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ABSTRACT 

Considerable effort has been devoted to the M-N-H system for solid-state hydrogen 

storage. However, the desorption mechanism is still unclear and the desorption 

temperature is too high for practical considerations. Here, the desorption characteristics 

of LiNH2 and a mixture of (LiNH2+LiH) were firstly comparatively studied by 

simultaneous then-nogravimetry, differential scanning calorimetry and mass 

spectrometry for further understanding of H2 desorption in the (LiNH2+LiH) system. 
Mass spectrometry and thermal analysis of (LiNH2+LiH) mixtures indicate that 

approximately 5 mass % of H2 is released at 180*C after four hours of milling without 

any apparent release of NH3, whereas insufficient mixing of the two compounds cannot 

stop the escaping of NH3 from the mixture. Non-unifon-ri mixing can lead to the escape 

of NH3 from the mixture. The evidence further supports the notion that NH3 

intermediated reaction is a possible reaction path within the thermal desorption of the 

(LiNH2+ LiH) mixture. BN additive, among selected nitrides shows the best effect on 
desorption from (LiNH2+ LiH). (LiNH2+MgH2)materials with different molar ratios 
(4: 3,4: 2 and 4: 1) were also studied for their sorption properties and mechanisms. 
Results show that more than 6 mass% H2 is desorbed from 1500C for the (4LiNH2 

+3MgH2)mixture, with two H2peaks at 200 and 320'C. Meanwhile, there is only -5 
mass% for (4LiNH2 +2MgH2) mixture with one H2 peak at 200 T. Reversibility 

measurements suggest that LiNH2 and MgH2 cannot be recovered after absorption; 
instead, Li2NH and Mg(NH2)2 (or MgNH) take over to perform the H2 storage functions. 

The (4LiNH2+3MgH2 ) mixture possess a greater H2 capacity in first desorption, but 

shows less than 2 mass% reversible capacity in subsequent cycles. However, there is 

only about I mass% capacity loss during the reversibility measurement for the (4LiNH2 

+2MgH2)mixture. Other M-N-H systems, mainly NaH, KH, AlH3 and CaH2, were also 
investigated, and only CaH2 shows the capability of reacting with LiNH2 to produce H2 

among these candidates. 
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Chapter I 

Introduction 

The recent inter- governmental panel on climate change has fin-nly stated that the 
burning of fossil fuels is responsible for the undesirable change of climate. 
Hydrogen offers the potential to be a clean energy carrier in the future and an 

effective mediator to mitigate undesirable climate change. 

Hydrogen is the most abundant element in the universe. H-) gas may be burned 

directly or transferred into electricity via a fuel cell, and the latter is currently the 

most acceptable and efficient way of using hydrogen. The concept of a Hydrogen 

Energy System is showed in Fig I. I. Hydrogen can be generated by renewable 

sources and eventually used to power everything from portable devices to 

aeroplanes. 
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icr. 1.1 The Hydrogen Energy System and some current and potential applIcati F twil ions 

of hydrogen, either via fuel cell or combustion. 
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In a hydrogen molecule, the electron is only accompanied by one proton, and the 

energy gain per electron is very high. Chemical energy per mass of hydrogen 

(39.4kVvlh-kg-1) is three times larger than that of other chemical fuels, e. g. liquid 

hydrocarbons (13. IkWh-kg-1). In other words, one third weight could be reduced in 

the engine by using of hydrogen as a fuel. The detailed comparison between 

hydrogen and other energy sources are shown in Table 1.1. 

Table 1.1 Physical and chemical properties of hydrogen, methane and petrol 
Properties Hydrogen (H2) Methane(CH4) Petrol 

Lower heating (value kWh kg-1) 33.33 13.9 12.4 

Self-ignition temperature ('C) 585 540 228-501 

Flame temperature ('C) 2045 1875 2200 

Ignition limits in air (vol%) 4-75 5.3-15 1.0-7.6 

Minimal ignition energy (mJ) 0.0824 1.19 0.988 

Flame propagation in air (m s-1) 2.65 0.4 0.4 

Diffusion coefficient in air (mm2S- 1) 61 16 5 

Toxicity no no high 

Hydrogen generation can be produced directly from solar light or indirectly by 

electricity from a renewable source, e. g. wind or hydro power. The raw material for 

hydrogen production is water or fossil fuel. Thermolysis of water could be one of 

the methods: by using a zirconia surface, water can be solar-heated to temperatures 

of above 2500 K and decomposed into H2 and 02 (Watanabe et al. 2002). CH4 can 

be used for hydrogen production by a one-step thennal dissociation of CH4to H2and 

carbon black (Steinfeld et al. 2002). The advantage of the CH4 cracking method is 

that the product stream is free0f C02 and CO and the solid carbon product is easily 

separated from the gaseous H2. However, extremely high temperatures are needed 

for the complete conversion of CH4 to H2 and C. Organic waste was also employed 

for hydrogen production at an experiment scale (Kumar et al. 2004). The disposal of 

human-derived wastes, including by-product/residuals of food processing plants and 

agricultural residues are rich in carbohydrates and can produce hydrogen through the 
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anaerobic fermentation. This bio-energy process couples the need for waste 

reduction/treatment and by-product recovery. 

Currently steam methane reforming based on the fossil products is the most popular 
industrialized method. Today, nearly all hydrogen production is based on fossil raw 

materials. World wide, 48% of hydrogen is produced from natural gas, 30% from oil 
(mostly consumed in refineries), 18% from coal, and the remaining -4% via water 

electrolysis, 

14, if, H, H- 
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Fig. 1.2 A typical fuel cell configuration and schematic of a proton exchange 

membrane (PEM) fuel cell, ( Ferng et al. 1999and Boudghene et al. 2000) 

A fuel cell (Fig 1.2) is an energy conversion device that converts chemical energy 

into electrical energy with a high efficiency; here H2 is the chemical energy. Typical 

fuel cell consists of an electrolyte material sandwiched in between two thin 

electrodes (porous anode and cathode). Hydrogen molecules separate into hydrogen 

ions and electrons due to the presence of a catalyst on the anode. 

2H2 -> 4H+ +4e- Anode 

The electrons (e-) flow into the external circuit through the load, and the protons 

(H+) flow through the electrolyte, where the oxygen, proton and electrons united at 

the cathode forming water vapour. 

0., + 4H+ + 4e- ---> 2HO Cathode 
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The overall reaction occurring in fuel cells could be described by: 

Fuel + Oxidant -> Oxidation - product + Elctricity + Heat - rejected 

Sir William Grove, a British lawyer and physicist, created the first cell type based on 
reversing the electrolysis of water in 1839. The systematic research on fuel cell only 
started after 1945 mainly by three groups (USA, Germany, and former USSR). 
Especially in 1960, NASA spent tens of millions of dollars on fuel cells to power the 

on-board electrical systems on the famous Apollo journey to the moon. Beginning in 

the mid-1980s, government agencies increase their funding on fuel cell research. 
Until the late 1990s, six Ballard-build fuel cell transit buses were put onto the street 
of Chicago and Vancouver, and in 2003, three fuel cell buses were introduced by 

London Transport for a two-year trial on Route 25. Hydrogen powered fuel cells can 
be used for cars and buses, residential power stations, mobile phone and computers. 

Conventional power equipment such as a petrol engine converts chemical energy 
into thermal energy and then to electrical energy, the overall efficiency is only 40% 

or less(Chaurasia et al. 2003), and considerable energy is wasted during the energy 

transfer process. However, a fuel cell is of high energy conversion efficiency, which 

can reach 80%, when the heat produced by the fuel cell is also used at 200'C 

(Chaurasia et al. 2003). 

Compared to a traditional combustion engine, a fuel cell is a favourable energy 

conversion device mainly because of its high efficiency and clean emission. 

However, the high capital cost for fuel cells is by far the largest factor contributing 

to the limited market penetration of fuel cell technology. To enhance further 

applications, fuel cells have to demonstrate more competitive properties such as 

flexibility, stability, output and other factors which have to meet the requirements of 

automobiles and residential power station (O'Hayre et al. 2003, Erguson et al. 2004, 

Yu et al. 2004). Both cost and performance involve the issue of materials selection, 

including the selection of anode and cathode materials, the catalyst on the electrodes 

and the electrolyte materials. For example, some fuel cells have problems with 

electrolyte management (liquid electrolytes, which are corrosive and difficult to 

handle), others use expensive materials such as platinum. Most materials currently 
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being used remain the same as those selected at 25 years ago (Larminie et al. 2000). 

So more innovative work including design, fabrication and materials selection need 
to be carried out to bring large breakthroughs into the development of fuel cells. 

Hydrogen is one of the most promising energy options for the future, but much work 

still needs to be done to gain a significant share of the power market. Research in 

hydrogen energy concentrates on three aspects: hydrogen production, hydrogen 

distribution and storage. Although hydrogen produced from natural gas by steam 

reforming is currently the cheapest technology for large-scale production hydrogen, 

it produces significant emissions of greenhouse gases (Bauen et al. 2000). 

Hydrogen production techniques need to be optimized and the cost reduced: 

Hydrogen does not exist freely in nature, and requires energy to produce. For 

instance, an electrolysis process produces hydrogen by splitting water molecules 

with electricity The electricity could come from solar cells, wind turbines, 

hydropower or safer, next generation nuclear reactors (Lake et al. 2002). However, 

this method would have to go a long way to reach the end users in either cost or 

environmental damage. Hydrogen is about five times as expensive, per unit of 

usable energy, as gasoline, and hydrogen fuel cells costs nearly 100 times as much 

per unit of power produced as an internal-combustion engine. Another reason is that 

supplying the energy required to make pure hydrogen may itself cause pollution. 

Even if that energy is from a renewable source, such as the sun or the wind, it may 

have more environmental noise (from wind turbo) during H2 production (Wald et al. 

2004). 

Hydrogen needs to be transported safely and efficiently: 

Distribution and storage of hydrogen are other technological and infrastructure 

difficulties. How to handle hydrogen safely and efficiently is another important issue 

in the hydrogen economy. The first problem to be solved is that the hydrogen 

transportation from factory to hydrogen stations. To move large volumes of any gas 
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in pipeline requires compressing it, so there must be some special requirements for 

the materials and design of the pipeline for hydrogen (Yamane et al. 1998). 

Hydrogen can be transported by truck, where the special design for the tank is 

necessary, and the safety is another issue along with low volume density of even 

compressed hydrogen (Au et al. 1998). 

Hydrogen need to been safely and efficiently stored on board for automobile 

If hydrogen is to be used on a large scale, storage is a key problem. For instance in 

vehicles, it must be possible to store enough hydrogen to allow for the same driving 

distance as cars using petrol today. In practical applications, hydrogen has to be 

combined with fuel cells to provide electricity to the car. Without a cost-effective, 

compact and safe solution to the storage of hydrogen on-board, the promises of 

clean and safe energy supply will not significantly materialize in the transportation 

sector and in other applications of the new Hydrogen Economy. 

The main objective of this project is to identify a suitable hydrogen storage solution 

to satisfy the onboard requirements by in-depth investigation of the LiNH2and metal 
hydride reactive systems. In the rest of the thesis, different storage methods will be 

discussed and subsequently, the most promising methods will be investigated in 

detail. 
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Chapter 2 

Overview of hydrogen storage methods 
Hydrogen storage is a key technology for the advancement of fuel cell power system 
in transportation and portable applications. Particularly, the overarching technical 

challenge for hydrogen storage in transportation is how to store the required amount 

of hydrogen for a conventional driving range, within the vehicular constraints of 

weight, volume, efficiency, safety, durability and cost, as suggested in Table 2.1. A 

modem, commercially available car optimised for mobility with 400km bums 24 kg 

of petrol in a combustion engine, to cover the same range, about 6 kg or more 
(depending the efficiency of fuel cell) hydrogen are needed for an electric car 
(Schlapbach et al. 2001). 

Table 2.1 Technical benchmarks and selection criteria for on-board hydrogen 

storage systems (Ichikawa et aL 2004) 

Properties Department of Energy 

(DOE) 

USA 

World Energy Network 

(WE-NET) 

Japan 

International 

Energy Agency 

( 1EA) 
Hydrogen content (mass%) 6.5 >3 5 

Hydrogen density (kg/m 3) 62 NA NA 

Desorption temperature (C) NA <100 <100 

Cycle life 500 >5000 >1000 

Specific energy (Jh/kg) 4532 NA NA 

Energy density (JVI) 8240 NA NA 

Refuelling time (s) 300 NA NA 
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2.1 Conventional and Commercial Hydrogen 

Storage Methods 

2.1.1 Hydrogen stored as compressed gas 

Compressed gas storage is one of the most popular storage methods used today. 

Classic high-pressure tanks made of fairly cheap steel are tested up to 30 MPa and 

regularly filled up to 20 MPa in most countries. The ideal materials for a high- 

pressure cylinder should have a very high tensile strength, a low density, and doesn't 

react with hydrogen stored inside or allow hydrogen to diffuse into it causing 
hydrogen loss or cylinder damage. Novel high-pressure tanks made of carbon-fibre- 

reinforced composite materials are being developed; these are tested up to 60 MPa 

and filled up to 45 MPa for regular use (Powertech 2002). However, this kind of 

cylinder needs a special insert inner coating to prevent high pressure hydrogen from 

reacting with the polymer because of the activity of hydrogen under high pressure. 
The National Renewable Energy Laboratory (NREL) reports that compressed gas 

currently offers the simplest and least expensive method for onboard storage of 
hydrogen. In fact, including the London fuel cell buses, most fuel cell vehicles 
developed so far take hydrogen tanks on board. Hydrogen tanks are installed on the 

top of buses, and provide hydrogen to the fuel cell nearby, generating electricity to 

run the bus, with emission of water from the back of the bus top. 

Compressed gas is probably the most straightforward option at this stage, since there 

is a mature compressed gas technology for natural gas storage. However, hydrogen 

requires more volume for the equivalent amount of energy as natural gas at the same 

pressure. To increase the fuel stored in the container, increasing inner pressure is one 

option. This method requires more expensive storage containers, increasing 

compression costs and entails investigation into safety issues. Lower pressure, 

lessening these concerns, would mean taking up more vehicle space. Importantly, 

the compressed hydrogen inevitably has a tendency to leak because of its small 
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molecular size. Seals and sensitive online detector on the tank need to be designed to 

prevent leaks, introducing extra cost from manufacture to utilization. If a fuel cell 

vehicle is stored in a closed garage, hydrogen that has leaked out could accumulate 

and increase the risk of fire or explosion. Up to now, it seems there is no gas 

cylinder that can meet the all the requirements of the above criteria (Conte et al. 
2004). New composite and high tensile strength materials and configuration have 

greatly improved the mass density, e. g. a 70 MPa tank developed by GM and 
Quantum with a hydrogen content of about II mass%, but the volumetric hydrogen 

content still remains a concern together with safety issues. In summary, high- 

pressure is not an ideal choice for on board hydrogen storage in terms of safety and 

volumetric density. 

2.1.2 Liquid hydrogen storage 

Liquid hydrogen was normally used as a fuel in the launching process of the space 

shuttle, and a Lockheed military-type aircraft and a supersonic aircraft have been 

flown with engines fuelled by liquid hydrogen. Clearly, these are very high-cost 

applications. BMW have built an automated liquid-hydrogen filling station, and 

developed and tested several cars running with hydrogen (B5). Condensation into 

liquid is particularly attractive from the point of view of increasing the mass per 

container volume. The density of liquid hydrogen is 70.8 kg m-3 . It 
has been stressed 

that hydrogen exist in a liquid state only at extremely cold temperatures: Liquid 

hydrogen typically has to be stored at 20 K at ambient pressure, and the pressure in a 

closed storage system in the same condition (RT) could increase up to 10 3 Mpa. The 

cooling and compressing process requires energy, resulting in a net loss of about 

30% of energy that the liquid hydrogen is storing. After compressing, more energy 

is needed for liquid hydrogen storage on cooling step, compared to the compressed 

gas hydrogen storage. Consequently, the liquid storage tank must be insulated, to 

preserve temperature, and to reinforce hydrogen under pressure, which means the 

tank materials for liquid hydrogen is more expensive than for gas hydrogen. 
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Therefore, liquid hydrogen storage is still not suitable for mobile applications in the 

long term. In fact, most applications of liquid hydrogen are about large scaled 
hydrogen storage transportation and station storage ( Kamiya, et aL 2002). 

2.2 Physisorption of Hydrogen 

Hydrogen adsorption at solid surfaces is closely related to the applied pressure and 
the temperature. The variation of attractive surface forces as a function of distance 

from the surface decides whether van der Waals type weak physisorption of 

molecular hydrogen occurs, or whether dissociation and chemisorptions of atomic 
hydrogen takes place. Owing to the attractive forces, the most stable position for 

absorbed molecules is with its centre about one molecular radius from the surface 
(Tompkins 1978). Current interests on hydrogen physisorption are on carbon 

nanotubes, and other light and reasonably cheap materials of high surface area, such 

as zeolites and metal organic frameworks. 

2.2.1 Carbon materials for hydrogen storage 

Elemental carbon in the sp 2 hybridization can form a variety of structures. Apart 

from the well-known graphite, carbon can build closed and open cages with 

honeycomb atomic arrangement to accommodate absorbed hydrogen (Dodziuk et al. 

2002). Hydrogen storage in single-walled carbon nanotubes (SWNTs) and multi- 

walled carbon nanotubes (MVvNTs) has been widely studied in recent years because 

of their estimated high possible storage capacity, as well as graphite nanofibers 

(Dillon et al. 1997, Zuttel et al. 2002, Simonyan et al. 2002, Shindo et al. 2004, 

Pradhan et al. 2002). 

Hydrogen storage in carbon nanostructures (CNS) remains a controversial topic 

because early reports of very exciting storage capacities in single-walled carbon 

nanotubes (SVvTNTs) and graphite a nanofiber (GNFs) has not been clearly 

reproduced (Dillon et al. 2000). For example, high hydrogen uptakes from 4.2% to 

65 mass % have been reported for SVVNTs and GNFs at 300 K under around 10 
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MPa. This strongly contrasts with the low hydrogen uptakes (-<I% mass) claimed in 

other experiments (Guay et al. 2004). On the other hand, some theoretical studies 

predict a relatively low storage capacity in purified carbon nanostructures (SWNTs, 

GNFs) at room temperature. Ball milling and catalysts have been adopted in order to 

improve the capacity or kinetics for carbon materials (Ichikawa 2004). It has been 

shown that under various hydrogen gas pressures, absorbed hydrogen reaches up to 

about 7 mass % in a nano-structural graphite prepared by mechanically milling 

under I MPa hydrogen atmosphere in a planetary ball mill. A large mass increase 

was observed by Chen et al (Chen et al. 1999). When carbon nanotubes filled with 

alkaline metals was exposed to hydrogen, but later, other researchers attribute the 

improvement to a hydroxide formation (Hirscher et al. 2002). It is also noted that 

only 0.7-0.8 mass% hydrogen was absorbed in active carbon doped by nitrogen 

using a microwave plasma CVD process (Badzian et al. 2001). 

To a large extent the controversy on hydrogen sorption in carbon materials is caused 
by insufficient characterization of the carbon material used, and the other reasons 

may include the different technical conditions among labs, the error of analysis, and 

the various standards of hydrogen uptake. Different catalysts used to form the 

carbon nanotubes also contribute the uncertainty. 

2.2.2 Zeolites for hydrogen storage 

Apart from carbon materials, zeolite and metal organic frameworks are also among 

the physisorption category. Zeolite aluminosilicate materials have a micro-porous 

structure. Zeolites as media for hydrogen storage was investigated by using zeolites 

with different pore architectures and compositions at temperatures from 293 to 573K 

and pressures from 2.5 to 10.0 MPa (Weitkamp et al. 1995). The results suggest that 

zeolites containing sodalite cages in their structure are particularly suitable for 

hydrogen uptake, with the highest H2storage capacity of 9.2 x 10-3 m3 /g, if loaded at 

573K and 10 MPa. 

Another related work was reported in 2002 including three types of zeolites A, X, 

Y and RHO (Fig 2.1), which encompass a range of different pore geometries and 

compositions (Larigmi 2002). These materials were synthesised by hydrothermal 
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methods. Different cation-exchanged forms were prepared through ion-exchange 
from aqueous metal nitrate solutions. The higher hydrogen uptake for zeolites A, X 

and Y were found to be at - 196 'C. Ion exchange also shows an effect on the 
hydrogen adsorption values. However, the mechanism of different absorption values 
is not yet clear with possible effect by pore blocking by cations, variations in the 
interaction of hydrogen with different cations or some other factors. Maximum 

hydrogen storage capacity of 1.81 mass% (at -196 'C and 15 bar) was observed for 

NaY zeolite. 

a b C 

Fig. 2.1 Framework structures of zeolites: (a) zeolite A, (b) zeolites X and Y and (c) 

zeolite RHO. The comers on each framework represent Si or Al and these are linked 

by oxygen bridges represented by the lines on the frameworks (Langmi et al. 2004) 

Not surprisingly, it had been found that the maximum hydrogen uptake occurs in the 

severe condition of -I 96'C, because hydrogen molecules are not particularly active 

at -196'C as they are at room temperature. Therefore, it is difficult for theses 

hydrogen molecules to escape after being compressed into the small channels in the 

zeolite. Cryogenic condition is certainly one of necessary requirements for a higher 

hydrogen uptake in zeolites, but will inevitably increase the cost of hydrogen storage 

applications, similar to the issues with liquid hydrogen storage. 
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2.2.3 Metal-organic frameworks 

Microporous metal-organic frameworks MOF-5, IRMOF-6, IRMOF-8, in which the 

framewok is a hybrid of organic and inorganic units, with a composition of Zn4O 

(1,4-benzenedicarboxylate)3 and related compounds were also proposed as a 

hydrogen storage material (Li et al. 1999, Rosi et al. 2003 and Seayad et al. 2004). 

Fig. 2.2 illustrated for a single cube fragment of their respective cubic three- 

dimensional extended structure. On each of the comers is a cluster [OZrl4(CO-, )61 Of 

an oxygen-centered Zn4 tetrahedron that is bridged by six carboxylates of an organic 

linker (Zn, blue polyhedron; 0, red spheres; C, black spheres). The large yellow 

spheres represent the largest sphere that would fit in the cavities without touching 

the van der Waals atoms of the frameworks. 

A a 

Fig. 2.2 Single-crystal x-ray structures of MOF-5 (A), IRMOF-6 (B), and IRMOF-8 

(C) (Rosi et al. 2003). 

The MOF-5 material was tested to absorb hydrogen at two different temperatures: 

298K and 78K. At 78 K, the amount of adsorbed hydrogen was over 4 mass% at a 

very low hydrogen pressure (0.08 MPa), but showed an almost linear increase with 

higher pressure (up to 2 MPa) at 298K with only I mass% hydrogen amount. It was 17ý 
confin-ned again that the importance of cryogenic conditionals to hydrogen uptake 

by such materials, which is comparable to that of carbon nanotubes. 
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2.2.4 BN nanotubes for hydrogen storage 

BN nanotubes have a similar structure to carbon nanotubes. The possibility of 
hydrogen gas stored in a boron nitride (BN) cluster was investigated: calculation 

shows BN cluster has a 4.9mass% of storage capacity (Koi et al. 2004). In addition, 
two kinds of BN nanotubes were prepared, multiwalled and bamboo BN nanotubes, 

produced via chemical vapour deposition (CVD). These two nanotubes were found 

to absorb hydrogen to 1.8 and 2.6 mass% respectively at about 10 MPa, which is a 
bit less than the hydrogen uptake amount by BN powders. The main advantage of 

physisorption for hydrogen storage is that hydrogen can be stored at ambient 

temperature under low pressure, which is much safer than the compressed-gas in- 

tank hydrogen storage. The relatively low cost of the materials provides economic 

application benefits. However, the strong dependence on the low temperature for 

high hydrogen uptake is the main drawback for hydrogen physisorption. Carbon 

materials for hydrogen storage still remain controversial. Practically, the exciting 
hydrogen absorption in zeolites and metal-organic frameworks only occur at 

cryogenic temperatures. All of these show only physisorption may not be adequate 
for hydrogen storage applications. 

2.3 Hydrogen Storage by chemical absorption 

2.3.1 Theoretical background for hydrogen storage in 
metals 

Metal hydrides were firstly used as electrode materials for batteries, and had been 

studied mostly for their electric properties. Ni-MH batteries are typically used in 

portable computers and in electronics, cell phones and power tools. These hydride- 

forming alloys are in Ni-MH (nickel-metal hydride) batteries, the negative electrode 
in the battery cell. The electrochemistry of the negative electrode can be represented 

as shown in Fig. 2.3. 
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Alloy + xH 20+ xe- 4-ý Alloy(Hx) + xOH- 

Ch arg ing <-> disch arg ing 

where Y represents the number of molecules 

The main difference between a fuel cell and a nickel battery is the recharging 

process. With given fuel (usually hydrogen), a fuel cell can covert the chemical 

energy into electricity. The nickel battery, on the contrary, is a sort of energy storage 
device and energy recharge is a necessary procedure for its further use. Only from 

late 1970s, scientists began the research on hydrides of metals and intermetallic 

compounds as hydrogen storage materials (Jensen 1980). Metal hydride method are 

competitive in terms of energy density compared with gas and liquid methods, 

which enable hydrogen to be stored onboard effectively, not occupying too much 

space. The comparisons of the metal hydrogen storage method are shown in the 

following Tables 2.2 and 2.3 (Jensen 1980). 

