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ABSTRACT 

The LiNH2/MgH2 systems, either in ratio 1:1 or 2:1, are promising hydrogen storage 

materials due to their high hydrogen storage capacities, potential reversibility and 

moderate operating conditions. The effects of some selected non-transition metal hydride 

additives (KH, RbH and CsH) were investigated on these systems. KH showed to be 

more effective for lowering the desorption temperature and increasing the desorption 

rates of the 2:1 mixtures than the 1:1 mixtures. The desorption rates of the 2:1 mixture 

was enhanced by ~25 times when doped with KH. The KH has no effect on the 

desorption rates of the 1:1 mixtures. The effects of the various selected non-transition 

metal hydrides on the 2:1 mixtures were also investigated and compared. All the 

additives proved to be effective for lowering the desorption temperature, reducing the 

enthalpy and increasing the desorption rates of the 2:1 mixture; hence they are referred to 

as “catalytic additives”. Using constant pressure thermodynamics driving forces of N = 

10 and at 210
o
 C, the kinetics results showed that the RbH-doped mixture released 

hydrogen over twice as fast as the K doped mixture, thrice as fast as the Cs doped 

mixture and approximately 60 times faster than the un-catalyzed sample. This is a 

remarkable improvement on the desorption kinetics of the 2LiNH2/MgH2 system. 

Modeling studies using the shrinking core model and a method developed by Hancock 

and Sharp both indicated that the reaction rates for both the doped and un-doped mixtures 

of the 2LiNH2/MgH2 are controlled by diffusion in the two-phase plateau region.   
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CHAPTER ONE 

1.0 INTRODUCTION 

At the present time the world is faced with the problems of rapidly dwindling sources of 

conventional energy such as fossil fuels (especially petroleum and natural gas). Burning 

of these fossil fuels results in several problems such as acid rains, climate change, global 

warming and pollution that degrades our environment and have negative effect on the 

quality of life. These have brought increased consciousness of the need for efficient, 

clean and renewable energy sources. Hydrogen is the most often discussed energy carrier 

because when burned in air, it produces a clean form of energy. Hydrogen’s interest as 

energy of the future is in being a clean energy carrier source, lightest fuel, most abundant 

element in the universe, richest in energy per unit mass, easy storage and creation of new 

economy [1, 2]. 

Hydrogen gas can be used for various applications such as generating electricity, 

cooking, automobiles fuel, power industries, flying jet planes and other domestic energy 

requirements. It is presently being used in experimental cars, and as fuel in space 

programs. In the 1960s NASA’s space capsule used hydrogen fuel cells to power 

aerospace transports to build the international space station, provide electricity and 

portable water for space dwellers [1]. 
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Hydrogen is the simplest and lightest element in the universe. It has only one proton and 

electron and it is only available in compounds such as water and hydrocarbons. It has 

three times higher energy efficiency compared to petroleum [3]. The interest in hydrogen 

as an energy alternative has grown more in the 1990s after its initiation in the 1960s [4,5]. 

Hydrogen’s large scale production efforts have been faced with diverse problems which 

inhibit the hydrogen economy implementation. Effective hydrogen storage is a major 

problem inhibiting the hydrogen economy. Due to low energy density and safety, 

cryogenic and high pressure storage is not the most suitable way for practical vehicular 

storage [6, 7]. Due to the reasons mentioned enormous efforts have been made to look for 

solid materials which can hold hydrogen reversibly according to the U.S. Department of 

Energy (US DOE) stated standards which include good storage capacity, low desorption 

temperature, low cost and low toxicity [8]. 

Some materials such as metal hydrides [9, 10], carbon materials [11, 12], and activated 

charcoal [13, 14] have been examined to fulfill the requirements above but none of them 

showed satisfactory performance for commercial vehicular hydrogen storage application. 

Lately, investigations of complex hydrides have offered a possibility to design a potential 

hydrogen storage system due to their light weight and number of hydrogen atoms per 

metal atom [1]. 

1.1     U.S. DOE TECHNICAL TARGETS FOR ON-BOARD                    

    HYDROGEN STORAGE SYSTEM 

The goal of the U.S. Department of Energy Hydrogen Program is for hydrogen fuel to 

produce ten percent of our energy consumption by year 2030. In order to achieve the 
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widespread commercialization of hydrogen in the transportation industry the performance 

of hydrogen fueled vehicles must be compatible or superior to conventional gasoline 

powered vehicles [2]. As required by the US DOE the desired hydrogen storage 

technology should allow a driving range of more than 300 miles (500 km) without 

making significant changes to the vehicle and being available at similar cost. As a result 

of significant progress made on the development of hydrogen fueled vehicles and real-

world driving and testing experience, valuable information has been substantially 

gathered. Also, information on design limitations of fuel cell vehicles, vehicle 

performance and customer requirements and expectations are now available. These new 

developments have led to the revision of the 2015 technical targets for on-board 

hydrogen storage system [2].  

The new gravimetric hydrogen density and volumetric hydrogen density are now 5.5 wt. 

% and 40 g H2 L
-1

 respectively (down from 9 wt. % and 81 g H2 L
-1

). New system fill 

time for 5-kg fill is 3.3 min (up from 2.5 min). The new storage system cost is yet to be 

determined as at the time of writing (old system cost was $67/kg H2 or $2/kWh). The 

operational cycle life is unchanged - 1500 cycles. The hydrogen desorption temperature 

must be between 60 
o
C and 120 

o
C.  Toxicity, safety, permeation and leakage should also 

be kept at levels that meet the federal applicable standards [15].  
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1.2  HYDROGEN ENERGY BENEFITS 

Readily available 

Hydrogen is the most abundant element found in the universe. It can be made from a 

wide variety of feed stocks including water, biomass, coal, natural gas, even in 

conjunction with wind, solar, and nuclear energy [16, 17]. 

Environmentally friendly 

When hydrogen is burned, it leaves almost no harmful byproducts. Its byproduct is 

drinkable water. Hydrogen benefits the environment because it replaces older, dirtier 

fuels, thus reducing greenhouse gas emissions and improving air quality. Hydrogen’s 

non-toxic nature makes it a rare fuel source among others. Nuclear energy, coal, and 

gasoline are all either toxic or found in hazardous environments. This makes hydrogen 

ideal for use in a number of ways other fuel sources can’t compete against [16, 17]. 

Powerful and Fuel efficient 

Hydrogen energy is powerful enough to propel spaceships and it is safer than using any 

other similar product to accomplish such an energy-intensive duty. Hydrogen has the 

highest energy content per unit weight of any known fuel and burns more efficiently than 

gasoline. This clearly means that a car loaded with hydrogen fuel will go much farther 

than the one using the same amount of traditional source of energy [16]. 
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Renewable 

Unlike non-renewable sources of energy which can’t be produced again and again as they 

are limited and rapidly depleting; hydrogen is a renewable carrier of energy that can be 

produced on demand from replenishable resources [16]. 

Economic growth 

Hydrogen can contribute to economic growth through job development, investment 

opportunities, and the creation of a sustainable, secure energy supply [17]. 

Energy security 

Hydrogen benefits energy security through energy diversification. It could reduce our 

dependence on foreign oil since hydrogen can be derived from domestic sources, such as 

natural gas and coal, as well as renewable resources. Hydrogen used to provide 

transportation fuel and off-grid power makes us less vulnerable to oil price shocks from 

an increasingly volatile oil market [17, 18]. 

1.3   HYDROGEN ENERGY CHALLENGES 

System Cost 

On-board hydrogen storage systems cost is too high, particularly in comparison with 

conventional storage systems for fossil fuels such as gasoline. Low-cost media, materials 

of construction and balance-of-plant components are needed, as well as low-cost, high-

volume manufacturing methods [19]. 
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System Weight and Volume 

The weight and volume of hydrogen storage systems are presently too high, resulting in 

inadequate vehicle range compared to conventional petroleum fueled vehicles. Materials 

and components are needed for all compact, lightweight hydrogen storage systems that 

allow driving ranges similar to those available today for light-duty vehicle platforms. 

Reducing weight and volume of thermal management components is required [19].  

Charging/Discharging Rates 

Hydrogen refueling times are generally too long for material based systems. There is a 

need to develop hydrogen storage systems with refueling times of about three minutes for 

a 5-kg hydrogen charge, over the lifetime of the system. Thermal management that 

enables quicker refueling is a critical issue that must be addressed [19].  

Efficiency  

Energy efficiency is a challenge for all hydrogen storage approaches. The energy 

required in transferring hydrogen into and out of the storage media or material is an issue 

for all material options. Life-cycle energy efficiency may be a challenge for chemical 

hydrogen storage technologies in which the spent media and by-products are typically 

regenerated off-board the vehicle. Thermal management for charging and releasing 

hydrogen from the storage system needs to be optimized to increase overall efficiency for 

all approaches [19]. 
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Balance of Plant (BOP) Components 

Light-weight, cost-effective balance-of-plant components are needed for all approaches 

of hydrogen storage, especially those requiring high-pressure or extensive thermal 

management. These include tubing, fittings, check valves, regulators, filters, relief and 

shut-off valves, heat exchangers, and sensors. System design and optimal packaging of 

components to meet overall volumetric targets are also required [19]. 

Durability/Operability  

Hydrogen storage system’s durability is currently inadequate. Storage media, materials of 

construction and balance-of-plant components are needed that allow hydrogen storage 

systems with a lifetime of at least 1500 cycles and with tolerance to hydrogen fuel 

contaminants [19].  

Codes & Standards 

 Applicable codes and standards for hydrogen storage systems and interface technologies, 

which will facilitate implementation/commercialization and assure safety and public 

acceptance, have not been established. Standardized hardware and operating procedures, 

and applicable codes and standards, are required [19]. 

Materials of Construction 

High pressure containment for compressed gas and other high-pressure approaches limits 

the choice of construction materials and fabrication techniques, within weight, volume, 

performance and cost constraints. For all approaches of hydrogen storage, vehicle 
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containment that is resistant to hydrogen permeation and corrosion is required. Materials 

to meet performance and cost requirements for hydrogen delivery and off-board storage 

are also needed [19]. 

 

1.4  HYDROGEN STORAGE TECHNOLOGIES 

Hydrogen storage has been the leading technical barrier to hydrogen’s future in the 

transportation sector. Current limitations in the hydrogen production and fuel cell 

technologies are likely to be solved through progressive or evolutionary improvements. 

Meeting the storage challenge will require revolutionary improvements and 

breakthroughs. Hydrogen can be stored in the form of gas, cryogenic liquid or adsorbed 

gas in solid materials [20]. 

Compressed gas 

Compressed hydrogen is generally stored in cylindrical tanks at pressures of around 200-

700 bars [21]. This in turn requires the use of specially constructed pressure vessels, 

which are energy consuming and expensive for large-scale applications [22]. Low 

pressure storage, either in tanks or underground, can be used for very large volumes. It is 

the cheapest method, however storage density is low. Higher storage pressures increase 

the storage density, but also the costs of the system and most especially the safety 

requirements [21]. 
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Liquid Hydrogen 

Another method of storing hydrogen is physical storage of cryogenic liquid hydrogen 

(cooled to -253 
o
C) in insulated tanks [23]. The liquefaction process itself is energy 

intensive, but liquid hydrogen has a very high hydrogen density, over three times that of 

gasoline. Highly insulated tanks are needed to minimize evaporation and these can add to 

the bulkiness and heaviness of on-board liquid storage system [21].  

Chemical storage 

Hydrogen can also be stored within the structure of advanced materials or on the surface 

of certain materials, as well as in the form of chemical precursors that undergo a chemical 

reaction to release hydrogen [23]. Metal hydrides are metal alloys that can store hydrogen 

within their chemical structure. Hydrogen is bonded to the surface of small particles of 

the material and is only released on application of heat. Hydrogen can also be stored 

within carbon materials and in the form of liquid hydrides [21]. 

 

1.5  METAL HYDRIDES 

Metal hydrides contain typically heavy elements (transition metals) [24].
 
Hydrogen reacts 

with several transition metals and their alloys at high temperatures to form hydrides. The 

electropositive elements such as Sc, Y, lanthanides, actinides and members of the Ti and 

V groups are the most reactive. The binary hydrides of transition metals are metallic in 

character and are known as metallic hydrides [25]. The storage of hydrogen in molecular 
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and/or atomic form can be achieved, depending on the binding energy between metal 

adsorbents and hydrogen. Heat is either absorbed (endothermic) or released (exothermic) 

during metal-hydrogen interaction. This makes metal hydrides prime candidates for heat 

storage systems [26]. A typical metal-hydrogen reaction is stated as: 

M + 
2

x
H2                 MHx        (1) 

Several of these compounds, (MHx), display large deviations from ideal stoichiometry (n 

= 1, 2, 3) and can exist as multiphase systems. The lattice structure is that of a typical 

metal with hydrogen atoms in the interstitial sites. They are called interstitial hydrides for 

that reason (Fig 1). 

                        

                                Figure 1.0 Metal lattice with interstitials         

 This type of structure is limited to the compositions MH, MH2, and MH3, with the 

hydrogen atoms fitting into tetrahedral or octahedral holes in the metal lattice or a 

combination of the two [25]. Metal hydrides of intermetallic compounds, in the simplest 

case the ternary system ABxHn are particularly interesting because the variation of the 

Interstitial site H 
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elements allows the properties of these hydrides to be tailored. Element A is usually a 

rare earth or alkaline earth metal and tends to form a stable hydride while element B is 

often a transition metal that forms only unstable hydrides. Some well defined ratios of 

B:A, where x = 0.5, 1, 2, 5, have been found to form hydrides with a hydrogen to metal 

ratios [25]. 

A major challenge is to find metal hydrides with sufficiently large hydrogen mass 

density. This is restricted by the minimum distance between two hydrogen atoms, which 

is typically ~2Å [24]. Conventional high capacity metal hydrides require high 

temperatures (~300° C-350 °C) to liberate hydrogen, but sufficient heat is not generally 

available in fuel cell transportation applications. Currently existing low temperature 

hydrides, however, suffer from low gravimetric energy densities and require too much 

space on board or add significant weight to the vehicle [27]. MgH2 is one of the most 

studied metal hydride. 

 

1.6  LIGHT WEIGHT COMPLEX HYDRIDES 

Enormous efforts have been made to find solid storage materials which can reversibly 

store hydrogen at moderate temperatures. A suitable solid material for hydrogen storage 

should have low desorption temperature (60-120 
o
C), cheap to produce and have low 

toxicity. Due to their light weight and number of atoms per metal atom, complex hydrides 

offered a chance to design a potential hydrogen storage system. A complex hydride is a 

group of materials which are a combination of hydrogen and group 1, 2, 3 light metals 
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e.g. Li, Na, B and Al [25 and 28]. Some complex hydrides include alanates [29-37], 

borohydrides [38-42], amides and imides [43-49], amino borane [50-53], alane [54 and 

55] etc. 

