of Reverend Cecil’s concept in his day, his 

vision had not been pursued until more than a century later.
1
 

During the 1930s and 1940s, it was reported that scientist Rudolf Even created an 

engine that ran on a mixture of hydrogen and other petroleum compounds.
1,2

  During the 

revival of interest in hydrogen during the seventies, the focus on the potential of creating 

a hydrogen economy began to increase since fossil fuels had been proven to be a finite 

energy source. In addition, environmental pollution caused by fossil fuels emerged as a 

major societal concern.  Consequently, researchers and scientists formed an organization 

whose primary mission is to provide research reports on the theoretical and experimental 

findings regarding hydrogen energy research. That organization is the International 
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Association of Hydrogen Energy.  In 1975, the International Association of Hydrogen 

Energy created special publication called the International Journal of Hydrogen Energy. 

The International Journal of Hydrogen Energy journal is still published and widely used 

today.
1,2

   

Since the seventies, various research and development studies began to emerge 

regarding hydrogen energy research and potential usage throughout the world.  Though it 

is the smallest element in the chemical world, research has demonstrated that it is the 

most abundant in the universe as well.
1.2 

 

1.1.1 Hydrogen Benefits 

 Hydrogen as a potential source of energy can provide significant societal 

benefits. Other than its abundance in the universe, research studies have demonstrated 

that it is a very powerful energy source as well. According to the United States 

Department of Energy (DOE), hydrogen is three times more powerful than the standard 

petrochemicals used to power automotive vehicle engines and many other applications as 

well.
3
   Another significant benefit is it’s very clean fuel quality. When hydrogen is 

burned in the presence of oxygen, it produces water (either gas or liquid state). Though it 

may be explosive due to thermal expansion, the by-product will be 99.9 percent clean 

water in the air which is very environmentally sound to the larger environment. 

Moreover, hydrogen can be used for other applications if found to be a potential solution 

for the societal energy crisis. Contingent on the pace of research and developmental 

progress as a usable energy source, a robust hydrogen economy may begin to take shape 
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and rapidly expand into commercialization for various societal uses.  In the United States, 

the main target for the use of hydrogen energy will be for automotive applications.
1-2, 3-8 

 

However, other applications of hydrogen energy can be used for stand-alone systems 

such as houses, mobile phones, hybrid grid systems and many other energy dependent 

systems. 
9-14

 

 

1.1.2. Hydrogen Challenges 

 Although hydrogen has the potential to become a major asset in the energy 

market, there are still some concerns with recent challenges that it faces as a viable 

commercial energy source.  Though hydrogen is abundant, it can be extracted in various 

forms. Based on the current research literature, hydrogen is not yet available for the use 

freely. Currently, the only way to obtain the potential energy carrier is through methods 

such as electrolysis and steam methane reformation.   Since the 1970s, scientists have 

developed various experimental procedures for extracting and producing the necessary 

hydrogen for the targeted energy production that they sought.  In a later part in this 

chapter of this, we will discuss further methods.
14-93

  

 The burning of hydrogen gas produces clean water; however other dangerous 

compounds can potentially emit CO2 and various pollutants.  As an example, hydrogen 

fuel cells such as solid oxide have been studied for potential commercial applications for 

the near future.  In findings throughout various research studies
7-8

, poisonous sulfur 

emission can sometimes occur while hydrogen is being used.  That finding has been 

determined to be a potential hazard because it is contributing to greenhouse gas 
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emissions. Consequently, those processes add to the existing problem of greenhouse gas 

emissions rather than minimize or solve the problem. As a result, scientist are continuing 

their investigations to find ways to prevent sulfur emissions while hydrogen is being used 

in a fuel cell.
7-8

  

 Another significant downside is the fact that hydrogen research and development 

is lagging behind other energy sources economically.   Further development of hydrogen 

as an energy source will be limited if it is not economically viable and commercially 

feasible. Those are two major factors that are necessary to speed up the development of 

new applications for the energy market. Based on the previous views of former United 

States Department of Energy Secretary Steven Chu, there was a policy to push for mainly 

electric cars, solar panels for homes, automotive applications, and more recently the 

production of methane gas for the energy market.
3
 In order for the hydrogen economy to 

garner energy market share, research and development efforts must accelerate the 

movement towards the next stage of commercial viability. 

Recently, General Motors
65

, Toyota
66

, Honda
67

, and Ford
68

 have established 

targeted goals for the release of the first-generation of hydrogen-fuel cars in the year 

2015. Though this could be a great start, more efficient studies such as better materials 

for hydrogen storage and production still need to be achieved.  That is necessary in order 

to pave the way toward the commercialization stage for many other applications other 

than just on-board applications.  
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1.2 Hydrogen Energy Production 
 

 Hydrogen energy as a potential major source of energy production has been 

studied extensively in the United States and in other nations.
1-43

 Existing published 

research reports indicate that there are various methods that have contributed to hydrogen 

energy production. In this current dissertation, the focus will be on two methods that 

produces nearly 99% of clean hydrogen: 1) steam methane reformation and 2) 

electrolysis.  

 

1.2.1 Steam methane reforming 

According to the various publications and research, steam methane reforming 

(SMR) is a widely used for hydrogen production. Steam methane reforming is the process 

in which methane (CH4) is mixed with water to produce hydrogen gas and carbon 

monoxide.
5
 The process is considered highly endothermic which is why high temperature 

is needed to operate and conduct the SMR process. A benefit of steam methane reforming 

process is that it is a cost-effective process. The reason is because the hydrogen is easily 

attainable from the methane and water which are highly abundant in the United States.  

Therefore, the method is highly used for industrial processes.
69

 Although it is cost-

effective, there are some disadvantages to this hydrogen production process. One of the 

main disadvantages is that it produces carbon monoxide as a byproduct. This is 

considered dangerous for the environment. Another disadvantage is the usage of fossil 

fuels for this method. The main goal for using hydrogen as an energy source is to replace 



6 

 

 

fossil fuels for less greenhouse gas emission and using this method is not advantageous 

towards this goal.   

1.2.2 Water Splitting/ Electrolysis 

Electrolysis, commonly known as water splitting, is another widely known 

method for producing hydrogen.  The process is basically splitting water molecules 

(H2O) into hydrogen and oxygen (O2) using electrical current directly on the water from a 

power source such as a battery.
70

 Based on Figure 1.1, a redox reaction is occurring 

where oxygen is being oxidized on the left side of the apparatus whereas the hydrogen 

molecules are being reduced forming H2.The advantage of producing hydrogen in this 

matter is that it is 100 percent clean compared to steam reforming. The disadvantage of 

this method is that is not cost-feasible for commercial applications. Research studies 

suggested that solar energy can be an effective way to drive the cost down of producing 

hydrogen for this particular process.
70

 

 
Figure 1.1 Schematic Diagram of Electrolysis  
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1.3 Hydrogen Storage  

 There have been various approaches pursued in the search for a more efficient 

method to store this chemical element. The need for storage is similar to storage needs for 

fossil fuels today. DOE is concerned with finding more efficient storage methods in order 

to use hydrogen energy for future use particularly for mobile applications.
9-14,16

 Based on 

the existing research literature, there are two major types of storage materials for 

hydrogen: chemically bound (chemisorption)
 9-14,16

 storage and physically bound 

(physisorption)
17-24

 storage. Further discussion will focus on chemisorption storage.
9-14,16

 

 

1.3.1 Thermodynamic Properties 

 Thermodynamic properties of hydrogen storage materials are based on the 

changes of absorption and desorption of hydrogen within the materials.
84

 According to 

existing theoretical studies, the hydrogen comes in the alpha (beginning) phase of the 

storage material. When hydrogen is desorbed from the material, it transitions from the 

alpha (α) phase to the beta (β) phase, or the product phase. The transition occurs at a 

change in pressure and constant temperature. The measurement of these transitions can 

be demonstrated through pressure-composition-temperature isotherms and also from 

van’t Hoff plots.
25-26

 Pressure-composition-temperature (PCT) isotherms demonstrate the 

hydride desorption and absorption transition of hydrogen from a storage material.
25

 The 

fundamental concept of these analyses is to determine the heat of absorption and 

desorption of the storage materials that is also designated as ΔH. Figure 1.2 presents a 

typical PCI plot of a typical metal hydride storage material. The alpha phase starts at the 
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beginning of both x and y-axis whereas the beta phase is further along in the plot. The 

point at which alpha and beta phases are at equilibrium are at a plateau region of the plot 

represented as α+β.
70

 The pressure-composition-temperature isotherm will be further 

discussed in the methodology section as well as the van’t Hoff plots.
25 

 
Figure 1.2. Example of a Pressure-Composition Isotherm 

 

1.3.2  Kinetic Properties   

 The kinetic properties demonstrate how fast or slow hydrogen can be absorbed 

and desorbed from its hydrogen storage material.
25,83 

This property can be measure 

primarily on the Sievert’s apparatus which is based on the existing research literature at 

this point. In addition, experimental procedures and analyses will be discussed 

throughout the current dissertation. 
25-28
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1.3.3. DOE Standards for on-board hydrogen storage applications 

In discussing chemisorption and physisorption storage materials, the United States 

Department of Energy has standards that each system must follow in order to become 

potential hydrogen storage materials in the future. Table 1.1 contains the standards that 

have been established in various published literature sources regarding hydrogen storage 

materials. The expected year for having the materials with these standards is 2015.
3 

  By 

that time, the hydrogen market should begin to emerge, then paving the way for mass 

production and further applications.
3
Figure 1.3 shows a schematic of a hydrogen-

powered vehicle.  

Thermodynamics 30kJ/mol <ΔH< 60kJ/mol 

Temperature  60°C-120°C 

Kinetics Absorption/Desorption: Less than 5 minutes 

for 5 kg for on-board application 

Cycle Stability Greater than 500 Cycles 

Weight Percent  6 wt%  

Table 1.1. US Department of Energy Standards for hydrogen storage materials 

(especially for chemisorption materials)
3 

 

Figure 1.3. H2 Storage on-board application for automotives. 
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1.3.3.1. Other Applications 
 

 

Recently, more applications for hydrogen energy have been proposed due to the 

fact that it is a clean carrier of energy. However, the probability of significant commercial 

applications will not occur before 2020 according to the US Department of Energy. From 

the chemically bound hydrogen storage materials, metal amides have demonstrated that 

they will have the most promise due to their limited weakness as compared to other 

chemically bound structures.
9-14,16

 If researchers develop other ways to control the 

ammonia from constant reversibility of reactions from storage, then that will be another 

potentially promising hydrogen storage material.
9-14,16

 For physisrption, the more 

promising material is carbon nanotubes.  The primary reason is the simplicity of adding 

the necessary additives in order to increase adsorption and desorption capacities of 

hydrogen.
17-24
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1.4. Physisorption and Its Systems  

Physisorption (or physically bound)  is a process of storing the hydrogen gas into 

the pores of the hydrogen storage materials.
17-24

 This type of storage process consists of 

binding the hydrogen to the compound by Van der Waals forces in order for it to be 

absorbed and released quickly from the system. As a result, reversibility and faster 

kinetics can serve as a great advantage for the physically bound process.
17-24

 Current 

hydrogen storage materials: metal organic frameworks (MOFs) and carbon nanotubes 

(CNTs) will be discussed in more detailed in the succeeding section.
 
 

 

1.4.1. Metal-Organic Frameworks 

 

Metal organic frameworks (MOFs) are crystalline materials that have micro pores 

that absorb gases particularly hydrogen. The discovery of this storage material was made 

by Yaghi et al in 1995.
19,24

 The structure of MOFs include organic polymers, which are 

interconnected with metal linkers. Figure 1.4 presents examples of some of the MOFs 

that have been used and can be used for potential hydrogen storage.
24

 Other than its 

primary characteristics, its strengths and weaknesses will be further discussed in terms of 

use as a hydrogen storage material for the future.
 17-24 
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Figure 1.4 MOFs that are known to be used in hydrogen storage (L-R MOF-5, MOF-6, 

and IR-MOF 8).
24

 

 

The major advantage of MOFs is the high surface area that adsorbs a large 

amount of hydrogen on the surface of the material. As an example, MOF-5 and Cu-BTC 

produce a higher storage capacity than other carbon materials at 0.6 MPa.
9
 The storage 

capacity reflects the large surface area that is accompanied with that MOF. Another 

distinct advantage is the high porosity of the hydrogen materials. For example, many 

metal-organic frameworks such as MOF-5 have high pore diameters for hydrogen to be 

stored according to Hirscher et al.
45

 

However, one of MOFs shortcomings is storage at low temperatures (i.e. cryogen 

temperature). Based on the existing research literature, hydrogen adsorption and 

desorption is mostly conducted between temperature levels of 20-120 K, which is lower 

than room temperature (298 K).
 17-19,45 

Another significant shortcomings is the low weight 

percent of hydrogen that is released from MOFs. Based on findings from other research 

investigations, the average weight percent that is released from metal organic frameworks 

is 1.4 wt% -2.5 wt% which does not meet the existing DOE standard which is 6-9 wt% 

for hydrogen release and desorption.
17-19,45
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1.4.2. Carbon Nanotubes  

Carbon nanotubes (CNTs) are carbon molecules that are microporous with 

nanotubular structures.
20-23

 There are four types of carbon nanotubes which are: single-

walled carbon nanotubes, double-walled carbon nanotubes, multi-walled carbon 

nanotubes, and coiled carbon nanotubes.
20

 Single-walled (SWNTs) are nanotubes that 

only contain one wall of pores on its surface.  Double-walled (DWCNTs) consists of two 

walls that are concentrically thick on the nanotubes for increased porosity for gases.  

Multi-walled (MWCNTs) are similar to DWCNTs. However, they have more walls 

concentrically attached and are very thick inside the tubular structure. Coiled carbon 

nanotubes (CCNTs) are quite unique.  The structure of coiled carbon nanotubes consist of 

cylindrically-shaped walls.
22,24 

 Figures 1.5-1.8 present the structures of  classified 

carbon nanotubes.
81

 Iijima et al discovered those carbon molecules in 1991.
18-22

 That 

discovery was very important because of its potential use for hydrogen storage.  