Table 2.2 Energy densities of H2 by different storage methods 

Storage method 

Energy densities in 

Jg-1 

Energy densities in 
/kJM-3 

Gas at 150 atm, 20'C 140000 1700 

Liquid, -252'C 140000 10500 

Metal hydride 1400-11000 17 500-21000 

Oil (for comparison) 44000 40000 

Table 2.3 Mass and volume densities of H-) by different storage methods 

Storage method H-atom /1019 M-3 capacity /mass % 

H2 gas, 20 MPa 0.99 100 

H-, liquid, 20K 4.2 100 

H-, solid, 4.2K 5.3 100 

Metal hydride (including metal) 5-7 1-8 
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2.3.1.1 Mechanism of hydrogen storage in metals or metal alloys 

To understand how a metal hydride works, it is important to know gas adsorption 

and desorption mechanisms (Tompkins 1978, Gasser 1985, Rouquerol et al. ). The 

process of adsorption is consequential on the collision of a gas molecule with a solid 

surface. Following the collision, only a limited number of outcomes are possible: 
The molecules may rebound from the surface: elastically, i. e. without exchanging 

energy, or inelastically, i. e. after exchanging some energy. The molecule may be 

adsorbed. Adsorption can be divided into two broad categories: (a) Physical 

adsorption, or physisorption, associated with the comparatively weak forces of 

physical attraction between all molecules (van der Waals forces). Physisorption has 

a comparatively low enthalpy of adsorption, typically, around 1-10 U/mol. (b) 

Chemisorption, associated with the relatively higher attraction forces such as 

chemical bonds. Chemisorption has a higher enthalpy of adsorption because the heat 

resulted from bond breaking and formation. Hydrogen molecules absorbed by this 

means are more stable than physical adsorption. The reaction mechanisms for the 

absorption and desorption of hydrogen in metals have been studied in detail (Martin 

et al. 1996). For instance, the absorption consists of five intermediate steps for the 

overall reaction (Fig 2.3 a): 

(1) Physisorption of hydrogen molecules; 

(2) Dissociation of hydrogen molecules and chemisorption: hydrogen molecule 

splits into hydrogen atoms, part of which follows step 3 and part of which stay 

in the surface as new hydride; 

(3) Surface penetration of hydrogen atoms: entering into the vacancies of metal 

matrix with heat release; 
(4) Diffusion of hydrogen atoms through the hydride layer, either by an interstitial 

or a vacancy: more hydrogen absorbed; 
(5) Hydride formation at the metal/hydride interface; when hydrogen in the metal 

is saturated, absorption terminates. 
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a) 

b) 

1ý-Pkssc 

m-pbase 

Fig. 2.3 Reaction partial steps for the (a) absorption and (b) desorption of hydrogen 

by a spherical metal/hydride powder particle (Martin et al. 1996 ) 

In the hydrogen molecule, the bonding a-orbital in the ground state is filled with two 

electrons and the anti-bonding a* is empty. Far from the metal surface the potential 

of a hydrogen molecule and of two hydrogen atoms are separated by very high 

dissociation energy, 

H, -> 2H ED=435.99kJ mol-1 

The main interaction when a hydrogen molecule approaches the metal surface is due 

to the van der Waals forces leading to the physisorbed state (Ephysz I OkJ/mol HA 

approximately at a distance of one molecular radius (--zO. 2nm) from the metal 

surface. Due to the weak interaction, a significant physisorption is only observed at 

low temperatures (<273K). This kind of interaction is too weak to hold more 

hydrogen molecules. Most absorption occurring on the surface is one of the 
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reasons for the low capacity of physisorption (Pradhan et al. 2002). However, the 

interaction is different when hydrogen molecules approach metals. 

When close to the surface of metals, the anti-bonding I a* level of H2 overlaps with 

the metal (M) levels of the same symmetry and increase the energy of the H-) 

molecule, i. e. weakening the H-H bonding state. If the energy of H') molecules is 

sufficient to overcome the activation barrier for dissociation the H-H bond breaks up 

and the hydrogen-metal bond is forined (Fig. 2.4). The height of the activation 

barrier depends on the surface elements involved (Zuttel et al. 2004). Hydrogen 

atoms, sharing their electron with the metal atoms at the surface, are in chemisorbed 

state (EChem z 50kJ/mol H2). The chemisorbed hydrogen atoms may have a high 

surface mobility, interact with each other and form surface phases with a 

sufficiently high coverage. Next, the chemisorbed hydrogen atom can jump in the 

subsurface layer, and finally diffuse along the interstitial sites through the host 

metal. The hydrogen atoms contribute their electrons to the band structure of the 

metal. 

GAS INTERFACE METAL 

100- 
endothcTmic 

H +M 

physiwrbed 

exotheffnic 

*-- 

Fig. 2.4 How hydrogen interactions with metal in the absorption process (Zuttel et 

al. 2004) 
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Continued absorption of hydrogen is illustrated in Fig 2.5. At the beginning of 

sorption, the hydrogen is exothermally dissolved (solid-solution, cc-phase) in the 

metal at a small hydrogen to metal ratio (H/M<0.1). The metal lattice expands 

proportional to the hydrogen concentration. At a relatively high hydrogen 

concentrations of H/M>O. Iin the host metal, a strong H-H interaction due to the 

lattice expansion becomes important and the hydride phase (P-phase) nucleates and 

grows. The hydrogen concentration in the hydride phase is often found to be H/M 

=1-3. The volume expansion between the coexisting a- and P-phase corresponds in 

many cases 10-20% of the metal lattice (Zuttel et al. 2003). Therefore, at the phase 
boundary large stress is built up and often leads to decrepitation of brittle host 

metals such as intermetallic compounds. 

1,0 2.4 Z8 3,2 3.6 
vt (10 4w) 

Fig. 2.5 Typical curve of an ideal H2 absorption shows that as the hydrogen pressure 

is increased, a small amount of hydrogen goes into solution in the metal a-phase. 

(Zuttel et al. 2004) 

After the metal has completely been transformed into a metal hydride, the pressure 

increases again steeply (P-phase). Lowering the pressure can reverse the reaction. 

The equilibrium pressure P as a function of temperature is related to the changes of 

enthalpy and entropy AH and AS, respectively, by the Van't Hoff equation: 
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Ln = 
AH 

.1 
AS P2 

eq R T- R 

where 'T' is absolute temperature and 'R'is the gas constant. 

For most simple metal hydrides, the knowledge of AH is especially important to the 

heat management required for practical engineering devices and is a fundamental 

measure of the M-H bond strength. 

As the AS corresponds mostly to the change from molecular hydrogen gas to 

dissolved solid hydrogen, it amounts approximately to the standard entropy of 
hydrogen (S' = 130 W/mol) and it therefore, ASf z -1300/mole H2 for all simple 

metal -hydrogen systems (Martin 1996). 

2.3.1.2 Important properties of hydrogen storage materials 

The selection of hydrogen materials is a complicated process, and has to meet 

several technical and economic requirements. 

Thermodynamics is definitely very important for hydrides, releasing H2 at or near 
0 

ambient conditions, specifically I- 10 atm (absolute) and 0- 100 C is necessary for 

practical applications. Apart from primary capacity (discussed before) and PCT 

properties there are also some other properties for the selection of hydrogen storage 

materials selection (Kapischke et al. 1998). 

Most hydrides have poor heat transfer coefficients, which mean that these have to be 

engineering means to be required for both hydriding and dehydriding process for 

both safety and efficiency. Gaseous impurity resistance is a very important property. 
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Impurity gas not only affects the hydrogen storage materials, but also the 

performance of catalysts. 

Cyclic stability is also important for hydro gen- storage applications. For a fuel-cell 

car, the hydrogen fuel needs to be available like petrol to normal cars. So the 

hydrogen storage device needs to be recharged for sufficient number of times, 

without large loss of capacity. The majority of high perfon-nance metal hydride are 

very sensitive to moisture and air. The tendency for a hydride powder to bum when 

suddenly exposed to air; the term also includes toxicity resulting from accidental 
ingestion or inhalation. Economic factors must also be considered. The cost from 

raw materials for hydrogen storage to manufacture should be reasonable for the 

materials selection. 

2.3.2 Hydrogen storage by metals 

2.3.2.1 Electronic properties of metal hydrides 

Knowledge of fundamental properties of practical hydrogen storage materials, 

particularly the accurate positions of hydrogen and its accurate crystal structures, is 

indispensable from the point of view of controlling and improving their perforinance 

(Tennsuksawad et al. 2004). The simplest form of metal hydride is MHn, in which 

hydrogen atoms bond directly with metal atoms. 

PURE 
TRANSJ-, )ON 
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E46 E 
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HYDROGEN HYDRIDE 
SOLUTt-ON 

M Fix (x 4< 1) MH., (x - 1) 

Fig. 2.6 Electronic structure evolution from metal to metal hydride (Gelatt et 

al. 1995) 
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Fig 2.6 schematically illustrates the evolution of electron distribution during 

hydrogen sorption (hydride formation) in a metal: Fig 2.6a is the electronic 
distribution for a transition metal with no absorbed hydrogen; Fig 2.6b is for a dilute 

hydrogen solution, where the electrons go primarily into the d-band. 

Fig 2.6 c flustrates donations to the d-band, and some electrons becoming localized 

to the hydride bonding band, consuming electrons from the s-band and p-band, 

causing the formation of a metal hydride. Some researchers proposed the 

relationship between hydrogen absorption and the electronic chemical potential 
(Yasuda K et al. 1995); the equilibrium partial pressure of hydrogen PH2 at a given 
temperature T could be determined by 

I 
LnPH, = 

LnKnH 
+ Pelec + nH 

W 
2 213-nH RT RT 

where W is the thermodynamic equilibrium constant, nH the hydrogen 

concentrationý Yelec the electronic chemical potential, and W the elastic energy of 

attraction responsible for the two-phase formation. 

2.3.2.2 Simple metal hydride MH. for hydrogen storage 

The majority of metals can form a hydride under appropriate conditions, but only 
few of them are worthy investigating for practical considerations, e. g. their 

dehydriding properties: 0.1-1 MPa at 0-100'C. Only vanadium is in such a special 

range. Nb is similar to V, and Pd has been used for hydrogen storage, but is too 

expensive, doesn't hold much H and requires heating well above I OO'C to liberate H 

(Sandrock et al. 1999). Actually Pd is widely used as a catalyst for other hydrogen 

material. 

CaH2, LiH and NaH for indirect hydrogen storage 
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Lithium, sodium, and calcium hydrides could be used as hydrogen storage materials 

to generate hydrogen by hydrides reactions with water, e. g. hydrolysis, Fig. 2.7 

(Kong et al. 1999). The reactions are described as follows: 

CaH2+2H20 -> Ca(OH)2+ 2H2 

LiH + H20->LiOH+H2 

Hydrogen to 
Fuel Gell 

Fig. 2.7 Schematic diagram hydride hydrogen generator (Kong et al. 1999) 

NaH has been marketed under the name of "power ball" for hydrogen generation,. 

Power balls are small solid balls or pellets of sodium hydride that are coated with a 

waterproof plastic coating or skin. Power balls are stored directly in water. They can 

remain in water for months with little or no change to the coatings. As soon as a 

Power ball is cut in half under water the sodium hydride inside can react with water 

to produce hydrogen. 

Although hydrogen can be easily produced by hydrolysis and the power ball 

transportation is much safer than compressed gas, this method still requires water to 

be carried as part of the system. The hydrogen reaction results an aqueous solution, 

which is not readily reversible for automobile applications. 
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MgH2 and TiH2 for direct hydrogen storage 

Among the metal hydrides, magnesium and titanium hydrides have been widely 

studied. MgH2 with 7.6mass% hydrogen capacity is theoretically suitable for 

reversible hydrogen storage because of it higher capacity and relatively low cost. 
The high thermodynamic stability of MgH2 remains the major obstacle for practical 

applications. The hydrogenation of magnesium to MgH2 slowly occurs only under 

severe conditions above 350 C. Furthermore, the dehydrogenation rate Of MgH2 is 

too low as a hydrogen storage material (Zaluska et al. 1999, Liang et al. 2000, 

Bouaricha et al. 2002, Gennari et al. 2002). 

Modifications of MgH2 properties include surface treatment (Liang G 2004), 

catalysis (Borislav et al. 1999, Shang et al. 2004 Berlouis et al. 2004, et al. ), or 

nanostructure processing (Castro et al. 2004, Nobuko Hanada et al. 2004, Imamura 

Hayao et al. 2004). The results show that the plateau pressure of magnesium 

hydride does not change much, with the H2 releasing temperature still over 200 OC. 

Some reports claim that the plateau pressure of MgH2 can be changed by forming 

multiphase alloys, for example, in the Mg-AI-Y, Mg-Li-Ni-Zn, Mg-Fe-Ti(Mn) , 
and Mg-Zn-Y systems (Liang et al. . 1999, Dehouche et al. 2003). The changes in 

plateau pressures were explained by the complex multiphase nature of the 

composites. However, this method inevitably reduces the hydrogen capacity due to 

the addition of heavier metal elements in the Mg-H system. 

TiH-) is extremely brittle and can be pulverized to nanocrystalline fon-n by 

mechanical milling. Titanium hydride can then be dehydrogenated to fon-n Ti 

powder, which can be consolidated to produce fine-grained Ti components (Bhosle 

et al. 2003). TiH2 was found to dehydrogenate following a process, 

TiH2 -> TiHx -> Ti where 0.7<x< 1.1 

The value of x in TiH., is dependent on the particle size of the hydride. The finer 

particles, the lower hydrogen concentration (x) contains in the second hydride phase. 
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This is because those finer particles possess a higher specific surface area for rapid 
hydrogen desorption. 

An interesting approach of improving hydrogen storage materials is to disperse 

hydride in a polymeric matrix (Schmidt 2001). This method takes the advantage of 

good volumetric storage capacity of a metal hydride, and uses the low density of a 

polymeric material as the loading material to disperse TiH2 simultaneously. The 

storage enhancement has been identified in Fig 2.8. The reason is not clear yet, but 

this method maybe applied to high capacity hydrogen materials with polymer. 

Temperature ("C) 
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lymer I+ 20% TH, 
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Temperature, 11K 

Fig. 2.8 Hydrogen Released from Various PDMH 

2.3.2.3 Intermetallic compounds and metal alloys for hydrogen 
storage 

Besides metal elements, intermetallic compounds can also store hydrogen. A, By can 

also ab/desorb hydrogen under some certain conditions. Here, A represents a strong 

hydride forming element and Ba relatively weak hydriding element to form 

compounds. Elements A tend to be lanthanides, Ca or other elements such as Y, Zr, 
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Ti, Hf etc. The B elements tend to be substitution element such as Ni, Co, Al, Mn, 

Fe, Cu, Sn, Si, etc(Hirscher M et al. 1995, Jensen et aL 1999). 

The intermetallic hydride A,, ByH, is thermodynamically unstable. At increased 

temperatures, a AByH, hydride alloy will undergo a diffusive phase transformation, 
be transformed from the mono-phase state to a poly-phase state. Usually, one of 
these phases is the hydride of element A or a phase based on it. The other phase 

without hydrogen or with low hydrogen content is based on the crystal phase of 

element B. Since the hydrogen-induced diffusive phase transformation needs long- 

range diffusion of metal atoms, for kinetic reasons, many alloys cannot be used at 
temperatures from RT to 100'C (Majer et al. 2003, Tanaka et al. 2003). The basic 

formations of intermetallic compound can be described as AB5, AB2 and AB etc. 

The formations of AB5 are not only limited to two elements, and it also can be 

AI, IA2x2A3x3-. -. 
BlyIB2y2B3y3 

... , where xl+x2+x3 ... =1, yl+y2+y3+.. =5, and the 

same expression can be also applied to other Ax(x=l, 2,.. ) By(y--l, 2,3,... ) type of 

compounds. For example, in LaNi5, Ni can be partially substituted by metal 

elements, and the new alloy is LaNi4.5MO. 5 (M=Si, Ge, Sn) (Seo et aL 2003). These 

provide options for the modification of hydrogen sorption properties. 

Fukai reported that substituted elements can generate defect structures containing 

superabundant vacancies, and one of the direct consequences is the apparent 
increase of the solubility of hydrogen (Fukai 2003). Usually, it may be taken for 

granted that a hydride forming 'A' elements make stronger stable hydride bonds 

with hydrogen, on the other hand, the hydride non-forming element may work to 

reduce such a strong A-bond, so that the hydride non-forming 'B' could activate the 

hydrogen desorption. However, the results paint a different picture from theoretical 

study. 

The DV-Xa molecular orbital method was used to investigate the nature of the 

chemical bond and phase stability of hydrogen storage compounds and their 

hydrides (Morinaga et al. 1999). It was firstly found that hydrogen makes stronger 

chemical bonds with hydride non-forming elements, B, as long as the hydride 

forming element, A, exist in the neighbourhood. This phenomenon was observed in 
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many cases (Nakastuska et al 1999, Nakastuska et al 2000, Yukawa et al. 2000). In 

Fig. 2.9, the relatively high electron-density region near hydrogen extends towards 

the Ni atom site, but does not toward the La atom site, which indicated that 
hydrogen has a larger affinity for Ni atoms than for La atoms in LaNi5H6- This trend 
has also been observed in other hydrogen storage alloys such as ZrMn2 andM92N, 
(Matsumura et al. 1999 and 2002). 

Vxc = -3a 
3 

p(r)' 
/3 18), 

c 

1 

(a) 

@, 
La 

Ni 

(( 0-- 11P. 
- 

L 
0.08 

H- 

(b) 

Fig. 2.9 Cluster model used in the calculation and (b) contour map of the electron 

density distribution for LaN15H6- (Morinaga et al 2002) 

Local electronic structures around hydrogen were calculated. The exchange- 

correlation between electrons, Vxc is given by the above model, where, p(r) is the 

density of electrons at position r, the parameter 'a' is fixed at 0.7 and the self- 

consistent charge approximation is used in this calculation. The stronger affinity of 

'B' elements to H atoms was again confirmed. 

The results mentioned above may be caused by the fact that the atomic size of B is 

usually smaller than the A elements in most hydrides, so that the B-H interatomic 

distance is shorter than A-H, showing a higher affinity to B atoms. It should be 

noted that the H- Is energy levels appear in the energy range much closer to the 

valence band of the 'B' element than that of the 'A' element. There is a general 

trend that the B-H bond becomes strong only when the hydride forming element (A) 
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exists in the position adjacent to B and H atoms. Otherwise, 'B' elements remain 
weak or even an antibonding state, and hydrogen is never absorbed in the 

compound. Based on the reasoning above, both A and B are essential elements for 

the constitution of hydrogen storage compounds. 

The AB5 class of rare-earth alloys and AB2 class of alloys are mostly investigated in 
the battery anode research fields. Usually AB5 alloys do not fon'n protective oxide 
layers and they are easier active than AB2. This advantage gives AB5 alloys good 

tolerance to a small amount Of 02 and H20, showing better impurity resistance than 

other types of alloys. The relatively higher hydrogen capacity is another advantage 

of AB2 alloys. The AB2 alloys do offer significant advantages over the AB5 in cost. 
AB alloys featured by TiFe show better volumetric and gravimetric reversible 
hydrogen storage (3mass %). However, an activation treatment is required in order 
for TiFe to be utilized under moderate conditions. Several approaches have been 

adopted to improve the activation of TiFe, and one of them is to change TiFe into 

TiFel, M., (M=Ni, Co, Al) by partial substitution for Fe (Lee et al. 1999). 

Replacement of Fe by some amount of the transition metals such as Cr or Mn to 

form a second phase may also improve the activation property of TiFe. TiFe-based 

AB alloys have good thermodynamics properties, such as a higher hydrogen 

capacity, and low materials cost, but the problem associated with activation is the 

biggest obstacle for applications. The same issue exists in the A2B alloys. 

2.3.2.4 Hydrogen storage in amorphous alloys 

Amorphous Zr65Pd35was heated at 553K in air for 24h, generating a new Zr02 and 

Pd amorphous phase (Yamaura et al. 2002). The maximum hydrogen absorption 

amount was about 2.4 mass% at 323K and 2.2mass% at 423K. At the same time, the 

amorphous alloy Pd+Ni+Zr02 was prepared from melt-spun Zr65Pd3oNi, but the 

desorbed hydrogen content was only 1.0 -1.2mass%. 

45 



Chapter 2-Literature survey 

Hydrogen absorbing and desorbing rates are measured for melt-spun Nd-Fe(or Co)- 

B amorphous alloys containing 5-30% Nd and Cý-15% B. The hydrogen storage 

capacity changes with the Nd concentration roughly as -3.0 H/Nd, although it is also 

affected by the B concentration (Hayashi et al. 1997). However, The nanocomposite 

Zr-Ni-V alloys with a grain size of 5-10 ni-n can be obtained by crystallizing their 

amorphous phases at moderate temperatures. These nanocrystalline alloys exhibit 
hydrogen absorbency and H2desorption kinetics superior to those of the amorphous 

alloys (Tanaka et al. 2002). Mg-Ni-M based amorphous alloys were synthesized by 

several techniques such as melt-spinning and mechanical alloying etc. (Spassov et 

al. 1998, Jiang et al 2000, Goo et al. 2002, Lyubenova et al. 2004). These alloys did 

not offer much advantage in hydrogen capacity, less than 4 mass% with the 

desorbing temperature more than 200T. 

2.3.2.5 Hybrid hydrogen storage 

A new storage method combining metal alloy with compressed gas was introduced 

by Takeichi, Fig. 2.10 (Takeichi et al. 2003). The alloys areMg2Ni, TiMnI. 5, and 

LaNi5. This composite-type vessel can store hydrogen gas H2 at 35 MPa and 298 K. 

The weight of the hybrid vessel is heavier than that of a conventional Al-CFRP 

composite vessel for a hydrogen capacity of less than 4.1 mass% for the alloy. 

t 

1 1. 

Fig. 2.10 Schematic of a hybrid hydrogen storage vessel: (1) carbon fiber and epoxy 

resin, (2) thin aluminum liner, (3) hydrogen storage alloy, (4) valve, (5) tube for 

hydrogen (Takeichi et al. 2003). 
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This method is intermediate between compressed gas and alloy hydride storage 
methods, and may offer the option of potential hydrogen storage under relatively 

moderate pressure. 

2.3.1.4 Modifications to metal (alloys) materials 

There are two main ways of improving the hydrogen deorption properties: catalysis 

and structural modification. Catalysts, the substance that speeds up a reaction, but 

chemically unchanged at the end of the reaction, Play a very important role in the 

way of improving the performance of hydrogen storage materials. Catalysts can be 

divided into two main types - heterogeneous and homogeneous. In a heterogeneous 

reaction, the catalyst is in a different phase from the reactants. In a homogeneous 

reaction, the catalyst is in the same phase as the reactants. To increase the rate of a 

reaction, one possible way is to provide an alternative way for the reaction to occur, 

which has lower activation energy. That means reactants molecules can be activated 

with lower energy added to collide with each other efficiently. 

In the context of hydrogen storage materials, the main function of catalysts is to 

reduce the hydrogen desorption temperature and improve the kinetics. Basically, the 

catalysts applied in the metal hydrides can be classified as, metals, metal 

compounds, such as metal oxides and metal chlorides etc, and the catalyst may be 

introduced by techniques such as ball milling mixing, coating and doping (Park et 

al. 1995, Kajioka et al. 1999, Higuchi et al. 2002, Sato et al. 2003, Shang et al. 2004 

and Guo et al. 2004). 

Take the catalyst effect on the Mg system as an example. MgH2 desorption 

properties have been studied with 8 mol% M (M=Al, Ti, Fe, Ni, Cu and Nb) in order 

to modify hydrogen storage properties of the Mg hydrides, and nickel shows the best 

effect. (Shang et al. 2004). Pd is another catalyst option for many alloys, e. g. MgNi, 

and a strong enhancement of the desorption capacity has been found: hydrogen 

could be released at 150 'C and increases from 0.6 mass% for uncoated MgNi alloy 
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to 1.5 mass% with a5 mass% Pd-coated MgNi alloy. Pd may act as a hydrogen 

pump, thus favouring hydrogen migration from the bulk to the surface of the alloy 
(Zaluski et al. 1995, Janot R et al. 2003). 

Catalytic effects of various metal oxides on MgH2 were discussed in detail by 

Olelerich (Olelerich et al. 2001). Nanocrystalline MgH2/Mex0y samples were 

produced by high energy ball milling with 0.2-1 mole % metal oxides(SC203, T102, 

V205, Cr203, Mn203, Fe304, CuO, A1203, S102) and Cr203 yield the fastest 

hydrogen absorption. In another similar work, Nb205 as catalyst causes the most 

rapid desorption of hydrogen, Fig 2.11 (Barkhordarian et al. 2003 and Castro et al. 

2003). It is also suggested that the ability of a metal atom to take different electronic 

states plays an important role in the kinetics of solid-gas-reaction (Olelerich et al. 

2001). The effect of transitional metal catalysis is actually due to its oxides, because 

metals are more likely oxidized, but further study is needed to clarify this point. 
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Fig. 2.11 Desorption rates of the investigated material systems MgH2/metal oxide at 

300'C in comparison to nanocrystalline pure MgH2 (Olelerich et al. 2001) 

More recently, nanoparticles of metals e. g. Fenano, COnano, Ninano and CUnano, were 

adopted as a catalyst for MgH2 (Hanada et al. 2005). All catalyzed MgH2 composite 

showed much better hydrogen desorption properties than the pure milled MgH2 after 

only 2h of milling. In paricular, the 2 mol % nano Ni doped MgH--? composite 

prepared by soft milling for a milling time of 15 min under a slow milling speed of 
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200 rpm shows the best hydrogen storage properties. Fig. 2.12 shows the best 

hydrogen desorption properties from catalyzed MgH2: There is a quite sharp peak at 
200 'C in the desorption curve and a large amount of hydrogen (6.5 mass %) is 
desorbed in the temperature range from 150 to 250 'C under a heating rate of 5 

'C/min. Meanwhile, a MgH2 composite with normal metal oxide, Nb205 prepared 
by ball milling for 20 h shows better properties, in which a large amount of 
hydrogen (6.0 mass. %) is desorbed in the temperature range from 200 to 250 'C 

(Hanada et al. 2006). Although Ni nano-particles showed better catalytic effect on 
MgH2, it's been confin-ned that a Mg2Ni phase can be easily produced when the 

temperature is raised to 2000C due to high reaction activity of Ni nano particles with 
Mg. So, how to maintain the catalytic activity of the precursor nano-particles is an 
important issue when using nano-particles as catalysts. 
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Fig. 2.12 Thermal desorption mass spectra (TDMS) of hydrogen for pure MgH2 

milled for 2h and catalyzed MgH2nanoparticle metals milled for 2h at 400 rpm 

under He gas flow with no partial pressure of hydrogen. (Hanada et al. 2005) 

Fundamental studies of the catalytic effect on hydrogen storage materials is still 

insufficient to provide a realistic guideline for catalyst selection. The lack of 

knowledge about the chemical nature e. g. individual particle size of the catalyst 

hinders the clarification of action of the dopants in the dehydrogenation and 

rehydrogenation process. For instance, is the property enhancement due to the 

specific catalytic effect or their alloying effect in the precursor materials or both? 
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Structural modification is certainly another option to improve hydrogen 

ab/desorption properties. Nancrystalline structures promote hydrogen diff-usion by 

enhancing interface areas and defect densities; Mechanical alloying (MA) is a 

common method used in the processing of fine grained materials. An intermetallic 

compound Mg2Ni was mechanically ground under a hydrogen atmosphere (Fujii et 

al. 1997, Liang et al. 2003), and the resulting material shows nanocrystalline intra- 

grain and disorder inter-grain regions. As a result, the dissolved hydrogen content is 

increased and desorption temperature is reduced (Abdellaoui et al. 2003, 

Khrussanova et al. 2004). 