Several works have been carried out to optimize the hydrogen storage properties of many 

of the light weight complex hydrides using additives. Alanates are attractive to study 

because of their easy accessibility. The most popular of the group is NaAlH4 and it is 

commercially available. TiCl3 was reported to have a good catalytic effect on NaAlH4 

[56]. Remarkable improvements have been reported in the kinetics of La2O3 doped 

NaAlH4 compared to the un-doped NaAlH4 [57]. 

Borohydrides are promising hydrogen storage materials because of their high gravimetric 

and volumetric hydrogen capacity. High hydrogen desorption temperature and poor 

reversibility due to formation of stable intermediate or loss of diborane has limited their 

usage [58-60]. Significant improvement was reported in desorption kinetics of LiBH4 

when mixed with MgH2 and doped with NbF5 [61]. Improved desorption rates of 

Mg(BH4)2/Ca(BH4)2 mixtures over individual borohydrides have been reported by 

Ibikunle et al [62]. Ca(BH4)2 reversibility by doping with TiCl3 has been reported but 

NbF5 was reported as the best performing catalyst for the rehydrogenation [63, 64]. 

Practical use of amides and imides has been limited by their poor absorption kinetics 

despite their high hydrogen capacity and moderate operating temperatures. Mechanical 

ball-milling using catalyst doping has been identified as a way to overcome their kinetic 

barriers. Several works have been reported on many systems in this group such as LiNH2, 
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Li2NH, Mg(NH2)2, Ca(NH2)2, Li-Mg-N-H, Li-Ca-N-H and Li-Al-N-H [1]. Some of these 

works are discussed extensively in the subsequent section. 

Amino boranes are basically compounds of borane groups having ammonia addition [65]. 

They are considered as promising candidate  for chemical hydrogen storage applications 

due to their low molecular weight and high hydrogen content of 19.6 wt. %. It was 

reported that mechanical milling with metal catalysts enhanced hydrogen release in solid 

state ammonia borane. Also the onset temperature of hydrogen release was reportedly 

reduced by the addition of nanophase boron nitride [66, 67].  

Poor reversibility and slow desorption kinetics are reasons limiting the practical use of 

alane as an effective hydrogen storage material. It was reported that doping AlH3 with a 

small amount of LiH, NaH and KH resulted in speeding up hydrogen desorption rates at 

low temperatures [68]. 

 

1.7      LiNH2/MgH2 SYSTEMS FOR HYDROGEN STORAGE 

Among several systems investigated so far, the Li-Mg-N-H system has shown promising 

characteristics for onboard vehicular application. It shows significant decrease in 

enthalpy of reaction and favors reversible hydrogen storage near ambient conditions [1]. 

Different studies have been carried out on various Mg:Li ratios in the literatures. Luo and 

Sickafoose reported Mg:Li = 1:2 [69, 70], Xiong reported 3:6 ratios 

(3Mg(NH2)2+6LiH↔3Li2Mg(NH)2+6H2) [71, 72], Luo and Ichikawa reported ratios 3:8 

(3Mg(NH2)2+8LiH↔4Li2NH+Mg3N2+8H2) [69 , 73] and Orimo et al reported 1:4 ratios 
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(3Mg(NH2)2+12LiH→4Li3N+Mg3N2+12H2 [44, 74]. It was found in the above reactions 

that the reversible capacity increases when decreasing the Mg content. However, studies 

showed that most of the combined ratios exhibits high desorption temperatures to achieve 

full hydrogen desorption (up to 500 
o
C). This is due to stability of the transitory imide 

phases. The ratio 1:2 combination is the most promising material/combination because of 

its high capacity (~5.6 wt %) and relatively low operating temperature around 200 
o
C [1]. 

 

1.7.1     LiNH2+MgH2 SYSTEM (1:1) 

Hydrides of period 2 and 3 elements are promising for hydrogen storage but their high 

heats of reaction are too high to be utilized for fuel cell vehicles. Alapati et al [75] 

estimated that for dehydrogenation temperatures to fall between 50 and 150 
o
C, it is 

necessary that ∆H lies between 30 and 60 kJ/mol H2. Reactions with ∆H values higher 

than 60 kJ/mol H2 will not have appreciable hydrogen pressures until the temperature is 

too high, which is unacceptable. If the ∆H is significantly lower than 30 kJ/mol H2, the 

material will show very poor reversibility. Using DFT calculations a number of reactions 

that have promising properties in terms of both reaction enthalpies and hydrogen storage 

capacities were identified. The reaction below is predicted to have a hydrogen storage 

capacity of 8.2 % and ∆H value of 31.9 kJ/mol. 

LiNH2+MgH2→LiMgN+2H2      (2) 

Due to the promising predictions made by Alapati et al using DFT calculations, studies 

have been carried out on Eq. 2 above. Lu et al [76] reported that the above reaction 

releases ~8.1wt % of hydrogen between 160 and 220
o
C which is close to the reported 
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theoretical value of 8.19 wt %. Rehydrogenation of the binary nitride LiMgN was also 

achieved by doping with 4 wt % of TiCl3 with 2000 psi of hydrogen pressures applied at 

160 
o
C. TGA results showed that a total of 8.0 wt % can be stored in the Ti doped 

LiMgN. Using information obtained from XRD and FTIR techniques, the hydrogenation 

reaction of LiMgN was proposed as follows: 

LiMgN+2H2→1/2Mg(NH2)2+1/2MgH2+LiH           (3) 

The need to determine isothermal plateau pressures and analyze desorbed gases of the 

LiNH2/MgH2 system (ratio 1:1) led to new discoveries by Osborn et al [77]. PCI 

isotherms showed that less than 3.4 wt. % H2 is released at a plateau pressure near 20 atm 

at 210 
o
C. Further XRD results obtained showed the absence of LiMgN but the presence 

of Li2Mg2(NH)3 and some starting materials. Analysis of the desorbed gas also shows 

large quantities of ammonia are released from the system. The overall dehydriding 

reaction at 210
o
C is proposed to be; 

LiNH2+MgH2→1/3Li2Mg2(NH)3+H2+1/3MgH2+1/3LiH    (4) 

Formation of Li2Mg2(NH)3 rather than LiMgN was reportedly due to its fast kinetics or 

more favorable thermodynamic driving force than LiMgN. 

Liu et al [78] reported their findings after ball milling the system for 36 hrs using 

planetary ball milling machine and subsequent heating up to 390 
o
C. A total of 6.1 wt. % 

of hydrogen was released from the mixtures. XRD and FTIR examinations revealed the 

exchange of the NH2 group between LiNH2 and MgH2 first to produce Mg(NH2)2 and 
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LiH during ball milling. The products consist of Mg3N2, Li2MgN2H2 and LiH after 

heating to 390 
o
C. Poor reversibility was also reported in the system. 

Since studies by several research groups on ball-milled LiNH2-MgH2 (1:1) mixture 

resulted in different dehydrogenation processes, Liang et al [79] were motivated towards 

understanding the underlying mechanisms of the chemical reaction between LiNH2 and 

MgH2 (1:1). By using FTIR and XRD they found that the reaction pathway for 

dehydrogenation/hydrogenation of LiNH2/MgH2 (1:1) system is strongly dependent on 

the duration of the milling due to the presence of two competing reactions in different 

stages. They reported the initial conversion of the binary mixture LiNH2/MgH2 to the 

ternary mixture 0.5Mg(NH2)2/LiH/0.5MgH2 system in the initial ball-milling stage. 

During extended ball-milling, newly formed Mg(NH2)2 reacted readily with MgH2 to 

yield MgNH with evolution of hydrogen. However, at high temperatures (~250 
o
C) 

Mg(NH2)2 showed preference in reacting with LiH rather than MgH2. 

Anton et al [80] investigated the effect of two metal oxide additives (Fe2O3 and V2O5) on 

the sorption kinetics of (1:1) LiNH2/MgH2 mixture. It was found that the addition of both 

metal oxides significantly reduced the amount of ammonia emission during the initial 

decomposition. However, the V2O5 modified mixture showed faster sorption kinetics than 

the Fe2O3 modified mixtures after four isothermal sorption cycles. 

Price et al [81] also investigated the effects of some metal halide modifiers (TiCl3, VCl3, 

ScCl3 and NiCl2) on the sorption properties of the 1:1 molar ratio of LiNH2/MgH2. The 

investigations showed that the modified mixtures contained LiNH2, MgH2 and LiCl. The 
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metal halide modifiers also reduced the hydrogen desorption temperatures in the order 

TiCl3 > ScCl3 > VCl3 > NiCl2. Little improvement was reported in the isothermal 

sorption kinetics of the modified mixtures over the unmodified mixtures after the first 

dehydrogenation cycles but drastic improvement was observed in the rehydrogenation 

cycles. 

 

1.7.2      2LiNH2+MgH2 SYSTEM (2:1) 

Following the reports of Chen et al [82, 83, 84] on the discovery of lithium nitride/imide 

system with a high hydrogen storage capacity of 11.5 wt. % and the system’s operating 

conditions which are not satisfactory for automobile application; there has been 

motivation for extensive studies on the amide/imide family for hydrogen storage 

possibilities. 

Luo reported the preparation of a new type of hydrogen storage system by partial 

substitution of Li by Mg in lithium amide (2LiNH2/MgH2). The new storage material can 

reversibly store hydrogen at 32 bars and 200 
o
C [69]. 

When LiNH2 and MgH2 are ball-milled together in ratio 2:1, the dehydrogenation product 

is a ternary imide Li2Mg(NH)2. The dehydrided product can be formed using two 

methods. The first method involves subjecting a mechanically milled mixture of 

2LiNH2/MgH2 to dehydrogenation and evacuation at 300 
o
C [85].  The reaction is shown 

below; 

2LiNH2+MgH2 → 3Li2Mg(NH)2+6H2                                        (5) 
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Luo et al [70] suggested the second method which involves the formation of mixed imide 

phase. It is a two step process. In this method, LiNH2 and MgH2 undergo initial 

conversion to Mg(NH2)2 and LiH when heated for 2 hrs at 200 
o
C under 100 bar of 

hydrogen, these products are reversibly decomposed to form Li2Mg(NH)2 with evolution 

of hydrogen. The reaction is shown below; 

2LiNH2+MgH2 → Mg(NH2)2 +2LiH ↔ Li2Mg(NH)2+H2          (6) 

Luo and Ronnebro [86] studied the desorption isotherm of (2LiNH2+MgH2) at 200, 220 

and 240 
o
C. A Van’t Hoff plot generated from this data was used to determine the 

enthalpy of desorption for this material. The desorption enthalpy was calculated to be 39 

kJ/mol-H2. They also reported that the mixture of (2LiNH2+MgH2) converts to Mg(NH2)2 

+2LiH after a desorption/re-absorption cycle. 

In an attempt to analyze the origin of the kinetic barrier in reaction (7), Xiong et al [72] 

reported that the PCT curve recorded at 220 
o
C contains a distinct plateau region and a 

sloping region.  

Mg(NH2)2 +2LiH ↔ Li2Mg(NH)2+H2      (7) 

About 2/3 of hydrogen desorption was reported to occur at the distinct plateau region at a 

pressure of 46 bar while the sloping region accounts for the remaining 1/3 hydrogen 

desorption. They suggested that the strong affinity of H
δ+

 (from Mg(NH2)2 ) and H
δ-

 

(from LiH ) may lead to induction of formation of an intermediate phase between 

Mg(NH2)2 and LiH. The reaction scheme below was proposed; 
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H               H        H         H       H      H            Li 

       N-Mg-N  + H-Li →  N-Mg-N                      →       N-Mg-N +H2 

H      H        H         H      Li          H        H 

Scheme 1. Reaction mechanism 

 

They suggested the structure NH2-Mg-NHLi may not be stable. Based on their proposal 

they suggested that the way to decrease the activation energy can be achieved either by 

enhancing the attraction of H
δ+

-H
δ-

 or by weakening of Li-H and N-H bonds. These can 

be achieved by a choice catalyst (chemical) with those specific functions of enhancing 

attraction or weakening of bonds. In addition, they suggested that in order to increase the 

reaction rates, better contact between amide and hydride is probably crucial. 

Chen et al [87] reported that a mechanically milled LiNH2/MgH2 mixture can reversibly 

store about 4.3 wt. % of hydrogen at 200 
o
C and 90 % of it can be desorbed within one 

hour. They also observed that the hydrogen storage capacity and dehydriding rate of the 

material is significantly decreased when the operating temperature was lowered. They 

suggested that more work is needed in compositional adjustment to enhance the hydrogen 

storage capacity. Also, exploration of suitable catalysts to kinetically enhance the 

reversible dehydrogenation/rehydrogenation reactions was also suggested. 

In the quest to explore compositional adjustment, Xiong et al [88] prepared and 

investigated three Li-Mg-N-H samples with LiH/Mg(NH2)2 ratio 1:1, 2:1 and 3:1. They 
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observed that the reduction of LiH content induced ammonia release. However, higher 

content of LiH led to increased desorption temperature. 

Cheng et al [89] carried out the isothermal and non-isothermal kinetic measurements on 

the chemical reaction between Mg(NH2)2 and LiH. They also studied thermal 

decomposition of Mg(NH2)2. The differences in Arrhenius parameters obtained for both 

chemical processes revealed that the thermal decomposition of Mg(NH2)2 is unlikely to 

be an elementary process in the chemical reaction of Mg(NH2)2-2LiH. From the observed 

linear relationship between time and the extent of the reaction of Mg(NH2)2-2LiH, it 

showed that the interface reaction in the earlier state of the reaction may be responsible 

for the kinetic barrier. As the reaction progressed, there was increase in the resistance of 

mass transport through the product layer and this became the rate-determining step. They 

also reported that the particle size and the degree of mixing of reacting species will affect 

the overall kinetics. 

Luo et al [90] investigated the effect of water-saturated air on the starting mixture of fully 

dehydrided and fully rehydrided (2LiNH2+MgH2) material. They reported that the 

materials showed no degradation of its hydrogen storage properties after exposure to 

water saturated air at 25 
o
C. A decrease of the times for reaching the same H2 wt. % after 

exposure to the water-saturated air for both absorption and desorption was also reported. 