Consequently, strengths and weaknesses for the current research will be discussed further 

in this section. 
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Figure 1.5. SWCNTs

71
                        Figure 1.6. DWCNTs

72
                         Figure 1.7. MWCNTs

73 

 

 
Figure 1.8. Coiled CNTs

22 

 

Strengths of carbon nanotubes are similar to the metal-organic frameworks 

discussed previously regarding hydrogen energy.
22

 One strength is the low density of the 

material. Another strength is the large surface area on the CNTs.
 18,22,71-73

 For example, 

Gayathri et al demonstrated that the ring-coiled structure (known as Y-configuration) of a 

sample could absorb up to 6.8 wt% hydrogen due to its large surface area.
22 

 

A weakness or shortcoming of the latter hydrogen material is the need for 

transitional metals to increase adsorption. Wu et al used palladium (Pd) to increase the 

adsorption for hydrogen from 4 wt% to about 4.5 wt%, which is 0.5wt% closer to DOE’s 

goal for hydrogen storage. 
23

 Another shortcoming of the CNTs is the need for activating 

agents due to the high stability of the compound.
22-23, 71-73

 For example, in order to 
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increase the adsorption with the Pd, Wu et al used potassium hydroxide, KOH, in order to 

activate/ destabilize for proper experiments. 
23 

 

1.5. Chemisorption and Its Systems  

 Chemically bound storage or chemisorption is a process in which hydrogen is 

adsorbed and desorbed within the storage material. Over the years of numerous hydrogen 

storage material research investigations, various useful ways have been found for storing 

hydrogen chemically. Figure 1.9 presents the materials used for the study that occurred 

in this research area. Most of these chemisorption systems are mainly composed of 

lightweight, complex metal hydride systems.
9-16

  That observation is represented on the 

far left barrel of one-tenth in Figure 1.9. Of the existing complex metal hydride systems, 

the following three chemical storage materials will be discussed further: borohydrides, 

alanates, and metal amides.
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Figure 1.9. Proposed materials that have been observed over the years for potential 

hydrogen storage applications include automotive applications.
33 

 

1.5.1. Alanates 

Alanates are metal hydrides that are composed of aluminum bonded to hydrogen 

(Al-H4) and are bonded to a certain metal (particularly alkali metals).
14,75,86

 In 1997, 

Bogdanovic et al discovered alkali metals as a potential use for hydrogen storage with the 

compound sodium alanate.
14,75

 The advantages of those hydrogen storage materials are 

that they are stable and can hold a hydrogen capacity of 5.5 wt%. 
75

 In addition, complex 

hydride systems can release hydrogen in a two-step process (Equations 1.1 and 1.2).
14

 

3NaAlH4↔ Na3AlH6 + 2Al + H2     (Eq.1.1)
 

 

Na3AlH6 ↔ NaH + Al+ 3/2H2                (Eq.1.2) 
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The disadvantage of that system is the inability to destabilize the compound to 

achieve DOE’s goal of 6-9 wt% of hydrogen. Like the complex borohydride systems, 

researchers have found additives, along with a destabilizing agent, which magnesium 

hydride (MgH2) might destabilize the compound thus releasing and absorbing hydrogen 

at a faster rate. Dathar and Mainardi
 
have explored titanium additives for NaAlH4. They 

concluded that the stability for the release of hydrogen was lowered to 43 kJ/mol.
75

 Also, 

Jun Lu et al have explored the destabilization of LiAlH4 for the release of hydrogen.
 14

 

However, another shortcoming was the reversibility factor of the alanates. Based 

on the existing research literature, alanates can reabsorb hydrogen from 300 °C-500 °C 

which more recent research investigations are attempting to modify.
14,25,86

 Jun Lu et al 

used a method called “cycling” in an attempt to increase stability of the alanate sample. 

They achieved a constant 6.9 wt% for the total sample, which explained the effect of no 

variation of storage occurring on that sample.
14

  

 

1.5.2. Borohydrides 

Borohydrides are of major interest for the hydrogen storage research efforts due to 

the chemical properties of these particular systems. Equation 1.3 presents a 

decomposition of potential storage material magnesium borohydride releasing 

hydrogen.
76

 These chemical properties consist of lightweight systems, bond stability 

between boron and hydrogen, and contain the capacity of hydrogen up to 13.6 wt%-18.3 

wt% of hydrogen in its initial state.
10-14

 However, the reactions are slow and the systems 

release hydrogen at higher temperatures. There are various additives that have been 
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suggested in order to potentially lower the activation energy needed to destabilize 

borohydrides. By destabilizing borohydrides, more hydrogen is released at lower 

temperatures and absorbed from the complex system.
6-10, 40 

 

     Mg (BH4)2  → MgB2  + 4H2       (Eq.1.3)
 

 

Goudy et al have experimented with destabilizing a lithium borohydride system 

with the compound calcium hydride (CaH2). The calcium hydride compound lowers the 

original temperature of the borohydride system from 600°C to a range of 400°C-500°C.
9
 

Though this method has been used, an additive of titanium chloride is still required to 

improve the kinetics of the reactions.
9 

Also, Newhouse and co-workers observed some 

destabilization of magnesium borohydride with the addition of titanium (III) fluoride and 

scandium (III) chloride. The destabilization allows for the magnesium hydride system to 

produce faster kinetics in desorbing the hydrogen.
29

  

Another method that has been explored by researchers is the use of different 

additives.
12-13 

Different additives have served as catalysts to release 6-9 wt% of hydrogen 

from the compound at a faster rate than without the additive.  Based on the existing 

research literature,
12-13

most additives are composed of transitional metal oxides or 

transitional metal halides. One of the main catalysts that is used for the improvement of 

the hydrogen storage properties is titanium additive. Mao et al used titanium additives to 

improve the hydrogen release and adsorption rate of sodium borohydrides.
12

 Also, Vajo 
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et al experimented with two to three percent of titanium chloride, which improved the 

destabilization of lithium borohydride from the original complex system.
13 

 

1.5.3 Ammonia Borane
 

Recently, there have been lightweight hydrogen systems that are being considered 

by the US Department of Energy. Based on the structure, ammonia borane has been 

demonstrated to be a hybrid between the borohydride system and the amide system.  

According to Rassat et al, ammonia borane met and exceeded the required hydrogen 

storage weight capacity (11 wt %) to approximately 13-16 wt% hydrogen capacity.
30,87

 

Equation 1.4 presents the reaction of ammonia borane undergoing the release of 

hydrogen.  There are methods of producing hydrogen from ammonia borane: hydrolysis 

and thermolysis. The hydrolysis method involves mixing the ammonia borane with water 

thus having a soluble and aqueous storage form of ammonia borane to produce 

hydrogen.
30

 Thermolysis is a process in which the temperature or another thermodynamic 

change in the system would allow for the release of a particular substance (in case 

hydrogen). In focusing on solid-state systems, thermolysis will be the main focus of 

further review.
30-32

 

 

NH3BH3 → 1/x (NH2BH2)x +H2                       (Eq. 1.4)  

 
 

According to Hwang et al, at three temperature ranges, ammonia borane has been 

observed theoretically to release hydrogen. These temperature ranges are 90-117 ˚C, 150-
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170 ˚C as well as temperatures greater than 500 ˚C.
31

 According to the US Department of 

Energy’s on-board hydrogen requirements, the first temperature range is most suitable for 

the PEM fuel cell (Figure 1.1) and for mobile applications. Findings of recent research 

publications indicate that they had focused their studies on how to improve the ammonia 

borane hydrogen storage system.
87

 Duman and Ozkar discovered ruthenium (III) 

acetylacetonate as a catalyst for the ammonia borane system.
32

 Those results indicate that 

the thermodynamics and kinetics had been determined. For the kinetic data, it was 

demonstrated that the system released hydrogen by a first-order reaction. This means that 

the catalyst acts readily when the hydrogen is released from the ammonia borane system. 

As for the thermodynamics, the activation energy dropped 48 kJ/mol.  

Although there have been improvements and more are being developed in the 

systems, there are still some major shortcomings that present significant concerns for the 

ammonia borane system. The first significant shortcoming is the operating temperature. 

For a full release of hydrogen, the operating temperature must exceed 280 ˚C.  In 

addition, the reversibility of the system must be increased more too.  According to more 

current studies in the research literature, the reaction demonstrates that ammonia borane 

can only produce hydrogen with irreversible reactions. There is the potential that further 

experimental studies can solve the latter shortcoming by focusing on the development of 

a method to increase the reversibility of the system. If successful, such a method will 

become a major advancement for hydrogen storage.
30-32,87
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1.5.4. Metal Amides 

In more recent years, improved methods for hydrogen storage have been studied 

extensively.  As was previously discussed regarding magnesium hydride to borohydrides, 

complex lightweight materials have been used for on-board hydrogen storage.
89

 

However, in 2002 and 2004, P.Chen et al discovered new lightweight materials that 

appeared to be better candidates for hydrogen storage applications.
33

  Those materials are 

the metal amides. Metal amides are metals that are bonded to amide anions in the 

formation of M-N-H where “M” represents the metal contained in the compound. The 

composition of metal amides is the reason that they are major candidates for use with 

hydrogen. Their lightweight structure and the low temperature of 200°C for releasing and 

absorbing hydrogen are better than borohydrides which release hydrogen at 400 -500°C 

after destabilization.
33,89

 Lithium amide was the first metal amide that was studied.
33

 

Afterwards, studies of other hydrogen storage materials made of metal amides have 

emerged too. Those newer materials have been widely studied for other potential 

applications too.  In the next section, discussion will be focused on the following:  

lithium amide, lithium amide/lithium hydride and their catalytic effects, lithium 

amide/magnesium hydride and catalytic effects thermodynamically and kinetically.
33-46

   

 

1.5.4.1 Lithium amide 

As was previously stated, lithium amide was the first of the metal amides 

developed in special organic chemical investigations. Before hydrogen storage, lithium 
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amide was used in organic chemistry reactions for reduction purposes. However, it was 

discovered that this material was suitable for use as a hydrogen storage material by 

PChen in 2002.
33

 Lithium amide was found to release at least 10.5 wt% of hydrogen as 

compared to the predecessor hydrogen systems.
33

  

 

1.5.4.2 Lithium amide/lithium hydride (LiNH2/LiH) 

Based on a 2002 study that was published in Nature, P. Chen et al assumed that 

lithium amide could be combined with lithium hydride for a complex hydrogen storage 

system.
33

 Equations 1.5 and 1.6 present the basis for the reaction of the lithium 

amide/lithium hydride.  With these equations, the researchers observed that a stable 

compound Li3N was formed. Evidence has been presented indicating that this compound 

is a key compound for producing a reaction. By producing a reaction, that reaction 

enables the system to be cycled multiple times with the weight percent of 6.5 wt%. For 

this particular system, there are two types that have been studied:  LiNH2/LiH and 

2LiNH2/LiH.  In this section, both of these types will be discussed further along with the 

progression of catalytic improvements.
33

 

LiNH2+LiH→ Li2NH + H2                                           (Eq.1.5)
 

 

Li2NH +LiH+ H2 → Li3N +2H2         (Eq.1.6)
 

 

 

1.5.4.3 LiNH2/LiH (Li-N-H system) 

Based on the existing research literature, findings demonstrated that the lithium 

amide/lithium hydride has generated major interest. During preparation, a10% excess of 
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the lithium hydride was used to suppress the release of ammonia during repeatable 

analysis and cycling of the system. Equations 1.5 and 1.6 present the basis for the 

reactions of lithium amide and lithium hydride. In the desorption reaction, the final 

product of that system is lithium nitride, Li3N.  Also in the existing research literature, 

lithium nitride has generated significant interest when it was utilized with hydrogen.  

Scientists have suggested that lithium nitride can store the same amount of hydrogen as 

lithium amide. Although investigations have provided evidence that lithium amide has 

more significant potential for use than the alanates, there remain some improvements that 

must be made to the system. Specifically, lowering the temperature of the release of the 

hydrogen and increasing the rate of hydrogen as well.  

Wang et al indicated that the Li-N-H system could desorb hydrogen at around 280 

˚C.
40

 However, those scientists conducted another study experimenting with transitional 

metal additives in order to solve the previous identified shortcomings. The transitional 

metal additives (titanium, chromium, iron, and nickel) have been useful in solving those 

problems. Based on their research, titanium was shown to be a great additive for lowering 

the enthalpy value -75 kJ/mol to -46.6 kJ/mol. Ichikawa et al also studied TiCl3 as an 

additive for the LiNH2-LiH system. Based on their findings, the small amount of TiCl3 

showed that the desorption temperature lowered from 400°C to 250°C. In addition, the 

emission of ammonia did not occur when compared to the un-doped system.
40

 

Lamb et al discovered that pressure cycling can increase the performance of the 

LiNH2/LiH system. The improvement of this system enabled an increase in the 



24 

 

 

reversibility of dehydriding and rehydriding to the 11wt% hydrogen criteria. The results 

in that study indicated that the addition of nitrogen gas to the lithium amide-lithium 

hydride system provided a more significant improvement as compared to cycling without 

the nitrogen gas. The primary reason for the improvement was that nitrogen gas along 

with the lithium metal (liquid state) formed Li3N readily. Therefore, that result increased 

the capacity of the hydrogen in the system.
35

  

Aguey-Zinsou et al worked with BN particles as additives to determine the effects 

on the Li-N-H systems.
36

 Their results indicated that the improvement of the system was 

achieved by allowing the hydrogen to diffuse through the system at a faster kinetic rate 

than would occur in the system without the BN particles. Also, it was noted that the 

hydrogen was released at a lower temperature of 200 ˚C and under 7 hours as well.
36 

All of the aforementioned studies have provided evidence of various methods to 

improve the system.  However, there were still some shortcomings that occurred. 

According to Cao et al, the systems still needed to meet or exceed the thermodynamics 

criteria required by DOE which are enthalpies in the range of 30 kJ/mol to 60 kJ/mol. 

The Li-N-H systems represent 66 kJ/mol and 88 kJ/mol which are clearly out of the range 

of the DOE standards. Some other limitations include metal amides that can also release 

ammonia into the environment while releasing hydrogen as well. Therefore, researchers 

have suggested that magnesium hydride must bond to this metal amide in order to limit 

the amount of ammonia that is released.
37
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1.5.4.4 Lithium amide/magnesium hydride (LiNH2/MgH2) 

After the extensive research that has been conducted on the lithium amide/lithium 

hydride system, the findings suggest that lithium metal should be replaced with 

magnesium for various reasons. One of the reasons, according to the existing research 

literature, is that experimentally it can be demonstrated that magnesium hydride lowers 

the enthalpy (ΔH) value as compared to the lithium hydride compound. Research findings 

indicate that magnesium hydride is thermodynamically favorable for absorption and 

desorption compared to lithium hydride thus reflecting the low enthalpy value, which 

lowers the temperature also.
38

 Similar to the previously discussed system, there are two 

types of this system along with potential catalytic improvements as well:  1:1 and 2:1. 

Based on the existing research literature, 2LiNH2/MgH2   has provided evidence of a 

greater utility for hydrogen storage applications.
37 

 

1.5.4.5 LiNH2/MgH2 (Li-Mg-N-H system) 

 To solve the problem regarding the thermodynamics criteria, research findings 

suggest that partial replacement of the lithium metal in the LiH with the magnesium 

metal is a promising solution. Based on the density-functional theory (DFT) calculations, 

it has been demonstrated that magnesium hydride (MgH2) was a more 

thermodynamically favored option. Equations 1.7 and 1.8 present the reaction of the 

lithium amide and magnesium hydride in respect to the release of the hydrogen from the 

system.
37,40 

2LiNH2+MgH2 →Mg(NH2)2 +2LiH       (Eq.1.7)
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Mg(NH2)2 +2LiH↔ Li2Mg(NH)2 +2H2      (Eq.1.8)
 

 

Based on these reactions, other research study findings indicate that it has lower 

operating temperatures and produces faster reaction rates as compared to the Li-N-H 

system. Zhang Xiong et al conducted an experimental and theoretical study comparing 

the Li-Mg-N-H system with the Li-Ca-N-H system.
38

. Those research findings indicated 

that the Li-Mg-N-H system had demonstrated that it would desorb at around 157  ˚C as 

compared to the Li-Ca-N-H system which desorbs at around 132  ˚C.  However, findings 

also indicate that the Li-Mg-N-H has a better structural change as compared to the CaH2 

system.
38

 In that study, pressure composition isotherm analysis indicated that the Li-Mg-

N-H system also has higher hydrogen content as compared to the Li-Ca-N-H system. 