Summary of metal hydrides 

Hydrides of metals or metal alloys, still suffer from either low hydrogen storage 

capacity or poor kinetics. Some metal hydrides possess good hydrogen storage 

capacity, such as lithium hydride and magnesium hydride, but are too stable to be 

easily activated, and the hydrogen releasing temperature remains too high. Some 

types of intermetallic alloys exhibit reasonable hydrogen sorption properties, such as 

TiFe, but poor hydrogen capacity. Despite of such problems, metal hydrides still 

show some attractive properties that gas or liquid hydrogen storage methods do not 

have, i. e. low cost, safety and adaptability. The details are compared in the 

following Table 2.4. 
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Table 2.4 Benefits and barriers of hydrogen storage solutions 

Hydrogen storage 

Method Benefits Barriers 

Well-understood up to Only relatively small 

pressures of 20 MPa; amounts of H2are stored at 
Compressed gas generally available; can 20 MPa; high pressure 

cylinders be low cost storage still under 
development, not safe to 

be taken on board 

Very low temperatures 

Well-understood require super insulation; 

Liquid tanks technology; good cost can be high; some 

storage density possible hydrogen and energy is 

lost through evaporation; 

May allow high storage Not fully understood or 

density; light; may be developed; early promise 

Physisorption cheap remains unfulfilled 

Some technology 

available; can be made Heavy; can degrade with 

into different shapes; time; currently expensive; 

Metal hydrides thermal effects can be filling requires cooling 

used in subsystems; circuit 

very safe 
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2.3.3 Complex hydrides for hydrogen storage 

Complex hydride, sometimes referred to as classical hydride, has been synthesized 
successfully from the earlier 1950s. The main difference between a metal hydride 

and complex hydride is the different transition process from metal to an ionic or 
covalent compound upon hydrogen absorption. Hydrogen atoms in complex 
hydrides are often located in the comers with certain atoms, such as B, Al or N in 

the centre to from a complex anion. The negative charge of the anion, [BH4]- 1 and 
[AIH41-I, is compensated by cations, e. g. Li or Na. 

Table 2.5 Different complex hydrides with their capacities 

Hydrides Capacity No 

LiA1H4 10.5 (mass%) Ill 
Mg [Aýl 2 9.8 (mass%) [2] 

[AIH4]- Ca [AIH412 7.7 (mass%) [3] 

NaA1H4 7.5 (mass%) [4] 

Ti 0ý1 
4 9.3 (mass%) [5] 

LiBH4 18.2 (mass%) [6] 

Al [BI4413 20 (mass%) [7] 

Mg [BH41 2 14.8(mass%) 181 

[BH4]- Ca [BILI 2 11.4(mass%) 191 

NaBH4 10.5(mass%) [10] 

Ti [B1141 3 12.9(mass%) [11] 

Zr [BH41 3 8.8(mass%) [12] 

Fe [BH41 3 11.9(mass%) [13] 

[FeH6 ] 4- M92 [FeH6] 5.5 (mass%) [14] 

[NiH4] 4- M92 [Nil-141 3.6(mass%) [15] 

[NH2]- LiINM2 8.7(mass%) [16] 

Previously, complex hydrides were considered as hydrogen storage materials only in 

the context of releasing the hydrogen via hydrolysis (Kong et al. 2002). It was 

reported that hydrogen can be generated via complex hydrides reacting with water or 
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water vapour. Such complex hydrides included: NaAlH4, LiAIH4, NaBH4 and 
LiBH4. Apart from aluminium complex hydrides, another light metal hydride 

system, Boron complex hydrides [BH4FI , 
have attracted much attention as well. The 

typical Boron complex hydride is metal cation combined with [BH4]- as mentioned 

above, e. g. LiBH4, NaBH4 and KBH4 with very good hydrogen capacities 
18.2mass%, 10.5 mass % and 7.4mass% respectively. More complex hydrides are 

shown in Table 2.5. Among them, [1] [4] [61 [10] [16] are commercially available 

and [2] [3] [7] [8] [11] [12] [14] are only synthesized within lab-scale, [5] [9] [13] 

[ 15] need to be developed (Ritter et aL 2003). 

2.3.3.1 [BH41 complex hydride system 

The crystal structure of LiBH4 was investigated on and Raman spectroscopy by 

several groups (Soulie et aL 2002, Gomes et aL 2002). It was found that LiBH4 

undergoes a transition as the temperature increased to 384K, the hysteresis if about 
8K. The structure of LiBH4 is orthorhombic, in which [BH4]- anion is surrounded by 

four lithium Li+ cations and each Li+ by four [BH4F. 

LiBH4 as a hydrogen storage material can release 13.5 mass% of hydrogen with 
0 Si02 as catalyst at 200 C (Zi1ttel et aL 2004). For pure LiBH4, there are two 

hydrogen release steps during H2desorption, the orthorhombic phase liberates only 
0.3 mass% of hydrogen, and the high temperature phase up to 13.5 mass% hydrogen. 

Finally a total 4.5 of mass% of hydrogen can be desorbed, and LiH is left in the 

composition product. If not considering the LiH decomposition, the hydrogen 

desorption reaction of LiBH4 is 

LiBH4->LiH+B+312H2 

The thermal desorption spectra of LiBH4with and without a catalyst is shown as in 

Fig. 2.13. 
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Fig. 2.13 Thennal desorption spectra of LiBH4- (a) Pure LiBH4 and (b) LiBH4 

mixed withSi02as catalyst (Zuttel 2004) 

However, the reversible reaction for hydrogen absorption is hard to achieve, and all 

attempts to synthesize LiBH4 from the elements at temperatures up to 650 C under 0 

15 MPa H2pressure have failed. 

The structural properties of alkali borohydrides MBF14, (M=Na, K, Rb, Cs) was 

studied (Renaudin et al. 2004). It has been found that these alkali borohydrides 

MBH4contain relatively mobile tetrahedral [BH41-units, the ordering of which tends 

to induce structural phase transitions. The transition temperatures as measured by 

heat capacity studies were found to be 76K for KBI-14,44K for RbBH4 and 27K for 

CsBH4. MBH4 (M=K, Rb, Cs) at the room temperatures have cubic symmetry and are 

isotypic with their NaBH4- 

The materials properties of MBH4 (M=Li, Na, and K) have been investigated 

systematically (Orimo et al. 2004). The correlation between B-H atomistic 

vibrations in [BH41- anion and melting temperatures of MBH4 (M=Li, Na, and K) 

was discussed: the melting temperatures under hydrogen atmosphere as an index of 

hydrogen desorption (decomposition) temperature decrease in the following order 

KBH4 (880K) NaBH4 (770K) and LiBH4 (550K). The order of decomposition 

temperature is in reverse with the order of the B-H atomistic vibrations in the [BH41- 

anion, which means a higher activity in the complex anion leads to a lower 
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decomposition temperature and Li cations affect B-H bonds more than Na and K 

cations. 

2.3.3.2 [AIH4] complex hydride system 

First report about the potential use of NaAlH4 for reversible hydrogen storage was 

provided by Bogdanovic (Bogdanovic et al. 1997). They demonstrated that the 

alkali metal hydride doped with Ti-based catalysts enabled ready release and 

absorption of hydrogen gas under moderate conditions. NaAlH4 release hydrogen 

with the operating temperature more than 1500C through the following reactions: 

NaAlH ý->113N AIH +213AI+H 4 a3 62 

I/ 3Na3AIH6+213AI+H2-> NaH + Al +3/ 2H2 

3.70 mass% H2 

1.85 mass% H2, 

The same problem exist as with the LiBH4, The formation of NaAIH4 or Na3AlH6 

from solid NaH, Al and gaseous hydrogen, have not been fully accomplished, which 

means the reversibility still remains a major barrier for complex hydrides. 

Sodium alanate was investigated by Raman scattering (Ross et al. 2004). In their 

work, clusters of NaAIH4 were generated by successively adding additional 

monomers to geometrically optimise systems. The optirnzed structure for a cluster of 

eight monomers is shown in Fig 2.14. 

/ 

Fig. 2.14 Eight monomer cluster of NaAlH4 optirnzed at the B3-LYP/6-31+G(d, p) 

level of theory (Ross et al. 2004). 
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Scanning electron microscopy (SEM) was used to examine microstructure and 

elemental composition of Na alanate samples, doped with a liquid Ti/Zr catalyst 

precursor (Thomas et al. 2002). There are two interesting findings in their paper: 

after mixing Na alanate and catalyst by ball milling for longer milling time, average 

particle size can be reduced; however, more agglomeration of material can result in 

after longer milling time. It was also confirmed that the two step reaction of Na 

alnate decomposition for hydrogen desorption in Fig 2.15. The larger particles 

should be Na3AIH6, and after complete hydrogen desorption from Na3AIH6, the 

smaller NaH and Al particles phase remain as the final products. A hermetically 

sealed high-temperature cell was constructed, which allows in-situ identification of 

structural phase changes during several thermal decomposition stages of sodium 

alanate materials (Balogh et al. 2003). X-ray data were compared with TGA results 

to identify different stages of NaAlH4 during hydrogen desorption. 

(a) (b) 

Fig. 2.15 Scanning electron micrographs of material during the first desorption 

cycle. (a) Na3AIH6 and Al remaining after hydrogen desorption from NaAlH4- (b) 

Material after complete desorption to NaH and Al phase (Thomas et al. 2000). 

Fig 2.16 shows the in-situ phase evolution of NaAlH4 from two step desorption, 

NaAIH4 first decomposed into Na3AIH6 releasing some hydrogen with a new Al 

phase detected. At around 200 C, nearly all the NaAlH4 transforms into Na3AIH6, 0 

which started the next step hydrogen desorption. From here, Na3AIH6 concentration 

decreased with continuous heating, finally most of the NaAlH4 decomposed into Al 

and NaH and hydrogen desorption finished. 
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Fig. 2.16 X-ray diffraction intensities of phases identified during the heating of 

purified NaAlH4 compared with observed (TGA Expt) and calculated TGA curves 
based on either the Al (Al calc) or the Na3AIH6 (Na calc) intensities (Balogh et al. 
2002) 

Later, the catalytic effects of Ti and Fe as dopants on NaAlH4 were studied 
(Bogdanovic' et al. 2002). It was found that Ti-Fe dopants can enhance the rates of 
both de- and hydrogenation rates of Ti/Fe-doped NaAlH4and Na2LiAlH6with cyclic 

tests, reaching a constant storage capacity of -4 mass% H2. However, their 

desorption temperatures are still high for the practical application. 

Other Ti-related compounds TiC12, TiF3, and TiBr4 were all found effectively to 

improve the sorption kinetics of NaAlH4 (Majzoub et al. 2003). It was implied that 

the enhanced sorption kinetics due to Ti-halide catalyst precursors is independent of 

the valence state of the Ti-halide and the results indicated that the more exothermic 

halides do not result in faster rate kinetics. The free energies of formation suggest 
that TiAI3 is the most likely reaction product due to the possible reaction below: 

Ti Cý, +3 NaA 1H4-> 3 Na Cl + TiAL3+ 6H2 

The presence of TiAl3alone, however, cannot explain the sorption kinetics of doped 

sodium aluminiurn hydrides. It was found surprisingly that ultra fine TiN materials 

with large specific surface can catalyse the decomposition of complex aluminium 
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hydrides after mixing via ball milling at temperatures of about 393K in the solid 

state (Stefan et al. 2004). Furthermore, they used the TiN materials to activate the 

complex hydride for hydrogen transfer reactions in solution, and the result is 

positive: TiN shows strong acceleration of hydrogen transfer, nearly 3 times the 

efficiency of the materials without TiN. Different metal chlorides were applied to 

the NaA1H4, including Ti (11,111, IV), Zn (11, IV) and Cr (1-1, IV) etc. The most 

promising catalyst so far is TiC13 for NaAlH4 prepared by ball milling, ZrC13 and 

other transitional metal chlorides are also useful (Anton et al. 2003). 

A first principal study was carried out by Arroyo (Arroyo et aL 2004 ), on the 

stability of complex hydrides related to the alanates, NaAlH4 and Na3AlH6 and on 

the effect of Li and K substitutions for Na, and substitution on the Al site by B or 
Ga. The results show that complex hydrides consist of cations and covalently 
bonded anions. Hence, the relative strength of the M-H covalent bond is a key factor 

determining the stability of the complex hydrides. In the calculated data, the stability 

of complex hydride decreases from B, Al to Ga; the size of M and the metal cation is 

another important factor. For instance, Li for Na reduces the hydrogen affinity of 

these materials, while K increases it. 

Meanwhile, it is indicated that Na or Al substitution affects different properties. 

Substituting Na by other alkali metals largely affects the overall stability of the 

complex hydrides. Al substitution also affects the overall hydrogen affinity of the 

compounds. Other alanates with higher hydrogen contents have either unfavourable 

properties for hydrogen storage as in the case of Ti (AIH4)4 and Zr (AIH4)4or have 

not been investigated sufficiently. LiAIH4 and Mg(AIH4)2were under investigation 

as a replacement to the NaAlH4 (Arroyo et al. 2004) 

LiAIH4 contains 10.6 mass % of H, and a theoretical content of 7.9 mass % H--) 

would be usable for hydrogen storage if the reaction were reversible. Unfortunately, 

the compound exhibits unfavourable thermodynamic properties. These hydrides 

have such a high pressure in equilibrium with the gas phase, that they cannot in 

practice be formed from a gaseous phase. (Zaluski et al. 1999). It was also pointed 
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out that, Na3AIH6, (Li-Na)3AIH6 or (Li-Na-B)3AIH6 exhibit reversible 
hydrogenation behaviour with lower hydrogen capacities of 3-4.5 mass % in a wide 
range of intermediate temperatures between 120 and 250'C. Hydrogen storage in 

metal hydrides requires that the alloys should exhibit one fundamental property: 
capacity and reversibility of hydride formation and decomposition under practical 
conditions. Although LiALH4 can desorb more hydrogen than common alloys, its 
irreversibility of hydrogenation and dehydrogenation prohibit its further application 
for hydrogen storage. For technical applications, the kinetics of hydrogen uptake and 
release is an important issue. The absorption kinetics of NaAlH4have been regarded 
as a particular problem, because the process is slow and only 10% rehydrogenation 
can be achieved within 15 hours at 170'C and 15.2 MPa (Bogdanovic et aL 1997). 

In addition, pure Mg(AIH4)2was synthesized by a metathesis reactionOf MgC12 and 
NaAlH4, in diethylether as a solvent (Fichtner et aL 2004) as in the following 

reaction. 

2NaAIH4+MgCl2 -+ 2NaCl + Mg(ALH4)2. Et2o in diethylether 

Mg(AlH4)2. Et2o-* Mg (A IH4)2+Et2o heating under vacuum 

Mg (AIH4)2 was received after purification and a drying procedure. The final 

product has been obtained with a purity of about 95% with impurities of NaCl and 
hydrocarbons. This provides another synthesis route for complex hydrides. 

Mg (AIH4)only experienced one thermal decomposition step, that is 

Mg(AI4)2 -* MgH2+AI+3H 2 

Mg(AIH4)2 releases -7mass% of the bound hydrogen, with a peak decomposition 

temperature of 163 'C, in vacuum (Figure 2.17) , another weight loss 2.4mass% H 

can be found around 3000C , 
due to the decomposition of MgH2. It was found that 

reloading the decomposed material at the working temperatures of a PEM fuel cell 

would require hydrogen pressures above lOMPa, which means the reversibility still 

remains a barrier. The complex aluminium metal hydrides (Mn+[AIH4]n-, with 
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M=metal) offer higher hydrogen storage capabilities. Up to now there has been only 

one compound identified which shows experimentally proven reversibility in terms 

of hydrogen uptake and release under moderate conditions, the sodium aluminium 
hydride, or sodium alanate NaAlH4. 
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Fig. 2.17 TGA-MS data of the thermal decomposition of Mg(AIH4)2. (a) At a 

heating rate of 2 KJmin. (b) MS signal at a heating rate of 10 K/min (Fichtner et al. 
2004) 

2.3.3.3 Other complex systems: Mg2FeH6 

M92FeH6was only under investigation in recent years, from the novel MA synthesis 

method (Shang et al. 2003, Herrich et al. 2004). Here, [FeH61 4- may act the role like 
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[AIH411- in LiALH4 to form ion unit. The Mg2FeH6 hydride was synthesized by 

reactive mechanical alloying (RMA) in a single process from Mg and Fe elemental 

powders in a hydrogen atmosphere at room temperature (Gennari et al. 2002). The 

formation of Mg2FeH6 involves two steps: MgH2 formation at shorter milling times, 

and reaction between MgH2 and Fe to produce Mg2FeH6 as milling time increases. 

The decomposition of Mg2FeH6 experiences only one step, which starts around 
300'C. The presence of Fe in the mixture also produces a catalytic effect on 
hydrogen desorption kinetics from MgH2. This is evidently due to a reduction of the 

decomposition temperature of more than 100 'C. Castro claimed that Mg2FeH6 

could be synthesized in a single process by reactive mechanical alloying (RMA) of a 
2MgH2+Fe mixture under hydrogen atmosphere at room temperature after 100 hours 

of milling. The synthesis of Mg2FeH6 takes almost twice the time and gives nearly 
half the yield obtained when milling a 2Mg+Fe mixture under similar conditions 
(Castro et al. 2004). 

Summary 

Complex hydrides are promising for hydrogen storage because the relatively large 

hydrogen capacity compared to metal hydrides (alloys). Fig 2.18 summarizes the 

properties of complex hydrides: M92FeH6 shows the highest known volumetric 
hydrogen density of 150 kg M-3 , which is more than double that of the liquid 

hydrogen. BaReH9 has the largest H/M ratio of 4.5,4.5 hydrogen atoms per metal 

atom, LiBH4 exhibits the highest gravimetric hydrogen density of 18mass%. 

Among these hydrides, lithium-containing complex hydrides are more attractive. 

The existence of lithium element can largely reduce the mass of non-hydrogen 

elements. However, the slow kinetic is a main obstacle to majority complex hydrides 

to desorb the theoretical amount of hydrogen. Catalysts have been evaluated for 

different complex hydride, such as Si02and Ti (and Ti compound). These catalysts 

can decrease the hydrogen desorbing (complex decomposition) temperature, but not 

enough for practical applications. Another problem for application is that some 

attractive complex hydrides are not easily reversible, and rehydrogenation 

conditions are too difficult to achieve under extreme high pressure 
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Fig. 2.18 Volumetric and gravimetric hydrogen density of some selected hydrides 

(Andreasen 2005). 

2.3.4 Metal-nitrogen-hydrogen (M-N-H) compounds for 
hydrogen storage 

The effective principle of increasing the gravimetric hydrogen storage capacity is to 

use light elements and reduce H-H distance in hydrides (Maeleand 2003). Short H-H 

distance could be achieved in complex hydrides, and if non-metal light element is 

involved, for example, in Li-N-H related materials involving LiNH2 and L12NH, 

which was first reported by Chen (Chen et al. 2002). 

2.3.4.1 Li-N-H compound for hydrogen storage 
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Lithium amide, LiNH-) is a member of alkali metal amides family. It is an important 

reagent in organic synthesis, it is found to deprotonate ketones, aldehydes and 

structurally related organic molecules (Grotjahn et al. 2001). Lithium amide and 

other alkali metal amides play a prominent role in the development of chemistry 
(Brain et al. 1997). It was found that Na-N distance in NaNH-) is longer than the Li- 

H in LiNH2, but their angle is almost same in both of these two compounds. The 

result implies that larger metal cations in MNH2 can affect the stability of [NH-)]-, 

which subsequently inspired Nakamori's work about 1-1-10 at. % Mg in LiNH-, 

(Nakamori et al. 2004). The [NH21- is thought to be more reactive with LiH by the 

influence of substituted Mg into LiNH2- 

In a LiNH2molecule, the low-lying Li p-orbital can accept 71-electrons fed back 

forrn N. The overlap between Li p-orbital and the lone-pair p-orbital contributes 

significantly to the molecular geometry (Chen et al. 2004). Two hydrogen atoms 

are covalently stabilized as [NH21- anion, then this anion is combined with the 

counter-cation Li+ (Bohger et al. 1995). This could be seen in the study of charge 

density as well (Song et al. 2006); result is shown in Fig. 2.19. 
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LiNH2 is a body- centred-cubic tetragonal structure, shown in Fig 2.20 c, the lattice 

parameters are a=0.5031 nm and c=1.0210 nm (Kitaharal et al. 2004), and L1,, NH 

and Li3N is hexagonal and FCC structures. 

LN 
'13 
0, a io 

(c) LINH2 
Li 

Hl 

H2, 

Fig. 2.20 Structures of Li3N, LiNH2 and Li2NH, where Li2NH shows a face-centred- 

cubic structure and Li3N shows hexagonal (Song et al. 2006). 
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Fig. 2.21 X-ray diffraction patterns of LiNH2 and Li2NH (thermally decomposed 

LiNH-7) with reference data and Infrared absorption spectra of LiNH-) and Li-)NH 

(Kojima et al. 2004) 

Fig 2.21 shows the XRD and IR results of LiNH2 and its decomposed compound 

(Kojima et al. 2004). In the IR spectrum, Fig 2.34b, LiNH-) shows two characteristic 

bands between 32200 and 3400 cm-1, but its decomposed compound only shows a 

broad peak between 3200 and 3 100 cm-1. 
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LiNH2 is a primary component in Li-N-H storage materials. Its decomposition 

produces ammonia rather than hydrogen, and the decomposition kinetics of lithium 

amide was studied by Pinkerton (Pinkerton 2005). It was found that the ball mill can 

effectively reduce the temperature of decomposition, Fig. 2.22, which is possibly 
due to the particle size reduction after milling. 

100 ý_- 
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80 
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60 
250 300 350 400 450 500 550 

Temperature (IC) 

Fig. 2.22 Comparison of weight loss with increasing temperature for Aldrich Lot A 

LiNH2 in the as-received state and after ball milling for 20 min. The heating rate was 
10 -C/min in Ar gas flowing. 

LiNH2 can be produced from elements as confirmed by Nakamori (Nakamori et al. 

2004). Mo film was used as the substrate, the starting materials is Li, after being 

nitrogenated and hydrogenated for enough long time, the final LiNH2 is produced 

with LiH. The hydrogen desorption temperature from the film was observed to be 

about 50K lower that that from powder sample. 

Li-N-H system for hydrogen storage was firstly reported by Chen (Chen et al. 

2002). LiN3 was used as the starting materials for hydrogen absorption, in which a 

two-step major hydrogen uptake was identified. The process of desorption and 

absorption are shown in Fig. 2.23. For absorption, a total increase of about 

9.3mass% was achieved, and desorption process consists of two parts: under high 

vacuum., a large portion (6.3mass %) of hydrogen was released at temperature below 

2000C, and the remaining 3mass% hydrogen could be released above 320 OC. 

UNH2 AJdrich Lot A 

As remved (unmilled) 

Milled 20 min 
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Fig. 2.23 Weight variations during hydrogen absorption and desorption process over 

a Li3N sample (Chen et al. ) 

It was suggested that the second step desorption corresponds to the reaction between 

LiNH2 and LiH, where two reactants undergo direct molecule-molecule reactions in 

the solid state (Chen et al. 2003). The reaction is described as: 

LiNH2+ LiH --> L'2NH+H2 

However, Hu demonstrate that an ammonia-mediated mechanism exists for the 

reaction LiNH2 and LiH, in which LiNH2decompose into NH3first, and then NH3 is 

completely captured by LiH even at very short contact time (25ms) with the carrier 

gas (Hu et al. 2003). The reaction was described as: 

2L iNH, (-> L i, NH + NH3 

NH3 + LiH *-> LiNH, + H? 

The NH3-mediated hydrogen desorption theory indicates that even if the NH3 is 

generated via decomposition of LiNH2, the NH3 could still react with LiH to 

generate hydrogen if enough LiH is present. This mechanism was also supported by 
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Ichikawa et al (Ichikawa et aL 2004). A successive step for the reaction was 
described as: 

LiH + LiNH2 --> 
I 

LiH+( 
1 

LiH +I NH3 +I Li2NH) 

2222 
I 

LiH+ 
I 

LiNH2 +I Li2NH +I H2 

2222 
I 

LiH+ 
I 

LiNH2 +( 
1+I 

)Li2NH ++I )H2 
442424 

->Oeo*oo 
In 

LiH +In LiNH2 
22 

-> 
Li2NH + H2 

nInI 

--: -. Li NH + --: --. H k2k2 
k=l 2 k=l 2 

The existence of LiH near the LiNH2 surface is critical for the LiNH2 decomposition 

by rapidly reducing the NH3 partial pressure in the reaction zone (via the reaction of 
LiH and NHA and consequently accelerate the decomposition of LiNH2. Some 

catalysts studies for the Li-N-H systems have been including Ni, Fe, Co, VC13 and 
TiC13, Fig 2.32. It was found that hydrogen is released in the temperature range form 

180 OC to 400 OC while emitting a considerable amount of NI-13 without catalyst, only 

with TiCh as catalyst, the hydrogen desorption temperature range is reduced to 150 

OC to 250'C without NH3 detected (Ichikawa et aL 2003). 

Further specific work have been performed on the Ti catalyst series including Ti nano 

Ti"'cro, Ti02 nano 
, Ti02'c' and TiCh (Isobe et aL 2005 and Tokoyoda et aL 2005). 

Nanostructured Ti02and Ti (the size was not given) show better catalytic effect than 

microstructured Ti02 and Ti, Fig. 2.24. However nanostructured Ti02 and Ti phase 

were not found in the XRD profiles, suggesting that additive particle size is the 

important factor for improving the kinetics of hydrogen storage. 
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Fig. 2.24 MS results of H2 and NH3 form ball milled mixtures of LiNH2 : LiH = 1: 1 

then-nal desorption (a) small amount (Imol%) of additives are added as catalyst 
before milling, (b) TiC13 (I mol%) catalysed mixing powder (Ichikawa 2005) 

2.3.4.2 Other M-N- related compounds for hydrogen storage: 

A Li-Mg-N-H system was firstly reported by Luo et al. (Luo 2004). A LiNH2-MgH2 

mixture with a molar ration of 2: 1 was investigated and compared with the LiNH, 
-, - 

LiH system, with the possible reaction: 

2LiNH2+ MgHý <* L i,, Mg (NH)2+2H2 5.35 mass% H--) 34kJ/mol 

Later the the mechanism was revised based on a new FTIR evidence (Fig 2.25). For 

the materials starting with 2LiNH2 +MgH--, ) and (Mg(NH2)2 + 2LiH), the desorbed 

products are possibly are: 

400 
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L'2MgN2H2+ 0.6H 2+ 
L'2MgN2H3.2 for 0< Hmass. % < 1.5; 

Li2MgN2H3.2 +IAH2 + Mg (NH2)2 + 2LiH for Hmass. % > 1.5. 
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Fig. 2.25 FTIR test results for samples of various degrees of absorption, fully 

desorbed (point A), the edge of the plateau (at 1.5 mass. %, point B), mid-plateau 3.2 

mass. %, point Q and fully re-absorbed (point D). The results for pure Mg(NH2)2 

and LiNH2 are included for comparison (Luo 2005). 