An accelerating effect is also present for immediately preceding runs and subsequent 

ones.   
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In order to optimize the hydrogen storage properties of Mg(NH2)2-2LiH system, Sudik et 

al [91] investigated the effect of product seeding on the kinetic improvement of the 

system. The result of 5, 10 and 15 wt. % seeding showed that all are effective for 

reducing the peak hydrogen desorption temperature relative to the neat material (220 
o
C). 

An optimal effect was reported with the incorporation of 10 wt. % excess product seed, 

this corresponds to a 40 
o
C reduction in the peak hydrogen desorption temperature. A 

reported 11.8 kJ/mol decrease in activation energy was also observed. This corroborates 

the kinetic enhancement. Analysis of the effluent gas composition showed significant 

decrease in ammonia release. They also reported a 25 % decrease in kinetic performance 

after 13 charge/discharge cycles for the seeded sample. They suggested the 25 % 

decrease is likely due to deterioration of seed quality. Isothermal desorption kinetics at 

180 
o
C and 220 

o
C was reported to show a dramatic improvement in kinetic response for 

the seeded composition. 

Ammonia formation is a parallel, competing process with hydrogen release during the 

desorption process of the Li-Mg-N-H. With the aid of a Draeger Tube Luo et al [92] 

determined the ammonia concentration in the desorbed hydrogen. They reported that 

ammonia concentration increases with the desorption temperature, from 180 ppm at 180 

o
C to 720 ppm at 240 

o
C. 

In order to clarify the effects of the LiH ratio on the properties of the system, Aoki et al 

[93] investigated the dehydriding and rehydriding properties of 3Mg(NH2)2+nLiH (n = 6, 

8 and 12) using p-c isotherm and XRD measurements. They found out that the amount of 

hydrogen desorbed on a unit mass basis decreased with increased n. The features of the p-
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c isotherm were reported to be similar to each other. Li2Mg(NH)2 was observed in XRD 

profiles of all the mixtures after the p-c isotherm measurements. They suggested that the 

dehydriding reactions of the mixture of 3Mg(NH2)2+nLiH (n = 6, 8 and 12) under 

hydrogen pressure is not dominantly affected by the value of n. They also reported that 

the amounts of ammonia desorbed from the mixtures detected by mass spectroscopy 

decreased with increased n. 

Janot et al [94] investigated the hydrogen storage performances of the Li-Mg-N-H system 

either from (1:2) Mg(NH2)2-LiH or (1:2) MgH2-LiNH2 mixtures. They reported ammonia 

release for (1:2) MgH2-LiNH2 mixtures if the first heating is conducted under a dynamic 

vacuum. They suggested that this could lead to fast degradation of the material. They 

reported that the desorption kinetics of the ball-milled (1:2) Mg(NH2)2-LiH mixture are 

fast: a total of 5.0 wt.% is reportedly desorbed in 25 minutes at 220 
o
C. They also 

suggested that the formation of two pressure plateaus reveals the existence of an 

intermediary phase between Li2Mg(NH)2 and the rehydrided material, which is the (1:2) 

Mg(NH2)2-LiH mixture. 

Rijssenbeek et al [95] used a combination of synchrotron X-ray diffraction and neutron 

diffraction to determine the hydrogen storage reactions of mixtures of lithium amide and 

magnesium hydride. The dehydrogenation product of the material was reported to be α-

Li2Mg(NH)2. Two structural phase transitions were reportedly observed as the imide was 

heated further to over 500 
o
C at 12 

o
C/min. The first transition was reported to start at 350 

o
C, when the orthorhombic α-phase was gradually replaced by a primitive cubic phase (β- 

Li2Mg(NH)2). A second transition started at about 500 
o
C, at which point the primitive 
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cubic phase quickly became face-centered cubic (γ- Li2Mg(NH)2). However, when cooled 

the γ- Li2Mg(NH)2 was converted back to β- Li2Mg(NH)2. The regeneration of the α-

Li2Mg(NH)2 could only be achieved by cycling under hydrogen pressure. Similar 

reactions were reportedly observed when the starting mixture was Mg(NH2)2-2LiH. 

Liu et al [96] reported that the equilibrium concentrations of ammonia in the volatile 

products of the reaction between Mg(NH2)2 and 2LiH are strongly dependent on the 

reaction temperature. The equilibrium concentrations of ammonia calculated at 90 and 25 

o
C are ca. 30 and 17 ppm respectively. 

Markmaitree et al [97] compared the dehydrogenation kinetics of (2LiNH2+MgH2) and 

(LiNH2+LiH) systems and their vulnerabilities to the ammonia emission problems. They 

also investigated the two systems to understand their different degrees of mechanical 

activation. Their results showed that the dehydrogenation of (2LiNH2+MgH2) mixture 

had lower onset temperature and higher hydrogen pressure than (LiNH2+LiH). Their 

report showed that the rate of the (2LiNH2+MgH2) mixture to generate hydrogen at 210 

o
C was higher than that of the (LiNH2+LiH) mixture. The reaction rate between MgH2 

and NH3 was reported to be lower than that between LiH and NH3. This creates ammonia 

emission problem for the (2LiNH2+MgH2) mixture. High-energy ball milling was 

reported to increase the reaction rates and alleviates the ammonia emission problem. 

Based on the XRD and FTIR results and the desorbed gas analysis a reaction pathway 

was proposed for reaction (8) below: 

2LiNH2+MgH2 → Li2Mg(NH)2+H2                                                     (8) 
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Firstly, the 2LiNH2 decomposes as shown below; 

2LiNH2→ Li2NH+NH3                                                     (9) 

The NH3 formed then reacts with MgH2 in (8) 

NH3+1/2MgH2 → 1/2Mg(NH2)2+H2                                  (10) 

The 1/2Mg(NH2)2 decomposes  

1/2Mg(NH2)2 → 1/2MgNH+1/2NH3                                                               (11) 

The 1/2NH3 formed from (11) reacts again with un-reacted MgH2 according to reaction 

(10). The Mg(NH2)2 formed decomposes again according to reaction (11) to form MgNH 

and NH3. This reaction cycle continues according to reactions (10) and (11) until all 

MgH2 has reacted with NH3.  The products from this reaction cycle are H2 and MgNH. 

The MgNH formed reacts with the Li2NH from reaction (9) in the reaction below; 

MgNH + Li2NH → Li2Mg(NH)2              (12)                  

Since the FTIR spectra do not show the Mg(NH2)2 phase at any stage of the reaction, they 

suggested that reaction (10) must have proceeded relatively slowly in comparison with 

reaction (11) so that Mg(NH2)2  is not accumulated to a level detectable by FTIR. 

Shahi et al [98] investigated the ball milling (5-45 hrs) followed by dehydrogenation 

kinetics of the LiNH2-MgH2 mixture. Their findings revealed the formation of Mg(NH2)2 

for mixtures ball milled for more than 15 hours. There was also appreciable increase in 

the desorption kinetics as milling duration increased from 5 to 45 hours. The 

enhancement was attributed to the formation of Mg(NH2)2 during this process. 

Size-dependent kinetic enhancement in hydrogen absorption and desorption of the Li-

Mg-N-H system was investigated by Liu et al [99]. Their XRD and IR results showed 
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that a polymorphic transformation was induced from the orthorhombic α-Li2Mg(NH)2 

phase to the cubic β- Li2Mg(NH)2 phase during 36 h ball milling. They found that the 

particle size of the sample was reduced from >800 nm to 100-200 nm after 36 h ball-

milling as observed with scanning electron microscopy. The onset of hydrogen 

desorption for the ball-milled sample was dramatically lowered to 80 
o
C and the 

dehydrogenation kinetics was reported to be significantly improved after hydrogenation 

at a much lower temperature. Diffusion of small ions in the sample is reported to be the 

rate controlling step of the hydrogen desorption reaction. 

Hu and Fichtner [100] investigated the formation and stability of ternary imides in the   

Li-Mg-N-H hydrogen storage system. By varying the molar ratio of Mg(NH2)2 to LiH in 

the proximity of 1:2 (1:1.5, 1:1.8, 1:2.0, 1:2.2, 1:2.5 and 1:2.7), they reported that a 

maximal amount of hydrogen and low level of ammonia generation were observed for the 

mixture with molar ratio 1:2. They also confirmed that Li2Mg(NH)2 is a 

thermodynamically favored dehydrogenation product in the hydrogen storage system. 

Markmaitree and Shaw [101] reported the phase pure synthesis of Li2Mg(NH)2 by 

dehydriding treatment of ball-milled 2LiNH2+MgH2 mixture. They reported that the 

isothermal hydriding process of Li2Mg(NH)2 is very sluggish and holding at 200 
o
C for 

10 hrs only resulted in 3.75 wt. % hydrogen uptake. They reported that detailed kinetic 

analysis revealed that the rate-limiting step for the hydriding process of Li2Mg(NH)2  is 

diffusion. In order to enhance the hydriding kinetics of Li2Mg(NH)2, they suggested nano-

engineering to minimize the diffusion distance and high-energy ball milling to introduce 
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lattice defects and thus increase the diffusion co-efficient. They also suggested doping to 

increase the lattice distortion and thus the diffusion rate. 

Catalytic enhancement of the 2LiNH2+MgH2 system has been widely studied in order to 

improve the hydrogen storage properties of the system. Cheng et al [102] reported the 

effect of various carbon additives on a rehydrogenated sample of Li-Mg-N-H. The carbon 

additives studied included as-prepared single-walled carbon nanotubes (A-SWNTs), 

purified single-walled carbon nanotubes (P-SWNTs), purified multi-walled carbon 

nanotubes (P-MWNTs), graphite (G-carbon) and activated carbon (A-carbon). Their 

report showed that an optimum hydrogen storage capacity was achieved in the 2.15:1 

LiNH2/MgH2 mixture. They also reported that the addition of a small amount (5 wt. %) of 

SWNTs improved the dehydriding kinetics of Mg(NH2)2/LiH materials. The dehydriding 

kinetics was reported to be 3 times faster for the SWNTs containing samples when 

compared with the un-catalyzed sample at 200 
o
C. 

In order to alter the thermodynamics and kinetics of the Mg(NH2)2 +2LiH system, Liu et 

al [103] altered the chemical composition of the Li-Mg-N-H system by partially 

substituting NaH for LiH or substituting NaNH2 for Mg(NH2)2. They reported that the 

desorption peaks of the samples containing Na compounds occurred at a temperature ~14 

o
C lower than that of the un-catalyzed Li-Mg-N-H sample. The activation energies of the 

substituted samples were reduced by approximately 8 and 13 kJ/mol when compared to 

that of the un-catalyzed sample. Lohstroh and Fichtner [104] reported that the addition of 

2 mol % TiCl3 to the 2LiNH2-MgH2 system shifted the endothermic hydrogen release to 

lower temperatures but it does not have a catalytic effect on the reversible reaction. 
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Barison et al [105] tested the effectiveness of the presence of additives (Nb2O5, TiCl3 and 

graphite) and of a prolonged milling time in improving the kinetics of the hydrogen 

absorption/desorption processes. Their results showed that a milling time of 24 hrs or 

longer using high energy mill gave a better kinetics than the milled for lesser times 

sample. The kinetics improvement was suggested to be due to reduced average crystallite 

size, which led to an increased surface to bulk ratio which enhanced the solid-solid 

reactivity and shortened the hydrogen diffusion paths. 

Motivated by the mechanistic understanding of the essential amide/imide Ma et al [106] 

experimentally examined the catalytically reversible dehydrogenation of the Mg(NH2)2 

+2LiH system using Ru/C catalyst (a metal catalyst). Compared to the neat sample, they 

reported that the Ru/C doped samples exhibited enhancement of the dehydrogenation 

/rehydrogenation kinetics particularly at lowered temperatures. They reported that the 

catalytic enhancement was achieved without penalty of the capacity of the material. It 

was reported that the isothermal dehydrogenation behaviors suggested that the enhanced 

dehydrogenation kinetics may result from the Ru-catalyzed interface reaction between 

amide and imide solid phases.  

Ma et al [107] investigated the effect of Li3N additive with respect to reversible 

dehydrogenation performance of the Li-Mg-N-H system. Their results showed that 

varying Li3N additions (5, 10, 20 and 30 mol %) proved effective for improving the 

hydrogen desorption capacity. Optimum results were achieved with 10 mol % Li3N with 

a capacity increase from 3.9 wt. % to approximately 4.7 wt. % hydrogen at 200 
o
C. The 

enhanced capacity was reported to be stable over 10 dehydrogenation/rehydrogenation 
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cycles. The Li3N additive was reportedly transformed into LiNH2 and LiH phases which 

remained in the dehydrogenation/rehydrogenation cycle. Using combined 

structure/property investigations they suggested that the in situ-formed LiNH2 should be 

responsible for the capacity enhancement. It was presumed that the incorporated LiNH2 

acted as stable nucleation sites for promoting the growth of intermediate LiNH2. They 

also reported that the concurrent incorporation of LiH is effective in reducing ammonia 

release.   

In order to catalytically improve the hydrogen storage properties of Li-Mg-N-H system, 

Wang et al [108] investigated the effect of potassium (a non-transition metal dopant) on 

the hydrogen storage properties of Mg(NH2)2 /2LiH. Their results showed that complete 

hydrogen desorption can be achieved at circa 107 
o
C which is much lower when 

compared with the un-catalyzed sample (i.e > 180 
o
C). They reported that potassium 

diffused into the imide and /or amide phases and combined with nitrogen thereby 

weakening the amide N-H bonds and imide Li-N bonds which considerably enhanced the 

dehydrogenation. They suggested any potential catalyst has to be dissolved in the 

reaction region in order to be approachable by the reacting species. Their temperature 

programmed desorption (TPD) results showed that the desorption peak of the potassium 

modified sample shifted downwards by 50 
o
C. Also the release of ammonia was reported 

to be hardly detectable in the temperature range of 75-200 
o
C. The enthalpy change of 

hydrogen release was reported to be 42 kJ/mol H2. They reported that similar 

performance can be achieved by introducing other potassium salts such as KF, KNH2, 
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KOH, K2CO3 and K3PO4 to the Mg(NH2)2 +2LiH system however KH and K-N 

containing compounds are always the effective species. 

Wang et al [109] investigated the nature of the Ti species in the Li-Mg-N-H system for 

hydrogen storage. They reported a slight improvement in the hydrogen desorption 

kinetics of the TiN and TiF3 doped samples. The activation energies reported for 

dehydrogenation with or without TiF3 additive are 81.45 kJ/mol and 92.2 kJ/mol 

respectively. The TiF3 additive showed very little catalytic effect on Li-Mg-N-H system. 

The Ti in Li2MgN2H2 was reportedly calculated and determined as Li7TiMg4(N2H2)4 by a 

first principles approach. 