Other studies have also suggested that Li-Mg-N-H system has greater potential as a 

system of interest for hydrogen storage.
38,40

  

Like other systems, the Li-Mg-N-H system also needs some vast improvements 

such as operating temperature, hydrogen weight capacity, and faster kinetics. Osborn et al 

first analyzed the behavior of 1:1 ratio of LiNH2/MgH2 hydrogen system.
39

 Using X-ray 

diffraction and PCT isotherm analyses, they concluded that the system undergoing 

release of hydrogen also had released ammonia as well.  Moreover, Durojaiye and Goudy 

have compared the 1:1 and the 2:1 system of lithium amide-magnesium hydride system.
42   

Their results demonstrated that the 2:1 system performed better thermodynamically 

(temperature and enthalpy value, and hydrogen content) and kinetically (faster rate of 
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dehydrogenation) than the 1:1 system.
42

 Therefore, the 2LiNH2 +MgH2 system was 

considered to have a greater potential for hydrogen storage in the subfield of metal 

amides.  

1.6 2LiNH2 +MgH2 

With various considerations and suggestions of the 2LiNH2/MgH2 hydrogen 

storage system, the suppression of ammonia was greater as compared to the 1:1 system. 

As was previously demonstrated, Equations 1.7 and 1.8 presents the reaction of 2LiNH2/ 

MgH2 system that had been used. However, because of environmental concerns, that 

shortcoming required significantly more improvement. Luo, Durojaiye, and many other 

researchers have suggested that adding an additional 10% excess of magnesium hydride 

would help solve this problem. However, significant shortcomings still remain. Those 

shortcomings consisted of lowering the temperatures, speeding up the kinetics, and 

increasing hydrogen content. Other researchers have suggested that using dopants and 

additives will help limit those shortcomings in a major way.  

 

1.6.1  1.9LiNH2+MgH2+0.1KH and other K-based additives 

In observing this challenge, various researchers have suggested the use additives 

and catalysis as a way to significantly limit the ammonia along with treating the system 

thermodynamically and kinetically. P. Chen et al  have discovered that potassium 

hydride, a light metal catalyst, would be a great catalyst that would improve the 

1.9LiNH2+MgH2+0.1KH system.
14,42,91

  Later, two research groups, Goudy and his 

research group and Lu and his research group discovered a way to limit the amount of 
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ammonia released in the air and lower the temperature.
14,42

. Their research methods 

included the design of a 2LiNH2/MgH2 system along with 4-mol% excess of potassium 

hydride.
14,42

 Both groups’ results generated from the use of those research methods 

indicated that at around 200 °C, there were small amounts of emissions of ammonia 

released from the system.
14, 42

 

 

Also, Li et al  have focused their attention on potassium-based additives for the 

2LiNH2/MgH2 hydrogen storage system.
49 

 Based on their findings, they discovered that 

the catalyst of interest, KF produced a catalytic effect on the system after the system was 

re-hydrogenated at temperatures greater than 200  ˚C. Liang et al observed that KOH 

additive produced a significant improvement on the Li-Mg-N-H system.
34

 Their results 

indicated that the KOH-doped system decreased the operating temperature by 74 degrees 

as compared to the un-doped system. In addition, the cycling stability of the system only 

decreased 0.002% within the 30 cycle study.
34

 

 

1.6.2  1.9LiNH2 +MgH2+0.1RbH and other Rb-based additives 

Recently, Durojaiye et al
41

 conducted another study on a novel system involving 

3.3 mol% of rubidium hydride (RbH) as a destabilizing agent. In that study, RbH had to 

be synthesized using a process called mechanical ball milling. From the results presented 

in a recent paper, that system provided evidence that it was a better alternative because it 

produced a lower desorption temperature and faster kinetics as compared the previously 

studied potassium hydride- catalyzed system.
41
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After the introduction of RbH to the system, other researchers such as Li et al 

continued to investigate further utility of the Rb-based additives.  Li et al first introduced 

RbF dopant to the 2LiNH2/MgH2 system.
47 

Based on their results, they observed that after 

milling RbF with the system, RbF reacted with LiH and formed RbH and LiF.  The RbH   

demonstrated that the mixture had a major effect on lowering the desorption temperature 

and significantly increasing the desorption kinetics just as Durojaiye et al. demonstrated. 

However, the only concern reported was the decrease in weight percent in the PCT 

isotherms due to the molecular weight of RbF.
47

   

Additionally, Li made a further discovery.  He discovered that a more significant 

improvement on 2LiNH2/MgH2 system could be realized with the addition of small 

amounts of RbH and KH.
48

  Their results indicated that at 130 °C, the desorption kinetics 

produced with the RbH/KH-doped system was 43 times faster than the un-doped system. 

For thermodynamic studies, desorption operating temperature for the co-catalyzed system 

was approximately 40 degrees lower than the un-doped system as well.
48
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1.7 Motivation 
 

 Lithium amide-magnesium hydride systems have been found to be promising for 

hydrogen storage applications due to the low operating temperatures compared to other 

systems. A review of research studies in the existing research literature shows that the 

majority of the experiments were conducted at higher temperatures (above 200 °C). In 

addition, most of the studies done on the 2LiNH2/MgH2 hydrogen storage system were 

dehydriding kinetic studies. Therefore, the current dissertation will focus on the 

thermodynamic and the kinetic properties of these alkali metal dopants and their effects 

on the 2LiNH2/MgH2 system for both absorption and desorption studies 

 

1.7.1 Goals of Current Research
 

The goals of the dissertation research are as follows: 

 

 Investigate the probability of producing thermal stability between 30 

kJ/mol <ΔH < 60kJ/mol at constant temperatures lower than 200°C.  
 

 Investigate the probability of producing accelerated kinetics at constant 

temperatures lower than 200°C using suitable catalytic additives. 
 

 Perform absorption studies for the alkali metal-doped systems for the first 

time at constant thermodynamic driving force.   
 

 Determine the rate-limiting step for the kinetic data using kinetic 

modeling equations. 

 

 Determine the maximum durability of the catalyzed system at 

temperatures lower than 200°C using cycling procedures. 
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CHAPTER 2 

EXPERIMENTAL METHODS 

This chapter will introduce and explain all of the necessary steps that were 

necessary in order to accomplish the goals of the current dissertation research study.  In 

addition, extensive elaboration was provided in order to outline all of the specific 

procedures, materials, etc. that were central to the completion of all experiments 

described.  Finally, the experimental section discusses the primary purpose, aim and 

significance of the current research study. 

 

2.1      Chemicals That Were Used  

Chemicals that were used for the current doctoral dissertation research study were 

purchased from Sigma Aldrich and Alfa Aesar. Using those chemicals, rubidium hydride 

and cesium hydride were prepared from 95 percent pure rubidium using a method 

described by Elensari et al
50

 and a modified procedure by Durojaiye et al
41

.  In section 2.1 

of this chapter, that process is described further and discussed in detail.  All samples were 

prepared in an argon-filled atmosphere provided by the glove box (Figure 2.1) and ball-

milled by a Spex Mill/Mixer Shaker mill for two hours (120 mins) shown in Figure 2.2. 

Afterward, they were transferred to 10 ml glass vials and stored in an argon atmosphere 

glove box for further analyses that are described in the current study.
9,17 
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Figure 2.1 Glove Box where all the samples were prepared in an argon atmosphere. 

 

 

 

 
Figure 2.2 SpexMill/Mixer Shaker Mill used for preparing alkali-metal doped lithium 

amide-magnesium hydride hydrogen storage systems.  
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2.2       Synthesis of Rubidium Hydride and Cesium Hydride 

According to Elansari et al, rubidium hydride and cesium hydride are not readily 

available.  Therefore, those materials were synthesized in the laboratory.
50

 In the 

beginning, approximately 4-5 g of rubidium metal/ cesium metal and ten10 mm titanium 

carbide balls were transferred into a titanium carbide vial. Afterwards, a pressurized lid 

was placed on the vial in order to secure the vial contents.  Tightly securing the vial in 

that manner was necessary in order to prevent contamination.
41 

In the next step, hydrogen gas was added into the vial. In order to add hydrogen 

into the vial, the hydrogen was blown out of a tube that was connected to the Sievert’s 

apparatus so that the tube would not have a buildup of atmospheric air. After the 

hydrogen gas flowed through, the tube was then connected to the lid on the vial. Once 

connected, the pressure added to the vial was ~90 psi-100 psi. After pressurization, the 

vial was transferred to the planetary mill (Fritsch pulverisette 7) which is presented in 

Figure 2.3. A diagram of the pressurization process is shown in Figure 2.4 for 

clarification. 

A rotation rate of 100 rpm was conducted for 15 minutes. During that process, the 

rotation rate was increased progressively by 25 rpm.  In addition, the 15 minute milling 

time was kept constant until 250 rpm was achieved.  That process was repeated three 

times by restarting from 100 rpm. At 250 rpm, a 12 hour milling period was set which 

included 36 cycles of 20 minutes of milling and 10 minutes of pause times.  However, it 

should be noted that before the start of each milling cycle the vial was re-pressurized 
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between 90-110 psi.  The lid of the vial was changed when 175 rpm was achieved 

because of the spread of rubidium metal onto the inside of the lid, which could prevent 

effective pressurization of the vial.
41 

After the 18 hour milling process was completed, the vial was re-pressurized then 

it was placed in an oven at 120
o
C for 1 hour. Afterwards, a white powdered substance 

emerged at the end of the incubation process that was observed in the argon filled glove 

box. To determine that the RbH/ CsH had been synthesized, an X-ray analysis was 

conducted. The diffraction pattern was then compared with the x-ray pattern shown in the 

X’ Pert Highscore database.
41,50

 

 

 

 
Figure 2.3. Fritsch pulverisette 7 was used for reactive ball milling in synthesizing 

rubidium/ cesium hydride (RbH/CsH). 
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Figure 2 .4 The Process of hydrogen pressurization of the rubidium/cesium metal. 

 

2.3       Powder X-Ray Diffraction  

Based on the existing research literature, powder x-ray diffraction is a 

characterization technique used to identify the purity of materials, phase transitions, and 

structural properties of solid state materials.
39-42

   Figure 2.5 shows the X-ray 

Diffractometer model made by PANanalytical. The diffraction patterns produced from 

this instrument were used to determine lattice parameters. 
34,41,44

   

All analyses were conducted using copper K-alpha radiation. Also, samples were 

prepared in an argon-filled glove box and were sealed with a thin Kapton polymer film to 
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protect them from moisture and external contaminants. The Kapton film does not 

interfere with experimental scans from X-rays. For the sample stage scan, a razor was 

used to make certain that the sample was spread evenly over the dish.
 

 

 
Figure 2.5 X-Ray Diffractometer 
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2.4       Fourier Transform Infrared Spectroscopy (FTIR)  

To measure the N-H vibrations of the undoped and doped materials, samples were 

measured by an FTIR instrument located at Delaware State University. That instrument is 

the IR Prestige-21 Fourier Transform Infrared Spectrophotometer model 8400S from the 

Shimadzu Corporation shown in Figure 2.6. Each sample was mixed with KBr at a ratio 

approximately 1:10. Then those mixtures were hand-ground into fine powder using an 

agate mortar and pestle in an argon filled glove box. The ground mixture was transferred 

to a pellet press holder and pressed at 13 kilopound per square inch (ksi) for ~ 1-2 min to 

form a pellet of ~12 mm in diameter and 0.5 mm in thickness. There was a brief exposure 

of sample pellets to air during hydraulic pressing and movement to the sample 

compartment of the spectrometer.
80

  

 

Figure 2.6 IR Prestige - 21 Fourier Transform Infrared Spectrophotometer. 
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The FTIR spectrophotometer was powered on and the IR solution icon and the 

monitor were double clicked in order to open the software template. Sample information 

and other parameters needed such as measurement mode, number of scans and range 

were inputted. The background was measured first by clicking on the BKG (background) 

icon on the software. Once that background was run, the prepared pellet was carefully 

placed in the sample compartment and the sample measurement taken with the 

compartment closed. After 16 scans were accumulated, a final infra-red spectrum was 

produced. All sample measurements were taken under ambient conditions. Background 

measurement of air was obtained prior to each sample measurement. The background 

measurements were automatically subtracted from the sample measurement by the 

spectrometer.
 

2.5 Temperature Programmed Desorptions (TPD)/Pressure-composition 

isotherms (PCIs) 

 Before PCIs were conducted, a temperature-programmed desorption was 

completed. That experimental procedure exhibited the release of hydrogen from a fresh 

sample. TPDs were used to determine two primary factors that enabled further analyses: 

1) the total amount of hydrogen each hydrogen system released and 2) the temperature at 

which the sample released hydrogen gas. Observing temperatures at which the hydrogen 

was released enabled the selection of potential temperatures for pressure-composition 

isotherms.
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A potential hydrogen storage system would require thermostability (ΔH) in the 

range 30 kJ/mol to 60 kJ/mol based on DOE requirements.  To measure the 

thermostability of each sample, pressure-composition isotherms were gathered. Once 

gathered, van’t Hoff plots were calculated from the mid-plateau pressures. From those 

plots, an enthalpy value was calculated which described the thermostability of the KH-

doped, RbH-doped and CsH-doped systems studied.
24

 In previous research studies, 

pressure-composition isotherms were gathered at constant temperatures starting at 200°C 

and above.
41,43

 

However, in the current research study, pressure-composition isotherms were 

gathered at temperatures below 200 °C. That process was designed to produce results that 

contained low plateau pressures experimentally. Based on data extrapolation, plateau 

pressures were collected around 80 °C that were based on theoretical calculations. 

However, for the current doctoral dissertation research study, the focus was primarily on 

the temperatures discussed in the temperature programmed desorption section of the 

current chapter.  For the experimental data, a computer program called LabView was 

used to create experimental runs and collect the resulting data .
52-53

  

For the experimental data, the LabView computer program was used to record 

experimental runs and collect the TPDs and PCIs data. The temperature range of 

isotherms was 150 °C-180 °C. As the temperatures became lower, the settling 

temperature programs were modified to record accurate and precise results.  
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Figure 2.7 Pressure Composition Isotherm Instrument by Advanced Materials 

Corporation (Pittsburg, PA ) 

 

2.5.1 Cycling 

        Figure 2.8 shows isotherms gathered for absorption and desorption for 

LiNH2/MgH2 catalyzed with KH.
43

 However, kinetic and thermal stability have not been 

conducted on that system to date. To test the kinetic and thermal stability, cycling studies 

were conducted on the un-catalyzed, KH-catalyzed and RbH-catalyzed system.
4,12,42-43

  

Experimental procedures for cycling have been conducted that were based on 

those conducted by Z. Dehouche and that research group.
27

 The sample was prepared in a 

PCI sample chamber in an argon-filled glove box. The sample chamber was then 
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connected to the PCI instrument .The program used to conduct the temperature and PCI 

analyses was the Labview Software. That program begins with evacuation of the system 

for 1 hour at the desired temperatures stated in this study. The primary reason for that 

procedure is enable the sample to be fully “degassed” of hydrogen and argon. After that, 

the evacuation program is then conducted for 2 hours to ensure that a clean and activated 

surface exists for the hydrogen to interact with the complex system. Then hydriding and 

dehydriding is applied to the sample for 1 hour each and conducted 10 consecutive times. 

Finally, absorption and desorption studies of isotherms were gathered after 10 cycles of 

sorption and evacuating the samples. For each sample, 10 sets of 10 cycles were collected 

(100 cycles total) and analyzed.  Findings are presented in the results section. 