Table 2.6 FTIR peak assignments for Li and Mg amides, imides 

Compounds Position (cm-1) Assignment 

Mg(NH2)2 3325 Vas 

LiNH2 3313 Vas 

Mg(NH2)2 3274 vs 

Mg(NH2)2 3250 v 

LINK) 3259 vs 

MgNH 3251 v 

MgNH 3240 v 

MgNH 3197 v 

Li-)NH 3162 v 

v,,: asymmetric stretch; v,: symmetric stretch; v: stretch; 
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The first reaction is a single solid-phase reaction and the second is a multiple solid- 

phase- co existing reaction with a plateau and hysteresis. Additionally, this new 

material can absorb hydrogen reversibly at a hydrogen pressure of 3.2 MPa at 
200T. Two samples made in this experiment with some other hydrogen materials 
The Van't Hoff plots are shown in the Fig 2.26. 
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Fig. 2.26 The Van't Hoff plots for samples I and 2. Some interstitial metal/alloy 
hydrides and sodium alanate are included for comparison. Symbols: triangles for 

sample I (LiH + LiNH2) and rectangles for sample 2 (2LiNH2+ MgH2). 

Hydrogen pressure for LiNH2 + LiH materials is about I bar at 280'C, and for 

LiNH2 + MgH2 system, extrapolated plateau pressure at 100 'C is about 0.3 MPa, 

which is very competitive value for the application in fuel cells. 

The same starting material (2LiNH2 + MgH2) was studied by Xiong et al (Xiong et 

al. 2004). The sample was prepared by mixing LiNH-) and MgH2 in a molar ratio of 

2: 1. The mixture was calcinated under vacuum at 3000C followed by repeated 

hydrogenation and dehydrogenation at temperatures above 200T. Judging from 

Luo's work, this procedure seems to be a H-) desorption (vacuum to 3000C)- 

absorption-desorption process, and the final product should still be a mixture of 

Li-)Mg (NH), ). However, it's assumed from Xiong's XRD patterns (Fig 2.27) that the 

final product is Li-)MgN-)H-,. Mg(NH)2 and LiH were also found after hydrogenation. 
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In addition, the Li-N-Mg-H hydrogenation reaction, is varied from Luo's was 
described as the: 

L'2 MgN2H2+2H2 <::: > Mg(NH2)2+ 2LiH 

a 

b 

20- 4C, 
2 theta 

2(XX 

100( 

C 

Fig. 2.27 X-ray diffraction patterns of a) the Li-Ca-N-H sample, b) the Li-Mg-N-H 

sample. Patterns denoted with I represents the as-prepared sample - 2LiNH2 + 

MgH-, after H2 desorption (vacuum to 3000C)-absorption-desorption, and 11, the 

hydrogenated samples; and c) dehydrogenated sample 2LiNH2+ MgH2- Silicon was 

added to the sample as reference before XR-D was taken. Green lines for Li-)NH; 

blue lines for Si and red lines for MgNH (Luo 2004 Xiong et al. 2005 ) 
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where the LiNH2 and M9H2phases no longer exist after a series of processing: H-) 

desorption (vacuum to 3000C)-absorption-desorption process, However, there are no 

reference about the compounds as Li2Mg(NH)2 or L12MgN2H2. The compound 
formulas are only assumed by the limited XRD patterns and the basic knowledge of 

reaction balance. 

For hydrogen storage properties, Xiong's Li-Mg-N-H system can absorb 4 mass% 
H2under pressure of 90bar at 1800C [Xiong et al. 2005]. At the same temperature, it 

can desorb hydrogen under I bar within 1 hour. Subsequently, as the desorption 

mechanism Li2MgN2H2+ 2H2 has been assumed, Xiong investigated the hydrogen 

desorption properties of (Mg (NH2)2+ 2UH) mixture (Xiong et al. 2005). Mg(NH2)2 

was initially synthesized by Mg and NH3 solid-gas reaction, then Mg(NH2)2 and 
2LiH mixture was ball milled for 2 days. Also, the mixture was subjected to H2 

desorption -absorption-desorption process. As a result, similar compounds were 
found as in 2LiNH2 + MgH2 sample during cycle, finally about 5mass% H2 was 

absorbed before the temperature reach 2000C, Fig 2.28. 

Ll 

--Q 0' 

Temperature (C) 

Fig. 2.28 Hydrogen absorption in a Li2MgN2H, sample and desorption from 

(Mg(NH,, )2 + 2L1H )sample (Xing et al. 2004). 

72 

0 50 100 150 200 250 300 



Chapter 2-Literature survey 

Mg-Na-N-H system was also investigated by Xiong (Xiong et aL 2005), invol,., -ing 
Mg(NH2)2 and NaH mixture with different molar ratios. It was found H, ) can be 

released from the mixture at a temperature as low as 1200C. The dehydrogenated 

sample can re-absorb H2 and return to the phases of two starting materials. It was 

also reported that Mg(NH2)2 could be synthesized via intensive milling of MgH2 

with NH3 at room temperature (Ichikawa et aL 2005). However, until now, there is 

no commercialized method identified for the synthesis method of Mg(NH2)2, current 
reported methods are only lab-scale productions. It is not clear whether a high yield 

of the compounds can be achieved by ball milling. MgH2 with ammonia was heated 

up to temperurature range 603-653K for I week, the products are various under 
different temperatures: Mg(NH2)2 was identified at 613k, and MgNH at 
653K(Nakamori et aL 2004). Then the hydrogen sorption properties of Mg(NH2)2 

with MgH2 and LiH were investigated, and results are shown in Table 2.7 and Fig. 

3.29. 

Table 2.7 Selected Mg-N-H systems and their H2desorption properties 

Materials Desorption 

temperature 

Hydrogen 

capacity 

Desorbed 

product 

Mg(NH2)2 + M9H2 630K 4.9 mass% 2MgNH + 2H2 

Mg(NH2)2 + 2MgH2 720-750K 7.4mass% M93N2 + 4H2 

Mg(NH2)2 + 4UH 420K 9.15mass% 

1/3M93N2 +4/3Li3N 

+ 4H2 

In the first two reactions, the experimental 24mass% and 16mass% weight loss are 

more than the theoretical value, and the reason as explained by Nakamon et al. 
(Nakamori et al. 2004) as the decomposition of Mg(NH2)2 into NH3 andM93N, . 
As to the third reaction, they explained that sufficient LiH can react ultra-fast with 

ammonia from Mg(NH-, )2 (Hu et al. 2003) unlike MgH-, does in the first two 

reaction; but it may be because the larger amount of LiH increase the contact 

between LiH and Mg(NH-))2, leading to a faster reaction kinetics. 
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Fig. 2.29 TG curves of (a) Mg(NH2)2mixed without MgH2, (b) Mg(NH2)2mixed 

with IM of MgH2 and (c) Mg(NH2)2mixed with 2M of MgH2 in argon flow at 

0.1 MPa with a heating rate of 10 K/min. (Nakamori 2004) 

The study of (Mg(NH2)2 + LiH) was also carried out by Ichikawa (Ichikawa et al. 

2004, Leng et al. 2005 ). The difference between their work and Nakamori's is the 

choice of LiH to Mg(NH2)2ratio. The Mg(NH2)2 to LiH is 3: 8 in Ichikawa's work, 

and 1: 4 in Nakamori's. The reaction was described by Ichikawa as 

3Mg(NH + 8LiH M N2+4L NH+8H A 4* 93 '2 
2 

The thermal desorption mass spectra of the mixture without any catalyst indicated 

that a large amount of hydrogen (-7 mass%) was desorbed from 140 OC, and the 

desorption peaked at -190 'C, with almost no ammonia emission(Fig 2.30). The 

hydrogen desorption process has been explained by Hu's mechanism as LiH 

reacting with the NH3 released by the Mg(NH2)2 and LiNH2 generated during the 

reaction [Hu et al. 2003]. Comparing with the Nakamori's reaction, Mg(NH2)2 + 

4LiH = 1/3Mg3N-) + 4/3L13N + 4H, ), the relatively larger amount of LiH used in the 

reaction can continue to react with Li2NH to generate final product Li3N and release 

H. 

800 
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The mechanism of hydrogenation reaction was also investigated by Leng (Leng et 

al. 2006). The sample is designed with a molar ratio Of M93N2 : L13N = 1: 4, same as 

the desorption product from (3Mg(NH2)2 + 8LiH). The mixture was prepared by 

milling for 2h in aI MPa H2 atmosphere. Then 4 MPa H2 was introduced at room 

temperature, after that, the mixture was heated to 200'C at a heating rate of I'C/min) 

and then held for 12 h and finally cooled to RT at a cooling rate of I'C/min. the 

reactivity Of M93N2 and NH3 is considered as a very important factor during 

hydrogenation, which has been proved in Fig. 2.30. Based on this evidence, the 

hydrogenation process is described as: 4Li2NH is first hydrogenated into 4LiH and 

4LiNH2. At the next step, 4LiNH2 decomposes into 2Li2NH and 2NH3, and the 

emitted 2NH3 reacts with (1/2)Mg3N2 and produces the(3/2)Mg(NH2)2 phase (Fig 

2.30), while the produced 2Li2NH is hydrogenated into 2LiH and 2LiNH2 again. 

Such successive steps continue until all 4Li2NH and M93N2 completely transforin 

into 8LiH and 3Mg(NH2)2 by hydrogenation. This theory is later then applied to Li- 

N-Mg-H experiments carried out in Queen Mary. 

LI, 
C 

C 

e 
.5a 

-2 

-45 

50 100 1541 200 250 300 350 400 

Temperature (C) 

Fig. 2.30 (a) Hydrogen desorption MS results and (b) weight loss percent due to TG 
t! ý 

analysis for the mixture of 3Mg(NH-, )2 and 8LiH in the heating process up to 400 'C 

under a helium flow at a5 'C/min heating rate. Here, the hydrogen desorption mass 

spectrum for the 1: 1 mixture of LiNH-) and LiH with a small amount (I mol %) of 

TiC13 is also shown by the dotted line (Ichikawa et al. 2005). 
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There are some other metal-N-H such as Ca-N-H (Sheridan et al. 2000) and Mg-N- 

(Li)-H system that can be considered as hydrogen storage materials, the mechanism 

of the Ca-N-H system and in Chen's work (Chen et al. 2002) was presented as: 

CaNH + CaH2 <-+ Ca2NH+H2 

Lithium amide and CaH2 of molar ration 2: 1 was processed as the same method 

mentioned in Xiong's work to generate the Li-Ca-N-H system (Xiong et al. 2004). 

Hino et al. found that calcium amide Ca(NH2)2 could be easily synthesized from 

CaH2 by ball milling in an NH3 atmosphere at room temperature (Hino et al. 2005) 

and NaNH2 was also made by the same method (Leng H. et al. 2005)The H2 

desorption process from the mixture of Ca(NH2)2 : CaH2 ---": 1: 3 molar ratio was 

adopted to examine H2 desorption properties. The results indicate that the H2 

desorption reaction can be described by the following two reactions: 

Ca(NH 2)2+ CaH2 --> 2CaNH + 2H2 

CaNH + CaH2 -ý Ca2 NH + H2 

Generally, the Ca-Li-N-H system possesses the least weight capacity of H2 among 

the M-N-H system materials. Further investigations are still being conducted for 

fully understanding the mechanism. 

2.3.4.3 Summary: 

As most other complex hydrides, LiNH2 and Mg(NH2)2 exhibit reversible hydrogen 

capacity when a suitable metal hydride is present, e. g. (LiNH2 + LiH), (LiNH2 + 

MgHA (Mg(NH2)2 + LiH) and (Mg(NH2)2 + MgH2 ), and their properties are 

summarized in Table 2.8. Meanwhile these series of materials have relatively good 

thermodynamic properties, with the initial hydrogen desorption temperature within 

150-2500C, which could only be achieved for most other complex hydrides after 

modification. Further property- optimization work needs to be carried out for theses 

new systems. It's highly promising that one of these systems will be used for 

practical application, when the kinetics of absorption and desorption and 

thermodynamic plateau pressure have been duly improved. 
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Table 2.8 Summary of selected M-N-H materials 

UNH2+UH UNH2+ UH 200-4500C L'2NH+H2 
6.3wt% 2000C, 30bar 

LiNH2+MgH2 200-3500C 
5.5 wt% 2UNH2 + MgH 2 

L'2Mg(NH)2+ 2H2 

1800C, 30bar 
2LiH+Mg(NH2)2 

3LiH+8Mg(NH2)2 
180-3000C 6.89 wt% 3UH + Mg(NH2)2 - 4L'2NH+ M93N2+8H2 

2000C, 30bar 

Other possible LiNH2+: CaH2, NaH, CsH? UAIH4, UBH4, etc. 
systems 

Mg(NH2)2 + : MgH2, (X)UH 

In this particular project, the research will focus on three parts: LiNH2, (LiNH2 + 

LiH) and (LiNH2+ MgH2). The thermal decomposition behaviour of LiNH2 iSused 

to assist the following mechanism study of the mixture of (LiNH2 + LiH) during 

thermal desorption. Then the effort of properties modification will be carried out on 

(LiNH2 + LiH) system. The work on (LiNH2 + MgH2)was mainly including two 

topics: the H2 sorption property information from different (LiNH2 + MgH2) 

mixtures with different molar ratio, e. g. desorption capacity, desorption temperature 

and cycle ability etc; secondly, the F12de/absorption mechanisms from the mixtures 

of (LiNH2+MgH2)- 
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Chapter 3 

EXPERIMENTAL METHODS 

3.1 Materials and Sample Preparation 

3.1.1 Materials 

Lithium amide (LiNH2) and metal hydrides, e. g. LiH and MgH2, were selected as 
the primary materials. Both LiNH2 and LiH are very sensitive to air and moisture, so 

care e. g. special facial mask and gloves was taken when handling them,. Some 

properties of chemicals may vary from different companies, and the sources of 

chemicals used in this project are listed in the Table 3.1. 

Table 3.1 Characteristics of selected chemicals 

Materials Materials supplier Average particle 
size/mesh 

Purity (wt %) 

LiNH2 Strem Chemicals/UK <400ýtm 95 

LiH Strem Chemicals 520 ýtm 95 

CaH2 Stream Chemicals 1000 gm 99 

MgH2 Gold. Schn-ýdt AG/Gennany 200gm 95 

Mn02 Sigma-Aldrich/UK 300 ýtm 99 

V205 Sigma-Aldrich 70 gm 99 

Mn Sigma-Aldrich 250 gm 99 

V Sigma-Aldrich 45 gm 99 

TiN Sigma-Alclrich 200 gm 99 

BN Sigma-Aldrich 50 gm 99 

Fe3N Sigma-Aldrich 200 gm 99 

Carbon black Sigma-Aldrich 10-40 gm 99 
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3.1.2 Sample preparation: mechanical mil-ling/mixing 

In this study, power mixing was mainly performed by a SPEX milling machine, 

which is manufactured by SPEX CertPrep, Metuchen, NJ. To achieve a clean 

milling environment, the SPEX mill was located in the glove box, as shown in Fig. 

3.1, so milling can be carried out under a protective Ar atmosphere. Powder sample 

were weighted in glove box, and then loaded into SPEX vial for milling. Mechanical 

alloying was originally invented as a method to manufacture oxide dispersion 

strengthened nickel alloys. It is a high energy ball milling process, where alloying is 

the result of the repeated fracture and cold welding of the component particles. In 

addition to attrition and agglomeration, high energy milling can induce chemical 

reactions, which can be used to influence the milling process and the properties of 

the product. Normally, two types of milling machine are used in lab scale 

applications: planetary and SPEX mills. 

Figure 3.1 A 8000M ball milling machine installed in the glove box. (Glove Box 

Salfron Scientific Equipment Ltd; SPEX 8000M Mixer/Mill, Glen Creston Ltd) 

There is only one vial in the SPEX mill, containing sample and grinding balls, 

secured in the clamp and swung energetically back and forth approximately 1080 

cycles per minutes. The back-and-forth shaking motion of SPEX mill is different 

from the horizontal motion of planetary mill, but normally the vial of SPEX is 

smaller than the one of planetary mill in most cases. Because of the amplitude and 
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speed (about 1200 rpm) of the clamp motion, the ball velocities are high (5m/s) and 
consequently the force of the ball's impact is usually great. 

Before milling, the vial and milling balls were cleaned with acetone and kept in an 
oven for I hour at 150'C under vacuum, and then the vial was cooled in the oven 
under vacuum. All the operations including powder weighting, loading were carried 
out in the glove box. As powder milling/mixing is the main method for the powder 

mixture processing, it is necessary to understand some milling parameters in order to 

optimize the milling results to achieve a desired product phase or microstructure, 

and those parameters include: 

Milling container: Milling container (vial) is important due to impact of the 

grinding medium on the inner walls of the container. The materials of container 

must not contaminate the powder, and provide enough medium for the collision 
from the milling balls. A stainless vial was used in the experiments. 

Grinding medium: milling balls should have enough density to create enough impact 

force on the powder, also do not contaminate the powder. Stainless milling balls 

were used in the experiments. The size of the milling balls also has an influence on 

the milling efficiency. A large size of grinding medium is useful for the large weight 

of powder, whereas, a small size of grinding medium can produce intense ffictional 

action, which promoted the amorphous phase formation, and facilitates 

homogeneous mixing. 

Ball -to-powder-weight ratio: Generally, a ratio of 10: 1 is most commonly used for 

mixing. A large ratio results high collision energy, which may introduce some 

unwanted reactions between powder mixtures. So a ratio of 10: 1 was used here for 

most powder mixings. 

Mixing/milling time: the milling time is the most important parameter. Normally the 

time is chosen to achieve a desired mixing state. For the different powder mixture, 

e. g. different chemicals, same chemicals with different ratio, the optimized milling 

may vary. The milling time is closely associated with the factors mentioned above. 
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There are also lots of other milling parameters may play a role, e. g. milling 

temperature control, milling atmosphere, which can affect the milling results and 

efficiency, and certainly, these parameters need to be set up during the experimental 

practice to provide more information for the possible future scale-up applications. 

3.2 Materials Characterization 

3.2.1 Morphology characterization by SEM 

Scanning electron microscopy (SEM) was conducted to characterize the particle 

size, phase distribution and particle morphology of milled powders comparing with 

as-received powder before milling. The SEM facility used in this study is a JEOL 

JSM 630OF field emission SEM, which consist of a cold cathode field emission gun 

(Fig. 3.2) that requires a vacuum better than 10-8 Torr to obtain high-resolution 

image. 

For sample preparation, a 

small amount of sample 
Condenser 
lens 

Objective 
lens 

Electron 
gun 

RT 
powder was taken out from 

the sample vial and 

carefully blown to the SEM 

specimen holder. All these 

operations are carried out in 

the glove box and the 

specimen was transferred by 

a sealed holder to the SEM 

test. Usually, the 

samples were coated first, 

and then measured by SEM. 

Scan 
coils 

Apelture 

[Bet 

Specimen 

Waveform 
monitor 

Figure 3.2 schematic diagrams showing the 

main components of SEM 
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3.2.2 XRD analysis 

X-ray Powder Diffraction (XRD) is an analytical technique used to identify and 

characterize unknown crystalline materials. X-rays are used to determine the 

interplanar spacings of the unknown materials. Samples are analyzed as powders 

with grains in random orientations to insure that all crystallographic directions are 
"sampled" by the beam. When the Bragg conditions for constructive interference are 

obtained, a "reflection" is produced, and the relative peak height is generally 

proportional to the number of grains in a preferred orientation. 

Powder X-ray diffraction was performed on a Siemens D-5000 diffractmeter. The 

source was Cu Ka radiation from a conventional water-cooled X-ray tube. The 

software attached is Diffracplus Basic 4.0, which allows rapid scans and longer data 

collection. The powders were compressed in a plastic XRD sample holder with a 

clean glass plate to make a flat sample surface, as shown in Fig. 3.3. Same as SEM 

preparation, the work were also completed in the glove box, and the XRD holder 

was wrapped by special XRD use film in order to avoid powder exposed in air 

during the test. 

E--: ý> 

Fig. 3.3 X-ray diffraction powder sample preparation 

A diffraction pattern can tell the information of phases presence (peak position), 

phase concentrations (peak heights), crystallite size (peak width) in the material. 

XRD used in this study are mainly for the detecting the phase changes during the 

milling or after dehydrogenation, and also for the analysis of crystallite size. When 
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crystallites are less than approximately 1,0000 nm in size, appreciable broadening in 

the X-ray diffraction lines will occur. These regions may in fact correspond to the 

actual size of the particles. At other times, however, these regions form domains in 

the larger particle and may be a distinguishing and important feature. In either case, 

the observed line broadening can be used to estimate the average size. The extent of 

broadening is described byff , which is the full width at half maximum intensity of 

the peak. After the value is corrected for the instrumental contribution, it can be 

substituted into Scherrer's equation: 

D 
0.9A 

'8 Cos E) 

where, P= flo - and the k is the wave length, and E) the diffraction angle. 

In this project, A1203 is used as the reference, and the wave length is 0.15429 m-n. 

It has been stressed that the above simple method based on the Scherrer's equation is 

only valid when the diffraction materials are stress free. In some cases, where both 

stress and particles size lead to the broadening of the diffraction peaks, a more 

complicated method is used. The most common method of strain/size analysis 

utilizes the fact that the broadening from the two different sources has different 

angular relationships. For instance, the size broadening as described earlier has a 
Vcos (E)) relationship while the strain follows a tan (0) function. Finally the 

instrument also contributes to the broadening. Thus, the total broadening flo can be 

described by 

0*9'1 
+ ý4c tan E)j + p2re 

D cos 0 
ference 

Where E is the strain. By a least squares method, the experimentally observed 

broadening of several peaks can be used to compute the average particle size D. 
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3.2.3 Characteristic bonding analysis by IR 

Apart from XRD, Infrared (IR) Spectroscopy was also used to identify the 

compounds, by matching the spectrum of an unknown compound with a reference 

spectrum. At temperature above absolute zero, all the atoms in molecules are in 

continuous vibration with respect to each other, and the major types of molecular 

vibrations are stretching (v)and bending (cy). When the frequency of a specific 

vibration is equal to the frequency of the IR radiation directed on the molecule, the 

molecule absorbs the radiation. Each type of bond, between the different atoms, will 

absorb the IR radiation and begin to vibrate at slightly different frequencies from 

one another. This phenomenon can be utilized to examine various molecules by 

observing the different vibrational signals. 

Different functional groups absorb characteristic frequencies of IR radiation. Using 

various sampling accessories, IR spectrometers can accept a wide range of sample 

types. Thus IR spectroscopic is an important and popular tool for compound 

identification and structural elucidation. (Fig 3.4) 

Fig. 3.4 The IR facility, which shares aT conection with MS below. 

Infrared radiation spans a section of the electromagnetic spectrum having 

wavenumber from roughly 13,000 to 10 cm-1, or wavelengths from 0.78 to 1000 ýtm. 

In this project, IR absorption positions are generally presented wavenmubers, which 

defines the number of waves per unit length. 
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IR absorption information is generally presented in the form of a spectrum with 

wave number as the x-axis and absorption intensity or percent transmittance as the 

y-axis ( Fig 4. ). Transmittance, T, is the ratio of radiant power transmitted by the 

sample (1) to the radiant power incident on the sample (I, ). Absorbance (A) is the 
logarithm to the base 10 of the reciprocal of the transmittance (T). 

A= loglo(11T) = -loglo T =-log III,, 

The transmittance spectra provide better contrast between intensities of strong and 

weak bands because transmittance ranges from 0 to 100% T whereas absorbance 
ranges from infinity to Zero. The IR region is commonly divided into three smaller 

areas: 

Near IR Mid IR Far IR 

Wavenumber 13,000-4,000 cm-1 4,000-200 cm-1 200-10 cm-1 

Wavelength 0.78-2.5 gm 2.5-50 gm 50-1,000 gm 

For the experiments in this study, The IR spectrum of the sample was collected with 

a Digilab Excalibur IR spectrophotometer. In glove box, the samples (powder) were 

directly placed in the sample holder, which mostly benefits the in-situ 

measurements. The sample holder was then put in a special designed cell, and 

transferred out of glove box, finally connected with heating, cooling and purging 

system for experiments. 

3.2.4 TG/DSC and NIS simultaneous measurement 
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Thermogravimetry and Differential Scanning Calorimetry 

Thermogravimetry measurement is a technique in which the mass of a substance 
(and/or its reaction product(s)) is measured as a function of temperature whilst the 

substance is subjected to a controlled temperature program. By analysis of TG 

results, the hydrogen desorption kinetics and the overall capacity could be obtained. 
During the measurement the instant mass value is measured by a microbalance 

where the sample holder stands (Fig 3.5). On the other side of balance, several lead 

balls are put in a small plate connected with the hook, to be used as the weight 

compensation to the holder side. 

Differential scanning calorimetry or DSC is a thermoanalytical technique in which 

the difference in the amount of heat required to increase the temperature of a sample 

and reference are measured as a function of temperature. DSC records differential 

rate of heating (in cal/sec) versus temperature. The peak area is proportional to the 

heat evolved from the reacting sample. The analysis function is performed by the 

differential -temperature controller, whose role is to keep the temperature of two 

holder equal by heating either of them. For example, if there is a endothermic 

reaction occurs in the sample holder, and the heat needed will be provide by the 

different-temperature controller, and the heat provide could be reflected by 

computer as a endothermic peak. Similarly, an exothermic reaction will lead to the 

heating to reference holder, which will be reflected as a exothermic peak. 

Fig 3.5 A setaram Setsys 16/18 TG/DSC facility (a) combined with MS (b). 
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A small turbo pump was used in the system for high vacuum environment. Each 
time, about 20-30 mg sample were used for TG measurement after three times 
vacuuming and purging steps. 

Particularly, the DSC measurement, the different endothermic/exothennic peak 
temperature caused by the different heating rate could be used to calculate the 

activation energy. Several methods are available to calculate the activation energy, 

and Kissinger method is a relatively popular one. All kinetic studies assume that the 
isothermal rate of conversion, da/dt, is a linear function of a temperature-dependent 

rate constant, k, and a temperature-independent function of the conversion, a, that is: 

da 
= kf(a) (1) 

dt 

da/dt, at a constant temperature(7) as a function of the reactant concentration loss 

and rate constant. According to Arrhenius equation 

k=Ae -EIRT ( 2) 

where A, the pre-exponential factor 
, 

is assumed to be independent of temperature, 

Ea is the activation energy, T the absolute temperature, and R the gas constant. 