Shahi et al [110] studied the effect of vanadium and vanadium based (V, V2O5 and VCl3) 

catalysts on the dehydrogenation characteristics of Mg(NH2)2 /2LiH. Their results 

showed that all the additives are capable of lowering the initial decomposition 

temperature, however the VCl3 proved the most effective by lowering the initial 

decomposition from ~80 
o
C to ~60 

o
C. The addition of 2 mol % of VCl3 to the mixture 

also increased desorption kinetics by ~38 %. They also reported that the absorption 

kinetics of the un-catalyzed material also increased with the addition of 2 mol % 

vanadium based additives at 10 MPa of H2 pressure and 220 
o
C. The hydrogen uptake 

capacity of the un-catalyzed material, V, VCl3 and V2O5 doped samples were found to be 

~2.8, ~3.8, ~4.2, and ~3.25 wt. % within 10 hrs respectively. The optimal desorption 

conditions for the VCl3 doped sample were reported as 5.2 wt. % at 220 
o
C within 150 

min. Good reversibility at 180 
o
C with a hydrogen storage capacity of ~4.9 wt. % after 10 

cycles was reported also for the VCl3 doped mixture. 
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Ball-milling is a good way to achieve smaller/finer particles and uniform mixing of 

reactants. Aggregations of fine particles are reportedly common during dehydriding and 

rehydriding of mixtures. Aggregation leads to reduction of surface area as well as the 

extension of the mass transport path followed by a reduction in hydrogen sorption 

performance. In an attempt to maintain the physical state of reactants in the cycling of the 

Li-Mg-N-H system, Wang et al [111] investigated the effects of triphenyl phosphate 

(TPP) on the hydrogen storage performance of the Mg(NH2)2-2LiH system. The TPD 

report showed that for the un-catalyzed Mg(NH2)2 -2LiH sample, the peak desorption 

temperature was increased by ~20 
o
C after one cycle while the TPP doped sample 

experienced a reduction of ~10 
o
C lower than that of the un-catalyzed sample in the first 

desorption. A further 4 
o
C downward shift was also reported after 4 cycles. They reported 

that TPP reacted with LiH and Mg(NH2)2 exothermically to form more stable 

compound(s) during ball-milling. The compound(s) formed do not change during 

hydrogen absorption/desorption by the Li-Mg-N-H system. TPP was reported to 

effectively prevent the aggregation of ternary imide Li2MgN2H2 in the dehydrogenation 

and the crystallization of Mg(NH2)2 in hydrogenation; this favors cyclic durability. They 

reported that the addition of TPP significantly affected both the thermodynamics and 

kinetics. It was reported that the persistence of amorphous Mg(NH2)2 in cycling by 

doping with TPP was the reason for the thermodynamic changes compared to the un-

catalyzed sample while the reduction of the crystallite size of the reactants by ~7 nm was 

responsible for the faster kinetics at lower temperatures. 
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Nayebossadri [112] studied the effects of elemental Si and Al on the dehydrogenation 

kinetics of Li-Mg-N-H. He reported that the addition of elemental Si had no appreciable 

effect on the hydrogen desorption profile of the sample. The addition of Al was reported 

to shift desorption temperature peak to a higher temperature by ~100 
o
C. He reported that 

examination of the phases after dehydrogenation showed that elemental Si was not 

incorporated into the dehydrogenated phases but remained intact. The dehydrogenated 

phases contained a cubic Li2MgN2H2. No ammonia was reported in the evolved gas 

analyses. 

In an effort to lower the operating temperatures and enhance the dehydrogenation 

/hydrogenation rate of the Mg(NH2)2 -2LiH system by catalyst addition, Liang et al 

investigated the effect of NaOH additive on the enhancement of 

dehydrogenation/hydrogenation kinetics. They reported that the onset temperatures for 

hydrogen desorption were lowered by ~30 
o
C when compared to the un-catalyzed sample 

while a 36 
o
C reduction was observed for the peak hydrogen desorption temperature. 

Ammonia generation was reportedly reduced and was almost undetectable for the sample 

with 0.5 mol NaOH. It was also reported that hydrogen desorption was dramatically sped 

up with the addition of NaOH. The Mg(NH2)2-2LiH-0.5 NaOH sample released ~48 % of 

hydrogen capacity within 750 min while < 15 % of hydrogen capacity was released by 

the un-catalyzed sample in the same period of time. They reported that approximately 65 

% of the hydrogen storage capacity could be recharged into the dehydrogenated NaOH 

doped sample within 300 min at 100 
o
C while only 31 % of hydrogen capacity could be 

recharged into the un-catalyzed sample. A reversible 2.5 wt. % could be achieved at 150 
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o
C and 105 atm. This is lower than the un-catalyzed sample with 4.9 wt. % reversibility 

[113]. 

Luo et al [114] reported a comparative study for hydrogen storage characteristics of un-

doped and KH-doped 2LiNH2+MgH2. Their results showed that the solid state conversion 

(2LiNH2+MgH2 → Mg(NH2)2+2LiH) is an exothermic process and this explained why 

the rehydrogenation of the spent material (Li2MgN2H2) terminates at (Mg(NH2)2+2LiH) 

without forming (2LiNH2+MgH2) during subsequent absorption cycles. They reported 

the effectiveness of the KH catalysis which dramatically improved the hydrogen 

absorption rate. Absorption was almost completed for the KH-doped samples within 

about 0.1 hr at 200 
o
C, while the un-doped sample was only 70 % completed after 0.5 h. 

The absorption rate was reported to be dramatically improved at 115 atm and 180 
o
C. A 

“self heating” effect was also reported to benefit the absorption rate. 

Durojaiye and Goudy [115] studied the kinetics of the lithium amide/magnesium hydride 

system at constant pressure thermodynamic driving forces using N-value of 10 and at 210 

o
C. The N-value is the ratio of the mid-plateau pressure, Pm to the opposing pressure Popp. 

Their result showed that the KH is more effective on 2LiNH2-MgH2 system than the 

LiNH2-MgH2 system. The desorption temperature was significantly lowered for the 2:1 

mixture compared to the 1:1 mixture when doped with KH. The desorption rates of KH-

doped 2LiNH2+MgH2 mixture was reported to be ~25 times faster than the un-doped 

2LiNH2+MgH2 mixture. 
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Using density functional theory Velikokhatnyi and Kumta [116] determined the 

theoretical enthalpy: Mg(NH2)2 +2LiH ↔ Li2Mg(NH)2+H2.  The theoretical value 

obtained is 53.4 kJ/mol H2. However, they reported the experimental value to be 44.1 

kJ/mol, which is ~20 % different from the theoretical value. They suggested the observed 

variation might lie in the inherent difficulty to treat the random distribution of Li and Mg 

atoms with fractional occupation numbers using the Vienna Ab initio Simulation Package 

(VASP).  

In this study we investigate and compare the effects of KH, RbH and CsH on the 

LiNH2/MgH2 systems. The capability of magnesium amides to form a wide range of 

mixed amido complexes with alkali metal ions M2[Mg(NH2)4]
2-

 (M= K, Rb and Cs) is 

one of the reason for considering KH, RbH and CsH additives for this study [120, 121 

and 122]. 

 

1.8 GOALS OF THE RESEARCH 

The goals for this research are highlighted below: 

 To perform comparative thermodynamics, dehydriding kinetics and modeling 

studies on KH doped and un-doped (2LiNH2/MgH2) and (LiNH2/MgH2) systems. 

Kinetics will be compared using constant pressure thermodynamic driving forces.  
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 To investigate the effect of RbH on the thermodynamics and dehydriding kinetics 

of (2LiNH2/MgH2) system. The KH doped and un-doped samples will also be 

compared. 

  To perform comparative thermodynamics, dehydriding kinetics and modeling 

studies on KH, RbH, CsH doped and un-doped (2LiNH2/MgH2). Kinetics will be 

compared using constant pressure thermodynamic driving forces.  
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CHAPTER TWO 

2.0 EXPERIMENTAL SECTION 

2.1 SAMPLE PREPARATIONS 

All materials used for this research were obtained from the Sigma Aldrich Corporation. 

The LiNH2 was 95 % pure and the MgH2 was of hydrogen storage grade, 98 % pure. The 

rubidium metal was 99.6 % pure and the cesium metal was 99.95 % pure. RbH and CsH 

were self-produced from their metals in the laboratory. KH was 30 wt. % dispersed in 

mineral oil (mineral oil was removed by washing severally with n-Heptane before use). 

KBr was FTIR grade and 99 % pure. All sample handling, weighing and loading were 

performed in a Vacuum Atmospheres argon-filled glove box that was capable of 

achieving less than 1 ppm oxygen and moisture. The glove box was vacuum-cleaned 

several times using purified argon gas to remove air and moisture that can contaminate 

the reagents and samples. 

 

2.2 SYNTHESIS OF RbH and CsH CATALYSTS 

RbH and CsH catalysts were synthesized by modifying the reactive ball milling method 

described by Elansari et al [117]. Approximately 4-5 g of the alkali metal was added into 

a 45 ml vial followed by 10 Tungsten Carbide (WC) balls ~10 mm in diameter each in a 

purified argon filled glove box. The vial was covered with a special lid that allowed the 

vial to be pressurized and depressurized. Vacuum was pulled on the vial to remove the 
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argon and hydrogen pressure of about 90 psi was introduced into the vial. The vial was 

placed in a planetary mill (Fritsch pulverisette 7). A rotation rate of 100 rpm was kept for 

15 min. The rotation rate was progressively increased by 25 rpm; the 15 min milling time 

was kept constant until 250 rpm is reached. This was repeated thrice starting from 100 

rpm. At 250 rpm a 12 hr milling period was observed which included 36 cycles of 20 min 

milling and 10 min pause times. It should be noted that before the start of each milling 

cycle the vial was re-pressurized at 90 psi. The lid of the vial was changed when 175 rpm 

was reached because of the spread of alkaline metal onto the inside of the lid which might 

prevent effective pressurization of the vial. After 12 hrs milling was completed the vial 

was re-pressurized and placed in an oven at 120 
o
C for 1 hr. A white powdered was 

formed at the end of the incubation when observed in the argon filled glove box. Results 

of the XRD are discussed in the result section in chapter four. 

 

2.3 BALL MILLING OF SAMPLES 

In this study the un-doped and doped samples were mixtures of LiNH2 and MgH2 in a 

molar ratio 2:1.1. An excess of 10 % MgH2 was added to prevent the escape of NH3 from 

the system during synthesis. For the doped sample, 3.3 mol % of the additives KH, RbH 

and CsH were added and prepared separately. The weighing balance was zeroed before 

each measurement and a weight correction was done for the weighing paper. The samples 

were handled in an argon filled Vacuum Atmosphere Company glove box, NEXUS DRI-

TRAIN model equipped with a trace oxygen analyzer. Prior to use, the stainless steel 

sample holder and the balls were washed and oven dried for thirty minutes. They were 
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later removed and cooled to room temperature in open air. They were then transferred to 

the ante chamber of the glove box. The ante chamber was vacuum cleaned about six 

times to remove air and moisture trapped in it during the transfer of the milling vials and 

balls into it. The ante chamber was opened from the inside of the glove box and the 

sample holder was placed inside the glove box.  A 5g mixture of the sample was placed 

in a clean stainless steel sample vial containing stainless steel balls in an argon filled 

glove box. The sealed stainless steel sample vial was taken out of the glove box and 

clamped in the jaws of the 8000M Mixer/Mill. The crank was tightened firmly and the 

small locking tab on the treaded rod was also tightened to prevent the jaws from 

loosening while milling is in progress. The machine was turned on and 2 hrs of milling 

was programmed for all the samples. The sample holder was returned to the glove box 

via the cleaning process described earlier when milling was completed and the mixed 

samples were transferred into clean transparent glass sample bottles for further analysis.  

 

                              Figure 2.1 The Vacuum Atmosphere Glove Box 
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                                Figure 2.2 The 8000M and 8000D Mixer/Mills 

 

2.4     X-RAY DIFFRACTION (XRD) MEASUREMENT  

X-ray diffraction measurements of both the starting materials and the products formed 

were carried out using a PANalytical X’pert Pro X-ray Diffractometer Model PW3040 

Pro. The instrument was equipped with an accelerator detector that allowed for rapid 

analyses. A dry x-ray analysis sample holder was cleaned and placed in the side chamber 

of the glove box. The chamber was cleaned several times as described earlier to remove 

air and moisture before transferring the sample holder into the glove box. Each sample 

was transferred into the sample holder, leveled with a razor to ensure an even surface and 

covered with a transparent polyimide film (Kapton) for protection from air and moisture 

outside of the glove box during analyses. Kapton has very high transmittance to X-rays 
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such that no adjustment is required. The lid was then fastened to hold the thin film tightly 

onto the x-ray sample holder. The prepared sample for x-ray analysis was removed from 

the glove box and transferred to the PANalytical X’pert Pro X-ray Diffractometer.  

 

                                  Figure 2.3 PANalytical X-ray Diffractometer 

 

The instrument’s light was turned on and the sample holder was mounted on the stage. It 

was ensured that the doors of the instrument were tightly shut. The x-ray diffraction 

analysis program was started on the desktop by clicking X’pert data collector. This 

connects the instrument to the computer. The analysis took approximately 20 minutes and 

a diffraction pattern was produced. The operation conditions for the XRD data collection 

were Cu K-Alpha radiation, 40kV, 20 mA and 0.02 
o
/step. The diffraction pattern was 

recorded in the 2θ range and scan range was between 5 and 120 degrees. The analysis 
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was performed by using the X’pert data viewer software on the desktop to confirm the 

formation of a new phase.  

2.5     THERMAL GRAVIMETRIC AND DIFFERENTIAL THERMAL 

MEASUREMENTS. 

A combination of Thermal Gravimetric and Differential Thermal Analysis using the 

Perkin Elmer Simultaneous TGA / DSC model Pyris Diamond High Temperature 115 

housed in Argon filled glove box was carried out on the samples. The TGA measures the 

weight lost by the sample. 