 

Figure 2.8. Pressure-composition isotherm of KH-catalyzed 2LiNH2/MgH2 H2 storage 

system
43 
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2.6 Thermogravimetric Analysis (TGA) 

Based on the previous studies, researchers determined the activation energy for 

each of the catalyzed samples through the use of thermogravimetric analysis (TGA) 

and/or differential scanning calorimetry (DSC)
88

. For the current study, the TGA was 

used to measure the heat flow along with the change in temperature for the KH-doped, 

RbH-doped, and the CsH-doped system. Figure 2.9 shows the Thermogravimetric/ 

Differential Thermal Analysis instrument that was manufactured by Perkin Elmer.  Using 

Equation 2.1 below, the Kissinger plot was calculated. It was used to determine the 

activation energy for each system.
42

 In the equation, R represents reaction coefficient 

8.314, β is the change in heat, Tmax equals the temperature at maximum rate, and FKAS (α) 

is a constant that is a function of transformation.  

 

ln(β/T
2

max)= (Ea/R)(1/Tmax)+ FKAS(α)    (Eq. 2.1) 

  

In addition, with consideration of the United States Department of Energy’s 

guidelines, the researcher determined the activation energy through the process of 

Arrhenius plots. The Arrhenius plots were gathered through a series of kinetic analyses at 

different temperatures in the range of 160 ˚C-180 ˚C. Once collected and assuming that 

the reaction is a first order, first-order plots was generated for the determination of the 

rate constant k. Subsequently, Arrhenius plots were constructed and used to determine 

activation energies for each doped system.  
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Figure 2.9 Thermogravimetric Analysis (TGA)/Differential Thermal Analysis (DTA) 

 

 

2.7     Residual Gas Measurement (RGA) 

For thermodynamic studies, it is necessary to determine how much ammonia was 

released from each system after heating at high temperatures. The release of ammonia 

and other gases can be measured by residual gas analyses and is known as RGA. The 

instrument that was used for each RGA is the Stanford Research Systems Residual Gas 

Analyzer (SRS RGA) model RGA Pro-2500 fitted with a quadrupole mass filter, faraday 

cup detector and a thoria-iridium filament shown in Figure 2.10. The RGA was pre 

calibrated before use. The RGA was coupled to the Advanced Materials Corporation PCI 

unit for the oven component.   

 

2.7.1 Procedure for RGA 

The sample holder was filled with about 0.5 g of the sample and analyzed in 

argon-filled glove box. The sample holder was plugged with glass wool and covered. The 
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sample was placed in its compartment and removed from the glove box. The sample 

holder compartment was clamped on to the PCI unit and connected to the RGA via a 1/8" 

sampling line. With the sample holder valve closed, a leak test was conducted and the 

sample and system were purged. The air pressure which controlled the valve opening was 

set at 40 psi. The RGA was turned on. The roughing pump was turned on followed by the 

RGA switch. The turbo pump was turned on and monitored until the pressure in the 

chamber/frequency was around 10
-4

 mbar/1500 Hz.  

 

The RGA must not be operated if the pressure in the chamber is greater than 10
-4 

Torr. The manifold was cleared of residual gases before use. That procedure was 

executed by closing valve 1. Valve 2 and 3 were opened until the desired pressure in the 

manifold had been achieved. It must be noted that valve 3 will not open unless valve 2 

has already been opened for 5 seconds. The manifold clearing must always be executed 

prior to use or after the user has finished investigating a current gas sample. The RGA 

software was started by double clicking on the RGA 3.0 icon on the desktop. The RGA 

head was connected by clicking on the tool bar’s RS232 set up button. A dialogue box 

showing “buffer is full” was displayed and OK was clicked.  

The RGA list was upgraded on a new dialogue box display and the port (COM1) 

to which the RGA head is connected was selected on the connector column and the 

connect button clicked. The connection is made when “connected” is displayed in the 

status column and the tool bar’s GO button turns green. The connector list was closed 

when the connection was completed 



45 

 

 

 

The filament was turned on by clicking on the tool bar’s filament button. A green 

status LED on the back panel of the ECU box provides an indication of the emission 

status of the filament at all times. Also, it provides the fastest way to verify whether or 

not the filament is emitting electrons. On the tool bar, the mode was clicked and the 

pressure versus time (P v T) mode was selected. The background measurement was done 

at room temperature by opening the by-pass valve followed by valve 1 then valve 2 

because the measurement was conducted at low pressure and the desorbed gas was 

allowed to flow directly to the RGA. The toolbar’s GO button was clicked. After a small 

delay, the P v T scan data started to display on the screen. The graph was rescaled by 

selecting Auto scale from the graph menu. From the background set up feature of the 

software, “background –scan data” was selected before sample measurements. A sample 

measurement was conducted in the same manner as the background measurements with 

the temperature ramped to approximately 400 
o
C.  After a few seconds, the display of the 

selected species appeared on the screen with different pressure readings as the 

temperature rose. This process is similar to the temperature programmed desorption 

conducted on the PCI machine. The difference is that in TPD the change in mass is being 

measured whereas in RGA the gases are being determined. 
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Figure 2.10 The Residual Gas Analyzer coupled to the Advanced Materials PCI unit 

2.8      Kinetic Analyses 

For hydrogen storage, the United States Department of Energy has a primary 

concern as to how fast hydrogen gas in a particular system can be absorbed and released 

at a reasonable rate (discussed in Chapter 1, pg.6).  The rate of hydrogen release and 

absorption has been determined to be a very critical factor for on-board hydrogen storage 

applications.
55

 To achieve the DOE goal for this study, kinetic experiments were 

collected and analyzed accordingly.
24,34

 It should be noted that in the current doctoral 

dissertation research study, the introduction of absorption studies to the lithium amide-

magnesium hydride system (2:1) at constant thermodynamic driving force will be 

discussed further.
77,78 



47 

 

 

All kinetic experiments were conducted on a stainless steel-engineered Sievert’s 

apparatus. The schematic of Sievert’s apparatus is presented in Figure 2.11. The 

Sievert’s apparatus is designed to measure the rate of the absorption and desorption of 

hydrogen from sample materials using a constant pressure regulator. For absorption 

studies, hydrogen is released from the reservoir and is “absorbed” in the sample chamber 

through a pressure regulator holding the pressure constant. For desorption studies, 

hydrogen is released from the sample chamber and flows into a reservoir.  

 To prepare for kinetics, approximately 1.0-2.0 g of the sample was placed into 

the sample reactor in the glove box. Glass wool was placed in the reactor right after the 

sample to prevent potential sucking of the sample into the Sievert’s apparatus. Next, the 

sample reactor was sealed and then connected to the apparatus. The tube furnace was 

turned on so that experiments could be conducted at constant temperature. A 

thermocouple was placed into the bed of the sample and the sample reactor. The 

thermocouple was connected to a digital readout in order to monitor a constant 

temperature. Potential temperatures for kinetic studies were conducted at temperatures 

below 200 °C, particularly 160 °C.
 

With kinetics, a constant pressure thermodynamic driving force was required. The 

constant driving force was denoted as the “N” value which is a ratio of the plateau 

pressure and the opposing pressure of a sample.
26,56-57

 Presented in Equation 2.2 is the 

representation of the definition of the N-value pertaining to absorption kinetics and 

presented in Equation 2.3 is the representation of the definition of N-value for the 
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desorption kinetics. Pop represents the opposing pressure, whereas Pm represents that 

plateau pressure that was determined experimentally from the pressure-composition 

isotherm. For the collection of kinetic data, Daqview software was used to measure the 

pressure of the hydrogen in the sample, Sievert’s apparatus, and in the ballasts.
 

 
Figure 2.11. The Sievert’s apparatus schematic

53 

 

N= Pop/Pm                 (Eq. 2.2) 

 

N=Pm/Pop                               (Eq.2.3) 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

49 

 

CHAPTER 3 

THERMODYNAMIC AND STRUCTURAL PROPERTIES OF KH-DOPED, RbH-

DOPED, AND CsH-DOPED 2LINH2/MGH2 HYDROGEN STORAGE SYSTEM 

 

Background 

In the current study, the effectiveness of several alkali metal hydrides (KH, RbH 

and CsH) for improving the hydrogen absorption and desorption properties of a 

2LiNH2/MgH2 mixture was studied.  Results indicated that the relative effectiveness of 

these additives in decreasing the hydrogen desorption temperature, minimizing the 

emissions of ammonia and the thermostability of the system is in the order: RbH > KH > 

CsH.  It appears that the alkali elements: K, Rb and Cs partially replace the Li in the 

product layer. Also, it appears that there is an inductive effect in which the N-H bond is 

weakened thus leading to lower desorption enthalpies. The lattice expansion is caused by 

substitution of the larger alkali elements such as K, Rb and Cs for Li. 

 

3.1 XRD analyses 

Presented in Figure 3.1 are the X-ray diffraction patterns of the catalysts that 

were used. A comparison of the peaks in the three XRD profiles reveals some systematic 

trends. As was hypothesized, the peaks for corresponding Miller indices generally shift to 

smaller angles as the size of the alkali metal increases. The calculated lattice parameter 
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“a”, for KH, RbH and CsH are 5.70±0.010, 6.01±0.012 and 6.37±0.015, respectively. 

Those values are consistent with values that were reported by Elansari et al
50

.  Presented 

in Figure 3.2 are the XRD profiles of the “As Milled” samples with and without the 

catalysts. It was observed that the KH, RbH and CsH doped mixtures all followed the 

same pattern. No catalysts’ peaks were identified in the un-doped mixtures. However, 

KNH2, RbNH2, and CsNH2 were identified in the doped samples. 
63

 

Presented in Figure 3.3 are the dehydrided XRD profiles of the mixtures. 

Rijissenbeek et al
62

 reported that the dehydrided mixtures of the KH doped and the un-

catalyzed mixtures result in the formation of a new compound known to be Li2Mg(NH)2. 

The XRD patterns in Figure 3.3 are relatively consistent with those reported by 

Rijissenbeek et al.
62

 They used in situ X-ray diffraction and neutron diffraction to 

demonstrate that Li2Mg(NH)2 has an orthorhombic structure at temperatures below 350 

°C that undergoes a phase transition to primitive cubic at 350°C and to face centered 

cubic at 500 °C.
62

 The RbH doped mixtures exhibits the same XRD pattern as the un-

catalyzed and KH doped mixtures when dehydrided. However, the CsH doped sample 

results provided a different XRD pattern than the others when dehydrided. The set of 

peaks at 18.3 and 20.2 degrees in the patterns for the other dehydrided mixtures could not 

be observed in the dehydrided mixture of the CsH doped sample. Also, that sample 

possessed a strong singlet peak at 51.6 degrees.  The others displayed multiple peaks in 

that same region. That result can be further explained in Tables 3.1a-c in the h, k, l 

parameters showing that the dopants have cubic structures. The fact that the CsH doped 



51 

 

 

mixture did not produce the same diffraction pattern as the other mixtures is strong 

evidence that the Cs containing product has a different crystal structure than the others.  

Ball milling Cs with a 2LiNH2/MgH2 mixture can result in the formation of a stable 

amide Cs2[Mg(NH2)4]
63

, in which Cs partially replaces Li, but evidently the subsequent 

dehydrogenation does not result in the formation of a Cs substituted imide. 
63 

Figure 3.4 

shows the XRD profiles of the rehydrided mixtures. Also, an XRD pattern for Mg(NH2)2 

has been included for comparison in Figure 3.4. Observed in all of the rehydrided 

patterns was some evidence of the Mg(NH2)2. That observation confirms that the 

mixtures cycle between Mg(NH2)2+2LiH and Li2Mg(NH)2, thus indicating reversibility. 

Based on other studies, it has been reported that the KH doped mixture 2LiNH2/MgH2 

shows peaks belonging to the KH catalyst at 27.2 degrees in the dehydrided and 

rehydrided mixtures
51,64

. A peak at 27.1 degrees did appear in the diffraction patterns for 

the KH catalyzed mixtures in Figures 3.3 and 3.4. That peak corresponds very closely to 

the (111) peak in the diffraction patterns for the KH dopant in Figure 3.1. Thus, it is clear 

that the KH dopant was present throughout the process.
51,64 

However, this was not the case in the RbH and CsH catalyzed mixtures. Peaks at 

25.8 and 23.3 degrees appeared in the diffraction patterns for the RbH and CsH catalyzed 

mixtures in Figure 3.4 but not in Figure 3.3. The appearance of those peaks in Figure 

3.4 confirms that the catalysts have been regenerated. The fact that no RbH or CsH peaks 

appeared in the dehydrogenated patterns in Figure 3.3 indicates that the hydrides may 

have decomposed into the metals, Rb and Cs. That result was more likely due to the fact 
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that both of those hydrides decompose at ~170 °C, which is below high temperatures that 

have been used to operate on these systems.  

 

Since both of the resulting metals (Rb and Cs) have very low melting points (39.5 

and 28.4 °C, respectively) they would be liquefied at the relatively high temperatures at 

200 °C or above. Thus, they would display no diffraction peaks. The high pressure of 100 

bars during rehydriding is enough to regenerate the metal hydrides within the systems. It 

should be noted that KH doesn’t decompose until 400 °C. Thus it remains intact 

throughout the changing of phases in the experiments. 
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Figure 3.1 X-Ray Diffraction Patterns for the KH, RbH, and CsH dopants 

 

 
Figure 3.2 X-Ray Diffraction patterns of as milled samples for the alkali metal-doped vs. 

un-doped sample.  
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Figure 3.3 X-Ray Diffraction patterns of dehydrogenated samples for the alkali metal-

doped vs. un-doped sample. 

 

 

 

 
Figure 3.4 Diffraction patterns of rehydrogenated samples for the alkali metal-doped vs. 

un-doped sample. 
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                            Table 3.1a Lattice parameter calculation for KH 

 

 
 
                        Table 3.1b Lattice parameter calculation for RbH  

 

 
 
                        Table 3.1c Lattice parameter calculation for CsH  

KH

2θ θ sinθ (sinθ)^2 Δ(sinθ)^2 Whole # N h,k,l a Std. Dev.

27.196 0.2373 0.2351 0.0553 0.055274 1.0108 3 3 111 5.6792689

31.47 0.2746 0.2712 0.0735 0.018267 0.33405 1 4 200 5.6853641

45.02 0.3928 0.3828 0.1465 0.073006 1.33507 4 8 220 5.6957266

53.31 0.4652 0.4486 0.2012 0.054683 1 3 11 311 5.6995717

55.87 0.4875 0.4684 0.2194 0.018212 0.33305 1 12 222 5.7006269

65.46 0.5712 0.5406 0.2923 0.072845 1.33212 4 16 400 5.7035777

72.17 0.6298 0.589 0.3469 0.054622 0.99888 3 19 331 5.7050704

74.35 0.6488 0.6042 0.3651 0.018175 0.33236 1 20 420 5.7057257

82.86 0.7231 0.6617 0.4378 0.072731 1.33004 4 24 422 5.70759

89.13 0.7778 0.7017 0.4924 0.054589 0.99827 3 27 333 5.7083895

5.6990912 0.00974

RbH

2θ θ sinθ (sinθ)^2Δ(sinθ)^2Whole # N h,k,l a Std. Dev.