Combination of Eqs. (1) and (2) gives 

da 
= Af(a) e, %p(-E, / RT) 

di (3) 

In the case of polymer degradation, it is assumed that the rates of conversion are 

proportional to the concentration of material that has to react, 

f(CE) = (I -a)' 

da 
= A(I - ar mg(- E. / RT) 

dt 
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If the sample temperature is changed by a controlled and constant heating rate, 
P=dTIdt, the variation in the degree of conversion can be analysed as a function of 
temperature, this temperature being dependent on the time of heating. 

1-- -1 da A 'a ý, 
dT exp - 

(6) 

This is the fundamental expression of analytical methods to calculate kinetic 

parameters on the basis of TG data. These methods can be distinguished as based on 
degree of conversion measurement. a, and based on heating rate P. 

The variation in the degree of conversion can be analysed as a function of 

temperature, this temperature being dependent on the time of heating. Therefore, the 

rate of conversion may be written as follows: 

da da dT da 

A combination of Eqs. (3) and (7) leads to 

da A- ir, 
7=ß4 lf (a) 

integration of this equation from an initial temperature, To, corresponding to a 

degree of conversion a oD to the inflection temperature, Tp, where a=ap, gives 

B. 
, da Ao- pjT 

f (a) (9) 
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If To is low, it may be reasonably assumed that a o=O and considering that there is no 
reaction between 0 and TO: 

g(a) =rv 
da 

=A 
To 

e --Jyd7- 
f (a) fl 

ý 

where g (a)is the integral function of conversion. 

The Kissinger method has been used in the literature to determine the activation 

energy of solid state reactions from plots of the logarithm of the heating rate versus 
the inverse of the temperature at the maximum reaction rate in constant heating rate 

experiments. The activation energy can be determined by Kissinger method without 

a precise knowledge of the reaction mechanism, using the following equation. 

In 
fl 

= In 
AR 

+ In [n (1 - 
R-2. 

T.? -T B" RT. 
(11) 

where, 8 is the heating rate, Tp and ap are the absolute temperature and weight loss at 

the maximum weight-loss rate(d a /dt)p respectively. A is the pre-exponential factor, 

and n is the reaction order. 

Also Eq (11) could be simplified as 

d[Ln(, 81T'p)] / d(I / TP) = -Ea /R 

Here, Tp is t he temperature at which the maximum reaction rate peaks, P the 

heating rate, Ea the activation energy and R gas constant. So, from a plot of Ln 

(817"2p) versus 11Tp and fitting to a straight line, the activation energy Ea can be 

calculated from the slope. 

There are three main types of calibration for TG: a) Buoyancy b) Temperature 

calibration file; c) Sensitivity calibration files (Enthalpy). For the temperature 

calibration, several t melt standards were used including at least 4, such as Indium, 
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tin, zinc, aluminium and gold) that cover the parameters the experiment will cover 
the low, high and middle of the temperature range. Approx 15-30 mg in the sample 
used each time and crucible is normally A1203 material when using the melt 
standards. 

Mass Spectrometry 

Mass Spectrometry is an analytical technique that is used to identify unknown 

compounds, quantify known materials and elucidate the structural and physical 

properties of ions. It is a technique associated with very high levels of specificity 

and sensitivity. A beam of energetic electrons is created inside a heated chamber by 

passing current through a filament. The negatively charged electrons are attracted 

away from the filament towards a plate called the trap by maintaining the trap at a 

relative positive potential. Sample molecules in the gas phase are directed into this 

high energy beam. The resulting direct interaction causes loss of an electron from 

the molecule, thus generating a positively charged molecular ion. Depending on the 

compound and the ionisation energy, the molecule ion may then fragment. Once 

ionised, the molecule ion may fragment, producing ions of lower mass than the 

original precursor molecule. These fragment ions are dependent on the structure of 

the original molecule. The ions produced are repelled out of the ion source and 

accelerated towards the analyser region. Although both positive and negative ions 

may be generated at the same time, one polarity is chosen and either positive or 

negative ions are analysed and recorded. Molecules that do not ionise, i. e. remain 

neutral, are pumped away and will not be detected. Ions entering a field experience a 

deflecting force, depending on the strength of the field and the mass-to-charge ratio 

of the ion. By scanning the field strength all the ions produced in the ion source are 

sequentially focused at the detector (which is usually a photomultiplier or an 

electron multiplier). The resulting pattern obtained is called a mass spectrum. 

The sample gas, for example, generated in the TG/1E)SC during thermal desorption, 

is introduced into the mass spectrometer via the vial connected between TG and MS 

(Fig. 3.5). Inside the mass spectrometer, it is generally kept under high vacuum 

(< 10-3 Pa), which is achieved by Perfuum vacuum installed in it. The MS analysis 
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software attached in this study is called, which allow the facility to complete two 
kind of scan: 1) MCD scan, which is designed to detect the unknown compounds 
during the scanning, then these mass value need to be matched to the library 
database to decide the product. 2) MID scan, which is designed to detect the already 
known compound by setting up the mass of possible product before the scan, and the 

results can tell the product mass evolution during the experiment as a function of 
time? In this study, MID method is used for most experiments. 

3.2.5 PCT sorption and kinetics measurement 

PCT stands for Pressure-Concentration-Temperature measurement. These are 
isothermal measurements in which the sample temperature is held constant and gas 
is applied or removed from the sample in small, well-defined aliquots. With each 

aliquot, the sample and gas are allowed to achieve an equilibrium energy state. This 

is defined by the pressure of the gas and temperature of the sample. As seen in Fig. 

3.6, a typical PCT measurement of a hydride-forming compound consists of three 

phase regions: 

In the first phase region, the gaseous species is present as a solid solution in the 

material. Concentration of the gas is the sample increase with increasing gas 

pressure. At a certain pressure, a hydride phase will begin to fonn. 

T--- < Ti 
9.0 
J9 

----------- 

Tj 

H,, Content 

Fig. 3.6 Idealized PCT curves and van't Hoff plots eý 

UT (K") 
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The second region consist a two-phase region where the relative content of the solid 

solution phase decrease and the hydride phase content increase. This Is observed as a 
ýplateau' in the PCT measurement. Once the solid solution has been converted to the 
hydride phase, the pressure will rise again. Some additional hydrogen may be 

absorbed as a solid solution in the hydride phase, leading to a small increase in 

hydrogen content with increasing pressure. Kinetics measurement provides another 

routine for measuring a sample's gas sorption properties over many cycles. This 

routine simply combines a series of absorption and desorption kinetics test. Such 

measurement is to observe the sample capacity under constant temperature and 

pressure. 

Here, the H2 sorption properties of the sample were performed by PCTPro-2000 

provided by Hy-energy Scientific Instruments. PCTpro is designed for precision 

measurement over a broad range of pressures, up to 200bar. This facility consists of 

five major parts as shows in Fig. 3.7: 

1. Gas delivery system. H2 is transported from the H2 cylinder by two tubing with 

different pressure control. 

-nents 
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2. Gas handling system/sorption measurement, When H2 arrives in this part; it will 
be stored in first reservoir. H2will be subsequently released to the second or third 

reservoir used for the H2 reaction with samples. The amount of gas 
desorbed/absorbed in one of these reservoirs is calculated by pressure change by 

applied to gas law. A purge system is also installed in part (2), so the tube used for 

the H2transportation could be purged prior to H2 released to the sample. 

3. Sample holder. Sample is normally loaded in glove box, and then the sample 
holder is then reconnected to the gas handling system. Two types of sample holders 

were used for small and large amount of samples. A thermal couple was fixed at the 

bottom of sample holder to monitor the temperature, which is shown in computer as 

the sample temperature. 

4. Furnace. The sample holder is put in a separate furnace, temperatures can be up to 

400'C. 

5. Computer control. The software used on PCTpro-2000 is called Tescom ER3000- 
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Chapter 4: EXPERIMETAL RESULTS 

4.1 Decomposition of LiNH2 
A Clear understanding of the thermal decomposition behaviour of LiNH2 is essential 
for the following study of the mixture of (LiNH2 + LiH) during thermal desorption. 

LiNH2 decomposition by NH3 release is an important step during H2 production with 
the presence of LiH. NH3 is regarded as a necessary intermediate transient gas 
before the release of H2 from the mixture (Hu et al. 2005). To clarify the 

relationship between LiNH2 decomposition and H2 production, several issues had 

been discussed in the earlier stage of this project before relevant references appeard: 
1. Decomposition temperature: what is the decomposition temperature? 

2. Desorbed products: Are there any products besides NH3 during the 

decomposition? 

3. Weight loss during decomposition of LiNH2: How does weight loss vary 

with temperature (the results will be compared with those when LiNH2 is 

mixed with LiH) 

4. Phase change: what happens when temperature is raised up to 380'C, the 

melting point of LiNH2? How much the melting step will affect the 

decomposition of LiNH2? 

4.1.1 Thermal dersorption of as-received and milled LiNH2 

According to the literature, H2 can only be desorbed from LiNH2 when it is mixed 

with a simple hydride, e. g. LiH. In this project, all the mixing were performed by 

SPEX ball mill, and thus, the milling effect on LiNH2 decompostion should be 

clarified as well. 

There is more than on step in the decomposition of both as-received and milled 

LiNH,, as shown in Fig. 4.1, but only one major endothermic peak appears at a peak 

temperature of 380T. The main desorbed gases are NH3, H, ) and N-,. The main NH3 

peak in both the MS results are all located around 4500C, with a small fluctuation at 
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500T. However, the first NH3 peak exists at different temperatures, 320 and 100T, 

respectively for the as-received and the milled LiNH2. 
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Fig. 4.1 Thermal desorption of as-received and 4hours-milled LiNH-), measured 

simultaneously by TG/DSC and MS under flowing Argon, with a heating rate of 10 

T/min. 

For the as-received LiNH-,, the onset decomposition temperature starts at - 900C and 

a total weight loss of 35% was achieved before 6000C. About 4 mass% of weight 

loss was observed during the first step decomposition until 3000C. Another 3mass% 

is achieved from 300 to 360'C, involving the first release of NH3 as seen from the 

MS results. Finally the fastest decomposition starts around 3500C till the 
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decomposition finishes. During this stage of decomposition, there was one very 

sharp endothermic peak, from 350 to 4000C, and another small fluctuation around 
550'C could be observed. The DSC peak around 3900C did not correspond to any 
NH3 peak in the MS results, but the DSC fluctuation around 5500C matches well 

with the NH3 curve fluctuation. Fig 4.2 shows the IR spectrum of LiNH2 and its 

desorbed product. There are three characteristics bonds found at 3256,3311 and 
3676 cm-1 for as-received and milled LiNH2, and two found at 3150 and 3676 cm- 
'for its desorbed product. As described in Table 2.6, the bond at 3256 and 3311 cm- 
'should correspond to symmetric and asymmetric stretch of NH bonds from LiNH-), 

and the one at 3150 cm-1 is attribute to Li2NH. Finally the bond at 3676 cm-1 is due 

to (OH) stretch from LiOH . 

ow"W% 
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ýc 
(0 2- rl-A 

> n z 
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(0 
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cn 

CD 
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co 

Thermally clesorbed UNH 2 (formation of U2 NH) 

CD CY) 
z >> CY) 

4000 3800 3600 3400 
., 
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Fig. 4.2 Infrared transmittance spectra of as-received, milled LiNH-, and thermal 

desorbed LiNH-). 

For the 4hours-milled LiNH--), the onset decomposition temperature started around 

600C , with a total weight loss of 31mass% achieved before 600T. Similar to the 
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as-received LiNH2, the decomposition of the 4hours-milled UNHý) include three 

steps. 2mass% of weight loss during the first step decomposition until II OOC with no 

apparent NH3 peak in the MS curve, another 4mass% from I 10 to 3 500C, and finally 

the fastest decomposition at around 350'C till the decomposition finished. During 

the final stage, a very sharp endothermic peak was observed from 350 to 400T, and 

two small DSC curve fluctuations around 450 and 5000C, which also correspond to 

the main MS peak temperature and a subsequent fluctuation. 

In-situ IR spectrometry was also used to identify the intermediate compounds during 

the decomposition of LiNH2, and the results are shown in Fig 4.3. It was found that 

the decomposition of LiNH2 involves the transformation from LiNH2 (bond position 

at 3256 and 3311) to Li2NH (bond position at 3150), particularly at a relatively high 

temperature, > 380'C, or after the melting point of LiNH2. 

0 C-) 

3000 3200 3400 3600 3800 4000 

Wavenumber (mi') 

Fig. 4.3 In-situ IR results of LiNH2 during thennal desorption up to 650T, with 

heating rate of I O'C/min. 

To further examine the effect of longer periods of milling, LiNH-) was further milled 

for 6,8 and 10 hours, and the then-nal desorption results of the products are shown in 

Fig. 4.4. The further-milled LiNH-, exhibits similar desorption properties to those of 
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the 4hours-milled LiNH2 : 1) the first NH3 peak appeared at -I OO'C; 2) three 

steps are involved in the desorption from 60 to I IOOC, 110-350T and 3500C until 
the end, respectively; 3) the main DSC endothermic peaks are all located around 
390T, followed by small fluctuations on the DSC curve. However, with a longer 

milling time more weight loss is achieved before 3500C (6,7, and 9mass %). 
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Fig. 4.4 Then-nal desorption results of 6,8 and I Oh milled LINH-), measured t! p - 
simultaneously by MS (a I -a3 ), TG(b) and DSC (c) under flowing argon, with a 

heating rate of 10 T/min. 
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4.1.2 Thermal dersorption of LiNH2milled with additives 
Chemical additives may influence the decomposition of LiNH2, which need to be 

clarified here before further study of their effects on the LiNH2 and LiH mixures. 
These additives are V andV205; Mn and Mn02, and, in some cases, a rare earth 
metal In and NiO. 

4.1.2.1 Structural analysis LiNH2mWed with additives 

Two topics are going to be discussed here: 1) the effect of additives on the structure 

of LiNH2,2) the effect of melting on the structure of LiNH2. The XRD patterns of 
the as-received and the milled with(out) additives LiNH2are compared in Fig. 4.5. 

UOH is noted in all the results. 

Table. 4.1 Crystallite size parameter calculated from the as-received and milled 
LiNH2 with (out) additives, based on the XRD results. 

Sample 
0 

LiNH2(rad) 
0 

LiNH2(0) 
D 

LiNH2(A) 

As-received LiNH2 0.0021 30.32 665 

LiNH2milledfor 
4hours 

0.0049 30.20 290 

LiNH2+V 0.0045 30.38 321 

LiNH2+V205 0.0050 30.51 283 

LiNH2+Mn 0.0036 30.39 397 

LiNH2+Mn02 0.0067 30.35 260 

Comparing the patterns from the as-received and the milled LiNH2with additives, 

the peaks are broadened after 4 hours of milling, and all the additives could still be 

detected after 4 hours milling as their original phase, and no new phase was detected 

by this analysis method. Based on the XRD results, the crystallite from all above 

samples are calculated by Scherrer's method (see experimental part). The results are 

shown in Table. 4.1. It is found the crystallite size is reduced for all the milled 
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samples (665A to around 300A). However, a greater reduction was achieved from 
LiNH2milled with metal oxides than that milled with metals. 
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Fig. 4.5 XRD patterns of LiNH2as-received and ball milled with I mol% additives 

for 4hours. 

IR was also used to examine the additive effect on the LiNH2 bonding properties. 

The results show that two characteristic bands of LiNH2 could both be seen at 3311 

and 3258 cm-1 LiNH2 and LiNH-) milled with additives 
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4.1.2.2 Thermal desorption of LiNH2milled with additives 

In previous analysis, the effect of milling time on the decomposition of LiNH-) was 

shown in the Figs. 4.1 and 4.4. Here, the thermal desorption of LiNH2with additives 
(Mn, Mn02, V andV205)were also examined, and results are shown in Fig. 4.6. 

Results suggest that the average weight loss from samples is around 32mass%, 

starting from 60'C, which is dominated by NH3 as seen from the MS results. There 

is one major endothen-nic peak in the DSC curve, but before 3500C, the weight loss 

only corresponds to DSC fluctuations in the curve. However, for each individual 

sample, some special phenomenon in the TG, DSC or MS results needs to be 

specified. 
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Fig. 4.6 The thermal desorption results of LiNH2milled with additives for 4 hours, 

measured simultaneously by TG (a)/DSC (b) and MS (c) under flowing Argon, with 

a heating rate at I Ok/min. 
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In the TG results, the (LiNH2 +V205) shows that more weight loss (I 5mass %) and 
faster kinetics than other three samples (I Omass %) before 3 500C. The (LiNH-)+Mn) 

shows the least weight loss before 350T. For a given metal and its metal oxide, the 
LiNH2 milled with metal oxide shows more weight loss than that LiNH2 milled with 
the corresponding metal before 350T. 

In the DSC results, fluctuations occurs in DSC curves from four samples before 

350'C, but there is a relatively sharper major endothermic peak around 390'C for 

the LiNH2 milled with Mn, V, and V205, flowed with small fluctuations after 4000C. 

There is one big split endothermic peak around 4000C in the DSC curve from the 
(LiNH2+MnO2), without further fluctuations in the curve afterward. In MS results, 
NH3 is evidently the major desorbed gas, but N2 and H2 are all detected during the 

second faster NI-13 desorption in the LiNH2 milled with Mn and Mn02. N2 and H2 

signals in the (LiNH2+MnO2) is strongest among the four desorption results, with 
the NI-13 peak in the same figure being located within the shortest temperature range. 

4.1.3 Isothermal desorption of as-received and LiNH2 

milled with and without additives 

4.1.3.1 Isothermal desorption of as-received and milled LiNH2 

Desorption of LiNH2 was carried out at 250'C for milled sample with different 

periods of milling, Fig. 4.7. For the as-received LiNH2, a total weight loss of 2% was 

achieved after 4000s, with the desorption starts around I OOT. 
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Fig. 4.7 Isothermal desorption from as-received and milled LiNH2at 250'C: (a) TG 

(b) NH3 MSsignals, with a heating rate 20'C/min during the ramp heating stage. 

There is about Imass% weight loss before temperature reaches the set value, and 

only another I mass% weight loss is achieved under 250'C for more than 3000s. For 

the milled LiNH-), ) the majority of weight loss was achieved before temperature 

reaching the set value; only a small amount of NF13was released under 250'C, e. g. 

less than Imass% for 4h milled and around 2mass% for 6h milled. In the MS 

results, two NH3peaks appearing in the entire three sample isothen-nal results before 

and after 250'C, and the two peaks from the as-received LiNH, ) are located at around 

150 and 250'C, which is lower than the values from the milled LiNH-), 100 and 

2000C. 
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4.1.3.2 The isothermal desorption of LiNH2miHed with additives 

To distinguish the milling effect, the isohermal tests were also carried out on the 

LiNH2milled with additives Mn, Mn02, V andV205, Fig. 4.8. Results show the 

weight loss from the samples during isothermal desorption are more than 8 mass%, 

and the effect of additives on the weight loss seems to show with order of 

Mn02>Mn>V>V205- 
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Fig. 4.8 Isothermal desorption of LiNH2 milled with additives at 250OC: (a) TG (b) 

NH3 MS signals with a heating rate 20'C /min during initial ramp heating stage. 

Similar to the isothermal desorption behaviour of the milled LiNH-,, the majority of 

weight loss was achieved before 2500C, and a small amount of NH3 was released 

under the constant temperature. In the MS results, the NH3 peak from the LiNH., 
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milled with additives are mainly located before 200'C, the ramp heating stage. The 

peak temperature, around NOT from LiNH2 milled with V and V205 is slightly less 

than that from LiNH2 milled with the Mn and Mn02. 

4.1.4 Summary 

In this section, systematic investigation on LiNH2 and LiNH2) milled with additives 
Mn, Mn02, V andV205was reported, in order to identify the effect of milling and 

additives on the thermal desorption and structure of LiNH-,. The XRD results reveal 

that, there is no significant peak broadening for the LiNH2milled with additives, and 

also no any new phase was detected after the LiNH-, was milled with the selected 

additives. IR results suggest that Li2NH is a thermally desorbed product for the as- 

received LiNH2(3311 and 3256 cm-1); also LiOH (3676 cm-1) appears in the results 

of LiNH2before and after desorption. Meanwhile, there was no characteristic band 

change for the LiNH2milled with additives, compared with pure milled LiNH2. 

Thermal analysis show that both milling and additives have a certain effect on the 

thermal desorption of LiNH2 before melting e. g. increased weight loss, faster 

kinetics. The desorption temperature of the as-received LiNH2 could be reduced 

from 100 to 70'C after milling, but with less weight loss. V205 shows the most 

significant effect among the additives on the thermal desorption of LiNH2, with the 

highest amount of NH3 released (nearly 20%) before melting. In addition, there is 

only one major and sharp endothermic peak in most thermal desorption results from 

LiNH2and LiNH2milled with additives, apart from the LiNH2+MnO2. ) which shows 

a large and spitted peak till 4500C , 
but a large amount of N, ) and H2 were also 

detected with this peak. Isothermal results shows majority of weight loss was 

achieved during the ramp heating, only a small amount of NH3 0 mass %) can be 

released under the constant temperature of 250T. 
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4.2 Effect of Mechanical Milling and Additives on H2 

Desorption of LiNH2+LiH 

4.2.1 Thermal desorption from milled LiNH2+LiH 

To examine the milling/mixing effect on the thermal desorption from the mixture of 
(LiNH2+LiH), 1: 1.2 mixtures of LiNH2 and LiH have been milled for 1,2,3 and 4 

h, and simultaneously analysed by TG/DSC coupled with MS under a heating rate of 

10 K/min. Fig. 4.9 shows the thermal results of the mixed powders milled for 1,2,3, 

4 h. The weight loss of the (LiNH2+LiH) milled for Ih during thermal desorption is 

5.5 mass%, with onset desorption starts at I OOOC. 
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Fig. 4.9 Thermal desorption of (LiNH2+LiH) milled for different hours periods of 

time: (a) TG, (b) DSC and (c) MS results. 

One major endothermic peak exists at 250'C extended to 150 and 5000C, and one 

small fluctuation from 350 to 400'C could also be observed. In the correspondent 

MS results, H-) signal starts around 200T, with the peak temperature at - 3200C. 
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However, a small amount of NH3 was also detected at I OOOC before the H-, 
desorption took place, and no N2 was found during desorption. Meanwhile, a very 
small fluctuation of NH3 also was detected by MS for the mixture milled for 2 hours, 

but no there is no apparent NH3 found from the mixture milled for more than 3hours 

This point is further compared in Fig. 4.10, which shows the ration of NH3: H3 was 

substantially reduced for the samples milled for a relatively longer time. 

The weight loss of the (LiNH2+LiH) milled for 4h during thermal desorption is 

about 5 mass%, with the onset desorption starts at - 1800C, and ends at 4000C. One 

ma or endothermic peak at 2500C extends from 150 to 400'C, and one small i 

fluctuation from 350 to 4000C could also be observed. In the corresponding MS 

results, H2 signal starts around 200'C, with the peak temperature at 2700C. 
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Fig. 4.10 H, ) versus NH3 concentrations as a function of milling time 

Meanwhile similar in-situ IR measurement of the (LiNH2 + LiH) during thermal 

desorption shows that LiNH-) starts to be consumed at a relatively low temperature 

of 200'C and Li-, NH was evolved at a higher rate that the case of pure LiNH,, Fig 4. 

11. 
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Fig. 4.11 In-situ IR results of (LiNH2+ LiH) during thermal desorption up to 650T, 

with a heating rate of I O'C/min. 

The particle morphology and size of the milled (LiNH2+LiH) mixtures are compared 

in Fig. 4.12. It shows that the particles sizes of both chemicals are reduced. 

Comparing with the LiNH2+LiH milled for I and 4 h, the particle size does not seem 

to be further reduced by the longer periods of milling. XRD results in Fig. 4.15 show 

that long milling time did not generate additional effect on mixtures, as all the four 

samples show similar XRD patterns despite of different milling time, Fig. 4.13. IR 

results of the (LiNH2+LlH) milled for I and 4h are compared in Fig. 4.14. The band 

at 3311 and 3258 are the characteristic band of LiNH-), which are the same as the 

results of the as-received LiNH-) shown in Fig 4.2, and the band at 3676 represent 

the characteristic band of UOH, which could also be observed in Fig. 4.2. 
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Fig 4.13 XRD patterns of (LiNH2+ LiH) milled for different hours. 
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Fio. 4.14 Infrared transmittance spectra of (LINH 1 113 2+LiH) milled for I and 4 h, 

respectively. 

110 



5A 

Chapter 4-Results 

4.2.2 Thermal desorption from LiNH2 +LiH milled with 

additives 
All the additives Mn, Mn02, V andV205used for LiNH2 in section 4.1.2 were again 

applied to the mixture of (LiNH2+LiH), also milled for 4 hours. XRD was used to 

check whether there is any new phase or significant defect introduced into the 

structure. Meanwhile, thermal desorption experiments were also carried out on the 

samples to check whether the additives can improve the kinetics of H2 desorption 

ftom the chemically (additives) and mechanically (milling) modified LiNH-)+LiH. 

4.2.2.1 Structural analysis of LiNH2+LiH milled with additives 

Micro sized additives (I mol 

omm 

:i 
ci 

C 

.E 

0 Mn (LiNH 
2 +LiH)+ Mn 

MnO 2 
(LiNH 2+ LiH + MnO 2 

ov (LiNH 2+ UH) +V 

0 V205 (LiNH + LiH +V0 r Llrl r V2ýJ5 kLll%ir'12 

_A 

00J 

I 
UNH ,4 UNIH + LiH Ll "2 t Llrl 

UOH 
v VLi UH 

20 30 40 50 60 
20(deg -) 

70 80 

Fig. 4.15 XRD pattems of (LiNH-, +LiH) milled with I mol% additives for 4 hours. 
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Fig. 4.15 illustrates the xRD patterns of the mixtures of (LiNH2+LiH) milled with 

additives, all for 4 h. Two comparisons could be made from Figure. 4.1. LiNH2+LiH 

milled I for and 4hours; 2) LiNH2+LiH milled with and without additives. For the 
first comparison, there is no significant peak broadening between the mixture milled 
for I and 4 hours, and also the crystallite size calculation in Table. 4.3 suggested that 

the crystallite size of LiNH2 and LiH did not undergo considerable change. For the 

second comparison, the following information can be provided from the XRD 

results: after 4-hour milling with additives, there was no new phase generated in the 
LiNH2+LiH mixture, all the additives could still be found in the mixture. There is 

also no significant peak broadening after (LiNH2+LiH) milled with additives, 

compared with the pure milled (LiNH2+LiH), which could be seen in the crystallite 

size parameter results in Table. 4.3. 