 

                         Figure 2.4 The Lab System-Diamond TG/DTA (TGA)  

The TGA machine was turned on and allowed to stand for some minutes until option 

“linkwait” was displayed on the instrument’s LCD monitor. The TGA was operated by a 
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Pyris program. The Pyris program was started on the computer and the sample and 

program information were inputted. Located on the left side of the instrument is the 

open/close button. The open button was used to open the sample stage. Two identical 

ceramic pans reference (left) and sample (right), were located on the two beams covered 

by the stage. The weights of the two ceramic pans were zeroed. This was repeated several 

times to ensure equilibration of the weight of the ceramic pans. The sample ceramic pan 

was removed with forceps and loaded with approximately 5-10 mg of the sample to be 

analyzed before carefully placing it on the beam. The stage was closed and the weight of 

the sample was measured by clicking on the displayed weight icon on the monitor. This 

was repeated several times to ensure equilibration. The program was started by clicking 

the start button on the program. The heating rate for the samples was 4 
o
C per minute 

starting from 30 to 350 
o
C. Different heating rates were also conducted in order to 

calculate the activation energies by the Kissinger method. 

 

2.6 TEMPERATURE PROGRAMMED DESORPTION (TPD) AND 

PRESSURE COMPOSITION ISOTHERM MEASUREMENTS. 

 

The ball milled mixture was subsequently subjected to a dehydriding treatment followed 

by series of hydriding and dehydriding isotherm measurements at various temperatures 

using a commercial Sieverts’-type pressure-composition isotherm (PCI) unit (Advanced 

Materials Corporation, PA) . The unit was fully automated and controlled by a Lab View-

based software program. The TPD and PCI analyses were done on freshly milled 

samples. Prior to analysis, the sample chamber was cleaned and transferred to the glove 
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box approximately 0.5 g of sample was loaded into the sample holder. The chamber was 

attached to the instrument via a quick connect fitting. Labview software was used to 

control the system as well as to collect and analyze the data. The TPD analyses were 

done in the 30-250 
o
 /300 

o
C range at a heating rate of 4 

o
C/min. The PCI absorption and 

desorption measurements were carried out at temperatures ranging from 190-230 
o
C. 

Data obtained were used to calculate the enthalpy of each system from van’t Hoff plot. 

No activation procedure was carried out prior to sample measurements. 

 

        Figure 2.5 Pressure Composition Isotherm Automated Hydriding Apparatus 
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2.7     RESIDUAL GAS MEASUREMENT 

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 

was used to quickly identify the gas species present in the desorbed gases and monitor the 

level of NH3 and H2 in the desorbed gases of heated samples. The RGA was pre 

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

unit. The sample holder was filled with about 0.5 g of the sample to be analyzed in argon-

filled glove box. The sample holder was plugged with glass wool and covered. The 

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 carried out and the 

sample and system was purged. The air pressure which controlled 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. This was done by closing valve 1. Valve 2 and 3 were opened until the 

desired pressure in the manifold had been reached. Note: Valve 3 will not open unless 

valve 2 has already been opened for 5 seconds. The manifold clearing must always be 

done prior to use or after the user has finished investigating the 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 
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upgraded on a new dialogue box displayed 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. 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 indicates the emission status of the 

filament at all times and it provides the fastest way to verify if 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 

will be done at low pressure and the desorbed will be allowed to flow directly to the 

RGA. The toolbar’s GO button was clicked and after a small delay, the P v T scan data 

starts to be displayed on the screen. The graph was rescaled by selecting Auto scale from 

the graph menu. From the background set up on the software “background –scan data” 

was selected before sample measurements. A sample measurement was carried out the 

same way as the background measurement with the temperature ramped to about 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.  
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Figure 2.6 The Residual Gas Analyzer coupled to the Advanced Materials PCI unit 

 

2.8  FOURIER TRANSFORM INFRARED (FTIR) MEASUREMENT   

The N-H vibrations of the samples were determined by an IR Prestige-21 Fourier 

Transform Infrared Spectrophotometer model 8400S from the Shimadzu Corporation. A 

fraction of the sample was mixed with KBr (ratio 1:10), the mixture was 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 ksi for ~ 1-2 min to form a 

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

sample pellets to air during hydraulic pressing and transfer to sample compartment of the 

spectrometer. 
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              Figure 2.7 IR Prestige-21 Fourier Transform Infrared Spectrophotometer. 

The FTIR spectrophotometer was powered on and the IR solution icon on the monitor 

was double clicked to open the template. The instrument was initialized via the IR 

solution software. Sample information and other data 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 screen of the computer. 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. The sample measurements were taken under room conditions. Background 

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

measurement was automatically subtracted from the sample measurement by the 

spectrometer. 
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2.9 KINETICS MEASUREMENT 

Kinetics measurements were carried out using a Sieverts type apparatus. The experiments 

were carried out using a method that allowed samples to be compared at the same 

constant pressure driving force. The Sieverts type apparatus was made of stainless steel 

and equipped with both inlet and outlet ports for adding and venting hydrogen. Installed 

pressure regulators control the hydrogen pressure applied to the sample and allow 

hydrogen to flow in and out of the sample into a remote reservoir. With the back pressure 

regulator, constant pressure is maintained in the sample chamber during desorption 

analyses. Daqview software was used in data collection. A leak test was conducted before 

each experimental procedure to ensure that all the valves were tightly connected and by 

so doing prevent pressure leakage. After passing the leak test, desorption kinetics for 

each sample was conducted.  
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                                           Figure 2.8  Sieverts Apparatus 

 

Approximately 2 g of each sample mixture was measured and placed inside the sample 

holder in the glove box to prevent sample contamination by moisture. The sample holder 

was removed from the glove box, placed inside a tube furnace 21100 controlled by 

Barnstead thermolyne model F21135 and connected to the kinetics apparatus via a quick 

connect fitting. Desorption kinetics measurements for doped and un-doped mixtures of 

LiNH2/MgH2 were done at 210 
o
C. Once the sample holder was attached to the apparatus, 

the reservoirs were vented and vacuumed for few minutes. The reservoir valves were then 

closed so that the pressure inside them would remain in vacuum. The middle valve was 

closed and a pressure slightly higher than the mid-plateau pressure Pm was set in the 
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sample chamber. An opposing pressure Pop, determined from each sample’s PCI plateau 

was set in the remaining system. The ratio of both pressure values (Pm/Pop) is defined as 

the N-value and it is kept constant for all samples measured. The vacuumed reservoir 

valves were then opened and the Daqview software was used for data collection. A low 

pressure transducer was used to collect data for opposing pressures lower than or equal to 

100 psi while a high pressure transducer was used to collect data for opposing pressures 

higher than 100. The sample holder valve was opened after one minute of starting the 

experiment and the program was triggered to collect data every 30 seconds. Further data 

analyses were done using Microsoft excel.  
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CHAPTER THREE 

3.0 DESORPTION KINETICS OF LITHIUM AMIDE/MAGNESIUM 

HYDRIDE SYSTEMS AT CONSTANT PRESSURE THERMODYNAMIC 

DRIVING FORCES. 

 

3.1  XRD MEASUREMENTS 

The (2LiNH2/MgH2) system reacts with hydrogen according to the following reaction; 

2LiNH2+MgH2 → Li2Mg(NH)2+H2      (Dehydriding)                 (13) 

Li2Mg(NH)2+H2 ↔ Mg(NH2)2 +2LiH  (Rehydriding)      (14) 

XRD analyses were done in order to confirm that this system could absorb and release 

hydrogen in a reversible manner. Fig. 3.1 contains the XRD patterns of the fresh as-

milled, dehydrided, and rehydrided samples of potassium hydride doped (2LiNH2/MgH2) 

containing the molar ratios: (1.9LiNH2+1.1MgH2+0.1KH). In this sample, 5 mol % of the 

LiNH2 has been replaced by KH dopant. The KH dopant comprises 3.3 mol % of the 

entire mixture. The XRD pattern of the as milled sample shows that most peaks can be 

assigned to LiNH2, MgH2 and KH. Peaks corresponding to Mg(NH2)2 and LiH were not 

identified in the sample even after ball milling of mixtures for 2 hr. This shows that ball 

milling for 2 hr does not induce any reaction or major phase transformation after milling 

(2LiNH2 + 1.1MgH2). The XRD pattern of (2LiNH2/1.1MgH2) without the KH dopant is 

essentially the same as that of (1.9LiNH2 + 1.1MgH2 + 0.1KH) with the exception of the 

KH peak occurring at (~27 
o
). After placing the as-milled sample under vacuum for 15 

hrs at 210 
o
C the (1.9LiNH2 + 1.1MgH2 + 0.1KH) system resulted in the pattern 
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displayed in Fig. 3.1 (c). It can be seen that the diffraction pattern for the dehydrided 

sample is composed mostly of peaks belonging to MgLi2(NH)2. The peak at (~27 
o
) is 

due to KH. Fig. 3.1 (d) contains the pattern for the rehydrided sample. Most of the peaks 

are due to Mg(NH2)2 and LiH. The peak at (~27 
o
) which is due to KH can still be seen 

clearly after the rehydrogenation. Reactions in the (LiNH2 + MgH2) system can be 

described by the following equations: 

LiNH2 + MgH2 → LiH + 1/2Mg(NH2)2 + 1/2MgH2        (15) 

LiH + 1/2Mg(NH2)2 + 1/2MgH2 ↔ 1/2Li2Mg(NH)2+1/2MgH2  

+H2 (Dehydrogenation) (16) 

1/2Li2Mg(NH)2+1/2MgH2 +H2 ↔ LiMgN 

+H2  (Further dehydrogenation) (17) 

Fig. 3.2 contains the XRD patterns of the mixture (0.934LiNH2 + 1.1MgH2 + 0.066KH). 

This system, like the previous one, contains 3.3 mol % KH. The XRD pattern of the as 

milled sample (Fig. 3.2 (b)) shows that most of the peaks are due to LiNH2 and MgH2. 

Only few peaks are due to LiH which is one of the expected products of ball milling. The 

peak due to KH cannot be clearly differentiated due to an overlap with MgH2 peak at ~27 

o
. In the dehydrided sample (Fig. 3.2 (c)) there are several peaks due to LiMgN, however 

peaks due to Mg(NH2)2 and LiH are observed at ~33 
o
 and ~44 

o 
respectively. In the 

rehydrided sample (Fig. 3.2 (d)) most peaks are due to Li2Mg(NH)2 and MgH2. These 

XRDs indicate that the phase transformations are incomplete even after dehydriding for 

~15 hrs or rehydriding at pressures up to 200 atm at various temperatures. 
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Fig. 3.1 XRD patterns for the (a) KH (b) as milled, (c) dehydrogenated, and (d) 

rehydrogenated samples of composition (1.9LiNH2 + 1.1MgH2 + 0.1KH) at 210 
o
C.                      

 
Fig. 3.2 XRD patterns for the (a) KH (b) as milled, (c) dehydrogenated, and (d) 

rehydrogenated samples of composition (0.934LiNH2 + 1.1MgH2 + 0.066KH) at 220 
o
C. 
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3.2  TPD MEASUREMENTS 

Temperature Programmed Desorption (TPD) measurements were done to determine the 

temperatures at which the sample mixtures released hydrogen. Fig. 3.3 represents the 

TPD analyses of the doped and un-doped samples of (LiNH2/ MgH2) mixtures. Each 

sample mixture was heated to approximately 350 
o
C at a rate of 4 

o
C/min. It can be seen 

that the doped samples have lower desorption temperatures than their un-doped samples. 

The mixture (1.9LiNH2 +1.1 MgH2 + 0.1KH) has the lowest onset desorption 

temperature (75.3 
o
C) with its corresponding un-doped sample having the highest onset 

desorption temperature (109 
o
C). These values are summarized in Table 3.1. These 

results confirm that KH is a more effective dopant for reducing the desorption 

temperature of the (2LiNH2/1.1MgH2) mixture. All the samples showed hydrogen 

desorption slightly greater than 5 wt. %.                 

 

Fig. 3.3 TPD curves for (a) 1.9LiNH2 + 1.1MgH2 + 0.1KH, (b) 0.934LiNH2 + 1.1MgH2 + 

0.066KH, (c) LiNH2 + 1.1MgH2, and (d) 2LiNH2 + 1.1MgH2 samples. 
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3.3  KINETICS MEASUREMENTS 

In addition to having low desorption temperatures, it is also important that samples have 

fast reaction rates. Desorption kinetics measurements were done as described in [123] on 

each sample at 210 
o
C. In addition to this, all measurements were performed at constant 

pressure driving forces. This was accomplished by adjusting the hydrogen pressure in the 

reactor to a value just slightly higher than that of the mid-plateau pressure (Pm), to assure 

that only the hydrogen rich phase was initially present, and sealing off the reactor. The 

plateau pressures of the various samples at 210 
o
C are summarized in Table 3.1. The 

pressure in the remaining system (Popp) was then adjusted to a value such that the ratio of 

the mid-plateau pressure to the applied pressure was a small whole number. This was 

accomplished by using the same ratio of the equilibrium plateau pressure (Pm) to applied 

hydrogen pressure (Popp). This ratio is defined as the N-value, is equal to the ratio 

(Pm/Popp). The N-value was set at 10 in all the experiments that were carried out. In these 

experiments, hydrogen was allowed to flow out of the sample, through a regulator and 

into a low pressure reservoir. As the sample released hydrogen, the regulator prevented 

any pressure change in the sample reactor by allowing the necessary amount of the 

hydrogen to flow out of the reactor and into the pressure reservoir. 

Fig. 3.4 contains plots of the pressures in the sample reactor and in the remote pressure 

reservoir at N = 10. The plots show that the opposing pressure, Popp remains nearly 

constant as hydrogen is desorbed by the sample. Thus the driving force remains constant. 

The pressure in the remote pressure reservoir increases over time as hydrogen flows from 

the sample reactor into the reservoir. The rate of pressure increase in this reservoir is a 

direct measure of the reaction kinetics. 



55 
 

 
 

It can be seen from Fig. 3.5 that the doped (1.9LiNH2 + 1.1MgH2 + 0.1KH) sample has 

the fastest desorption reaction kinetics while its un-doped (2LiNH2 + 1.1MgH2) sample 

has the slowest desorption reaction kinetics. The un-doped sample (2LiNH2 + 1.1MgH2) 

takes nearly 4000 min under these reaction conditions before it gets to completion 

whereas the doped sample is virtually complete in 400 min.                                                       

             

Fig. 3.4 Pressure transducer readout for kinetics on the (2LiNH2 + 1.1MgH2) sample at 

N=10 and 210 
o
C. 

 

 

It is interesting to note that the times required for these reactions to reach 90 % 

completion (T90) are significantly less than this: 1600 and 62 min, respectively. The KH 

seems to have no effect on desorption kinetics of (0.934LiNH2 + 1.1MgH2 + 0.066KH) 

when compared with its un-doped sample, (LiNH2 + 1.1MgH2). The doped and un-doped 

samples both take approximately the same time for hydrogen desorption. The times 
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required for all of these reactions to reach 90 % completion (T90) are summarized in 

Table 3.1. 