25.76 0.2248 0.2229 0.0497 0.04969 1.01025 3 3 111 5.990057

29.80 0.26 0.2571 0.0661 0.01642 0.33384 1 4 200 5.996537

42.54 0.3712 0.3627 0.1316 0.06547 1.33113 4 8 220 6.011047

50.32 0.4391 0.4252 0.1808 0.04918 1 3 11 311 6.013673

52.70 0.4599 0.4439 0.197 0.01626 0.33051 1 12 222 6.016376

61.59 0.5375 0.512 0.2621 0.06511 1.32389 4 16 400 6.022782

67.86 0.5922 0.5582 0.3116 0.04945 1.0055 3 19 331 6.019837

69.85 0.6095 0.5725 0.3277 0.01614 0.32813 1 20 420 6.022228

6.011567 0.012096

CsH

2θ θ sinθ (sinθ)^2Δ(sinθ)^2Whole # N h,k,l a Std. Dev.

24.301 0.2121 0.2105 0.0443 0.0443 1.01434 3 3 111 6.34379

28.09 0.2451 0.2427 0.0589 0.0146 0.33423 1 4 200 6.352921

40.04 0.3494 0.3423 0.1172 0.05827 1.33426 4 8 220 6.369839

47.29 0.4127 0.4011 0.1608 0.04367 1 3 11 311 6.375079

49.54 0.4323 0.4189 0.1755 0.01467 0.33593 1 12 222 6.374184

57.79 0.5043 0.4832 0.2335 0.05794 1.32654 4 16 400 6.381962

63.50 0.5541 0.5262 0.2769 0.04343 0.99449 3 19 331 6.385862

65.38 0.5705 0.54 0.2917 0.01477 0.33813 1 20 420 6.38373

6.370921 0.015111
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3.2 Fourier Transform Infrared Spectroscopy 

 Presented in Figure 3.5 are the FTIR patterns for the un-doped, KH-doped, RbH-

doped, and CsH-doped as-milled samples.  Also, the LiNH2 and MgH2 samples were 

analyzed to identify those compounds in the as-milled samples. The peaks for the LiNH2 

samples are located in the 1550 and 3312-3270 range whereas MgH2 shows little to no 

observable peaks. This range can also be seen in all of the samples in this dissertation 

study.  According to the standard IR absorption characteristics, there is an N-H stretch in 

the range of 3250-3400 cm
-1

. This might indicate that the N-H bonds in each of sample 

are weakened and formed intermediate species of the as-milled samples.
80 

Presented in Figure 3.6 are the curves for the dehydrided samples that were 

analyzed by the FTIR samples. The results indicate that the LiNH2 that was present in 

each of the systems disappeared and formed the widely known ternary imide, 

Li2Mg(NH)2. In Figure 3.7, the samples are rehydrided back into the expected species of 

Mg(NH2)2 and LiH. In the region between 1530 -1600cm
-1

, the peaks reappeared for the 

un-doped and the doped systems as they were observed in the “as-milled” samples. That 

result indicates that the samples returned back into their original structure.
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Figure 3.5 FTIR measurements of “as milled” samples of 2LiNH2/MgH2 system. 

 

 

 
Figure 3.6 FTIR measurements of de-hydrided samples of 2LiNH2/MgH2 system. 
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Figure 3.7 FTIR measurements of re-hydrided samples of 2LiNH2/MgH2 system. 
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3.3 Temperature-Programmed Desorption 

Figure 3.8 shows the Temperature Programmed Desorption (TPD) analyses of 

the various mixtures of 1.9LiNH2+1.1MgH2 with and without the catalysts. The samples 

were heated from 30 to 300 °C at 4 °C/min. All of the mixtures doped with catalysts have 

onset temperatures below 100 °C. Since most of the hydrogen desorbs along the steep 

portion of the curves it was decided that a more useful way of comparing the 

dehydrogenation characteristics of materials would be to use the temperature 

corresponding to the inflection point of each TPD curve. That temperature has been 

defined as the desorption temperature (Td). The order of desorption temperatures are RbH 

≤ KH < CsH << uncatalyzed.. Figure 3.8 below shows the temperature-programmed 

desorption study. Moreover, the present dissertation research study will not focus on the 

lower temperatures of the undoped system due to having an onset temperature higher 

than 200°C unlike the alkali-metal doped systems. 

 
Figure 3.8 Temperature-programmed desorption for all 2LiNH2/MgH2 system with and 

without catalysts. 
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3.4 Thermogravimetric Analyses 

Presented in Figures 3.9-3.11 are DTA curves for KH, RbH, and CsH doped 

mixtures at different heating rates. It is observed that the maxima in the DTA curves 

move to higher values as the heating rates increase. From the DTA curves, Kissinger 

plots were constructed from Equation 2.1. From that equation, the Kissinger plots were 

made and the activation energies were determined.  

The trends in those curves are similar to those observed for the undoped, KH, 

RbH doped mixtures. The Kissinger plots for the various mixtures are presented in 

Figure 3.12. The slopes of those curves were used to determine activation energies. The 

activation energy for CsH doped system was 109.0kJ/mol. The activation energies for 

KH and RbH doped mixtures were approximately the same, 87 kJ/mol and 89.4  kJ/mol 

respectively. Again, the explanation of that result is based on the fact that both K and Rb 

metals have the same Pauling electronegativity value, 0.82. The activation energies 

follow a similar trend as was seen with enthalpy values: RbH ≈ KH > CsH > Un-

catalyzed.  Further on in this research study, the investigator presents the comparison 

results of Arrhenius plots that were calculated by kinetics at various temperatures with 

the changing of the heat calculated by the TGA.
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Figure 3.9 Differential Thermal Analysis plot of KH-doped 2LiNH2/MgH2 system  

 

 

 

 

 

 
Figure 3.10 Differential Thermal Analysis plot of RbH-doped 2LiNH2/MgH2 system  
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Figure 3.11 Differential Thermal Analysis plot of CsH-doped 2LiNH2/MgH2 system 

 

 

 

 
Figure 3.12 Kissinger plots of the un-doped and alkali metal-doped 2LiNH2/MgH2 

systems 
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3.5 Residual Gas Analyses (RGA) 

Based on the data collected and analyzed, all doped systems show little to no 

emission of ammonia as the temperature increases. However, for the un-doped system, as 

the temperature increased, the ammonia emission did increase significantly as compared 

to the alkali metal-doped sample. According to the periodic trends, as you go down the 

group, the size of the alkali metal ionic size increases. Therefore, when the lithium 

amide-magnesium hydride system was doped, the alkali metal ions (K
+
, Rb

+
, and Cs

+
) 

suppressed the ammonia release as the temperature increased with the sample during the 

RGA study. Presented in Figures 3.15-3.16 there appears to be little to no emissions of 

ammonia from the KH-doped, RbH-doped, and CsH-doped system respectively. It is not 

clear why these dopants are able to suppress the formation of ammonia. It is clear from 

Figure 3.13 that there is a significant amount of ammonia from the un-doped system. 

Those results indicate that the dopants not only lower temperature and speed up kinetics 

but suppress the emissions of ammonia due to the heating of samples overall. 
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Figure 3.13 RGA data for the undoped 2LiNH2/MgH2 system 

 

 
Figure 3.14 RGA data for KH-doped 2LiNH2/MgH2 system 
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Figure 3.15 RGA Analyses of RbH-doped system. 

 

 

 
Figure 3.16 RGA Analyses of CsH-doped 2LiNH2/MgH2 system 
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3.6 Summary 

The results of this research have provided evidence about the relative 

effectiveness of the various alkali hydrides in lowering the desorption temperature, 

lowering the activation energy and lowering the emissions of ammonia. That relative 

effectiveness is reflected in the following order: RbH > KH > CsH>>Un-catalyzed. In the 

RbH and KH doped mixtures, diffusion in the two-phase plateau region occurs through a 

Li2Mg(NH)2 product layer in which part of the Li is replaced by Rb or K. The XRD 

results indicate that the product in the CsH doped mixture may have different structural 

characteristics than the other mixtures in which Cs may not able to effectively replace the 

Li in the Li2Mg(NH)2. The differences in desorption temperatures and enthalpies of the 

catalyzed and un-catalyzed mixtures may be caused by inductive effects of the alkali 

metals on the N-H bond in the amide shown in the FTIR analyses.
 

Activation energies have been demonstrated to be lowered significantly from 119 

kJ/mol for the un-doped sample to values of 87.0 kJ/mol, 89.4 kJ/mol and 109.0 kJ/mol 

for KH-doped, RbH, and CsH-doped samples respectively. RGA analyses demonstrated 

that the emissions of ammonia have significantly been suppressed as compared to the 

undoped samples that were analyzed. That result indicates that the large alkali metals 

maybe the reason for the suppression. Also, it could be the reason for the change of 

weight percent from approximately 5 wt% to 4 wt%. This discovery shows promise for 

the PEM fuel cells with further testing of these systems.
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Based on the previous research literature, researcher’s investigations indicated 

that they had conducted further studies at 200 °C or above. However, in this research 

study, the major target was temperatures at 200 °C or below. This approach was designed 

to be consistent with the United States Department of Energy requirements. The main 

guidelines of DOE expect that an on-board hydrogen storage system must operate at 

lower temperatures.
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CHAPTER 4 

 

 HYDRIDING AND DEHYDRIDING POTASSIUM HYDRIDE-DOPED 

LITHIUM AMIDE/MAGNESIUM HYDRIDE SYSTEM AT LOW-

TEMPERATURES 

 

 Background 

In the current study, the thermodynamic and kinetic properties of KH doped 

2LiNH2/MgH2 were measured.  Previous research studies such as the ones done by Luo
43

 

and Durojaiye
42

 focused on the KH doped 2LiNH2/MgH2 system extensively.  However, 

in the current study, there was a more specific focus on the comparison of absorption and 

desorption analysis of this system in a temperature range of 160 -180 °C in the current 

study.

 

4.1 PCT Isotherms and Van’t Hoff plots 

Isotherm measurements for the 1.9LiNH2+1.1MgH2+0.1KH were conducted in 

the range from 150-180°C. The results for absorption and desorption PCT measurements 

are presented in Figures 4.1 and Figure 4.2 respectively. Each isotherm displays a well-

defined plateau region in which lower temperatures resulted in lower plateau pressures. 

The isotherms display different maximum weight percent (wt%) in which the weight 

percent generally increases with increasing temperature. 
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Figure 4.1. Pressure-composition temperature isotherms for absorption study in the range 

of 150°C-180°C. 

 

 

 

 
Figure 4.2. Pressure-composition temperature isotherms for desorption in the range of 

150°C-180°C. 
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These isotherms were used to construct the van’t Hoff plots shown in Figure 4.3. 

Equation 4.1 is the van’t Hoff equation used to make the plots where P is the plateau 

pressure, ΔH is the enthalpy of the reaction, R is the gas constant, and T is the absolute 

temperature. The slopes of these plots were then used to determine enthalpies of 

absorption and desorption. The values for absorption and desorption enthalpies were 

found to be 34.3 kJ/mol and 40.9 kJ/mol respectively. In these reactions the absorption 

process is exothermic whereas desorption is an endothermic process. 

 

 ln P= -ΔH/RT        (Eq. 4.1) 

 

 

 

 

 

 

 
Figure 4.3 Van’t Hoff plots for absorption and desorption isotherms of 

1.9LiNH2+1.1MgH2+0.1KH hydrogen storage system. 
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4.2 Cycling Studies 

Cycling studies were conducted on this system to test the durability of the 

1.9LiNH2+1.1MgH2+0.1KH system over time. For those experiments, 100 cycles were 

conducted.  Presented in Figures 4.4 and 4.5 are the plots of PCT isotherms for 

hydriding and dehydriding cycling studies. The isotherms were measured after every set 

of 10 absorption/desorption cycles. Those analyses demonstrated how the absorption and 

desorption plateau changed during pressure/vacuum cycling. In that observation, it was 

evident that the absorption plateau pressures experienced little variation over time during 

cycling.  

Desorption cycling demonstrated that same phenomena for the plateau pressures 

for the 10 cycle intervals. This can be seen in Figure 4.6 with the hysteresis plots.  For 

absorption studies, the plateau pressure was shown to be approximately 47 atm. In 

contrast, for desorption studies, the plateau pressure was 37 atm.  
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Figure 4.4 Cycling studies for absorption 1.9LiNH2+1.1MgH2+0.1KH at 200˚C. 

 

 

 

 

 
Figure 4.5 Cycling studies for desorption 1.9LiNH2+1.1MgH2+0.1KH at 200˚C. 
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Figure 4.6 Hysteresis plot for absorption and desorption cycling studies of the KH-doped 

lithium amide-magnesium hydride hydrogen storage system. 

 

4.3 Kinetic and Modeling Studies  

Using the plateau pressures from the PCT isotherms, calculations were performed 

to set the kinetics at a constant thermodynamic driving force. That thermodynamic 

driving was held constant by a ratio of plateau pressure and the opposing pressure. That 

ratio is known as the N-value. For desorption studies, the N-value is equal to plateau 

pressure/opposing pressure. Whereas, the N-value for absorption studies is equals to the 

opposing pressure/plateau pressure. Table 4.1 shows the mid-plateau pressure and 

opposing pressure values used for experiments.  

For the current study, an N-value of 3 was set for both absorption studies and 

desorption studies for the KH-doped hydrogen storage system. Both absorption and 

desorption studies were conducted in a range of 160-180  C. Plots of Reacted Fraction 
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versus time are presented in Figures 4.7 and 4.8 in temperature range from 160-180 °C. 

For absorption studies, the reaction appeared to be 90% completed in approximately 183 

minutes for 180°C, 366 minutes for 170°C, and 641 minutes for 160°C. For desorption 

absorption studies, the time it took for 90% of the reaction to be completed are 455 

minutes for 180°C, 683 minutes for 170°C, and 1021.5 minutes for 160°C. This shows 

that the absorption rates are approximately twice as fast as the desorption rates.  

 

Temperature Pm(abs) Pop(abs) Pm(des) Pop(des) 

160 °C 25 atm 75 atm 13.7 atm 4.6 atm 

170 °C 28 atm 84 atm 18.6 atm 6.2 atm 

180 °C 32.5 atm 97.5 atm 25.4 atm 8.5 atm 

Table 4.1 The plateau pressures and opposing pressure for absorption and desorption 

kinetic studies at N=3 
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            Figure 4.7 Absorption studies for KH-doped 2LiNH2/MgH2 system. 