Table. 4.2 Crystallite size parameter calculation results from LiNH2+LiH milled 

with additives, based on the XRD results. 

Sample 
P 

LiNH2(rad) 
0 

LiNH2(o) 
D 

LiNH2(nm) 
P 

Lifl(rad) 
0 

Lift 
(0) 

D 
LiH(nm) 

LiNH2+LiH milled 4h 0.0063 30.31 2250 0.0042 37.93 3420 

LiNH2+LiH+V 0.0052 30.31 2760 0.0028 37.91 5230 

LiNH2+LiH+V205 0.0061 30.29 2350 0.0038 37.96 3850 

LiNH2+LiH+Mn 0.0056 30.75 2560 0.0023 37.96 6370 

LiNH2+LiH+Mn02 0.0055 30.29 2610 0.0026 37.92 5590 

LiNH2+LiH milled Ih 0.0051 30.22 3140 0.0034 37.88 5160 

Different metal nitride additives, including TiN, Fe3N, Li3N, and BN, were also 

used. XRD patterns in Fig. 4.16 show that LiNH--) and LiH are still detectable after 

milling with those additives for 20 hours, and all the additives phase are still present 
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in each case. IR spectrums of above nitrides added (LiNH, + LiH) suggest that two 

characteristic NH stretch of LiNH2 (3311 and 3256 cm-1), but the NH stretch of 
Li2NH was also found in Li3N case. 

> 
C, ) 

cl) 
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(e) 
+ Li 

3N 

+ Fe 3N (z) 

(C) 
+ TiN (F- bLiLl 

F 

(b) 

+ BN 

UOH UOH 
Iý UNH + LiH (7) 
1 35 

30 40 50 60 70 80 

20 

*3N for 20h Fig. 4.16 XRD patterns of LiNH-, milled with TiN, Fe3N and Li 
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Fig. 4.17 Infrared spectra of (LiNH2+ LiH) milled with TiN, Fe3N and Li3N (all at I 

mol%) for 20 hours. 

It has been reported that nano TiO-) can dramatically improve the desorption kinetics 

(Ichikawa 2005), therefore, nano sized TiO-, and Fe-)03were added to the (LiNH-) + 

LiH), and further milled for 4 hours. In the TiO-, case, both nano and micro sized 

TiO-) are still detectable after milling, Fig. 4.18. Additionally H-) desorption kinetics 

were not yet improved by the addition of such nano additives. 
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IM-: 4 

20 (deg. ) 

Fig. 4.18 XRD patterns of (LiNH2+ LiH) mixture milled with nano and micro sized 

Ti02for 4hours. 

4.2.2.2 Thermal desorption from LiNH2+LiH milled with additives 

Fig. 4.19 shows the thermal desorption results of the (LiNH2+ LiH) milled with 

selected additives. It is found in Fig. 4.19 that an average 5 mass% weight loss was 

achieved for all four samples within the onset desorption range of 180 to 450T, and 

weight loss curve shows a linear characteristic. In Fig. 4.21 b, one major 

endothen-nic peak appears from 180 to 450'C for all the samples, with small 

fluctuation around 3900C, and the peak temperatures are all around 250 OC. 
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Fig. 4.19 Thermal desorption of (LiNH2+LiH) milled with additives milled for 4 h: 

(a) TG, (b) DSC and (c) MS results. 

The MS results in Fig. 4.19 (c) show that the H2 is the main desorbed gas, instead of 

NH3 when LiNH-, is milled with LiH. For all the four samples, H--) signals start at 

around 1800C, and end at around 4500C. For the (LiNH-, +LiH) milled with Mn and 

MnO-), the H2 peak temperature is around 280'C, for the LiNH-)+LiH milled with V 

andV205 is around 2500C. However, a small amount of NH3 was detected again 

after 3900C. 
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Similarly, there does not seem much effect when some metal nitrides (TiN, Fe3N, 

Li3N, all at 10at %) were used, Fig. 20. Therefore, a high temperature was still 

needed to accomplish the desorption. 

oowft% 

(e) H2 
NH 3 

---------------- --------------------------------------------- , 

+ Li 
3N 

----------------------------------------------------- T 
(d) 

---------------- 

I 
+ Fe 3N 

(C) 

---------------- ----------------------------------- 

+ TiN 

----------------------------------------------------- 
(b) 

----------------------------------------------------------------- 

+ BN 

---------------------------------------------- 
(a) UNH 2+ LiH 

100 200 300 400 500 
Temperature (OC) 

Fig 4.20 Thermal mass spectrum of (LiNH2+ LiH) milled with metal nitrides (at 10 

mol%), all milled for 20h. 

When BN was added to (LiNH2 + LiH) mixtures, however, the finishing temperature 

of desorption was reduced up to 300T, Fig. 4.20 (b), and the positive effect was 

strengthened with increased milling time (Fig. 4.2 1). 

The enhanced properties are very likely due to the improved diffusion from powder 

(LiNH, ) + LiH) mixture. Hard materials BN will assist to break up the LiNH2 and 

LiH particles, which can not only increase the level of LiNH-) contact with LiH, also 

ease the H-, diffusion from (LiNH-, + L1H) mixture during desorption. 
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lied for 5h 
H2 

--------- NH 3 

----------------------------------------------------------------------- 

Milled for 110h 

Milled for 20h 

50 100 150 200 250 300 350 400 450 500 

Temperature ('C) 

Fig 4.21 Then-nal mass spectrum of LiNH2+ LiH milled with BN 

Absorption measurements of (LiNH2+ LiH + BN) sample were done under 20 bar at 

250'C, compared with the absorption of (LiNH2 + LiH), Fig. 4.22. The desorption 

kinetics were significantly improved when BN added to (LiNH2 + LiH), with 

ma ority of H2 was desorbed in a linear manner within 5 hours. The desorbed 

products from (LiNH2 + LiH + BN) milled for 20 hours was also hydrogenated 

under I MPa H2, and the absorbed products still show improved H2 desorption 

kinetics, as seen in Fig. 4.23. Majority of H2 from BN modified LiNH2+ LiH could 

be desorbed before 300'C, instead of 400'C from unmodified sample. 

The in-situ IR results in Fig 4.23 show similar desorption characteristics from 

LiNH, ) + LiH milled with BN, and no other new band was identified. Thermal 

desorption from LiNH2 + BN shows no significant improvement as BN does to 

(LiNH, 7 + LiH). Similar to the as-received LiNH2, Fig. 4.1, majority of NH3 could 

only be desrorbed after 300'C, Fig. 4.24. SEM results of (LiNH-) + LiH + BN) show 

no noted particles size reduction, Fig. 4.26. 
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Fig 4.23 TG profiles of (UNH-) + LiH) milled with BN 20 hours, including sample 
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Fig. 4.22 Hydrogen kinetics of (LiNH2 + LiH) milled with and without BN for 

20hours under 2 MPa at 250'C. 
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Fig. 4.24 In-situ IR spectrum of (LiNH2+ LiH + BN) during thermal desorption. 
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4.2.3 Isothermal desorption from (LiNH2+LiH) milled with 

additives 
Isothermal desorption was also carried out on the (LiNH-)+LiH) milled with 

additives, Fig-4.27. Different from isothermal results from LiNH2 milled with 

additives, the major weight loss for the (LiNH2+LiH) milled with (out) additives 

were achieved under the constant temperature. All the weight loss from LiNH-)+LiH 

milled with additives are more than that from the purely milled LiNH2+LiH (2.8 

mass %), with a decreasing order Of V205 (4.5 mass %)> Mn02 or V (about 3.3mass 

%) >Mn (3.1 mass %). It is noted that the weight loss from LiNH-)+V205 in Fig. 4.8 

is the least among the results of LiNH2milled with additives. Meanwhile, V-105 and 

Mn02additives show more weight loss than the V and Mn, respectively. 
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Fig. 4.27 Isothen-nal desorption results from LiNH2milled with additives (10 mol%) 

at 2500C, with heating rate 20'C /min during the ramp heating, all the sample milled 

4 h, (a)TG (b) The NH3 MS signals 
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Results show the most of H2 peak temperature of LiNH2milled with additives is 
lower than that from the pure milled. Finally, the desorption rates of the (LiNH, + 

LiH) milled with additives are summarized in Fig. 4.28 based on the data from Table 

4.3 for better comparison, andV205clearly shows the most significant effect. 

Table. 4.3 Data for the calculation of the desorption rate 

At for 
Max weight 20-80 % of 

20-80 % of Fractional mass (20 - Sample loss (mass max weight 
max weight 80%) desorption rate, %) loss (mass %) 

loss(s) 10-2 mass %/s 

LiNH2+ LiH -3.12 -1.87 1196 0.16 

(LiNH2+ LiH)-Mn -3.11 -1.86 994 0.19 

(LiNH2+ LiH)-V -3.31 -1.98 715 0.28 

(LiNH2+ LiH)-Mn02 -3.55 -2.13 973 0.22 

(LiNH2 + LWV205 
-4.21 -2.52 1004 0.25 

(LiNH2+ Liff)-NiO -3.23 -1.93 1055 0.18 

0.30 

0.25 

m 
E 

c4 'ý2 0.20 Ir- 

C 0.15 0 
*-0 CL 
L. 0 
V) (D 0.10 

'a 

0.05 

0.00 
&iz 

Fig. 4.28 Comparison of the desorption rates of the (LiNH-) + LIH) mixture, the 

(LiNH-) + LiH) powder with a small amount of Mn, V, Mn02 
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4.2.4 Summary 

Systematic investigation of (LiNH2+LiH) milled with and without additives Mn, 

Mn02, V and V205 was reported, in order to identify the effect of milling and 

additives on the thermal desorption LiNH2 +LiH. Apart from these additives, both 

micro and nano sized Ti02 and Fe203 were evaluated along with different nitrides. 

XRD results reveal that compared with the purely milled (LiNH2+LiH) there is no 

significant peak broadening for the (LiNH2+LiH) milled with metal or metal oxides 

additives, also no new phase was detected after the (LiNH2 + LiH) was milled with 

additives. However, the peak of LiNH2 is broadened when BN added to LiNH2 and 
(LiNH2 + LiH). IR results suggest that there is no characteristic band change 

observed between the (LiNH2+LiH) milled for I and 4 h. In-situ IR results of 
(LiNH2 + LiH) during thermal desorption shows that LiNH2 consumption is 

accompanied production of Li2NH is a main reaction path. 

Thermal results suggested that LiNH2 could desorb H2 when mixed with LiH. 

However, a small amount of NH3was also detected for the (LiNH2+LiH) milled for 

Ih and no apparent NH3was found for the mixture milled for 3 and 4 h. The H2 

desorption temperature of the mixture of (LiNH2+LiH) is around 1800C, with one 

extended endothermic peak between 180 to 4500C in the DSC results with peak 

temperature at 250 OC, which is not equal to the H2peak temperature of 3000C in the 

MS results. AlthoughV205 shows the most significant effect among the additives on 

the then-nal desorption of LiNH2, the desorption behaviours from the LiNH-)+LiH 

milled with additives are very similar. BN shows best effects on the aspect of 

desorption among all the nitride additives and the finishing temperature for 

desorption is only 300'C, compared with 5000C from the milled sample. 

The isothermal results show majority of weight loss was achieved under the constant 

temperature of 250'C during the desorption of (LiNH, )+LiH), andV205 shows the 
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most significant effect on the overall isothermal desorption of (LiNH2+LiH) with the 

most weight loss and a fast desorption rate. However there is not much difference in 

the additive effect on the isothermal desorption of LiNH-) milled with additives 

under 250'C. 
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4.3 Hydrogen desorption from LiNH2+MgH2 

After the investigation of the thermal desorption from LiNH2 and (LiNH2+LiH), the 

research was then focused on another candidate, MgH2, to assist LiNH2 to desorb 

H2, The idea is to reduce the cost and further modify the sorption behaviour of 
LiNH2. The work was mainly carried out in two steps: firstly, to gain H2 Sorption 

property information from different (LiNH2 + MgH2) mixtures, e. g. desorption 

capacity, desorption temperature and cycle ability etc; secondly, to understand the 
H2 de/absorption mechanisms from the mixtures of (LiNH2+MgH2). 

As the mixing was still performed by means of SPEX ball milling/mixing, it is 

necessary to identify the milling effect, e. g milling time on the possible change of 

structure, and particle size, which can affect the thermal desorption properties of the 

(LiNH2+MgH2 )mixture. 

4.3.1 Thermal desorption of (LiNH2 : MgH2= 4: 3) mixture 

The (4LiNH2 + 3MgH2) mixture was first studied. The mixture was milled for 4,6, 

8, and 10 hours. The milling effect on the structure of individual LiNH2, MgH2 and 

their mixtures were investigated by XRD and SEM. 

4.3.1.1 Structural evolution of 4LiNH2+ 3MgH2with milling time 

In Fig. 4.29, the XRD results shows clear peak broadening of both compounds after 

milling for 10 hours, which also corresponds to crystallite size reductions, as 

confirmed by the results in Table 4.4. It was also be found that crystallite size of 

LiNH, 7 in (4LiNH2 + 3MgH2) milled for only 4 hours is close to the value of pure 

LiNH2 milled forl 0 hours. Significant peak broadening was observed in the milled 

MgH2, compared with the as-received MgH2, and the crystallite size of the as- 

received MgH2 could be readily reduced after milling for 4 hours. 
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Fig. 4.29 XRD patterns of (4LiNH2+3MgJi2)milled for different period of time. 
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Table. 4.4 Crystallite size parameter calculation results from (4LiNH2 + 3MgH2)9 

based on the XRD results 
p 0 D p 0 D 

Sample LiNH2(rd) LiNH2(o) LiNH2(A) MgH2(rad) MgH2(0) NIgH2A) 

0.0021 30.32 665 
As-receive LiNH2 

0.0001 27.86 >1000 
As-received MgH2 

0.0055 30.30 291 
LiNH2milled 
10hours 

0.0129 28.03 121 
MgH2m illed I Oh 

LiNH2+MgH2 0.0050 30.22 320 0.0076 27.62 205 
milled 4hours 

LiNH2+MgH2 0.0126 30.25 126 0.0063 27.67 247 
milled 10h 

In Fig. 4.30, SEM images of the (4LiNH2 + 3MgH2) mixture milled for 4,6,8 and 

10hours suggests the particle size of MgH2 could be largely reduced after milling. 

However, the particle size reduction is not significant after milling beyond 8hours, 

and the particle size of the (4LiNH2 + 3MgH2) mixture tends be more homogeneous 

for the samples milled for 8 and 10 hours. 

Apart from simultaneous TG/DSC and MS method, in-situ IR spectrum was also 

adapted to study the intermediated compounds for the (4LiNH2+ 3MgH2)mixture 

during its desorption. Samples were loaded into a sealed IR cell in the glove box to 

avoid air and moisture contamination. Then the cell was evacuated and purged with 

Ar for three times before the measurement started. The peak assignments from the 

results are based on Table 2.6, which provide the reference peak position for 

different amide compounds. For example, the peaks at 3256 and 3311 (cm-1) are the 

characteristic peaks for LiNH2, the one at 3325 (cm-1) is MgNH, and the one at 3676 

and 3150 belongs to UOH and Li2NH (cm-1). 
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4.3.1.2 Thermal desorption from (LiNH2: MgH2= 4: 3) mixture 

For the mixture milled for 10 hours, Fig. 4.3 1, it was found that there are two major 
DSC endothermic peaks between 200 and 400'C, with a peak temperature at 200, 

3000C, corresponding to nearly 6.5 mass% weight loss during the desorption. The 
MS results show that H2 is the main desorbed gas, and with two H2peaks at 2 10 and 
31 OOC, respectively. 
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Fig. 4.31 Thennal desorption profiles of (4LiNH2+ 3MgH2)mllled for 10hours, (a) 

TG DSC, (b) MS results. The insert figure is the thennal desorption profile of MgH2 

milled for 10hours 
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Since two main peaks were found between 200 and 4000C in the DSC results, which 

also correspond to a major weight loss, the (4LiNH2 + 3MgH2) mixture milled 10 

hours was heated up to 200,300 and 400'C, then cooled down under vacuum, and 

the products were collected for further examination. The aim of this experiment is to 

identify the thermal products of (4LiNH2 + 3MgH2) mixture at different 

temperatures, with the XRD results shown in Fig. 4.32. Clearly, Li2NH and N493N-, 

peaks exist in all the results, but Mg(NH2)2 could only be found when the mixture 

was kept at 200'C, MgNH (was also detected as an intermediate compound in the 

in-situ IR results, Fig. 4.32) and M93N2 peaks are more clear when the mixture 
heated up to 300 and 400'C. 

a 

> 

U) 
C 

C 

20 (deg. ) 

Fig,. 4.32 XRD patterns of as-prepared (4LiNH-) + 3MgH2) mixture (a) undergoes 

different heat treatment at (b) 100'C, (c)200'C and (d) 300T, all in Argon 

atmosphere. 
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Fig 4.33 In-situ IR spectrum of (4LiNH2+ 3MgH2) during thermal desorption 

As mentioned in the experimental part, the activation energy can be calculated by 

the Kissinger method. Three different heating rates 2,5 and I OK/ min were used in 
the thermal desorption of (4LiNH2+ 3MgH2), and the results are shown in Fig. 4.34. 

It can be seen that the peak temperature shifted monotonically to higher values when 

ramping rate increased from 2 to IO'C/min (P value). The peaks temperatures from 

Fig. 4.34 are described as Tp, and TP2. in Table. 4.5. The dependence of Ln (flIT2p) 

to 11Tp is plotted in Fig 4.35. So by using Kissinger method (see TG/DSC in 

experimental session), the slope of the fitted line is used to determine the value of 
Ea/R. Thus the activation energy for H2 desorption is around 99.97 and 139.55 

W/mol. 

Table 4.5 Values of Ln (817-2p) to 11Tp derived from Fig 4.34 for plotting 

T, I (K) 
I/Tp, 

(I/K) 2 Ln(P/T pi) 
Tp2 (K) 

I/Tp2 

(I/K) (p/T2 Ln p2) 

2k/min 478 0.002092 -11.64 563 0.001776 -11.97 

5k/min 493 '18 0.0020ý -10.79 578 0.001730 -11.11 

lOk/n-tin 508 0.001968 -10.15 593 0.001686 -10.46 
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Fig 4.34 Thermal desorption profiles from (4MgH2+ 3LiNH2)mixture milled 10 

hours at different heating rate. 
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The different kinetics of H2desorption from the above mixture at 200 and 2500C are 

shown in Fig 4.36 It was found that 4.5mass% of weight loss was achieved from the 
(4LiNH2+3MgH2) at 2000C. H2 can be released fTom 70'C, but a small amount of 
NH3was also detected during the H2 desorption. On the other hand, less NH3was 

found during H2 desorption of the mixture at the isothen-nal stage, and the weight 
loss is still 4.5mass%. 
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Fig 4.36 Isothen-nal desorption results of (4LiNH2+3MgH2) at 200 and 250T. 

respectively (a) TG (b) MS results. 
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4.3.1.4 Hydrogen absorption of (4LiNH2+ 3MgH2) 

Absorption measurements of the (4LiNH2+3MgH2) after full desorption was carried 

out under H2 of 7 MPa at 200 'C, Fig. 4.37. The following expenments were 

performed to analyse the products after absorption, which include XRD, IR and 

thennal analysis etc, and the results are shown in Fig 4.36. It was found about there 

was about 1.6 mass% gained after absorption for about lh. For the absorbed sample, 

productsOf M93N2, Mg(NH2)2 and MgNH were identified by XRD and FT-IR. 
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Fig. 4.37 Absorption profiles of the (4LiNH-) + 3MgH-)) mixture after full desorption, 

insert figures are the XRD and IR results of the re-hydrogenated sample. 
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In-situ IR results in Fig. 4.38 show that MgNH and Mg(NH2)2 gradually disappear 

during thermal desorption of the hydrogenated sample (taken out from the PCT after 
its absorption ), as Li2NH forms as one of final products. MgNH and Mg(NH-7)2 

starts to be consumed at about 200'C, and at a late stage, Li2NH appears very rapidly 
from 300T. 
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3000 
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Fig 4.38 In-situ IR results of hydrogenated sample from Fig. 4.42 during thermal 

desorption, with a heating rate I O'C/min. 

Thermal analysis of the hydrogenated sample in Fig 4.39 suggest that 1.8 mass% H2 

was released from 200 to 500'C, with two hydrogen peaks observed at 250 and 

350T in the MS results. 

After absorption, the hydrogenated sample was also retained for the iso-thermal 

desorption at 2500C under vacuum, Fig 4.40.1.6 mass% loss was obtained after 
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desorption for more than lh. For the desorbed products, Li-)NH and ý1493N-, were 
found in inserted XRD and IR results. 
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Fig. 4.40 Isothermal desorption profiles of the hydrogenated sample from Fig 4.37, 

insert figures are the XRD and IR analysis of the hydrogenated sample. 
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Longer milling time or pre-milled MgH2 also contributes to the increase in the 

reversibility of (4LiNH2 + 3MgH2). As Fig 4.41 shows more final absorbed 

compounds appear in the absorbed products, and same improved example can be 

seen from the prolonged milling time for the as-prepared mixtures. It has been 

shown that longer milling time can enhance the H2/NH3 yield, and prevent the 

desorption of the unwanted product, NH3. However, intensive milling will inevitably 

increase temperature within the milling pot, and thus some reactions may take place 

prior to the thermal desorption measurement. As seen in Fig. 4.42. With increasing 

milling time, LiNH2 starts to disappear in the milled samples. So it is important to 

control the temperature during the sample preparation. 
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Fig. 4.42 IR spectrum of (4LiNH-, + 3MgH, )) mixtures intensively milled for 

different period of time 
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Longer milling time also has the positive effects on the thermal desorption as seen in 
Fig 4.43, L12NH formation from (4LiNH2 + 3MgH2) during desorption could be 

accomplished at a relatively low temperature when milling time increases. 

400 

380 

360 
u 
9- 340 

320 

300 CL 
E 
10 280 

260 

240 

Milling time (h ) 

Fig. 4.43 The complete Li2NH formation temperature derived in IR results from 

(4LlNH2+ 3MgH2)mixture as function of milling time. 
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4.3.2 Thermal 

mixture 

desorption from (LiNH2: MgH2 = 4: 2) 

4.3.2.1 Effect of milling on thermal desorption of (4LiNH2+ 2MgH2) 

Fig. 4.44 shows the results of thermal desorption of (4LiNH2 + 2MgH2) sample 

milled for different time. MS results (al-a4) reveal that there is one H2 peak locating 

between 150 to 300'C during thermal desorption. However, there is a small amount 

of NH3 from the mixture milled for a relatively short time, 6 and 8hours, and no NH3 

was detected beyond 8hours. 

TG results in Fig. 4.44 (b) show a total of 7mass% of weight loss during the thermal 

desorption of (4LiNH2 + 2MgH2)milled for 6h sample. The on-set desorption 

starts at 200T. the desorption was accomplished before 300'C, followed by a small 

amount -0.5% weight loss, between 300 and 400T. The DSC results suggest H2 

desorption consists of several endothermic steps. The peak maximum temperatures 

are 70,200,250,280,370 and 450'C, respectively. The MS results show H2 release 

starts at about 1800C, with three peak temperatures at 2500C, 2800C and 350T. 

However, a considerable amount NH3was detected before and during H2desorption, 

with two peak temperatures at 90 and 280'C. 

The TG results in Fig 4.44 also show a 6mass% of weight loss from (4LiNH2 + 

2MgH2) milled for 8hours, with weight loss found between 200-250'C. There is 

only one major DSC peak between 200 to 3000C, but with a small fluctuation at 

2800C. Corresponding MS results show that the desorbed NH3 from 6h-milled 

sample during thermal desorption is less than that from 4hours-milled sample. The 

H2 release starts from 1800C, with a peak at 2800C. Another small temperature was 

noted at 3500C after major H2 desorption. 
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During the then-nal desorption of (4LiNH2 + 2MgH2), several peaks exist between 

200 and 5000C in DSC curve, which also correspond to major weight loss. To 

further clarify the desorption characteristics, (4LiNH2 + 2MgH2) mixture milled for 

10 hours was heated up to 200,300 400 and 5000C for one hour. The thermal 

products were cooled down to room temperature and colleted for XRD analysis, Fig. 

4.45. Similar to the XRD results from the (4LiNH2 + 3MgH2) sample in Fig. 4.32, 

Mg(NH2)2, MgNH, Li2NH and Mg2N3 are all shown in the results. However, only 
Li2NH and Mg(NH2)2 are the main desorbed products when the sample was only 
heated up to 2000C, and the M93N2 peak exists in all results when the temperature is 

higher than 2500C, but MgNH could be found as well. 
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Fig. 4.45 XRD patterns of (4LiNH-) + 2MgH2) milled for 10 hours after different 

heat treatment 
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For the (4LiNH2+ 3MgH2)mixture, the activation energy was calculated on the MS 

results, and the Tp is the H2peak temperature in the H2peak. Here, for the (4LiNH-) 

+ 2MgH2)mixture, the calculation will be based on the DSC results, Tp will be the 
DSC peak temperature during desorption. Parameter# is the heating rate, Ea the 

activation energy and R gas constant. So, from a plot of Ln (6112p) versus 11Tp and 
fitting to a straight line, the activation energy can be obtained. 
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Fig 4.46 Thermal desorption profiles from (4LiNH2 + 2MgH2) mixture milled 

8hours at different ramping rate. 

Fig. 4.46 summarizes the thermal desorption profiles from the (4LiNH2 + 2MgH2) 

mixture milled for 10 hours at different heating rates. It is seen that the peak 

temperature shifted monotonically to higher values when ramping rate increased 

from 2 to I O'C/min. The dependence of Ln (flIT2p) to 11Tp is plotted in Fig 4.47. The 

slope of the fitted line is used to deten-nine the value of Ea/R. Thus the activation 

energy for H-) desorption is around 103 and 127 U/mol. 
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Table 4.6 Values of Ln (#17'p) to IlTp derived from Fig 4.47 

Tp, (K) 
1/Tp, (11Ký 

Ln(P/T 2 

Pi) 
Tp2 (K) 

I/Tp2(1/K) 
Ln(p/T2 p2) 

2k/min 493 0.002028 -11.70 518 0.001930 -11.80 

5k/min 513 0.001949 -10.87 538 0.001858 -10.96 

lOk/min 523 0.001912 -10.21 543 0.001841 -10.29 
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Fig. 4.47 Kissinger's plot for activation energy calculation of thermal desorption 

from (4LiNH-, + 2MgH-)) milled 8 hours, based on Table 4.6. 