     

Fig. 3.5 Desorption kinetics curves at 210 
o
C in which the N-value was set at 10 for (a) 

1.9LiNH2 + 1.1MgH2 + 0.1KH, (b) LiNH2 + 1.1MgH2, (c) 0.934LiNH2 + 1.1MgH2 + 

0.066KH and (d) 2LiNH2 + 1.1MgH2. 

 

 

3.4  KINETIC MODELING STUDIES 

The classical equation for nucleation and growth processes can be written as: 

F = 1-exp(-Bt
m

) or –ln ln (1-F) = ln B + m ln t     (18) 

where F is the reacted fraction, B is a constant which depends in part on the nucleation 

frequency and linear rate of grain growth, and m is a constant that can vary according to 

the geometry of the system. A method for comparing the kinetics of isothermal solid-state 

reactions based on the classical equation for analysis of nucleation-and-growth has been 

developed by Hancock and Sharp [118]. In that method, plots of -ln ln(1 - F) vs. ln t can 
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be used to distinguish reaction mechanisms. The slope (m) can be used to indicate the 

rate controlling process. According to the analysis, ‘m’ values in the 0.54-0.62 range 

indicate diffusion controlled reactions. Values in the 1.00-1.11 range indicated phase 

boundary controlled reactions. This type of analysis was applied to the systems used in 

the current study. Fig. 3.6 contains plots of –ln ln(1 - F) vs. ln t for the doped and un-

doped systems studied. 

 In each case the reacted fraction values in the 0.15-0.50 range were used to determine 

whether the reaction rate is diffusion or phase boundary controlled. The values of ‘m’ 

obtained for each system are tabulated in Table 3.1. It can be seen that the values for all 

the systems except (0.934LiNH2 + 1.1MgH2+ 0.066KH) correspond most closely to those 

expected for diffusion-controlled reactions. This reaction had an ‘m’ value of 1.00 which 

corresponds to a phase-boundary-controlled reaction. There are actually four types of 

diffusion controlled reactions mentioned by Hancock and Sharp [118] but it is difficult to 

distinguish among them based solely on this analysis. 

                

             Fig. 3.6 Kinetics modeling results based on the method of Hancock and Sharp. 
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3.5  DIFFERENTIAL THERMAL ANALYSIS CURVES AND KISSINGER 

PLOTS 

 

To further understand the effects of KH on the dehydrogenation of the LiNH2/MgH2 

mixtures, the activation energies for dehydrogenation from the samples were investigated 

using the Kissinger method [119]; 
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where Tmax is the temperature at the maximum reaction rate, β, the heating rate, Ea, the 

activation energy, α, the fraction of transformation, FKAS(α) a function of the fraction of 

transformation, and R is the gas constant. In this method, Differential Thermal Analysis 

(DTA) curves for all the ball milled samples were carried out at different heating rates 

between 4 and 20 
o
C per minute. 

         

Fig. 3.7 DTA curves for 0.934LiNH2 + 1.1MgH2 + 0.066KH at heating rates of 4, 7, 10 

and 15 
o
C/min. 

 

 

 Fig. 3.7 shows the DTA curves for one of the samples (0.934LiNH2 + 1.1MgH2 + 

0.066KH). These are typical of the types of curves seen for the other mixtures studied.  
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Fig. 3.8 Kissinger plots for (a) 2LiNH2 + 1.1MgH2, (b) LiNH2 + 1.1MgH2, (c) 1.9LiNH2 

+ 1.1MgH2 + 0.1KH and (d) 0.934LiNH2 + 1.1MgH2 + 0.066KH. 

 

Using the DTA curves, the Kissinger plots shown in Fig. 3.8 were made in order to 

determine the activation energy for each of the samples. In each case plots of Ln(β/T
2
) 

versus 1/T were constructed and the slopes were used to determine the activation energy 

(Ea). The activation energies are summarized in Table 3.1 along with the other kinetic 

data. Results show that the samples with high activation energies generally react slower 

than those with low activation energies and samples with low activation energies also 

have low desorption temperatures. 
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Table 3.1. Summary of desorption parameters for thermodynamic and kinetics results 

Sample Onset. 

Des. 

Temp. 

(
o
C) 

Ea 

(kJ/mol) 

M Pm at 

210 
o
C 

(atm) 

T90 

(min) 

0.934LiNH2+1.1MgH2+0.066KH 81 99±0.1 1.00 78.8 380 

LiNH2+1.1MgH2 99 94±0.1 0.62 25.6 350 

1.9LiNH2+1.1MgH2+0.1KH 75.3 87±0.7 0.58 46.1 62 

2LiNH2+1.1MgH2 109 119±1.7 0.64 34.2 1600 

 

 

3.6  CONCLUSION 

This study has shown that the potassium doped (2:1) mixture has a lower desorption 

temperature and a faster desorption rate than the potassium doped (1:1) mixture. The KH 

dopant is able to lower the hydrogen desorption temperatures of both mixtures however 

the extent of temperature lowering is more significant in the (2:1) doped mixture. The 

study has also shown KH to be a very effective catalyst in increasing the hydrogen 

desorption rates from the (2:1) mixture but it has almost no effect on the hydrogen 

desorption rates of the (1:1) mixture. The desorption rates of the (2:1) doped mixture is 

~25 times faster than that of the un-doped (2:1) mixture. The reason for this effect may 

be due to the fact that the rate controlling step for hydrogen release from the (2:1) 

mixture changes upon adding the dopant, whereas the dopant has no effect on the rate-

controlling step in the (1:1) mixture. It might also be due to the stoichiometric difference 

of the mixtures. Modeling results indicate that a diffusion process controls the reaction 



61 
 

 
 

rates in all the reactions except the 0.934LiNH2+1.1MgH2+0.066KH mixture. In that 

sample mixture it appears that a phase boundary process is rate controlling. 

Results also show that the samples with high activation energies generally react slower 

than those with low activation energies. It is also interesting to note that, in general, the 

samples with low desorption temperatures also have low activation energies. 
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CHAPTER FOUR 

4.0 RUBIDIUM HYDRIDE – AN EXCEPTIONAL DEHYDROGENATION 

CATALYST FOR THE LITHIUM AMIDE/MAGNESIUM HYDRIDE SYSTEM 

 

4.1  DOPANTS ANALYSIS  

XRD analysis of the synthesized dopants (RbH and CsH) and commercially obtained KH 

are shown in figure 4.1. The XRD of commercially obtained KH is included for 

comparism. The X-ray peaks are sharp, indicating a good crystalline organization of the 

powders. The peaks correspond to Face Centered Cubic (FCC) unit cell with the Miller 

indices of the same parity. The intensities and the peak positions fits well with that 

reported in [117] except for the RbH and this is due to the experimental conditions which 

involved the use of (MoKα) that provokes an intense fluorescence with rubidium. The 

peak positions and intensities also fit well with the ones obtained from the X’Pert High 

Score Plus library. The ’a’ parameters obtained for KH, RbH and CsH are 5.70 ± 0.01 Å, 

6.01 ± 0.01 Å and 6.37 ± 0.02 Å respectively. The values matched those reported in 

[117]. Table 4.1a, 4.1b and 4.1c shows the lattice parameter calculations. Reactive ball 

milling under hydrogen pressure constitutes an easy and reproducible way for preparation 

of pure alkali metal hydrides. Moderate rotation rate employed during ball milling and 

the low hardness of the reactants minimizes the risk of contamination of the reactants by 

impurities from the shocks between balls and vial walls. It was suggested that this 

method can be adapted for industrial applications [117]. 
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         Fig. 4.1 XRD patterns for KH, RbH and CsH dopants. 

 

                                        
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

 

                            Table 4.1a Lattice parameter calculation for KH 
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RbH

2θ θ sinθ (sinθ)^2 Δ(sinθ)^2 Whole # 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

 

                        Table 4.1b Lattice parameter calculation for RbH  

 

CsH

2θ θ sinθ (sinθ)^2 Δ(sinθ)^2 Whole # 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

 

                        Table 4.1c Lattice parameter calculation for CsH  

 

4.2  XRD MEASUREMENTS 

The 2LiNH2/1.1MgH2 system reacts with hydrogen according to the reactions described 

in Eq. 6. XRD measurements were done on the hydrided and dehydrided mixtures, with 

and without RbH dopant, to confirm that the doped 2LiNH2/1.1MgH2 system could 

absorb and release hydrogen reversibly. Figure 4.2 (a) shows the XRD pattern for the 

RbH catalyst; Figure 4.2 (b) contains a pattern for the “as milled” sample; while Figures 

4.21(c) and 4.2 (d) contain patterns for the hydrided and dehydrided mixtures, 
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respectively. A comparison of the patterns shows some significant differences in the 

hydrided and dehydrided samples. The pattern for the as-milled sample in Figure 4.2 (b) 

contains peaks for the reactants MgH2 and 2LiNH2. Upon complete dehydrogenation, the 

pattern in Figure 4.2c contains only peaks for the expected dehydrogenated product, 

Li2Mg(NH)2. This product has an orthorhombic structure and it agrees very well with that 

reported by Hu and Fichtner [100]. No RbH peaks appear in this XRD pattern. However, 

upon rehydrogenation, the pattern in Figure 4.2 (d) is obtained. No peaks for the initial 

reactants MgH2 and 2LiNH2 are seen. This XRD pattern contains peaks for (Mg(NH2)2 

+LiH), as indicated in Eq. 7 along with peaks for the RbH catalyst. This confirms that the 

reaction in Eq. 7 occurs reversibly. Since RbH was reformed this indicates that it was not 

consumed during the reaction and that it is truly behaving as a catalyst. The behavior 

displayed in Figure 4.2 for the RbH-catalyzed 2LiNH2/1.1MgH2 system has also been 

observed for the KH-catalyzed system by Luo et al, Markmaitree et al, and Durojaiye et 

[70, 97, and 115].        
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Fig. 4.2 XRD profiles for 2LiNH2/1.1MgH2 mixture catalyzed by RbH (a) RbH catalyst 

(b) as milled (c) dehydrided and (d) rehydrided mixture 

 

 

4.3  TPD MEASUREMENTS 

It has already been established that KH is among the most effective catalysts for lowering 

the desorption temperature of the 2LiNH2/1.1MgH2 system (See chapter 3 of this 

dissertation). Therefore temperature programmed desorption measurements were 

performed on this system using RbH and KH catalysts in order to compare their 

effectiveness. The samples were heated from 30 to 250/350 
o
C at 4 

o
C/min. The results 

are shown in Figure 4.3. When reporting TPD results, it is a common practice to report 

the onset temperatures of the dehydrogenation process, but onset temperatures can be 

misleading since they are the temperature at which dehydrogenation just begins to occur. 

This temperature is often much lower than that during which the bulk of the hydrogen is 
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released. Therefore a decision was made to compare desorption temperatures that 

correspond to the inflection point of the TPD curve.  

     

        Figure 4.3 TPD Profiles for catalyzed and un-catalyzed 2LiNH2/1.1MgH2 mixtures 

 

The results in Figure 4.3 show that the desorption temperatures, Td, are in the order: RbH 

≤ KH << Un-catalyzed. The onset temperatures and desorption temperatures for these 

materials are reported in Table 4.2. The fact that RbH and KH-catalyzed mixtures have 

much lower desorption temperatures than the un-catalyzed mixture is a bit surprising. If 

the RbH and KH are truly behaving as catalysts, they should not have any effect on the 

desorption temperature of this system. Therefore it was useful to determine the 

thermodynamic stabilities of these mixtures. 
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4.4  PCI MEASUREMENTS AND van’t HOFF PLOTS 

Thermodynamic stabilities were determined from pressure composition temperature 

(PCT) isotherm measurements that were carried out on the catalyzed and un-catalyzed 

mixtures. Measurements were made in the 200 - 230 
o
C range. Figure 4.4a contains the 

PCT isotherms for the RbH-doped mixture and Figure 4.4b contains the PCT isotherms 

for the un-catalyzed mixture. PCI for KH doped mixture is shown in fig. 4.4c. The 

isotherms show a well-defined plateau region at each temperature. The plateau pressures 

for the RbH-doped mixture are higher than those for the un-catalyzed mixture under the 

same temperature conditions. The plateau pressures were used to construct van’t Hoff 

plots and the slopes were used to determine the ΔH values for the desorption reactions. 

Van’t Hoff plots for the RbH-doped, KH-doped and un-catalyzed samples are shown in 

Figure 4.5. The enthalpy values obtained for the different mixtures are shown in Table 

4.2. The desorption enthalpy values obtained for the RbH doped mixture (42.7 kJ/mol) 

and the KH doped mixture (42.0 kJ/mol) are similar in magnitude. This is to be expected 

since the hydrogen desorption temperatures of both of these mixtures are nearly the same. 

These enthalpies are significantly lower than the (65 kJ/mol) found for the un-catalyzed 

mixture.  
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          Figure 4.4a Desorption PCT isotherms for the RbH-doped 2LiNH2/1.1MgH2 

mixture 

 

This is also expected since desorption of hydrogen from the un-catalyzed mixture occurs 

at a much higher temperature than those for the catalyzed mixtures. It should also be 

noted that the desorption enthalpy for the un-catalyzed mixture is in the same range as the 

53.4 kJ/mol that was reported based on DFT calculations [116]. 
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           Figure 4.4b Desorption PCT isotherms for the un-catalyzed 2LiNH2/1.1MgH2 

mixture 

 

       

   Figure 4.4c Desorption PCT isotherms for the KH-doped 2LiNH2/1.1MgH2 mixture 
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Table 4.2 Summary of desorption parameters for thermodynamics and kinetics results 

 KH RbH Un-catalyzed 

Onset Temp. (
o
C) 75 76 109 

Desop. Temp., Td, (
o
C) 146 143 237 

Desop. ΔH (kJ/mol) 42.0±0.12 42.7±0.03 65.8±0.04 

T90 (min) 62 27 1600 

Ea (kJ/mol) 87.0±0.7 86.8±0.1 119.0±1.7 

Pm at 210 
o
C (atm) 46.1 48.3 34.2 

‘m’ values 0.587 0.652 0.647 

 

 Some other investigators have reported desorption enthalpies in the 40-44 kJ/mol range 

[85, 108 and 114] but these are not consistent with our findings. Our findings can be 

explained based in part on the fact that Rb and K have the same Pauling electronegativity 

value, 0.82. Apparently both of these electropositive elements have nearly equal 

destabilizing effect on the N-H bond. This destabilization results in significant reductions 

in desorption temperature and enthalpy. Thus we see that RbH and KH are behaving as 

more than just catalysts. Perhaps a better term would be “catalytic additive”. 
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Figure 4.5 Van’t Hoff plots for hydrogen desorption from the catalyzed and un-catalyzed 

2LiNH2/1.1MgH2 mixtures. 