 

 

           
           Figure 4.8 Desorption studies for KH-doped 2LiNH2/MgH2 system. 
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According to physical chemistry criteria, the rate-determining step is the slowest 

step that occurs in any reaction.
58 

 For the kinetic analyses of absorption and desorption 

studies for the KH-doped system, three kinetic models are used to analyze the rate 

determining step that occurs in a solid-state chemical reaction. Those models consist of 

diffusion, phase boundary, and nucleation, and growth. Based on existing research 

literature, there are modeling techniques that can determine how the models fit with the 

experimental data. The techniques are the following: the shrinking core model 

technique
42-50

, the Hancock and Sharp modeling technique
41

, and the Johnson-Mehl-

Avarami model techniques. 
41,53 

 

4.3.1    Shrinking Core Model 

The shrinking core model has been used and applied to other kinetic reactions of 

solid state materials. 
26,56-57,59

 In theory, the chemical particles in a sample are thought to 

have a core where the gas (in this case, hydrogen) is saturated in the pores. When the 

particles are heated (or excited in anyway) the gases in the pores will be released out of 

the system. That process will create a new layer called the product layer while the core 

“shrinks”.
56-57,59 

 

The model is used to understand the process of the rate-determining step in the 

reversible reaction of 2LiNH2/MgH2. Presented in Figure 4.9 is a representation of the 

theoretical understanding of what occurs in the 2LiNH2/MgH2 using the shrinking core 

model. For absorption studies, as the hydrogen is added back into the system, the 

magnesium amide and lithium hydride layer is formed while the MgLis(NH)2  (the core) 
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shrinks.  For desorption studies, the hydrogen diffuses out from the system as the 

MgLi2(NH)2 layer grows back. There are three processes that were used to determine 

which model best demonstrates the experimental kinetic data: diffusion, phase boundary 

(moving boundary), and nucleation and growth. Information presented in Equations 4.2 

and 4.3 represent the diffusion model and phase boundary model. In the current research 

study, experimental data was obtained and modeled to determine if the same model 

would fit or if different types of reactions would occur.
41

  

 

Figure 4.9. Shrinking core model applied to the reversible reaction of 

Mg(NH2)2 + 2LiH ↔ MgLi2(NH)2 + 2H2 

                                                                                    (Eq.4.2)

 

     where  

                                                                       (Eq.4.3) 
 

where   

The value of will be determined by statistical analysis. The terms in the 

equations are the following: XB is the fraction of the metal shrinking core model;  R is the 
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initial radius of the hydride particles; ‘b’ is a stoichiometric coefficient of the metal; C is 

the gas Ag phase concentration of reactant; D is the effective diffusivity of hydrogen 

atoms in the hydride. r is the density B of the metal hydride; and k is a rate constant.  

Based on the shrinking core model, the results show that the experimental data for 

absorption at 180°C (Figure 4.10) fits the reaction controlled model better during the 

first 70% of the reaction. The last 30% of the reaction is shown to be controlled by a 

diffusion mechanism. A possible explanation for the observed behavior is that when 

hydrogen is absorbed a hydrided product is formed on the surface. As the hydrogen 

continues to be absorbed, the product layer becomes thicker and the core of dehydrided 

material shrinks. During this process, hydrogen must diffuse from the outer surface of the 

particle to the phase boundary between two layers. Thus, there are two processes going 

on simultaneously: diffusion through the outer product layer and reaction at the phase 

boundary. The slower of these two processes is the rate controlling step. Initially, the 

outer product layer is very thin and diffusion through it occurs very quickly. Therefore, 

reaction at the phase is the slow step. Diffusion becomes the slow step of the reaction 

when the product layer become relatively thick. A similar phenomenon occurs for the 

modeling of 170 °C (Figure 4.11) and 160 °C (Figure 4.12) respectively. When the 

reaction curves for 180, 170, and 160 does not fit either of the curves, it shows that the 

thermodynamic driving force changes over time as the reaction is not on the plateau 

anymore. 



79 

 

For desorption studies however, the experimental curves follows the diffusion 

mechanism for approximately 70% of the reaction. After that, the curve diverge due to 

the change of N-value as the reaction moves off the plateau.   
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Figure 4.10 Shrinking core model for absorption studies for KH-doped 2LiNH2/MgH2 

system at 180 °C. 

 

 

 

 

 
Figure 4.11 Shrinking core model for absorption studies for KH-doped 2LiNH2/MgH2 

system at 170 ˚C 
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Figure 4.12 Shrinking core model for absorption studies for KH-doped 2LiNH2/MgH2 

system at 160 ˚C 

 

 

 
Figure 4.13 Shrinking core model of 1.9LiNH2+1.1MgH2+0.1KH desorption study at 

T=180 °C. 
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Figure 4.14 Shrinking core model of 1.9LiNH2+1.1MgH2+0.1KH desorption study at 

T=170 °C. 

 

 

 
Figure 4.15 Shrinking core model of 1.9LiNH2+1.1MgH2+0.1KH desorption study at 

T=160 °C. 
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4.3.2. Johnson-Mehl-Avrami (JMA) Equations for Modeling 

  

For the current experimental studies, Johnson-Mehl-Avrami equations were used 

to analyze the phase transformations that occurred in the 1.9LiNH2+1.1MgH2+0.1KH 

hydrogen storage system. Based on various research studies, the JMA equations have 

been consistently used to explain theoretical mechanisms of solid-state materials 

(particularly hydrogen storage). Based on the Arrhenius equations, it is understood that 

most average solid-state materials undergo first-order rate reactions.
56

 Based on the 1939 

- 1942 research papers, three scientists collectively formulated equations that are still 

used to help described the reactions for the kinetics of many solid-state materials. Yang et 

al used JMA plots for explaining the kinetic results of dehydrogenation and 

rehydrogenation under constant pressure driving forces for sodium alanate.
53

 The three 

equations that have been used in the existing research literature and were used in the 

current study are the following: 

 

(1-f)
1/3

= 1- ( √kt)/R       (Eq.4.4) 

 

(1-f)
1/3

= 1- ( k/R)t       (Eq.4.5) 

 

f=1-exp(-kt
n
)        (Eq.4.6) 

 

Eqs 4.4-4.6 The Johnson-Mehl-Avarami kinetic modeling equations for calculating rate-

determining step.  

 

Equation 4.4 represents diffusion controlled model, Equation 4.5 represent 

reaction-controlled model, and Equation 4.6 represents nucleation and growth model. F 

is the reacted fraction, k is a constant, t is the time, and R is the gas constant value 8.314. 
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Theoretically, it can be determine which mechanism occurs in the experiment and how 

much the experimental data correlates with the linearity of the equation. According to 

Yang et al, it has demonstrated that there are two different mechanisms for the sodium 

alanate system. For desorption, it has been demonstrated that the reaction is controlled by 

diffusion whereas the absorption process is reaction controlled. 

Durojaiye et al, they reported the KH-doped system follows the diffusion model 

for its rate-determining step in desorption studies.
77

 In addition, the present results from 

the shrinking core model have presented evidence that diffusion is the rate-determining 

step as well. In order to provide further confirmation in the current this study, JMA plots 

for both absorption and desorption were prepared and then analyzed. These plots can be 

seen in Figures 4.16-4.18 for absorption and desorption studies respectively. For 

absorption studies, it can be observed that the plots for temperature range 160-180°C 

present a change in slope at the end of the plots for both reaction controlled and diffusion 

shown in Figures 4.16 and 4.17. This confirms the change from the reaction-controlled 

model to diffusion-controlled in the shrinking core model observed in Figures 4.10-4.12 

for temperatures at 180 °C, 170 °C, and 160 °C respectively.  

For desorption studies, the JMA model results indicate that there was a strong 

linear correlation for the diffusion controlled model. This confirms the results that were 

discussed in the shrinking core model for the desorption studies at each given 

temperature.  
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Figure 4.16 JMA model of diffusion for 1.9LiNH2+1.1MgH2+0.1KH absorption study at 

various temperatures. 

 

 

 

 

 

 
Figure 4.17 JMA model for phase boundary for1.9LiNH2+1.1MgH2+0.1KH absorption 

study at various temperatures  
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Figure 4.18 JMA model of diffusion for 1.9LiNH2+1.1MgH2+0.1KH desorption study at 

various temperatures. 

 

4.3.3. Hancock and Sharp Model 

 In 1972, two scientists, Hancock and Sharp derived an equation based on the JMA 

equations. This equation can be seen in Equation 4.7 below where t is the time at which 

the reactions occurred whereas f is the reacted fraction.  Their objective was to analyze 

specifically the decomposition of calcium carbonite (CaCO3) and the mechanism of its 

decomposition. According to metallurgy and solid-state materials, calcium carbonate is 

known to be a test material for testing out novel kinetic models. For the Hancock and 

Sharp method, certain values of the slope from the equation are analogous to the three 

different models that were discussed in a previous publication: diffusion, reaction-

controlled, and nucleation and growth.
60

  

Ln t= Ln ln(1-f)         (Eq.4.7 )
60

  

 

In the studies that will be discussed, this model was used to further describe 

desorption kinetic results of the KH-doped system. This kinetic model will also be used 
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and discussed in the latter chapters 5 and 6 for  RbH-doped and CsH-doped lithium 

amide/magnesium hydride hydrogen storage systems respectively. However, this 

modeling technique was only used to describe the desorption studies regarding the system 

of our primary focus.
60

  

 

The Hancock and Sharp model was also used to confirm the desorption studies for 

the KH-doped system. That model indicates that the slope will determine if the rate-

controlling step is either diffusion controlled or reaction controlled at the phase boundary. 

According to the Hancock and Sharp model, if the slope is in the range of 0.50-0.60, the 

rate-controlling step is diffusion. Whereas, if the range is 0.60 and above, it will be phase 

boundary-controlled. Based on the kinetic results of the KH-doped system in Figure 

4.19, the plots indicated that the slopes were 0.6058, 0.5354, 0.5215, for 160 °C, 170 °C, 

180 °C respectively. The slope values indicate that at each temperature, the KH-doped 

sample is diffusion-controlled for desorption studies.  

 
Figure 4.19 Hancock and Sharp model of 1.9LiNH2+1.1MgH2+0.1KH desorption study 

at various temperatures. 
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4.4 Activation Energy Determination 

To show that KH had acted as a catalyst in regards to the 2LiNH2/MgH2 system, 

observations of the activation energy had to be conducted. According to findings in the 

previous research literature and other chapters in the current study, the activation energy 

of the un-doped system was 119 kJ/mol. The activation energy for the KH-doped material 

was reported to be 87.0 kJ/mol from the Kissinger plot in Figure 4.23. For the current 

study, the activation energy of the sample was analyzed by using both Kissinger plots and 

Arrhenius plots. The activation energies for absorption studies were determined by 

Arrhenius plots and not Kissinger plot.  A comparison of Kissinger plots and Arrhenius 

plots for desorption studies will be determined. 

 For absorption studies, a first-order equation (Equation 4.8) was used to 

construct the first-order plots shown in Figures 4.20 and 4.21 where f represent the 

reacted fraction, k is the slope (rate constant), and t is the time for the reaction. The first-

order plot slopes were used to determine the Arrhenius plots and thus the activation 

energy of the system. Based on the Arrhenius plot in Figure 4.22, the activation energy 

for absorption study of KH-doped system was determined to be 83.9 kJ/mol.  Based on 

the Arrhenius plot for desorption (Figure 4.22), the activation energy results was 89.3 

kJ/mol compared to 87.0kJ/mol resulted from the Kissinger plot in Figure 4.23. 

ln(1-f)= -kt                     (Eq. 4.8) 
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Figure 4.20 First order plots for absorption studies of KH-doped 2LiNH2/MgH2 

hydrogen storage system 

 

 

 
Figure 4.21 First order plots for desorption studies of KH-doped 2LiNH2/MgH2 

hydrogen storage system 
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Figure 4.22 Arrhenius plots for absorption and desorption studies of KH-doped 

2LiNH2/MgH2 hydrogen storage system 

 

 

 

 

 

 
Figure 4.23 Kissinger plot for desorption kinetic studies of KH-doped system 
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4.5 Summary 

Findings of the current study indicated that KH is an effective catalytic additive 

for increasing the rates of both hydrogen absorption and desorption from the 

2LiNH2/MgH2 system. The enthalpy values for absorption were significantly less than the 

desorption values thus indicating that the hydrides were more stable than the dehydrided 

reactants. For cycling studies, there was little to no variation in the amount of hysteresis 

in this system. However, the weight capacity of the KH-doped system increased during 

the first 50 absorption/desorption cycles. Moreover, after the 50 cycles, a 30% decrease 

began to appear until the completion of up to the 100 cycles. Modeling studies revealed 

that the absorption studies are controlled by reaction at the phase boundary during the 

first part of the reaction and diffusion in the latter stages. However, for desorption, 

diffusion is the rate limiting step for the entire process until the N-value changes in the 

reaction. This shows that diffusion occurs much faster during the absorption studies than 

in the desorption studies. In determining activation energies, Arrhenius plot and 

Kissinger plots for KH-doped system were constructed. For absorption studies, the 

Arrhenius plots showed that the activation energy was 83.9 kJ/mol. For desorption 

studies, Arrhenius plots showed 89.3 kJ/mol to be the activation energy value whereas 

the Kissinger plot resulted in a value of 87.0 kJ/mol for the activation energy. This shows 

that the Kissinger method and Arrhenius method are similar in determining the activation 

energy for the desorption processes. 
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CHAPTER 5 

HYDRIDING AND DEHYDRIDING RUBIDIUM HYDRIDE-DOPED LITHIUM 

AMIDE-MAGNESIUM HYDRIDE SYSTEM 

 

Background 

In the current research study, thermodynamic and kinetic properties of RbH-

doped 2LiNH2/MgH2 were measured.  In addition, measurement results were inspected to 

determine consistency regarding hydrogen absorption and desorption in the temperature 

range of 150-180 °C. All of those efforts were geared toward meeting or exceeding the 

United State Department of Energy required standards.
 

 

5.1 PCT Isotherms 

Isotherm measurements for the 1.9LiNH2+1.1MgH2+0.1RbH were conducted in 

the range of 150-180 °C. The results for absorption PCT measurements are presented in 

Figure 5.1. As was hypothesized, each isotherm displays a well-defined plateau region in 

which lower temperatures resulted in lower plateau pressures. Additional observations 

indicated that the weight percent generally increased with increasing temperatures. 

Similar plots were obtained for desorption PCT isotherms and are presented in Figure 

5.2. Those isotherms were used to construct the van’t Hoff plots that are presented in 

Figure 5.3. Then the slopes of those plots were used to determine enthalpies of 

absorption and desorption. The resulting values for absorption and desorption enthalpies 

were 39.7kJ/mol and 43.0kJ/mol respectively. The desorption enthalpy value is similar to 
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the desorption enthalpy value that was reported by Durojaiye et al.
41

 Their measurements 

were done in the 200-230°C range. Currently, the existing research literature does not 

contain reports regarding any other absorption enthalpies reported for the RbH-doped 

system.  
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Figure 5.1 The Absorption PCT isotherms for RbH-doped 2LiNH2/MgH2 system. 

 

 

 

 

 
Figure 5.2 The Desorption PCT isotherms of RbH-doped 2LiNH2/MgH2 system 
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Figure 5.3 The Van’t Hoff plots of both absorption and desorption PCT isotherms for 

RbH-doped system 

 

5.2 Cycling Studies 

Cycling studies were conducted on this system in order to measure the durability 

over time after 100 cycles. Presented in Figures 5.4 and 5.5 are the results of the cycling 

studies that were conducted using PCT isotherms at a constant temperature of 200 °C. 

Presented in Figure 5.6 is a pair of absorption and desorption isotherms that were 

obtained at 200°C after 20 absorption/desorption cycles. Those plots demonstrate that 

there is a significant amount of hysteresis in the system. Presented in Figure 5.7 are plots 

of the cycle number versus plateau pressure. The isotherms were measured after every set 

of 10 absorption/desorption cycles. Results of those analyses demonstrate how the 

absorption and desorption plateau pressure changed during pressure/vacuum cycling. The 

resulting evidence indicates that the absorption plateau pressures gradually increase. At 
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the same time, desorption pressures decrease during cycling. The difference between the 

absorption and desorption plateau prior to cycling was 8 atm. The results in Table 5.1 

show the increase and decrease of absorption and desorption plateau pressures 

respectively. The difference increased to 50 atm after 70 cycles. Also, the hydrogen 

holding capacity decreased by approximately 30% when moving from 0 to 70 cycling. 