The kinetics of H-, desorption of (4LiNH-) + 2MgH-)) at 200 and 250'C are 

compared in Fig. 4.48. A total of 5 and 7mass% of weight loss was achieved during 

the whole ramp and constant heating stage at 200 and 250'C. H-) can be released 
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from very low temperature of 70T. However, some NH3 was also detected during 

initial desorption. On the other hand, less NH3was found at 250T than 200T. 
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Fig 4.48 Isothermal desorption of (4LiNH2 + 2MgH2) under 200 and 2500C, 

respectively, (a) TG (b) MS results. 

4.3.2.3 Hydrogen absorption of (4LiNH2+ 2MgH2)mixture 

The absorption measurements of the (4LiNH-) + 2MgH-)) after its full desorption 

were carried out under 5 MPa at 200 'C. Meanwhile, similar experiments were 

performed to analyse the products after absorption, which include XRD, IR and 

therinal analysis etc, and results are shown in Figs 4.498,4.50 and 5 1. There is about 

4 mass% weight gained after absorption. Mg(NH2)2was found after absorption, and 

MgNH and Li-)NH formed after desorption. Thermal analysis of absorbed sample 

shows a narrow Peak at 250'C for both DSC and MS results. 
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Fig. 4.49 Absorption profiles of the (4LiNH2+ 2MgH2)mixture after full desorption, 

insert figures are the XRD and IR analysis of the hydrogenated sample. 
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Fig. 4.51 Thermal desorption profiles hydrogenated sample from Fig 4.49, (a) TG (b) 

MS results. 

4.3.3 Hydrogen sorption properties of (4LiNH2+ MgH2) 

For comparison, the H2 properties of (4LiNH2+ MgH2)were also investigated, and 

results are shown in Fig. 4.52. The thermal desorption profiles of (4LiNH2+ MgH-, ) 

show a two step desorption with a total weight loss of around 17 mass%. However, 

the weight loss from 200 to 300'C, corresponding to H-, desorption, is less than 

4mass%, and the majority of weight loss after 300'C is due to NH3. In-situ IR 

results, Fig. 4.53, during its thermal desorption suggest that LiNH2 consumption and 

Li-)NH production is still the main factor in the desorption process. 
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The thermal analysis of the absorbed sample shows similar desorption 

characteristics of the as prepared (4LiNH2 + MgH2) sample, Figs. 4.54 and 4.55. 
NH3 is again the main gas released responsible for the majority the weight loss. The 
H2ends around at 2500C with a sharp DSC peak. 
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Fig4.52 Thermal desorption profiles of (4LiNH2 + MgH2)milled for I Oh, (a) TG 
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Fig. 4.53 In-situ IR result of (4LiNH2 + MgH2)mixture during thermal desorption, 

with heating rate I O'C/min. 
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Fig. 4.54 Thennal desorption profiles of the re-hydrogenated (4LiNH2 + MgH2) 
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Fig. 4.55 In-situ IR results of re-hydrogenated sample from Fig 4.54, with a heating 
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4.3.4 Summary on the (LiNH2+MgH2)mixture: 

In this part, the investigations concentrates on the then-nal desorption of the (LiNH-) 

+ MgH2)mixtures, in order to identify effect of milling on the desorption results, 

and further more to understand the mechanism of H2 desorption from (LiNH2 + 
MgH2)mixture. The 112properties are summarised in Fig. 4.56 and 57. The colour of 
M93N2 is yellow green and MgNH is white-grey. 

XRD results reveal that, compared with as received MgH2, there is significant peak 
broadening after MgH2 being milled with LiNH2 for 10hours, but for LiNH2 the 
broadening level is not as much as MgH2- SEM results show that, the particles size 

of mixture has been reduced, but the level of reduction is similar for the mixture 

milled for 8 and 10 hours, and the size of particles intends to be more homogenous. 
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Thermal results of the three different ratios of (LiNH2 : MgH2= 4: 3,4: 2 and 4: 1) 

mixture shows that a longer milling time has a strong effect on the thermal 
desorption profiles, e. g. the amount of NH3 has been significantly reduced. For the 
(4LiNH2 + 3MgH2), H2 desorption temperatures of all three mixtures are around 
1500C, with 6.5-7 mass% weight loss. Two endothermic peaks and H2 signal peaks 

at 200 and 3000C are found in the DSC and MS results, respectively. The desorbed 

products from these two mixtures at 200,300 and 400'C are includingM93N2, 

Li2NH, MgNH and Mg(NH2)2. For (4LiNH2 + 2MgH2), there is only one 

endothermic and H2peak at 2000C in DSC and MS results. The desorbed products 
from this mixture are similar to the above mixtures, but noMg3N2was found after 
heat treatment on the (4LiNH2 + 2MgH2) at 200T. More weight loss was found 

from the desorption from (4LiNH2+ MgH2), but only a small fraction corresponded 
to H2release. 

4.4 Hydrogen desorption from the LiNH2and other 
hydrides 

To investigate the reactivity of LiNH2 with other metal hydrides, LiNH2 was mixed 

with different metal hydrides (LiNH2 + MH, M= Al, K Na, Ca), and their thermal 

desorption properties were investigated afterwards. XRD results of LiH milled with 
different metal hydrides in Fig. 4.58 show that LiNH2 and hydrides phase were still 

present after milling. From the IR results in Fig 4.59, LiNH-) is still detectable in the 

MgH2 and LiH cases; there are small fluctuations in LiNH2 peaks from NaH and KE 

cases, which may be due to the formation of NaNH or KNH. A NH stretch from 

Li2NH was found for CaH2 after milling, which may be due to the reaction occurring 

during milling. 
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Fig. 4.58 XRD patterns of LiNH2milled with different metal hydrides, all for I Oh. 

For the desorption, H2 could be produced from the mixtures of (LiNH2 + LiH, MgH2 

and CaH, 7), Fig. 4.60, but NH3 is the primary desorbed gas in rest of the cases. It is 

noted that H2 desorption kinetics from LiNH2 + MgH2 is faster than the one from 

UNH, ý + LiH. But the reaction kinetics between MgH2 + NI-13 is actually slower than 

the one from LiH + NH3 (Ichikawa et al. 2005), which may again confirrn that the 

direct reaction between MgH2 + LiNH--) may be the rate controlling step rather than 

the a NH3-intermediate mechanism. Also in another example, the reactivity between 

AlH3 and NH3 for H-, production has been confirmed, but there is not much H-' 

desorbed in LiNH-) + AlH3 case Fig. 4.61. 
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Chapter 5 DISCUSSION 

5.1 General Issues of the Li-N-H System 

The safe and sufficient storage of hydrogen is a critical issue that limits the use of 
hydrogen energy in transportation (Guo et al. 2001). Storing hydrogen in solids 
offers one of the most promising solutions. Different types of materials have been 

investigated, but so far no material can meet the requirements for on-board hydrogen 

storage in vehicles: hydrogen capacity above 6 mass %, fast hydrogen sorption 
kinetics at temperature of < IOOOC for rapid H2 charging and discharging. Complex 

hydrides have also been regarded as good candidates for hydrogen storage because 

of their high hydrogen capacity (Thomas et al. 2002; Gomes et al. 2002, ZiAtel et al. 
2004), but in most cases, hydrogen storage in complex hydrides is irreversible. 

The Li-N-H system has received particular attention in recent years, since the report 

of reversible hydrogen sorption of 11.5 mass % by the following two-step reactions 

(Chen et aL 2002, Hu et aL 2004). 

LiNH 2+ LiH <* Li2NH + H2 65 mass % H2 

Li2NH + LiH <=> Li3N+H2 5.0 mass % H2 

AH = 44.5 Ulmol H2 

AH = 165 kJ1mol H2 

The second reaction is not useful for reversible hydrogen storage because it involves 

a relatively low equilibrium H2 pressure, e. g. of 10 3 Pa at 255 'C. First reaction 

provides a theoretical hydrogen storage capacity of 6.5 mass %, with a relatively low 

enthalpy of reaction and a reasonable hydrogen pressure of 105 Pa at 285 'C (Luo et 

al. 2004). However, this desorption temperature is too high for on-board vehicular 

applications (Grochala et al. 2004). 

The melting point of LiNH2 is around 380 'C, and it mainly decomposes into Li-)NH 

and NH3, if not modified (Juza et al. 195 1). Only when it is combined with LiH, the 
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reaction may produce hydrogen. The mechanism of hydrogen desorption of (LiNH-, 

+ LiH) has not been clearly understood. Some reports suggest that LiNH2 may 
directly react with LiH to produce H2 (Chen et al. 2003). Others propose that NH3 

actually acts as a transient gas by the following route (Hu et al. 2003, Leng et al. 
2005): 

2LiNH2 <::: > L'2NH + NH3 

NH3+ LiH => LiNH2+ H2 

3 7.0 mass % NH3 AH=83.89kJlmol NH3 

5.8 mass % H2 AH=-38.89kJlmolH2 

Current efforts have been devoted to reducing the desorption temperature, and to 

understanding the decomposition mechanism of LiNH2 and its reactivity with LiH. 

Hence, LiNH2and (LiNH2+ LiH) were comparatively investigated to clarify further 

the decomposition mechanism of (LiNH2+ LiH) and thus improve the hydrogen 

sorption properties of this system. Thermal analysis coupled with Mass 

Spectrometry (MS) were used to fully characterize the products formed during 

decomposition. In-situ IR was used to examine more closely of the desorption 

products at different temperatures. 

5.2 Decomposition of LiNH2 

5.2.1 Effect of milling and additives 

As-received and milled LiNH2 

Thermal decomposition characteristics are compared in Figs. 4. land 4.2 for the as- 

received LiNH2 and that milled for 4 hours. The TG results of both the as-received 

and the milled LiNH,, show several decomposition steps, which are mainly due to 

the release of NH3, Figs. 4.1 (a) and (b). The only major endothermic peak in the 

DSC curve corresponds to the melting of LiNH2 at 380 'C, as described previously 

(Juza et al. 1951). In addition, the IR spectrum of the sample after desorption at 600 

'C shows clearly that LiNH2 has decomposed into Li-, NH, Fig. 4.2, (Bohger et al. 
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1995, Aurbach et aL 1999). A band at 3676 cm-1 is also observed in all the IR 

spectra of the samples, which suggests the existence of an impurity, LiOH, 

originated from the as-received sample. As the relative ratios of the (OH) and (NH) 

peak intensity are almost identical for the as-received and the milled sample, there 

was further oxidation of the material during milling. 

In Fig. 4.1, it is clear that LiNH2 decomposition is a multi-step process. There is 

only -Imass% NH3 released before 2000C, a very small value compared with the 

overall weight loss, which may explain the weak NH3 signal before 200'C, as shown 
in Fig. 4.1 (c). From 2000C, the relatively rapid NH3 release lead to the first MS NH3 

peak at 2500C. From 3200C, LiNH2 absorbs a large amount heat due to its 

endothermic melting (380'C), and at the same time, the decomposition of LiNH2 

become even more rapid, which shows that NH3 was released relatively slowly 
from the solid-state LiNH2 , 

but rapidly from the liquid LiNH2, due to rapid 
diffusion of NH3 in the liquid and at a high temperature. It is noted that the melting 

point at 3700C is not equal to the main N113 peak temperature 4550C in the MS 

results, Fig. 4.1(c). Instead, two MS peak temperatures correspond to two smaller 

fluctuations around 455 and 5250C in the DSC curve, which complete the final 

major weight loss of -20 mass%. Above evidence confirms that the sharp 

endothermic peak is mainly caused by the heat change due to melting, and the 

melted LiNH2 can desorb NH3 at a fast rate because of the rapid diffusion of NH3 in 

the liquid state at a high temperature. It has to be noted that N113 signal was only 

decided by comparing the mass 17 against data base, there is also the possibility that 

this value could be corresponding OH radicals. Therefore in the beginning stage of 

desorption, H20 can contribute to form signal with mass 17. 

Compared with the as-received LiNH2, the first MS NH3 peak from the 

decomposition of LiNH-, milled for 4 hours was reduced by nearly 1000C, Fig. 

4.1(d). The earlier NH3 desorption is possibly due to two reasons: the partial 

decomposition of LiNH,, from the milled sample, and the milling effect on LiNH2. 

Milling reduces particle size and increases the surface area to facilitate the gas 

diffusion, and more LiNH, can decompose readily at a relatively low temperature 

than the as-received. Therefore, the NH3 peak can be detected around 100'C in the 

milled sample. After reaching the first peak, NH3 decomposition continued until 
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320'C to complete the overall process similar to the characteristics of the as- 
received LiNH2- Milling for 4 hours cannot change the thermal dynamic nature of 
liquid LiNH2. judging from the unaltered melting point fTom both LiNH2 samples, 
but enhances NH3 release in the solid-state and the liquid state LiNH2. As seen in 
Fig. 4.1 (d), the decomposition of milled LiNH2 after melting shows a higher kinetics 

than the as-received. Moreover, during the thermal decomposition of LiNH2 at a 
relatively high temperature, small amounts of H2 and N2were also detected by MS, 
Figs. I (c) and (d), which are due to the partial decomposition of NH3 at a relatively 
high temperature under catalytic conditions, e. g. the Pd holder. The total weight 
loss of the as-received LiNH2 is about 35 mass %, which is equivalent to the 
theoretical amount of NH3. For the milled LiNH2, the total weight loss is only 31 

mass %, instead of 35 mass % obtained from the as-received LiNH2, Fig. I (b). The 
difference may be due to the partial decomposition of LiNH2during milling because 

the decomposition of the milled LiNH2 can actually start at 50 'C, Fig. I (d). The 

thermal desorbed products from LiNH2, as seen in Fig. 4.2, clearly contain Li2NH. 

In-situ IR results shows that the decomposition of LiNH2 involving the 

transformation from LiNH2 (with two characteristics peak at 3311 and 3256 cm-1) 
into Li2NH (3150 cm-) only occurs at a relatively higher temperature of 300T, Fig. 

4.3. For LiNH2milled for 6.8 and 10hours, the insignificant effect of milling on its 

thermal desorption properties could also be observed from Fig. 4.4. 

LiNH2milled with additives 

XRD analysis shows that there is no new phase generated during the milling of 
LiNH2 with or without the additives, Fig 4.5, and there is also not much change in 

the crystallite size, Table 4.1. The IR spectroscopy also indicates that the additives 
do not seem to affect the NH bonding in LiNH2 since the characteristic peaks are at 

similar positions to those from the un-modified sample. In other words, LiNH-) and 

its additives do not interact chemically during milling, which may be due to the 

large particle size of additives within a short period of milling, though some 

decomposition of LiNH-) can occur during the milling. 
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TG results in Fig. 4.6 implies that all the additives have a significant effect on 
decomposition of LiNH2, with an average weight loss 10 mass%, significantly more 
than either the milled LiNH2,7 mass%, or non-milled LiNH2,5.5 mass%. The 

decomposition kinetics of the LiNH2 is enhanced by the additives, and the 

effectiveness is in decreasing order from V205, V, Mn02 to Mn. The metal oxides 

seem to function better than the metal counterparts, For instance, before the melting 

of LiNH2 (320 'C), LiNH2 with the V205 additive releases almost 16 mass% of N113, 

whereas II mass% was evolved when V was added, and only 5 mass% from the 

pure LiNH2. It is clear that the addition of Mn, Mn02, V or V205 to LiNH2 does not 

affect the melting temperature of LiNH2, but does enhance the NH3 release after the 

melting. 

It is noted that H2 or N2was detected by MS when V andV205 were involved, 

which may be explained by a strong affinity of vanadium for NH3 (Calatayud et al. 
2004). NH3 can be adsorbed on V orV205particle surfaces, and this strong affinity 

may also explain why a relatively large amount of NH3 is released by the 
decomposition of LiNH2before melting when V orV205are used. 

Moreover, the additives may facilitate particle refinement of the LiNH2 during 

milling. As a result the kinetics of Mn and Mn02 modified LiNH2 were also 

improved after milling, but not to the same level asV205did. However, it is difficult 

to characterise quantitatively the particle sizes after milling, due to the strong 

agglomeration of the fine particle mixture, as seen in Fig. 4.10, particularly for the 

V205modified LiNH2. An 'additional' peak at about 420 'C for the Mn02modified 

sample is due to accelerated NH3 decomposition by the presence of Mn02, as 

confirmed by the relatively high H2and N, peaks shown in Fig 4.6 (b). 

Mn02modified LiNH2 shows the fastest desorption kinetics during the melting, 

which suggest that the decomposition of LiNH-, could be effectively accelerated by 

the removal of NH3 (NH3 dissociation when MnO, ) is involved ), and this 'removal' 

effect is more effective than the 'affinity' effect between NH3 and V, 05 for the 

purpose of faster desorption. 
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5.2.2 Isothermal desorption of the LiNH2and effect of 

milling and additives 

Clearly, both milling and catalysts provide significant effects on the LiNH-) 

decomposition before 250'C, which could also be observed from previous thermal 

desorption experiments of LiNH2 milled with (out) additives, Figs. 4.7 and 4.8. 

However, under a constant temperature of 2500C, the kinetics for the milled and 

additive modified LiNH2 are nearly identical, implying that the decomposition of 

LiNH2 in the solid-state is almost unaffected by the additives. XRD results suggest 

there is no significant chemical interaction between additives and host LiNH-), so as 

a results, the thermal nature of LiNH2 remain unchanged after additive addition. and 

the difference of desorption kinetics should attribute to the kinetics effect brought by 

additives, which may include the assistance of size reduction during milling or 

catalytic effect of additives on LiNH2 decomposition. 

5.2.3 Summary on the decomposition of LiNH2 

In the previous section, the decomposition of LiNH2 and LiNH2 milled with 

additives Mn, Mn02, V andV205was reported, in order to identify effect of milling 

and additives on the thermal desorption and structure of LiNH2- 

XRD and IR results firmly confirmed that the no new phase has been generated in 

the additive modified after milled for 4 hours. Thermal results suggested both 

milling and additives have a strong effect on the then-nal desorption of LiNH2 due to 

combined catalytic effect and mechanical effect, e. g. the affinity between NH3 with 

additives and eased NH3 diffusion. Above two effects can facilitate the 

decomposition of LiNH2 by rapid removal the NH3 at local level. In addition there is 

only one major and sharp endothermic peak appears in most thermal desorption 

results from LiNH-, and LiNH2 milled with additives, apart from the LiNH2+MnO2, 

which shows a large and spitted peak at 450T. This is mainly due to the 
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decomposition of a large amount of NH3on the presence of Mn02, because results 
have confirmed that the NInO2 phase still can be found in the desorbed product of 
(LiNH2 + Mn02) mixture. 

5.3 Desorption of (LiNH2+ LiH) 

5.3.1 Thermal desorption of (LiNH2+ LiH) with additives 

It has been reported that the conditions of nanometer-scale contact between LiNH2 

and LiH can facilitate the desorption profile (Ichikawa et aL 2003). LiNH2 and LiH 

were mixed in two different ways. In one case the (LiNH2+ LiH) powder mixture 

were mixed with an agate mortar and pestle by hand for 10 min. In all other cases, 
the 1: 1 mixture of LiNH2 and LiH is prepared by ball milling for 2 h. It was noticed 
that the amount of evolved NH3 gas decreases with increasing the ratio of LiH to 

LiNH2 for the hand-mixed powders. So in this study the powder mixtures were all 

prepared by a SPEX mill. 

Thermal desorptionftom (LiNH2 + LiH) 

LiNH2 and (LiNH2 + LiH) were comparatively investigated to clarify further the 

decomposition mechanism of (LiNH2 + LiH) and thus improve the hydrogen 

sorption properties of this system. Thermal analysis coupled with Mass 

Spectrometry (MS) was used to characterize the products formed during 

decomposition. Various additives have also been considered to modify the (LiNH2 + 

LiH) system and reduce the desorption temperature. It has been shown that TiC13 

can effectively lower the H2 desorption temperature to the range of 150-250 'C 

(Ichikawa et al. 2004). Nanostructural Ti02 and Ti are also found to enhance the 

hydrogen kinetics in (LiNH2 + LiH) (Isobe et al. 2005, Tokoyada et al. 2005). The 

role of the additives on the hydrogenation and dehydrogenation mechanism of 

(LiNH, + LiH) remains unclear, though they are believed to catalyze the reaction of 

(LiNH-, + LiH). 
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To clarify the hydrogen generation mechanism, and the role of NH3 on the 

production of hydrogen, a (LiNH2+ LiH) mixture was milled and then characterised 
by simultaneous TG, DSC and MS. The results are presented in Fig. 4.9. After 

milled for one hour, the mixture shows a total weight loss of 5.3 mass%, Fig. 4.9 (a), 

with a small amount of NH3 detected around 120 OC5 Fig. 4.9 (cl). The 
decomposition of LiNH2 should be responsible for the release of the small amount 
of NH3. Further milling up to four hours reduces the weight loss to 5 mass% but 
lowers the on-set hydrogen desorption temperature from 160 to 120 OC, and no NH3 

was detected. In other words, a longer milling can effectively reduce the NH3 

release, as also seen in Fig. 4.10. 

Milling of the (LiNH2 + LiH) mixture for longer time does not result in the 

formation of any new phases, Figs. 4.13 and 14. Thus the effect of mechanical 

milling on the properties of (LiNH2 +LiH) should be attributed to increased contact 
between LiNH2 and LiH particles, as a result of homogeneous mixing and a decrease 

of particle size of LiNH2 and LiH, Fig. 4.12. The 'uniform contact' ensures that NH3 

released from LiNH2 can react immediately with LiH to generate H2, without 

apparent release of NH3. The above observations strongly suggest that NH3 is a 

transient gas in the desorption reaction of the (LiNH2 + LiH) mixture, and can be 

effectively "captured" by LiH particles to produce hydrogen when LiH is well 

mixed with LiNH2- 

It is also noted that the amount of hydrogen produced from the mixture before the 

melting of LiNH2 (380 'C) corresponds to 90 % of the total amount of NH3 from 

LiNH2. However, only 20 mass% of NH3 is released before 380 'C from the pure 

LiNH2, Fig. 4.1 (b). This suggests that the presence of LiH enhances the 

decomposition kinetics of LiNH2, probably due to the rapid removal of NH3 from 

LiNH-). Because of the ultra fast reaction between NH3 and LiH (Hu et al. 2004), 

LiH can largely reduce the equilibrium pressure of LiNH2 decomposition to make a 

large amount of LiNH2decompose even before melting point. This again proves the 

importance of a fine mixing of the (LiNH2+LiH), fine mixing can not only 

efficiently accelerates LiNH-) decomposition, but also makes the decomposed 

product NF13maximally captured by LiH to generate H,,. There is also a DSC peak at 
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the melting point 370'C during the H2 desorption from (LiNH2 + LiH), which should 
be due to the melting of the remained LiNH2- NH3 from this remaining small 

amount LiNH2 can react quickly with LiH, generating small fluctuation in the H2 

MS at around the melting point of 370'C. Here, the DSC peak temperature is 

corresponding to the value of H2 MS fluctuation temperature, which mainly because 

the small amount NH3 and ultra fast reaction between LiH and LiNH2. The 

phenomenon was not observed in the first step with a large amount of H2 release, 
this may due to the large amount of NH3 desorption cannot contact with sufficent 
LiH particles even though the reaction is fast, so the H2 main MS maximum 
temperature is delayed compared with DSC peak temperature. From the above 
discussion, the LiNH2 decomposition is a very possible intermediate step for H-) 

desorption from the (LiNH2+LiH) mixture: LiNH2 decomposition into NH3 could be 

for a transient step for final H2 production. However, fine mixing is another key 

factor for the maximum H2 output: homogeneously contact between LiNH2 and LiH 

could guarantee LiNH2 efficiently reacts with LiH to realise H2 to avoid the release 

of NH3 from powder mixture. 

The in-situ IR measurement of (LiNH2+ LiH) during thermal desorption (Fig. 4.11) 

shows that LiNH2 reacts with LiH at a relatively low temperature of 200'C and 
Li2NH appears at higher rate comparing with pure LiNH2. However, it is not clear 

whether the faster formation of Li2NH is due to the catalytic reaction between LiH 

and NH3 or the direct reaction between LiNH2 and LiH. To clarify the desorption 

mechanism; it would be helpful to start from the decomposition of LiNH2. Song and 

Guo (Song et al. 2006) proposed that the decomposition of LiNH2 is normally 

achieved via the two sub-reactions because the uneven charge of two H+ in [NH-)]-: 

LiNH2 -+ Li+ + NH2- 

LiNH2 -> LiNH- + H+ 

Then NH3 could be produced by 

NH, - + H+ -> NH, 
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When LiH is present, H2 could be produced by 

LiH + LiNH- + H+ -> 
L'2 NH + H2 

This reaction is a direct solid state reaction. As LiNH- and H+ were quickly 
consumed, the production of NH3 can be possibly accelerated, as a considerable 
amount of NH3 could be detected if the mixture undergoes insufficient time. The 

reaction among LiH, LiNH- and H+ should be more advantageous than the NH3- 

mediated one, because less energy needed (preliminary calculations from Song). 

This reaction could be more advantageous when LiNH2 and LiH contact more 
closely after sufficient mixing. So it is possible that H2 could be produced via the 
direct reaction path between LiNH2 and LiH. This point is further supported by 

theoretical analysis from first-principles electronic simulations (Song et al. 2006). 

Thermal desorptionftom (LiNH2 + LiH) with additives 

Since transition metals/metal oxides have been shown to enhance hydrogen sorption 
kinetics of metal hydrides (Seo et al. 2003), the effects of Mn, Mn02, V andV205 

on the desorption of LiNH2 and the (LiNH2+ LiH) mixture were compared here. 

The additives do not seem to show any significant effect on the dehydrogenation 

kinetics of the (LiNH2+ LiH) mixture. 

In Fig. 4.15, XRD patterns showed that the (LiNH2 + LiH) mixture still consists its 

original phases after the addition of metal oxides. Compared with the milled 
(LiNH2+LiH) mixture without any addtitives, all three samples with catalysts 

showed insignificant improvement for the hydrogen desorption in respect of 

hydrogen capacity and hydrogen peak temperature (Fig4.19). Below 200 'C, the 

weight losses are all about I mass % for the (LiNH-) + LiH) milled with and without 

additives. This is in contrast with the marked effects of the additives on the 

decomposition of LiNH-, in its solid-state. The enhanced decomposition of LiNH-, by 

the additives has not been transferred to the dehydrogenation kinetics in the (LiNH2 
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LiH) mixture, which suggests that the rate-limiting steps for the generation of 
hydrogen is the reaction between LiH and NH3 or the reaction between LiH and 
LiNH2- Similarly, both micro and nano sized Ti02 didn't bring any signicant 
improvement on the H2 desorption of the (LiNH2 + LiH). This is contradicting to the 

results from Ichikawa's work (Ichikawa et al. 2006), in which kinetics was notably 
improved by the addition of nano sized Ti02. The hydrogen desorption kinetics 

should be improved if the reaction between LiH and NH3 is enhanced, e. g. by an 

appropriate mixing method. 