 

4.5  DTA MEASUREMENTS AND KISSINGER PLOTS 

Differential Thermal Analysis curves (DTA) were carried out in order to better 

understand the effects of the catalytic additives on the dehydrogenation of 

LiNH2/1.1MgH2 mixtures. The DTAs were carried out for the catalyzed and un-catalyzed 

mixtures at different heating rates between 4 and 20 
o
C per minute. Figure 4.6 shows the 

DTA curves for the RbH doped mixture at different heating rates. The plots show that the 

desorption temperatures increase with increasing scan rates. These scans are typical of 

those that were obtained for the other mixtures. There is a relationship between the scan 

rate and the activation energy that is described by the Kissinger Eq. (19) in Chapter 3. 

Kissinger plots for various mixtures were constructed from the data obtained from the 

DTA curves. The slopes of these plots, shown in Figure 4.7, were used to determine the 

activation energies of each mixture. The activation energies for KH and RbH doped 
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mixtures are 87 kJ/mol and 86.8 kJ/mol respectively, which is much smaller than the 

activation energy (119 kJ/mol) for the un-catalyzed mixture. The similar activation 

energies for the two catalyzed mixtures can be correlated with the electronegativity 

values of Rb and K in the same way as was done for desorption temperatures. Table 4.2 

shows the activation energy values of all the mixtures. 

 

Figure 4.6 Differential thermal analysis plots for a 2LiNH2/1.1MgH2 mixture catalyzed 

by RbH 
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Figure 4.7 Kissinger plots for catalyzed and un-catalyzed 2LiNH2/1.1MgH2 mixtures 

 

 

4.6 KINETIC MEASUREMENTS  

Fast reaction rate is just as important as low desorption temperatures according to the 

DOE requirements for hydrogen storage systems. Therefore comparisons were made of 

the desorption kinetics of the catalyzed and un-catalyzed systems. Kinetics measurements 

were carried out for each mixture in the two-phase plateau region at 210 
o
C using 

constant pressure thermodynamics forces. Constant pressure thermodynamic force is 

achieved by keeping the ratio of the plateau pressure to the applied pressure constant for 

all measurements. The ratio has been defined as the N-Value. In these experiments, an N-

Value of 10 was applied to all samples. A summary of the plateau pressures at 210 
o
C is 
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shown in Table 4.2. Figure 4.8 contains the desorption kinetics plots of 2LiNH2/1.1MgH2 

mixtures with and without RbH and KH catalysts. It can be seen that the order of reaction 

kinetic rates is RbH > KH >> Un-catalyzed. The RbH doped mixture desorbs hydrogen 

about twice as fast as the KH doped and about 60 times as fast as the un-catalyzed 

mixture. The times taken by the various reactions to reach 90 % completion (T90) are 

shown in Table 4.2.                                               

          

Figure 4.8 Desorption kinetics plots for catalyzed and un-catalyzed 2LiNH2/1.1MgH2 

mixtures at N=10 and 210 
o
C. 
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4.7 KINETIC MODELING STUDIES 

The fact that the RbH doped mixture desorbs hydrogen twice as fast as the KH doped 

mixture was unexpected based on the fact that both Rb and K have the same 

electronegativity. Therefore kinetics modeling studies were conducted to determine if 

there was a plausible explanation for this. Smith and Goudy performed kinetics modeling 

studies on the LaNi5−xCox hydride system (x = 0, 1, 2 and 3) and used two theoretical 

equations based on the shrinking core model to model the system [119]. These same 

equations were used to model the 2LiNH2/1.1MgH2 system. They are as follows: 

 

                                                  
  31
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     where 
Ags

B

Cbk

R
   

                                                      
   BB XX

t
 12131

32

                                   (21) 

 
 

where ,62

AgeB CbDR    

Where t  is the time at a specific point in the reaction and BX  is the fraction of the metal 

reacted. R is the initial radius of the hydride particles, 'b' is a stoichiometric coefficient of 

the metal, CAg is the gas phase concentration of reactant, De is the effective diffusivity of 

hydrogen atoms in the hydride, ρB is the density of the metal hydride and k s is a rate 

constant. 
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                 Figure 4.9.  Diffusion process in shrinking core model 

In the shrinking core model as the reactant core is consumed it decreases and the product 

layer grows bigger till all the reactant is fully consumed.  

Equation (20) is based on a shrinking core model with chemical reaction at the phase 

boundary controlling the rate whereas Equation (21) is based on a process in which 

diffusion controls the reaction rate. Figures 4.10 (a – c) show kinetic modeling results for 

the RbH doped, KH doped and un-catalyzed mixtures respectively. Equations (20 and 21) 

were fitted to the kinetic data in Figure 4.8 for each of the sample mixtures to determine 

which kinetic model best describes the reactions in this study. In order to determine the 

theoretical curves, it was first necessary to determine a value for the constant, τ. This was 

accomplished through a series of statistical data analyses to determine a value which 

resulted in the smallest standard deviation between the experimental and theoretical data. 

Figure 4.10a, for the RbH doped mixture, shows three curves. One is an experimental 

curve taken from Figure 4.8; a second curve was calculated from Equation (20) and a 

third curve was calculated from Equation (21). As shown in Figure 4.10a, the data 

generated from the model with diffusion controlling the overall rate fits the experimental 

data better than the data generated from the model with chemical reaction controlling the 

overall reaction rate. This is true only during the first 70 % of the reaction. During the 

CORE 

H2 diffuses out of system 

Product layer 
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last 30 % of the reaction, neither model was a good fit with the experimental data. The 

reason for this is that during the first 70 % of the reaction, desorption occurred along the 

plateau region where the pressure remained relatively constant. Therefore the N-Value 

was constant and thus 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 this point the kinetics slowed more rapidly 

than either model predicted. The modeling results in Figure 4.10b for the KH catalyzed 

mixture and in Figure 4.10c for the un-catalyzed sample showed similar results. In all 

cases, the data generated from the model with diffusion controlling the overall rate fit the 

experimental data better than the data generated from the model with chemical reaction 

controlling reaction rate. In all the models, diffusion controlled the rates only along the 

two-phase plateau region. The fact that diffusion is the rate-controlling process could be 

used to explain why the desorption rate in the RbH doped mixture is faster than the KH 

doped mixture. The atomic radius of Rb is 248 pm whereas the radius of K is only 227 

pm. Since Rb is larger, it would cause a slight expansion of the lattice, thereby allowing 

the diffusing species to move faster through the lattice. 
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                              Figure 4.10a Modeling plots for the RbH doped mixture 

                                                                          

        

                           Figure 4.10b Modeling plots for the KH doped mixture 
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                                   Figure 4.10c Modeling plots for the un-catalyzed mixture 

 

In order to confirm that diffusion controls the reaction rates, a second modeling technique 

for comparing the kinetics of solid-state reactions was applied. This method, which is 

based on the classical equation for analysis of nucleation-and-growth, was developed by 

Hancock and Sharp [118]. This method has been discussed in detail in chapter 3.  

The values of ‘m’ obtained from the slope of the graph in Figure 4.11 for each mixture 

are tabulated in Table 4.2. The data shows that the values for all the systems correspond 

most closely to those expected for diffusion-controlled reactions. Thus, two entirely 

different approaches have both indicated that diffusion is the rate-controlling process in 

the 2LiNH2/1.1MgH2 system. 
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Figure 4.11 Modeling plots for catalyzed and un-catalyzed LiNH2/1.1MgH2 mixtures 

based on the method of Hancock and Sharp 

 

 

4.8 CONCLUSION 

The results of this study show that the new catalytic additive, RbH, is significantly better 

than KH for enhancing hydrogen desorption from the 2LiNH2/1.1MgH2 system. The RbH 

and KH additives have nearly the same capability for lowering the hydrogen desorption 

temperature of the 2LiNH2/1.1MgH2 mixture. This is believed to be largely due to the 

fact that both Rb and K have the same electronegativity and thus similar destabilizing 

effect on the N-H bond. The fact that the desorption enthalpy for hydrogen release from 

the un-catalyzed mixture was much higher than that from the catalyzed mixtures is 

consistent with these findings. The kinetics results show that the RbH-doped mixture 

releases hydrogen over twice as fast as the K doped mixture and approximately 60 times 
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faster than the un-catalyzed sample. The fact that the activation energy enthalpy for 

hydrogen release from the un-catalyzed mixture was much higher than that from the 

catalyzed mixtures is consistent with these findings. The modeling studies using the 

shrinking core model and a method developed by Hancock and Sharp both indicated that 

the reaction rates are controlled by diffusion in the two-phase plateau region. The faster 

kinetics in the RbH doped mixture is attributed to the fact that Rb has a larger radius and 

is thereby able to expand the lattice, thus facilitating the diffusion process. 
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CHAPTER FIVE 

5.0 COMPARATIVE STUDIES OF SELECTED NON-TRANSITION METAL 

HYDRIDES OF GROUP I ON THE 2LINH2/MgH2 SYSTEM 

 

5.1  XRD MEASUREMENTS  

Fig. 5.1a shows the XRD of the “As Milled” samples with and without the catalysts. It 

has been widely reported  by Luo et al, Markmaitree et al and Durojaiye et al [70, 97, 

and 115] that the peaks occurring at 27.9, 35.7, 39.7, 54.5, 57.5 and 30.5, 35.7, 50.7, 60.3 

degrees for the mixture doped with KH and the un-doped mixture are mostly due to 

MgH2 and LiNH2 respectively, though the peaks are wide at the base due to low 

crystallinity when milled.  The RbH and CsH doped mixtures also follow the same 

pattern. The catalysts’ peaks could not be identified and the peak intensities of LiNH2 and 

MgH2 also decreased.                                     



84 
 

 
 

                

 

     Fig. 5.1a XRD patterns for doped and un-doped as milled 2LiNH2/1.1MgH2 mixtures 

Fig. 5.1b shows the dehydrided XRD profile of the mixtures.  The dehydrided mixtures 

of the KH doped and the un-catalyzed mixtures were reported by some groups 

Markmaitree et al, Wang et al, and Luo et al [97, 108 and 114]. Their reports confirmed 

the formation of a new ternary imide compound known as Li2Mg(NH)2 after dehydriding 

the 2LiNH2+MgH2 mixtures. The RbH doped mixtures exhibits the same XRD pattern as 

the un-catalyzed and KH doped mixtures when dehydrided. The CsH doped sample 

showed different XRD peaks compared to the rest when dehydrided. The set of peaks at 

18.3 and 20.2 degrees exhibited by other dehydrided mixtures could not be found in the 

dehydrided mixture of the CsH doped sample. It also possesses a strong singlet peak at 
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51.6 degrees. This characteristic XRD is similar to the one reported as cubic Li2Mg(NH)2  

by Wang et al [108].  Also, a peak belonging to KH at ~27 degree can be seen in the 

dehydrided mixture of the KH doped mixture, this is due to the dehydrogenation 

temperature of ~210 
o
C employed which is lower than the decomposition temperature of 

the KH which is ~400 
o
C. The decomposition temperatures of RbH and CsH is ~170 

o
C 

for both samples. This is why the peaks of RbH and CsH are not present in the RbH and 

CsH doped  mixtures of the dehydrogenated mixtures.  

 

Fig. 5.1b XRD patterns for doped and un-doped dehydrided 2LiNH2/1.1MgH2 mixtures 

Fig. 5.1c shows the XRD profiles of the rehydrided mixtures. The simulated Mg(NH2)2 

peaks are also included in the rehydrided XRD profile. It has been established that when 

the dehydrided mixtures are rehydrided the resultant compounds are Mg(NH2)2+2LiH 
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[70, 87, 114 and 115]. So, the mixtures potentially cycle between Mg(NH2)2+2LiH and 

Li2Mg(NH)2. The KH doped mixtures have been reported to show regeneration of peaks 

belonging to that of the KH catalyst at 27.2 degrees when the dehydrided mixture is 

rehydrided [108 and 115]. The RbH peak was also regenerated at 25.8 degrees in the 

RbH doped mixture. The CsH doped mixture shows slight variation in the rehydrided 

peaks. It is not clear whether the CsH peaks were regenerated. However it is possible that 

the CsH peak may have overlapped with the Mg(NH2)2 peaks at 23.5 degrees. This can 

be confirmed by comparing the ∆H of the various systems. An unknown peak was also 

observed at 26.6 degrees but this peak could not be assigned to Mg(NH2)2, LiH or CsH 

directly. The peak might be due to a peak shift in the synthesized CsH at 28.0 degrees. 

Peak shift in figure 5.1c by the doped samples are due to the increasing atomic size of the 

metals. 
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Fig. 5.1c XRD patterns for doped and un-doped as rehydrided 2LiNH2/1.1MgH2 mixtures 

 

 

5.2  TPD MEASUREMENTS 

Fig. 5.2 shows the Temperature Programmed Desorption (TPD) curves of the various 

synthesized mixtures of 2LiNH2+1.1MgH2 with and without the catalysts. The samples 

were heated from 30 
o
C to 250 

o
C/350

 o
C) at 4 

o
C/min. The mixture doped with CsH has 

the lowest onset temperature (63 
o
C).  
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         Fig. 5.2 TPD Profiles for catalyzed and un-catalyzed 2LiNH2/1.1MgH2 mixtures 

 

This might be due to the high reactivity of the Cs compared with other metals used. The 

relationship between the onset temperatures and the electronegativity of the 

corresponding metals is shown in Table 5.1. As the reactions proceed above 100 
o
C, the 

mixture doped with RbH shows the lowest desorption temperature (Td), (143
 o
C). The 

order of desorption temperature, Td, is RbH< KH< CsH< Un-catalyzed. The desorption 

temperature, Td, corresponds to the inflection point of the TPD curve. 

Rb and Cs diffused into the imide/amide phases and combined with nitrogen, and then 

the amide N-H and imide Li-N are weakened. This enhanced dehydrogenation. This was 

reported for K as well in [108]. 
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5.3  PCI MEASUREMENTS  

Desorption pressure composition isotherm measurements were carried out on the 

mixtures in order to determine the plateau pressures at different temperatures (200 
o
C-230 

o
C). The obtained plateau pressures were used to make van’t Hoff plots and determine the 

ΔH values for the desorption reactions.  