 

 

 

 

 

 
Figure 5.4 The Cycling studies of PCI absorption for the RbH-doped system 
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Figure 5.5 The Cycling studies for PCI desorption for the RbH-doped system. 

 

 
Figure 5.6 The Absorption and desorption isotherm after 20 cycles at a constant 

temperature at 200 ˚C. 
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Figure 5.7 The Hysteresis plot of absorption and desorption plateau pressures during the 

cycling study 

 

 

Table 5.1 Cycling studies that were conducted on the RbH-doped system. 

 

  

Number of Cycles Plateau Pressure (Pm (abs) ) 

R
2
= 0.9633 

Plateau Pressure (Pm (des) ) 

R
2
= 0.6824 

0 45.99 38.68 

10 53.97 36.6 

20 58.04 35.44 

30 62.22 28.19 

40 64.06 27.27 

50 73.5 26.07 

60 73.59 26.85 

70 76.43 25.53 

80 No Pm formed 29.697 

90 No Pm formed 22.277 

100 No Pm formed 25.97 
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5.3 Kinetics and Modeling Studies 

  

In order to be utilized for many practical applications, a potential hydrogen 

storage system should undergo hydriding and de-hydriding reactions rapidly and 

reversibly. Therefore, kinetics measurements were done and comparisons were made of 

the absorption and desorption rates of the RbH-doped 2LiNH2/MgH2 system at a 

temperature range of 160°C-180 °C under equivalent conditions. That inspection process 

was accomplished by using an N-value of 3 for the hydriding and dehydriding processes. 

Presented in Table 5.2 are the mid-plateau pressures and the opposing pressures at N=3. 

Presented in Figure 5.8 are the absorption kinetic plots for the RbH-doped 

2LiNH2/MgH2 system at temperatures of 160 °C, 170 °C, and 180 °C.  The absorption 

reactions appeared to be 90% when completed in approximately 107.5 minutes for 180 

˚C, 225 minutes for 170 °C, and 405 minutes for 160 °C. 

 

 

 

Temperature Pm(abs) Pop(abs) Pm(des) Pop(des) 

160 °C 18.2 atm 54.6 atm 12.3 atm 4.1 atm 

170 °C 22.5 atm 67.5 atm 16.7 atm 5.6 atm 

180 °C 30.1 atm 90.2 atm 21.1 atm 7.03 atm 

Table 5.2 The plateau pressures and opposing pressure for absorption and desorption 

kinetic studies at N=3 
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Figure 5.8 The absorption studies of RbH-doped 2LiNH2/MgH2 hydrogen storage system 

 

 

Presented in Figure 5.9 are desorption kinetics results in the temperature range of 

160°C-180 °C.  The results of the desorption kinetic studies show that ninety percent 

(90%) of the reactions were completed in approximately 213 minutes , 439 minutes, and 

804 minutes at 180 °C, 170 °C, and 160 °C respectively. As was previously 

hypothesized, the lower the temperature, the slower the reaction. Comparing to the 

absorption studies, desorption rates are shown to be approximately twice as slow as 

absorption.  
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Figure 5.9 The desorption studies of RbH-doped 2LiNH2/MgH2 hydrogen storage 

system. 

 

To provide additional evidence regarding the mechanism of those reactions, 

various models were used. Models used for this purpose were: the shrinking core model 

and the Hancock and Sharp model. Equations 4.1 and 4.2 in Chapter 4 of this research 

study were used for the shrinking core modeling.
 
Presented in Equation 4.1, is the 

computation method used to determine if chemical reaction at the phase boundary 

controls the rate of the reaction. Presented in Equation 4.2 is the computation method 

used to determine if diffusion controls the rate of the reaction. 
 

In the case of absorption, it is observed in Figures 5.10-5.12 that data generated 

from the model that reaction-controlled fits during the first part of reaction and then 

crosses over to diffusion in the latter stages of the reaction. This is similar behavior to the 
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KH-doped system that was discussed in Chapter 4. Therefore, the similar phenomenon 

has occurred concerning the shell of the system. This can be seen in the temperature 

range 160 °C-180 °C for the RbH-doped system. 

 For desorption studies that are presented in Figures 5.13-5.15, the diffusion 

model fit the experimental data only for the first 70% of the reaction. During the last 30% 

of the reaction, results indicated that neither model was a good fit with the experimental 

data.  It appears that during the first 70% of the reaction, desorption occurred along the 

plateau region whereas the pressure remained relatively constant. Therefore, the N-value 

was constant and the thermodynamic driving force was constant. When the reaction 

reached the left edge of the plateau region the pressure decreased sharply and the 

thermodynamic driving force decreased. At that point, the kinetics slowed more rapidly 

than either model had previously hypothesized.
78,81
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Figure 5.10 The kinetic model for absorption studies of RbH-doped 2LiNH2/MgH2 

system at 180˚C. 

 

 

 
Figure 5.11 The kinetic model for absorption studies of RbH-doped 2LiNH2/MgH2 

system at 170˚C. 
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Figure 5.12 The kinetic model for absorption studies of RbH-doped 2LiNH2/MgH2 

system at 160°C. 

 

 

 
Figure 5.13 The kinetic studies for desorption studies of RbH-doped 2LiNH2/MgH2 

system at 180°C 
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Figure 5.14 The kinetic studies for desorption studies of RbH-doped 2LiNH2/MgH2 

system at 170°C. 

 

 

 
Figure 5.15 The kinetic studies for desorption studies of RbH-doped 2LiNH2/MgH2 

system at 160°C 
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To confirm the rate-limiting step from the shrinking core model, JMA plots were 

constructed. To construct the JMA plot, the kinetic data was modeled from Equation 4.3. 

For JMA plots, desorption studies (Figure 5.17) show that the diffusion-controlled the 

kinetic processes. For absorption, it shows linearity for both reaction controlled and 

diffusion model at the top to y=0.6 of each plot. This confirms that the two mechanisms 

do partake in the reaction like the shrinking core model. However, for desorption studies, 

it has confirmed that diffusion had the strongest correlation like the shrinking core model.    

 

 

 
Figure 5.16 The JMA Plot of diffusion model for absorption studies of RbH-doped 

system 
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Figure 5.17 The JMA Plot of reaction-controlled model for absorption studies of RbH-

doped system 

 

 

 
Figure 5.18 The JMA Plot of diffusion model for desorption studies of RbH-doped 

system. 
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The Hancock and Sharp model was used to analyze only the desorption studies. 

Based on the slopes of the plots produced for each temperature and presented in Figure 

5.19, it was observed that the RbH-doped system is controlled by the diffusion model for 

the rate-limiting step.  Overall, during each of the kinetic modelling studies, it was 

determined that the diffusion model results are more strongly correlated with the 

experimental curve than with the phase boundary curves. Therefore, the concluding 

evidence demonstrates that the hydrogen gas diffuses in and out of the lattice structure of 

the lithium amide-magnesium hydride hydrogen storage system. 
77-78

 

 

 

 

 
Figure 5.19 The Hancock and Sharp Model for the 1.9LiNH2+1.1MgH2+0.1RbH 

hydrogen storage system 
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5.4 Activation Energy Determination  

As stated in the previous chapter, Arrhenius plots and Kissinger plots were used 

to determine the activation energy for doped systems. To determine the activation energy 

for absorption studies, an Arrhenius plot was used. For desorption studies, Arrhenius 

plots and Kissinger plots were constructed and the activation energies were compared. 

For absorption studies, first order plots were constructed (Figure 5.20) to determine the 

slopes which are the k values for each temperatures. Using the k values, the activation 

energy for RbH-doped system was found to be 81.7 kJ/mol based on the Arrhenius plot in 

Figure 5.22.  

For desorption studies, Kissinger and Arrhenius plots have been constructed and 

compared. First order were constructed (Figure 5.21) followed by the Arrhenius plot. 

Based on the Arrhenius plot, the activation energy was found to be 86.8 kJ/mol (Figure 

5.22) which is exactly the same value found in the Kissinger plot (Figure 5.23). 
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Figure 5.20 First order plots for the absorption studies of RbH-doped system 

 

 

 
Figure 5.21 First order plots for desorption studies of RbH-doped system.  
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Figure 5.22 Arrhenius plots for absorption and desorption studies of RbH-doped system. 

 

 

 
Figure 5.23 Kissinger plot for desorption studies of RbH-doped system 
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5.5 Summary 

This research study has shown that RbH is an effective catalytic additive for 

increasing the rates of hydrogen absorption and desorption from the 2LiNH2/MgH2 

system. Absorption rates are approximately twice as fast as the desorption rates. All 

modeling studies (shrinking core, Johnson-Mehl-Avarami, Hancock and Sharp) indicate 

that the rates of desorption studies are controlled by a diffusion process. For absorption, 

shrinking core model and JMA plots shows that both reaction-controlled and diffusion 

took place during the reactions. Also, there is a substantial amount of hysteresis in this 

system and the magnitude of result increases during the first 70 absorption/desorption 

cycles. Moreover, results indicate that there is approximately a 30% decrease in the 

storage capacity of that system during the first 70 cycles. The activation energies for 

absorption of RbH-doped system have been found to be 81.7 kJ/mol which is a value less 

than 86.8 kJ/mol for desorption. This is exact compared to the value of 86.8 kJ/mol 

reported from the Kissinger plots. 
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CHAPTER 6 

HYDRIDING AND DEHYDRIDING CESIUM HYDRIDE-DOPED LITHIUM 

AMIDE-MAGNESIUM HYDRIDE SYSTEM 

 

Background 

In the current study, there is a further investigation of the cesium hydride-doped 

system, which is the last alkali metal catalyst that will be discussed in this dissertation 

research. We will focus attention on the kinetic properties using a constant pressure 

thermodynamic driving force. In addition, absorption and desorption modeling studies 

will be discussed as well as cycling studies and activation energy of the system. The 

temperature range for the studies of the current system is 160-180 °C.

 

6.1 PCT Isotherms 

Isotherm measurements for the 1.9LiNH2+1.1MgH2+0.1CsH were conducted in 

the range from 150 -180 °C. The results for absorption PCT measurements are presented 

in Figure 6.1. As was seen in the other alkali hydride doped systems, each isotherm 

displayed a well-defined plateau region in which lower temperatures resulted in lower 

plateau pressures. The isotherms display different maximum weight percent (wt%). It 

was observed that the weight percent generally increased with increasing temperature. 

Similar plots were obtained for desorption isotherms shown in Figure 6.2. The mid-
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plateau pressures from the isotherms were used to construct the van’t Hoff plots 

presented in Figure 6.3. The slopes of those plots were then used to determine enthalpies 

of absorption and desorption. The values for absorption and desorption enthalpies were

found to be 40.98 kJ/mol and 46.1 kJ/mol respectively. Currently, no other absorption 

enthalpies have been reported for the CsH-doped system. 

 
Figure 6.1 Pressure-composition-temperature absorption isotherms for 

1.9LiNH2+1.1MgH2+0.1CsH 

 

 
Figure 6.2 Pressure-composition-temperature desorption isotherms for 

1.9LiNH2+1.1MgH2+0.1CsH. 
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Figure 6.3 Van’t Hoff plots for H2 absorption and desorption isotherms from the CsH-

doped system. 

 

6.2 Cycling Studies 

As has been stated from previous reviews of other systems, cycling studies are 

used to determine the durability of the hydrogen storage system. In the current study, the 

1.9LiNH2+1.1MgH2+0.1CsH system was cycled at a constant temperature of 200 °C. 

Based on the results presented in Figures 6.4-6.6, there is little change in the amount of 

hysteresis in this system. Figure 6.6 presents a hysteresis plot of the system after it was 

cycled over 100 times. The isotherms were measured after every set of 10 

absorption/desorption cycles. Those analyses demonstrated how the absorption and 

desorption plateau changed during pressure/vacuum cycling. Those results indicate that 

the absorption plateau pressures remains constant through 100 cycles while the 

desorption pressures have the same result. However, the hydrogen holding capacity 

changed over time with each cycle as is presented in Figure 6.4 and Figure 6.5.
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Figure 6.4 Absorption cycling studies for 1.9LiNH2+1.1MgH2+0.1CsH hydrogen storage 

system at 200˚C. 

 

 

 

 
Figure 6.5 Desorption cycling studies for 1.9LiNH2+1.1MgH2+0.1CsH hydrogen storage 

system at 200 ˚C. 
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Figure 6.6 Hysteresis plot for CsH-doped lithium amide-magnesium hydride hydrogen 

storage system at 200 ˚C. 

 

6.3 Kinetic and Modeling Studies 

Measurements of kinetics were conducted and comparisons were made of the 

absorption and desorption rates of the CsH-doped 2LiNH2/MgH2 system at 160-180 °C 

under equivalent conditions. That process was accomplished by using an N-value of 3 for 

the hydriding and de-hydriding processes. In conducting absorption studies presented in 

this chapter, the N-value is equal to opposing pressure/mid-plateau pressure whereas the 

N-value for desorption is equal to mid-plateau pressure/opposing pressure. Those 

equations can be further examined in the experimental section for additional clarification 

in Equations 2.1 and 2.2. Figures 6.7 and 6.8 present the absorption and desorption 

kinetic studies in the temperature range of 160-180 °C respectively. The absorption 

reactions appear to be 90% complete in approximately 301 minutes at 180 ˚C, 626 

minutes at 170 ˚C, and 1256 minutes at 160 ˚C. The desorption reactions appear to be  
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90% completed in 455 minutes at 180˚C, 1164 minutes at 170˚C, and 2400 minutes at 

160 ˚C. These results show that for the CsH-doped system absorption rates are faster than 

desorption rates.  

To elucidate the mechanism of those reactions, various models were used. The 

models that were used are: the shrinking core model, the Johnson-Mehl-Avarami model, 

and the Hancock and Sharp model used with Equations 4.1 and 4.2 in Chapter 4. 

The curve labeled “CsH-doped” is the experimental curve; the curves labeled 

“diffusion controlled” and “reaction-controlled” are labeled accordingly to the model 

represented. The results in Figures 6.9-6.12 indicate that the reaction controlled occurred 

in the first part of the reactions whereas diffusion controlled model occurred 

approximately in the latter stages of the absorption reaction.  

However, this does not occur in the results of the modeling studies for the 

desorption reactions. Figures 6.12-6.14 presents the shrinking core model for the 

temperatures 180 ˚C, 170 ˚C, and 160 ˚C respectively. For the 180 ˚C desorption study, 

diffusion controls the reaction up to 70 percent. Also, that finding can be observed from 

the results of the PCIs. On the plateau, the hydrogen diffused across the plateau from 

right to left for 70 percent of the reaction. The other 30 percent of the desorption reaction 

provides evidence that the N-value is not constant.   Therefore, since the N-value is not 

constant it changes as the rest of the hydrogen releases. This phenomenon also occurs for 

170 ˚C and 160 ˚C desorption studies. Based on desorption models, diffusion control the 

reaction for 60 percent for 170 ˚C and 160 ˚C respectively. 



119 

 

 

 
Figure 6.7 Absorption kinetic studies for 1.9LiNH2+1.1MgH2+0.1CsH hydrogen storage 

system at N-value of 3. 

 

 

 
Figure 6.8 Desorption kinetic studies for 1.9LiNH2+1.1MgH2+0.1CsH hydrogen storage 

system at N-value of 3. 



120 

 

 

 
Figure 6.9 Shrinking core model for absorption studies of 1.9LiNH2+1.1MgH2+0.1CsH 

at T=180 ˚C 

 

 

 

 
Figure 6.10 Shrinking core model for absorption studies of 1.9LiNH2+1.1MgH2+0.1CsH 

at T=170 ˚C 
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Figure 6.11 Shrinking core model for absorption studies of 1.9LiNH2+1.1MgH2+0.1CsH 

at T=160 ˚C 

 

 

 

 
Figure 6.12 Shrinking Core Model for CsH-doped 2LiNH2/MgH2 system at 180°C for 

desorption study. 
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Figure 6.13 Shrinking Core Model for CsH-doped 2LiNH2/MgH2 system at 170 °C for 

desorption study. 

 

 

 

 

 
Figure 6.14 Shrinking Core Model for CsH-doped 2LiNH2/MgH2 system at 160 °C for 

desorption study. 
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As reported in Chapter 5, the JMA plots for absorption showed that reaction at the 

phase boundary and diffusion are both the rate-limiting step for the reaction at 

temperatures 180, 170, and 160˚C. Figures 6.15 (diffusion-controlled) and 6.16 

(reaction-controlled) indicate to have linearity from the 0.9 to the 0.7 range for both 

models. This is to confirm that the CsH-doped absorption study react at the phase 

boundary and diffusion. For desorption studies, the results have shown that diffusion is 

the mechanism for the rate-limiting step. This can be seen in Figures 6.17 below as the 

plots shown a strong correlation for linearity for the diffusion model explained in Chapter 

2. Figure 6.17 show that there is linearity throughout the diffusion model confirming that 

diffusion is the rate-controlling step for desorption studies. 

 

 

 
Figure 6.15 The JMA plots for absorption studies for CsH-doped system for diffusion 

controlled mechanism. 



124 

 

 

 
Figure 6.16 The JMA plots for absorption studies for CsH-doped system for reaction 

controlled mechanism 

 

 

 

 

 
Figure 6.17 The JMA plots for diffusion of desorption studies for CsH-doped 

system 
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Also, the Hancock and Sharp model was used to analyze the rate-controlling step 

for the kinetics of desorption studies. According to the theory of the Hancock and Sharp 

models, the slope from the plot of the model indicates the rate-controlling step for the 

reaction conducted. The slope range for the model is given in Table 1 of the paper. Based 

on the paper and the slopes shown in Figure 6.18 below, this finding demonstrated that 

diffusion controls the rate-determining step for the reaction in the temperature range from 

160 - 180 °C. 
 

 

 

 

 

 

 

 

 

 

 
Figure 6.18 Hancock and Sharp model for desorption studies of 

1.9LiNH2+1.1MgH2+0.1CsH hydrogen storage system. 
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6.4 Activation Energy Determination 

 

To define and show that CsH has acted as a catalyst towards the 2LiNH2/MgH2 

system, observations of the activation energy must be recorded. Assuming that the 

reactions are first-order, first order plots were constructed from Equation 4.4. The first 

order plots can be seen in Figures 6.19 and 6.20 for absorption and desorption study 

respectively. For absorption study, the Arrhenius plots were constructed and gave a value 

of 105.9 kJ/mol for activation energy in Figure 6.21. The author also analyzed the 

activation energy of the sample by using both Kissinger plot and Arrhenius plot for 

desorption studies. Based on the Arrhenius plot, the activation energy resulted to be 110.5  

kJ/mol (Figure 6.21) which is significantly close to 109.0 kJ/mol reported in Figure 

6.22.
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Figure 6.19 First order plots for the absorption studies of 1.9LiNH2+1.1MgH2+0.1CsH 

 

 

 

 
Figure 6.20 First Order plot for the desorption studies of 1.9LiNH2+1.1MgH2+0.1CsH 
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Figure 6.21 Arrhenius plots for absorption and desorption studies of 

1.9LiNH2+1.1MgH2+0.1CsH 

 

 

 
Figure 6.22 Kissinger plot of 1.9LiNH2+1.1MgH2+0.1CsH 
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Summary 

 

This study demonstrated that the CsH is a good dopant for increasing the rate and 

operating at a low temperature particularly in the range at 160 ˚C-180 ˚C. Cycling studies 

provided evidence that the plateau pressures remained consistent throughout the 100 

cycles. However, the weight percent did change over time with each hydriding and 

dehydriding phase. For absorption kinetic studies, it was found that there were two rate-

controlling steps. The reaction at the phase boundary occurred in the beginning of the 

reaction and diffusion occurred in the later part of the reaction for all three temperatures. 

For desorption studies however, Modeling studies at different temperature ranges 

demonstrated that diffusion controls the rate-limiting step. JMA plots and Hancock and 

Sharp models confirmed these observations. A comparison of the activation energies for 

desorption, results indicated that the Arrhenius plot resulted in activation energy was 

110.5 kJ/mol as compared to the Kissinger value which was 109.1 kJ/mol. For absorption 

studies however, the activation energy results to be 105.9 kJ/mol based on the Arrhenius 

plots constructed which is smaller than the desorption value.  
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CHAPTER 7 

COMPARATIVE ANALYSIS OF ALKALI-METAL DOPED SYSTEM AT 

CONSTANT TEMPERATURE 

 

In the current chapter, a comparative analysis between the alkali metal-doped 

lithium amide-magnesium hydride hydrogen storage systems will be made. All 

comparisons will be at 180˚C and for kinetic analysis at an N-value of 3. The kinetic 

models have been discussed in Chapters 4, 5, and 6 respectively using the shrinking core, 

Johnson-Mehl-Avarami, and Hancock and Sharp models. In addition, all of the results 

and parameters that have been discussed in the previous chapters will be summarized in a 

table at constant temperature of 180 ˚C and 200 ˚C for cycling studies.

 

7.1 PCT Isotherms 

Figure 7.1 and 7.2 shows the pressure-composition absorption and desorption 

isotherms for the KH-doped, RbH-doped, and CsH-doped systems at 180 °C. Desorption 

isotherms have been reported for these systems. It showed that the trends for the dopants 

were the following: KH <RbH <CsH. However, absorption studies are reported for the 

first time.  The plots in Figures 7.1 and 7.2 show that the plateau pressures at 180°C for 

the doped systems are in the following order: KH > RbH  > CsH. Absorption and 

desorption PCIs were also determined in the 160-180°C range for each system. Based on 
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the van’t Hoff equation (Equation 4.1), a plot of Ln P vs. 1/T was constructed to 

determine the enthalpy values which were calculated and discussed in the previous 

chapters. The values are shown in Table 7.1. These results show that enthalpy values are 

in the following order: CsH > RbH > KH.  As discussed earlier, the absorption enthalpy 

values are smaller than desorption enthalpy values. However, the desorption values are 

similar to those reported in previous publications.
77
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Figure 7.1 Absorption isotherms at 180 °C for the alkali-metal doped system. 

 

 

 

 
Figure 7.2 Desorption isotherms at 180 °C for the alkali-metal doped system. 

  



133 

 

 

 

7.2 Cycling Studies 

Based on the trends presented in the KH-doped and CsH-doped samples, the 

plateau pressures for absorption and remained constant. In addition, the results clearly 

demonstrate that the RbH-doped sample follows a  different trend compared to the others. 

That trend provides evidence of a constant increase with absorption and a constant 

decrease with desorption which caused an increase of hysteresis over time as shown in 

the RbH-doped sample graphs in Figures 7.3 and 7.4. Currently, there is no precise 

explanation as to why the phenomenon occurs until 70 cycles. Further research is 

necessary to gain insight on that phenomenon. As was previously stated in the prior 

chapters, the conditions for cycling the catalyzed systems were conducted at a constant 

temperature of 200 °C.  

 

 
Figure 7.3 Absorption plateau pressures during absorption/desorption cycling studies at 

200 °C. A comparative analysis of alkali-metal doped system. 
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Figure 7.4 Desorption plateau pressures during absorption/desorption cycling studies at 

200 °C . A comparative analysis of alkali metal- doped system. 

 

 

7.3 Kinetic Studies  

As was stated in prior chapters, the results representing the rehydriding kinetics of 

the lithium amide-magnesium doped systems at low temperatures are closer to meeting 

the criteria for the United States Department of Energy. The temperature of both 

absorption and desorption reactions were completed at a constant temperature of 180 °C 

at an N-value of 3. With an N-value that low, it was hypothesized that the reactions 

would appeared be slower as compared to other research studies conducted and published 

in the existing literature.
26,78

 Absorption kinetics have been demonstrated to be faster as 

compared to the desorption kinetics for each system. That observation is presented in 

Figures 7.5 and 7.6.  
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That trend for those results have been determined to be RbH<KH<CsH.  That 

observation is consistent with a trend that was first described by Durojaiye et al.
77

 

Further, that observation demonstrates that the RbH dopant is more reactive compared to 

the other metals in Group I in the periodic table.
77 

 

 
Figure 7.5 Absorption studies of the alkali-metal doped lithium amide-magnesium 

hydride system at constant temperature 180 °C. 

 

 
Figure 7.6 Desorption studies of the alkali-metal doped lithium amide-magnesium 

hydride system at constant temperature 180 °C. 
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7.4 Activation Energies 

Throughout the current dissertation, activation energies have been constructed 

using two methods: Arrhenius plots and Kissinger plots. Activation energies for 

absorption studies are introduced for the first time throughout this dissertation. Activation 

energies for desorption studies have been conducted and compared using the two 

methods. Figures 7.7 and 7.8 show the comparisons of Arrhenius plots for absorption 

and desorption respectively.  
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Figure 7.7 Arrhenius plots of absorption studies for the alkali-metal hoped systems. 

 

 

  

 

 

 

 

 

 

 
Figure 7.8 Arrhenius plots of desorption studies for the alkali-metal hoped systems. 
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Based on the parameters presented in Table 7.1 below, rubidium hydride is the 

best dopant for the 2LiNH2/MgH2 system. The following trend was observed throughout 

this current research study: RbH>KH>CsH.  Based on the periodic table, cesium hydride 

was expected to be the best dopant due to lower electronegativity. However, based on 

results shown, rubidium hydride-doped system was found to be the fastest system at 180 

°C. There is no evidence or clear explanation as to why this occurs.  

 

 

 

 

Parameter  KH RbH CsH 

Abs Pm 32.5 30.2 26.0 

Des Pm 25.4 21.5 19.5 

Abs  H (kJ/mol) 34.3 39.7 40.98 

Des  H (kJ/mol) 40.9 43.0 46.10 

Ea Abs (kJ/mol) 83.9 81.7 105.9 

Ea Des (kJ/mol) 89.3 86.9 110.5 

Ea Des (kJ/mol)Kiss 87.0 89.4  109.1 

T90 Abs (min) 183 107.5 301 

T90 Des (min) 297 207 455 

Table 7.1 Summary of absorption and desorption parameters for thermodynamics and 

kinetics results at constant temperature at 180°C. 
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7.5 Summary 

It has been demonstrated that the rubidium-doped system is still by far the best 

dopant for the lithium amide/magnesium hydride system. Based on the absorption and 

desorption studies, that system is approximately 1.7 times faster than the KH-doped 

system and about 2.8 times faster than CsH-doped system. However, that system has 

produced evidence that it still has some promise that it can operate at a temperature of 

180 °C. 
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CHAPTER 8  

CONCLUSION 

8.1 Overall Conclusion  

 The main objective of this research study was focused on the thermodynamic and 

kinetic studies of the alkali metal dopants (or destabilizing agents) and their effects on 

the 2LiNH2/MgH2 hydrogen storage system. To expand the scientific knowledge in the 

existing research literature along with broadening the understanding of these theoretical 

occurrences in the reactions, additional experimental studies were conducted to validate 

findings of resulting data. 

Based on the series of studies that were completed, the following conclusions 

from those findings can be stated:  

 The enthalpy values in the temperature range of 150°C-180°C have 

remained consistent in the range of 30kJ/mol≤H≤60kJ/mol for the alkali-

metal doped systems. This indicates that all three systems are suitable 

materials for hydrogen storage according to various research studies.  

o The trend for enthalpy values for both absorption and desorption 

is:  KH < RbH< CsH  

 Cycling studies of each catalyzed system at constant temperature of 

200°C have been conducted. Based on the results, the following has been 

concluded:  
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o Potassium-doped system had plateau pressures that remained 

consistent for absorption and desorption studies. The weight 

capacity however changed over the 100 cycling period.  

o Rubidium-doped system created hysteresis over time. The weight 

percent has also decreased over time as well.  

o Cesium hydride –doped system remained consistent in the plateau 

pressure. However, hydrogen capacity changed significantly each 

time it was cycled.   

 Absorption kinetic studies were introduced in this current research study 

for the first time regarding experiments for all the alkali metal-doped 

systems at constant thermodynamic driving force. Desorption kinetic 

studies were also done under the same conditions.  

o Based on the values discussed in each chapter, absorption studies 

were faster than desorption studies.  

o Rubidium-doped system was shown to be the fastest system 

followed by potassium and cesium-doped system respectively. 

This is presented in Table 7.1 at constant temperature 180  C. 

 Kinetic modeling has been done for both absorption and desorption for 

the doped systems. The following has been found for the doped systems: 

o Shrinking core model (curve-fitting model) 
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 All absorption studies followed reaction-controlled model 

in the first stages and then diffusion for the latter stages.  

 All desorption studies shows that diffusion model fit best 

for most of the reactions for each system at different 

temperatures.  

o Johnson-Mehl-Avarami model (model testing linearity) 

 For absorption studies, it showed that reaction-controlled 

and diffusion model has linear correlation in the beginning 

of the plots.  

 Diffusion fit best for desorption experimental studies at 

different temperatures.  

o Hancock and Sharp (shown diffusion for desorption kinetics) 

 All doped systems showed that diffusion was the rate-

determining step according to the slope range of 0.5-0.6 

discussed in the Hancock and Sharp paper.  

 Activation energies for absorption studies were introduced for the first 

time for alkali-metal doped systems using the Arrhenius plots discussed 

throughout the dissertation. Desorption activation energies have also been 

determined and compared by Arrhenius plots and Kissinger plots.  

o Based on the Arrhenius plots for the absorption studies, RbH-

doped system was shown to have the lowest activation energy, 
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followed by KH- and CsH-doped respectively. Table 7.1 shows 

the values of the absorption studies activation energy values.  

o For desorption studies, the Arrhenius plot values and Kissinger 

plot values have shown that the values are similar towards each 

other.  

 

8.2 Suggestions for future Work 

 RbH has been found to have a best effect on the 2LiNH2/MgH2 system 

thermodynamically and kinetically so far. This knowledge can be applied to the 

ternary system LiBH4/LiNH2/MgH2 as well as other hydrogen storage systems.  

 Based on the literature, it has been stated that K and Rb metal has participated in 

the thermodynamics via temperature desorption and change in structure. This can 

be investigated by using scanning electron microscopy, x-ray diffraction, and 

neutron diffraction. 

 In a previous study, a dual catalyst of Rb and K has been introduced on the 

2LiNH2/MgH2 system and has been studied extensively. This concept can be 

applied for combining Rb-Cs and/or K-Cs dual catalysts on the 2LiNH2/MgH2 

systems.The thermodynamic and kinetic properties and compare the two systems 

can be compared.  
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