 

     

     Figure 5.3a Desorption PCT isotherms for the CsH-doped 2LiNH2/1.1MgH2 mixture 

 

The desorption PCI for the RbH doped and the un-doped samples at various temperatures 

had been reported in chapter 4. Figure 5.3a shows the desorption PCI for the CsH doped 

sample while Fig. 5.3b shows the desorption temperatures for all samples at 210 
o
C. 
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Table 5.1 shows that the mixture with the lowest plateau pressure at 210 
o
C has the 

highest desorption temperature. 

 

   

Figure 5.3b Desorption PCT isotherms for the doped and un-doped 2LiNH2/1.1MgH2 

mixture 

 

5.4  Van’t HOFF PLOTS 

Thermodynamic stabilities were determined from pressure composition temperature 

(PCT) isotherm measurements that were done on the catalyzed and un-catalyzed 

mixtures. Measurements were made in the 200 - 230 
o
C range. The plateau pressures 

were used to construct van’t Hoff plots and the slopes were used to determine the ΔH 

values for the desorption reactions. Van’t Hoff plots for the RbH-doped, KH-doped and 

un-doped samples are shown in Figure 5.4. The enthalpy values obtained for the different 
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mixtures are shown in Table 5.1. The desorption enthalpy values obtained for the CsH 

doped mixture (45.7 kJ/mol), RbH doped mixture (42.7 kJ/mol) and the KH doped 

mixture (42.0 kJ/mol) are within the same range. These enthalpies are significantly lower 

than the (65 kJ/mol) found for the un-doped mixture.  

      

 

Figure 5.4 Van’t Hoff plots for hydrogen desorption from the catalyzed and un-catalyzed 

2LiNH2/1.1MgH2 mixtures. 
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Table 5.1 Summary of desorption parameters for thermodynamics and kinetics results 

Samples 

Parameters 

KH RbH CsH Un-

catalyzed 

Onset Temp. (
o
C) 75 76 63 109 

Electronegativity of M  0.820 0.820 0.790 - 

Desop. Temp., Td, (
o
C) 146 143 159 237 

Desop. ΔH (KJ/mol) 42.0±0.12 42.7±0.03 45.7±0.03 65.8±0.04 

Ratio NH3/H2 release 0.00283 0.00795 0.000649 0.0590 

Ea (KJ/mol) 87.0±0.7 86.8±0.1 109.1±0.3 119.0±1.7 

Pm at 210 
o
C (atm) 46.1 48.3 40.9 34.2 

T90 (min) 62 27 76 1600 

RbH ratio compared 2.3 1 2.8 59.3 

“m” values 0.587 0.652 0.632 0.647 

  

 

5.5  DTA MEASUREMENTS AND KISSINGER PLOTS 

Differential Thermal Analysis curves (DTA) were carried out in order to better 

understand the effects of the additives on the dehydrogenation of the doped and un-doped 

2LiNH2/1.1MgH2 mixtures. The DTAs were carried out for the doped and un-doped 

mixtures at different heating rates between 4 and 20 
o
C per minute. Figure 5.5 shows the 

DTA curves for the CsH doped mixture at different heating rates. The plots show that the 

desorption temperatures increase with increasing scan rates. These scans are typical of 

those that were obtained for the other mixtures. There is a relationship between the scan 
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rate and the activation energy that is described by the Kissinger equation (19) in chapter 

3. 

Kissinger plots for various mixtures were constructed from the data obtained from the 

DTA curves. The slopes of these plots, shown in Figure 5.6, were used to determine the 

activation energies of each mixture. The activation energies for KH, RbH and CsH doped 

mixtures are 87 kJ/mol, 86.8 kJ/mol and 109.1 kJ/mol respectively. These are all smaller 

than the activation energy (119 kJ/mol) for the un-catalyzed mixture. Table 5.1 shows the 

activation energy values of all the mixtures. 

               

 

Figure 5.5 Differential thermal analysis plots for a 2LiNH2/1.1MgH2 mixture catalyzed 

by CsH 
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     Figure 5.6 Kissinger plots for catalyzed and un-catalyzed 2LiNH2/1.1MgH2 mixtures 

 

5.6 KINETIC MEASUREMENTS  

Comparisons were made of the desorption kinetics of the catalyzed and un-catalyzed 

systems. Kinetics measurements were carried out for each mixture in the two-phase 

plateau region at 210 
o
C using constant pressure thermodynamics forces described in 

chapter 3. Again, here an N-Value of 10 was applied to all samples. Figure 5.7a contains 

the desorption kinetics plots of 2LiNH2/1.1MgH2 mixtures with and without RbH, KH 

and CsH catalysts. Figure 5.7b shows the full scale graph. It can be seen that the order of 

reaction kinetic rates is RbH > KH > CsH >>> Un-catalyzed. The RbH doped mixture 

desorbs hydrogen about twice as fast as the KH doped, thrice as fast as the CsH and about 
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60 times as fast as the un-catalyzed mixture. The times taken by the various reactions to 

reach 90 % completion (T90) are shown in Table 5.1. 

    

Figure 5.7a Desorption kinetics plots for catalyzed and un-catalyzed 2LiNH2/1.1MgH2 

mixtures at N=10 and 210 
o
C 

 

Figure 5.7b Desorption kinetics plots for catalyzed and un-catalyzed 2LiNH2/1.1MgH2 

mixtures at N=10 and 210 
o
C (Full scale plot) 
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5.7 KINETIC MODELING STUDIES 

The kinetic modeling studies of the KH, RbH doped and un-doped mixtures had been 

reported in Chapter 4. The fact that the RbH and KH doped mixture desorbs hydrogen 

faster than CsH was unexpected based on the fact that Cs was supposed to be more 

reactive than both Rb and K, since reactivity increases from the top to the bottom in the 

metallic group on the periodic table. Therefore kinetics modeling studies were conducted 

to determine if there was an explanation for this by using the shrinking core model and 

Johnson-Mehl-Avrami (JMA) plot described in chapter 4. The overall rate of KH, RbH 

doped and un-doped mixtures are all diffusion controlled as reported in chapter 4. The 

desorption rate of the CsH doped mixture is also diffusion controlled. This is shown in 

figure 5.8.  

 

    Figure 5.8 Modeling plots for the CsH doped mixture of 2LiNH2/1.1MgH2 mixtures 
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The data generated from the model with diffusion controlling the overall rate fits the 

experimental data better than the data generated from the model with chemical reaction 

controlling the overall reaction rate. This is true only during the first 70 % of the reaction. 

During the last 30 % of the reaction, neither model was a good fit with the experimental 

data. The reason for this is that during the first 70 % of the reaction, desorption occurred 

along the plateau region where the pressure remained relatively constant. The N-Value 

was constant and thus 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 this point the kinetics slowed more rapidly 

than either model predicted. The modeling results for the KH, RbH doped and the un-

doped mixtures showed the same pattern as well. This was reported in chapter 4.  

A second modeling technique based on the classical equation for analysis of nucleation-

and-growth developed by Hancock and Sharp [118] was used to confirm that the 

desorption rates are diffusion controlled. This method has been discussed in detail in 

chapter 3.  

The values of ‘m’ obtained from the slope of the graph in Figure 5.9 for each mixture are 

tabulated in Table 5.1. The data shows that the values for all the systems correspond most 

closely to those expected for diffusion-controlled reactions.
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Figure 5.9 Modeling plots for catalyzed and un-catalyzed 2LiNH2/1.1MgH2 mixtures 

based on the method of Hancock and Sharp 

 

 

5.8 RGA MEASUREMENTS 

Residual gas analyses were done on the various mixtures to determine the ratio of 

ammonia to hydrogen present in each mixture. The mixtures were analyzed 5 days after 

milling. Figure 5.10a-d shows the RGA analysis of the CsH, KH, RbH doped mixture and 

un-doped mixture respectively. Table 5.1 shows the ratio of ammonia to hydrogen 

present in the mixtures. The amount of ammonia present in the KH, RbH and CsH doped 

mixtures were small when compared to the un-catalyzed mixture. The CsH doped 

mixtures have the least ammonia release. Other random gases such as nitrogen, argon, air 
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and oxygen were also monitored along with hydrogen and ammonia, but these gases were 

not present. This shows there was no leak during the experimental measurements.      

           

                       Figure 5.10a RGA Plot of CsH doped 2LiNH2/1.1MgH2 mixtures  

 

               

                       Figure 5.10b RGA Plot of KH doped 2LiNH2/1.1MgH2 mixtures  
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                       Figure 5.10c RGA Plot of RbH doped 2LiNH2/1.1MgH2 mixtures  

 

        

                       Figure 5.10d RGA Plot of un-doped 2LiNH2/1.1MgH2 mixtures  
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5.9 FTIR MEASUREMENTS 

Figure 5.11a shows the FTIR of the dopants. The FTIR of all the dopants have significant 

peaks at 704, 878, 1060, 1363 and 1447 cm
-1

.   

           

Figure 5.11a FTIR of dopants    

        

        Figure 5.11b FTIR of doped and un-doped ‘as milled’ mixtures of 2LiNH2/1.1MgH2    



102 
 

 
 

Figure 5.11b shows the FTIR of the  “as milled “ milled mixtures. The FTIR of the 

starting materials (LiNH2 and MgH2) are also included for comparism. The FTIR of the 

MgH2 showed no peaks but that of the LiNH2 showed peaks at 1554, 3259 and 3313 cm
-

1
.The peaks showed by the FTIR of both the doped and un-doped mixtures are the same 

as that shown by the LiNH2. These results are in consistent with the XRD of the as milled 

mixtures that suggest no new phases are formed after 2 hrs of high energy milling and 

that the peaks shown in the XRD are that of MgH2 and LiNH2 peaks only.
 
The FTIR 

peaks of the catalysts are also not visible in the as milled mixtures.  

 

         

       Figure 5.11c FTIR of doped and un-doped dehydrided mixtures of 2LiNH2/1.1MgH2 
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Formation of a new phase can be seen in the FTIR of the dehydrided mixtures (Fig. 

5.11c). The peak appearing at 3170 cm
-1

 is due to the formation of a new ternary 

compound Li2Mg(NH)2 that has been reported in several studies [70, 97, 100 and 107] for 

the un-doped mixture. This peak position is also consistent in the FTIR of the dehydrided 

doped mixtures. The peaks of the LiNH2 seen in Fig. 5.11b are not visible. This also 

confirmed LiNH2 is not present in the dehydrided mixtures.   

     

 

       Figure 5.11d FTIR of doped and un-doped rehydrided mixtures of 2LiNH2/1.1MgH2 

 

Fig. 5.11d shows the FTIR of the rehydrided mixtures. The peaks at 1572 and 3258 cm
-1

 

are characteristic peaks of Mg(NH2)2. The FTIR of LiH included showed no peaks. 
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However, this does not rule out the presence of LiH in the mixture. This can only confirm 

that the peaks are only due to Mg(NH2)2 according to eq. (7). The peaks of the catalysts 

are also not present in the dehydrided doped mixtures; this can be due to very small 

fraction of the catalysts present in the mixtures of the KBr for FTIR analysis. 

 

5.10 CONCLUSION 

The results show that all the dopants have the capabilities to lower desorption 

temperature and reduce the enthalpy of the 2LiNH2/1.1MgH2 system. Hence we refer to 

the dopants as “catalytic additives”. The results of this study show that the new catalytic 

additive, RbH, is significantly better than both KH and CsH for enhancing hydrogen 

desorption from the 2LiNH2/1.1MgH2 system. The RbH and KH additives have nearly 

the same capability for lowering the hydrogen desorption temperature of the 

2LiNH2/1.1MgH2 mixture. This is believed to be largely due to the fact that both Rb and 

K have the same electronegativity and thus similar destabilizing effect on the N-H bond. 

The kinetics results show that the RbH-doped mixture releases hydrogen over twice as 

fast as the K doped mixture, thrice as fast as the Cs doped mixture and approximately 60 

times faster than the un-catalyzed sample. The modeling studies using the shrinking core 

model and a method developed by Hancock and Sharp both indicated that the reaction 

rates for both the doped and un-doped mixtures are controlled by diffusion in the two-

phase plateau region. The faster kinetics in the RbH doped mixture is attributed to the 

fact that Rb has a larger ionic radius (248 pm) than K (227 pm) and is thereby able to 

expand the lattice, thus facilitating the diffusion process. The Cs on the other hand has 

relatively larger radius (265 pm) than the Rb, however its relatively low hardness of 0.2 



105 
 

 
 

Mohs compared with the Rb (0.3 Mohs) and K (0.4 Mohs) prevents it from expanding the 

lattice just as the Rb did. FTIR of the doped and un-doped mixtures also confirmed the 

formation of a new ternary imide Li2Mg(NH)2 in the dehydrided mixtures. Presence of 

Mg(NH2)2 in the rehydrided mixture of the doped and un-doped samples was also 

confirmed by FTIR. 
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CHAPTER SIX 

6.0 OVERALL CONCLUSION 

This dissertation study has shown that KH has the ability to lower desorption temperature 

for both (1:1) and (2:1) ratios of LiNH2/MgH2 systems. It is much more effective for the 

(2:1) than the (1:1) mixture. KH hydride also has the ability to increase the desorption 

rates for the (2:1) mixtures of LiNH2/MgH2. KH has also shown to be ineffective for 

increasing the reaction rates of the (1:1) mixtures. The desorption rate improvement of 

the doped (2:1) was ~25 times faster than the un-doped mixture. Modeling studies 

indicated that the desorption rates of (1:1) and (2:1) mixtures are diffusion controlled 

except for the doped (1:1) mixture which appears to be controlled by reaction at the phase 

boundary. It was observed that samples with high activation energy tend to react slower 

than those with low activation energy. 

This dissertation study also revealed the capabilities of KH, RbH and CsH to lower the 

desorption temperature and reduce the enthalpy of 2LiNH2/1.1MgH2 mixture, hence they 

are referred to as “catalytic additives”. RbH proved to be the most effective catalytic 

additive for lowering the desorption temperature and increasing the desorption rates. The 

order of reaction kinetic rates using constant pressure thermodynamic driving forces is 

RbH > KH > CsH >>> Un-catalyzed. Modeling studies for the doped and un-doped 

mixtures by using the shrinking core model and a method developed by Hancock and 

Sharp showed that the reaction rates are diffusion controlled in the two-phase plateau 
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region. The faster kinetics in the RbH doped mixture is attributed to the fact that Rb has a 

larger radius than K and is thereby able to expand the lattice, thus facilitating the 

diffusion process. The Cs on the other hand has relatively larger radius than the Rb but 

low hardness than Rb and K; this prevents Cs from expanding the lattice more than the 

Rb and K. FTIR confirmed the formation of Li2Mg(NH)2 in the dehydrided mixtures of 

both the doped and un-doped mixtures.  
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