As both prolonged milling time and metal oxides addition (microsized) cannot 
improve the desorption kinetics, so other additives, e. g. metal nitrides, including 

Li3N, Fe3N and TiN were tried here. Compared with the purely milled sample, these 

additives did not generate significant effects on the desorption results, as H2was still 
desorbed until 500'C in all the cases, Fig. 4.20. However, the thermal desorption 

behaviours are different for different nitrides. The possible physical appearance, e. g. 

particle size from TiN and Fe3N may be a reason to cause the different H2desorption 

spectrum. Because the these two additives are still traceable in the XRD results, Fig 

4.16, and the IR bands of LiNH2 are still detectable after TiN and Fe3N added, Fig. 

4.17. Meanwhile, the additional peak at 3150 cm-1 when Li3N is added may be due 

to the production of Li2NH during the milling. The intensive milling and presence of 
Li3N can accelerate the reaction between Li2NH and LiH, leading the formation of 
Li3N and H2. This additional step involving H2 desorption could explain the extra 
H2peak around 420'C in Fig. 4.20. 

Later, the effect of BN on the desorption from (LiNH2+ LiH) was also investigated. 

As shown in Fig. 4.21, the temperature range for desorption is much narrowed after 

mixture being milled for 5h, and majority of H2 could be desorbed at 300T when 

(LiNH2 + LiH + BN ) is milled for 20h. Compared with the desorption of purely 

milled (LiNH2 + LiH) is much improved by BN. The possible effect of BN on 

LiNH2 and (LiNH2+ LiH) was studied further, aiming to understand the 'real' role 

of BN during desorption. 

Firstly, the in-situ IR results from the thermal desorption of (LiNH-, + LiH +BN 

shows a similar desorption behaviour to that of (LiNH-, + LiH) (Fig. 4.23), which 
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suggests the addition of BN did not change the reaction path, and H2 is still being 
desorbed via the reaction between LiNH2 and LiH. Also BN addition shows no 
significant effect on the decomposition of LiNH2, Fig. 4.25. SEM results in Fig. 4.26 

suggest that the addition of BN did not produce a significant effect on the reduction 
of particle size of the mixture. From the above discussion, it was confirmed that one 
of the effects of BN on (LiNH2+ LiH) is to decrease the crystallite size of LiNH2, 
but the insignificant effect on the NH3 desorption implies the BN only provides 
physical contribution to the system. Here, the role of BN is mainly to be 

compacting LiH and LiNH2. squeezing them again each other even closer, as no 
new phase observed from IR results from the (LiNH2+ LiH) milled with BN for 20 
hours (Figs. 4.16 (b) and 4.17(b) ). 

Summarily, Mn, V, and their metal oxides, both nano and micro sized Fe203 and 
Ti02plus TiN, Fe3N and Li3N do not reduce the desorption temperature and narrow 
the desorption temperature range, but did alter the individual desorption behaviour. 

The addition of BN generated a profound effect on the desorption of (LiNH2+ LiH), 

and the range of desorption temperature was reduced from 200-500 to 200-300'C. 

A rapid desorption from 200 to 300'C was also noted after re-hydrogenation of the 
desorbed sample. The role of BN is on the physical aspect, assisting LiNH2 and LiH 

particle contact more closely. As a result, the closer contact between the reactants 

will definitely assist the desorption reaction between UNI-12and LiH, since its solid- 

solid reaction nature. As Ichikawa suggests, additive particle size is a very important 

factor to realise its catalytic role, so it is still too early to disregard the effect TiN, 

Fe3N and Li3N, which are of relatively large particles in present study. 

5.3.2 Isothermal desorption of (LiNH2+ LiH) with additives 

In the LiNH2 decomposition session, the LiNH2 milled with additives shows the 

nearly same desorption characteristics and small amount of NH3 observed under 

constant temperature, but, results in Fig 4.27 show the weight loss under constant 

temperature 2500C take much greater part comparing the overall weight loss. 
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Moreover, before 2500C the linear weight loss characteristic of the (LiNH2 + LiH) 

mixture is similar with the one in the isothermal desorption of LiNH2, which suggest 
that the desorption of LiNH2 iSclosely associated with the H2production. 

In Fig. 4.27, the additives of Mn02 and V205 showed better desorption kinetic than 

that of Mn and V before and after 250T. In both cases, the mixtures show 

significant weight loss even before 2500C, which should be due to the LiNH2 

decomposition at low temperature and thus H2 could be produced by NH3 reacting 

with LiH. Mn02 and V205 show better effect than Mn and V on the respect on 

weight loss, which is in accordance with the performance in the case of LiNH2 

decomposition as well, showing higher weight loss due to stronger effect of 

additives on the LiNH2 decomposition leading to H2 production. The ability of the 

metal atom to take different electronic states could play an important role with 

respect to the kinetics of the solid-gas-reaction (Oelerich et al. 2001). In general, 

metal oxide shows the better effect than metals on the kinetics of hydrogen 

desorption at 250 OC. The mechanical properties of metal oxide may also be 

included in the explanations for the better kinetics. One reason for this observation 

may be the different milling results of metals and oxides, which may lead to a finer 

microstructure in the case of oxides when compared to pure metal additive (Shindo 

et al. 2004). For example, the (LiNH2 + LiH) mixtures are better mixed with the 

assistance of Mn02, more homogeneous and smaller particles contacting lead to the 

fast hydrogen desorption. Metal oxides are believed dispersed more homogeneously 

than metals in the materials because oxide additions are very efficient, even in small 

doses (Pradhan et al. 2002). 

Compared with the hydrogen desorption of the original (LiNH-, +LiH), the 

desorption kinetics was improved by both Mn and V. Particularly, V showed a better 

improvement on the overall kinetics than that of Mn, which can be seen by more 

hydrogen released within the same period of time of 3000s. Pure (LiNH2+LiH) 

mixture can desorb 3 mass% H2 at 2500C, more than any catalyst added one, but the 

overall weight loss still less due to the catalytic effect even before 2500C. Metals 

have been identified as good catalyst for the H-, absorption, because H-, molecule can 

easily assemble on the metal surface to dissociate into H atoms. The effects of 
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metals have been clarified in the LiNH2+Metal decomposition session, and their 

perfon-nance on H2 absorption needs further investigations. V-)05 shows better 
improvement on the desorption kinetics than that of Mn02, Moreover, the 
desorption rate calculation in Fig. 4.28 showsV205 has the most significant effect 
on the isothermal desorption of (LiNH2+ LiH) mixture. 

5.3.3 Summary 

In the previous section, the decomposition of (LiNH2+ LiH) and (LiNH2 + LiH ) 

milled with additives Mn, Mn02, V, V205 and various nitrides were comparatively 
discussed, in order to identify effect of milling and additives on the thermal 

desorption and structure of LiNH2- 

XRD and IR results firmly confirmed that no new phase has been generated in the 

additive modified after milled for four hours. Thermal results suggested milling has 

a strong effect on the thermal desorption of (LiNH2 + LiH) due to the refined 

particle size and uniform mixing by the prolonged milling time. The H2 desorption 

temperature of the mixture of (LiNH2 +LiH) is around 1800C, but the NH3 could be 

released from 500C after milling, which is most likely due to the entrapped NN3 

already released during milling. 

During the desorption of (LiNH2+ LiH), one big major endothermic peak between 

180 to 4500C with peak temperature of 250 OC, should be the merged step by the 

decomposition of LiNH2 and its desorbed product reacting with LiH or as discussed, 

a direct reaction between LiH and LiNH2-- 

Although V205 shows the most significant effect among the additives on the 

isothermal desorption of LiNH-, after its melting, the desorption behaviours from the 

LiNH-, +LiH milled with additives are very similar. Moreover, before 250'C the liner 

weight loss characteristic in the (LiNH? + LiH) mixture is similar with the one in the 
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isothermal desorption of LiNH2, which suggest that the desorption of LiNH, ) is 
closely associated with H2 production. 

The investigations on the desorption of LiNH2 and (LiNH2 + LiH) show that the 
decomposition of LiNH2 mainly generates NH3, which can further decompose into 
N2 and H2 at elevated temperature. NH3 can be desorbed from the milled LiNH-) 

around 50'C. H2 can be released from 120'C when LiNH2 is mixed intimately with 
LiH, without the release of NH3. Non-uniform mixing can lead to the escape of NH3 
from the mixture. The evidence further support the notion that NH3 is a transient gas 
in the thermal desorption of the (LiNH2+ LiH) mixture. The addition of Mn, V and 
their oxides, enhances the release of NH3 from LiNH2, but has no significant 
influence on the production of H2 from the (LiNH2 + LiH) mixture. This indicates 

that the rate-limiting step for dehydrogenation from (LiNH2 + LiH) is the reaction 
between LiH and NH3. Further investigation should promote the interaction in order 
to enhance the hydrogen generation rate. 

5.4 General Issue on Li-Mg-N-H Based Materials 

Bogdanovic reported the reversible storage of hydrogen in NaAlH4, interest for other 

complexes hydrides with higher hydrogen capacity than Na. AlH4 has gained since 

then (Bogdanovic et al. 1997). Since Chen et al. reported that reversibility could also 

be achieved with Li-N-H materials, light metal amide related materials (M-N-H, 

M=Liý Mg, Ca) have been under popular investigation (Chen et al. 2003, Ichikawa 

et al. 2004). For example, Mg(NH2) has been found to react with certain metal 

hydride such as LiH, MgH2, NaH. (LiNH2+MH, M=Li, Mg and Na), and they all 

can release H2, but the amount of desorbed 112depends on the metal hydride and its 

doses used (Nakamori et al. 2004, Leng et al. 2004). (2LiNH2 + MgH2)materials 

represent the one of most interesting M-N-H systems studied for hydrogen storage', 

the total reversible capacity is about 5 wt % (Luo 2004, Xiong et al. 2004). 

However, the mechanism of the thermal desorption from this Li-N-Mg-H is unclear. 

there are insufficient evidence to support the followed assumed mechanism: 
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2LiNH 2+m +2H 9H2 <: => Li2Mg(NH)2 
2 

Li2MgN2H2+ 2H2 'ý* Mg(NH2)2+2LiH 

Up to now, the above mechanism of the (2LiNH2 +MgH2) remains controversial 
because the intermediate compounds haven't been intensively studied. The effect of 

preparation methods e. g. mechanical milling/mixing on the (2LiNH2 +MgH2) 

mixture hasn't been discussed. Only few work has been reported on the thermal 
desorption from the LiNH2 +MgH2, and no other possible ratios of the LiNH2 

MgH2have been reported. 

Meanwhile, (LiH + Mg(NH2)2) materials were found that can reversibly store 
hydrogen, in which Mg(NH2)2 is only synthesized in lab scale, were used as starting 

materials with LiH: Mg(NH2)2= 2: 1 3: 8 and 4: 1 being mostly investigated. 

A (2LiH + Mg(NH2)2)mixture can desorb 5mass% H2 from 150 to 250*C (Wang 

and Xiong, 2005), with a small amount of NH3 detected, and quick absorption can 

be obtained over I OOT when 7 MPa H2pressure applied. The activation energy for 

desorption is calculated as 1020/mol. 

A (3LiH + 8Mg(NH2)2)mixture, reported by Ichikawa (Ichikawa et aL2003,2004) 

can desorb nearly 7 mass% H2 from 150 to 300'C, and the absortion can be achieved 

under 50 bar at 200'C after long time. 

3LiH + 8Mg(NH <: => 4L'2NH+m N +8H 2)2 
93 22 

TheMg3N2in the reaction was proposed as the desorbed product from Mg(NH2)2, as 

the NH3is the by-product gas, which could be captured by LiH to produce H-) . The 

absorption step from the Li2NH+ M93N-) mixture is relatively complicated, as 

Li2NH is firstly hydrogenated into LiNH2, and LiNH2 can decompose into LIH and 

NH3, which can react withMg3N-) to produce the Mg(NH2)2phase. Finally LiH and 

Mg(NH2)2 are the final products after re-hydrogenation. There is only limited work 

on the deten-nination of the possible intermediated compound during absorption, it 

was only confin-ned that LiNH, ) exists in the IR results (Ichikawa et al. 2006). 
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A (3LiH + 12Mg(NH2)2) mixture, studied by Orimo et al. (Orimo et al. 2003,2005), 

can desorbed nearly 9 mass% H2, where the absorption takes place at 250T, under 
95 bar. It was found that only partial hydrogenation was achieved during absorption. 
Based on the XRD analysis, the intermediate compound after partial absorption was 

proposed as LiH+Li6Mg3(NH)6, instead of Li3N amd M93N2, fully desorbed 

products. 

N+m N +12H 3LiH + 12Mg(NH2)2 <* 4L'3 93 22 

Clearly, there is lack of study on the intermediate compounds of Li-N-Mg-H system 
during H2 de/absorption cycles, which should include both materials phase 
identification, and the hydrogen sorption properties. More evidence is needed to 

confirm the absorption mechanism, particularly when Li2NH and M93N2 are 
involved as the target materials for absorption. 

So far, the molar ratio used commonly for this particular system is 2: 1, no other ratio 
has been considered. So, in this section, the study was focused on: 

(1) Clarifying the de/absorption properties of the (LiNH2 + MgH2) system, 

particularly the factors influencing the desorption properties, and also the ratios of 

LiNH2 : MgH2 

(2) Understanding the de/absorption mechanisms of the (LiNH2+ MgH2) system. 

5.5 H2 storage from the (LiNH2+ MgH2) mixture 
Three different molar ratios of (LiNH2 : MgH2 = 4: 3,4: 2 and 4: 1) were investigated, 

the powder mixing were still performed by mechanical milling. As the reaction path 

does vary with the molar ratio of LiNH2 and MgH2, the discussion is initially 

focused on each system. 

5.5.1 Hydrogen sorption on (LiNH2 : MgH2= 4: 3) mixture 
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The effect of milling was firstly studied on the (4LiNH2 + 3MgH2) mixture. In Fig. 

4.29, the XRD results show that peak broadening of LiNH2 in the (4UNH-) + 

3MgH2) milled 10hours is greater than in pure LiNH2 milled for 10hours, as also 

confirmed by the calculated crystallite size results in Table 4.4. The above evidence 

suggests that the existence of MgH2 can assist the milling of LiNH2, and the 

decreased crystallite size can ease the diffusion of NH3 from LiNH2. It is noted that 

the crystallite size of LiNH2 in the (4LiNH2 + 3MgH2) milled for only 4 hours is 

close to pure LiNH2 milled I Ohours. Both the XRD and Table 4.4 also suggest that 

MgH2 considerably enhances the break-up of LiNH2 in the mixture. Significant peak 
broadening could be observed in milled MgH2, compared with as-received MgH2. 

In Fig. 4.30, SEM images of the (4LiNH2 + 3MgH2) mixture milled for 4,6,8 and 

10hours suggest that the particles size of as-received MgH2 is largely reduced after 

milling, however, the particle size reduction is not significant after milling for longer 

than 8hours, though the particle size of the (4LiNH2 + 3MgH2) mixture tends to be 

more homogeneous for the sample milled 8 and 1 Ohours. Comparing this result with 

the case for (LiNH2 + LiH), the effect of mechanical milling on the properties of 

(LiNH2 +MgH2) should be attributed to a 'uniformed contact' between LiNH2 and 

MgH2 particles, as a result of homogeneous mixing and a decrease of particle size of 

LiNH2 and MgH2- Moreover, the reduced crystallite size will also assist gas 

transportation more efficiently. 

Thermal desorptionfrom (4LiNH2 + 3MgH2) 

The thermal desorption of (4LiNH2+ 3MgH2)milled for 6,8 and 10hours suggest 

that the desorption results were strongly influenced by the milling time: 1). The 

amount of desorbed NH3was reduced with the milling time increased; 2). The total 

weight loss decreases with increasing milling time. For instance, for the mixture 

milled for 4hours, a large amount of NH3 is released during H2 desorption, which 

corresponds to a nearly 20 wt % weight loss. However, no NH3was detected after 

mixture being milled for 10hours, with a weight loss of 6 mass% hydrogen. 

The thermal desorption from the (4LiNH-, + 3MgH2) shows around 6mass% H2 

desorption from 150 to 400'C, with two desorption steps at 280'C, Fig. 4.3 1. There 
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are two endothermic steps with two peaks at 200 and 300T, which correspond to 

another two H2 peaks in the MS results. The inserted figure shows desorption 

characteristics Of MgH2, where H2 is only released from 4001C, with a peak MS 

peak temperature at 450T. 

The desorption characteristics from the (4LiNH2 + 3MgH2) mixture are clearly 
different from the one from MgH2 or LiNH2 (mainly NH3 desorbed). So there is no 
doubt that H2 is released via the reactions between LiNH2 and MgH2. The XRD 

results of (4LiNH2 + 3MgH2) at different temperatures (Fig 4.32) suggest that 

Li2NH and MgNH are the primary phases formed after the mixture is heated at 
I OOOC, but M93N2 take the place of MgNH when the temperature is raised, as shown 
in Figs. 4.32(c) and (d). To further identify the intermediate compounds from 

(LiNH2 + MgH2). the in-situ IR Fig. 4.33 suggest that LiNH2 Start to be consumed 
first from 150 'C, and Li2NH and MgNH are formed at the same time. However, 

MgNH disappears as the desorption proceeds, with Li2NH being the primary 

compound left in the mixture. Above results shows the desorption from (4LiNH2 + 

3MgH2) mixture, in fact, still contains the step of LiNH2 transforming to Li2NH, and 

MgNH is a intermediate compounds during this evolution. 

In a previous work (Luo 2005), the H2 desorption mechanism has been suggested as: 

2LiNH2+ MgH2 <=> Li2Mg(NH)2+ 2H2 

where, 5.5mass% H2 was released and the final product of Li2Mg(NH)2 is assumed 

with no YCRD evidence to support the assumption (Luo 2004). 

It has been proved that LiNH2 decomposition can not be ignored during the thermal 

desorption, as a large amount of NI-13 was detected for the (4LiNH2 + 3MgH2) 

mixture milled for short period of time during desorption. So H2 desorption 

mechanism was likely to be based on the decomposition of LiNH2 as the first step. 

2LiNH,, => Li,, NH + NHý, (3 7.0 wt % NH3 release) 
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As in the case of (LiH + LiNH2), the desorbed NH3 can instantly react with MgH2, 

(Nakamori et al. 2004. 

MgH2+ 2NH3 e* Mg(NH2)2+ 2H2 (6.6 wt % H2 release) 

The reduction of weight loss observed with increasing milling time should not be 

due to the incomplete decomposition of LiNH2 during desorption, as no LiNH2 

found was found after the desorption of (4LiNH2+ 3MgH2), Fig. 4.31. Therefore, 

the H2desorption may be due to the formation of a new compound during milling or 

a new decomposition reaction path takes place. The latter one could be the likely 

case because as shown Fig. 4.3 1, milling LiNH2with MgH2 does not result in the 

formation of new phases or compounds. 

When the (4LiNH2 +3 MgH2) mixture was milled for I Ohours and heated at 2000C, 

the XRD pattern in Fig. 4.34 shows the exsistence of a new phases: MgNH, 

Mg(NH2)2 Li2NH and M93N2, while MgH2 and LiNH2 phases disappear. This 

suggests a possible H2 desorption path: firstly, the decomposition of LiNH2 into 

Li2NH and NI-13, then followed by the reaction of MgH2 with NH3 to form 

Mg(NH2)2, finally, in presence of MgH2, Mg(NH2)2 can further reacts to form 

MgNH according to the following reaction (Ichikawa et aL 2005): 

Mg(NH2)2 + M9H2 <* 2MgNH + 2H2 

With increasing temperatures of heat treatment from 2000C to 3000C and 4000C, 

Mg(NH2)2 and MgNH phases almost completely disappears andM93N2 remains the 

main phase detected (Fig 4.38). 

In fact, MgNH can also react with MgH2 to form M93N-, to complete the last step H-) 

desorption. 

2MgNH + MgH '4:: ý M N, + 2H 2 93 
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The overall desorption reaction will therefore be as followed: 

4LiNH2 + 3M9H2 <=-> 2L'2NH+ M93N2+ 6H2 (66wt%H2) 

During this reaction, 6.6 wt % of hydrogen can be theoretically released from the 
(4LiNH2 + 3MgH2) mixture. 

The reasons for such a reaction to take place with increasing milling time can be 

explained by 'close contact or alloying effect' created during milling between LiNHI 

and MgH2 particles. As particles size is decreased during milling and a 'close 

contact' is created between two types of particles, the capture of NH3 by MgH2 is 

easier. Hence, there is less NH3 released and more hydrogen can be produced with 
the increasing milling time. 

From Fig. 4.29, it is also noted that during milling the peaks Of MgH2 are 

significantly broadened. After, 2-h milling, the crystallite size of MgH2 calculated 

according to the Scherrer formula, has decreased from a few microns to 20 ±7 nm 

and thereafter remains constant (Table 4.4). Moreover, no significant reduction of 
LiNH2 crystallite size is observed. This means that the reactions observed are not 
driven by the sub-structurals of MgH2 or LiNH2 but by the particle size, alloying and 

thermodynamic stability of the different compounds involved. In addition, it is 

important to note that the presence of MgH2 facilitates the decomposition of LiNH2 

and the release of NH3. The LiNH2 decomposition was more efficiently accelerated; 

more LiNH2 can decompose with the presence of finely distributed MgH2. The 

desorbed NH3 from LiNH2 can be effectively captured by the MgH2 to produce H2 

rapidly, which in turn accelerates LiNH2 decomposition. 

To further discuss the desorption mechanism; it would be useful to start from the 

decomposition of LiNH-,, which is normally achieved via the two sub-reactions 

(Song et al. 2006): 

2LiNH2 -> 2Li' + 2NH 

2LiNH., -> 2LiNH -+ 2H 
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Then NH3 could be produced by 

2NH-+2H+-*2NH3 

When MgH2 is present, H2 could be produced by: 

MgH 2+ 2LiNH -+ 2H + -+ L'2NH + MgNH + 2H2 

This reaction is a direct reaction model in the solid state. As LiNH- and H 4- were 

quickly consumed, the production of NH3 could also be possibly accelerated (large 

amount NH3 could be detected if the mixtures were not milled for a insufficient 

time). However, this part of NH3 will eventually be captured by MgH2 by following 

two reactions proved in Ichikawa's MgNH synthesis work (Ichikawa et al. 2004): 

MgH2+ NH3 -> Mg(NH2)2+ 2H2 
Mg(NH2)2 +mgH2 

-> 2MgNH + 2H2 

This step is a NH3-intermidate reaction, MgNH is again involved in final products. 
However, the direct model should be more likely to dominate the desorption process 

as the energy needed is significantly less than the NH3-intermidate one. This 

reaction could be even more advantageous when LiNH2 and MgH2 contact more 

closely after sufficient milling, which could also enhance the formation of Li2NH, as 

a result of H2 desorption. 

The In-situ IR spectrum in Fig 4.33 shows that MgNH only exists during the 

desorption, and will disappear as desorption proceeds. This should be attributing to 

the reaction between MgNH and the remaining MgH2: 

MgNH +M 9H --ý M 2 93N2 + H2 

M93N2 is present in the final products, which is also confirmed by the XRD results 

in Fig 4.34. So the desorption mechanism could be described by the following two 

steps: 
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4LiNH2+ 2MgH2-> 2L'2NH + 2MgNH + 4H2 
2MgNH +m+ 2H 9H --> MN 2 93 22 

This may also explain the two-step desorption from the TG results in Fig. 4.3 1, and 
the overall reaction for (4LiNH2 + 3MgH2) is: 

4L iNH +3 MgH -> 2 L'2NH+m N2+ 6H 22 93 2 

Therefore, there is still a high possibility for the direct reaction between LiNH2 and 
MgH2, and the contact level between the reactants may be the decisive factor for the 

specific reactions to proceed. 

Fig. 4.35 shows that the activation energy for the two H2peaks are 99.97 and 139.55 

kJ/moIH2, respectively. As previously discussed, the value of 99.97kJ/moIH2 should 

correspond to desorption first peak, Fig. 4.31 involving the reaction between 2M 

LiNH2 and IM MgH2. The higher activation value of 139.55 should correspond to 

the reaction between MgH2 and MgNH at a relatively high temperature of 300'C, 

requiring more energy for the formationOf M93N2. 

The differences in the MS results between the (4LiNH2 + 3MgH2) mixture at 
different temperatures, Fig. 4.36, may also be caused by the multi-step reactions 
during the H2 desorption. As discussed, LiNH2 decomposition and the reaction 
between its decomposed product NH3 and MgH2 are two very closly linked steps. 
Thus, a large amount of desorbed NH3needs to be consumed, mainly by the reaction 

with MgH2within short time. Its product MgNH will further react with MgH2 to 

make the previous step more efficient because of the quick removal of MgNH. At 

2000C, the MgH2may not react with MgNH at a higher rate, because this step seems 

to occur efficiently only after 250T. Thus, at the beginning of the reaction chain, 

NH3 can not react with MgH2 because the temperature condition is unfavourable. 

However, at 250'C, the reaction of MgH2and MgNH will act as the driving force of 

the reaction chain, causing more NH3 to react with MgH2, an thus less NH3 to 

escape. In the (4LiNH2 + 3MgH2) case, although there is sufficient amount of 

MgH, ), but the final desorption step can not proceed completely, even at 250'C. 
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3.2. Hydrogenation of (LiNH2 : MgH2 = 4: 3) after desorption 

The reversibility study of a fully desorbed (4LiNH2 + 3MgH2) sample (consist of 
2M Li2NH and IM M93N2) was performed under 70 bar at 200'C for absorption, 

and desorption temperature of the hydrogenated sample was set at 250'C. It was 
found that only 1.8 mass% H2 was absorbed after I h, Fig. 4.37. The Inserted XRD 

pattern of the hydrogenated sample shows M93N2 is the dominant phase after 

absorption, whereas MgNH and Mg(NH2)2 were detected in the IR results. The In- 

situ IR result in Fig. 4.38 shows MgNH and Mg(NH2)2 eventually disappear during 

desorption of hydrogenated sample, with Li2NH as one of final products. Thermal 

analysis of the hydrogenated sample in Fig. 4.39 suggest that 1.8 mass% H2 was 

released from 200 to 500'C, with two MS hydrogen peaks observed at 250 and 

350'C, the thermal desorption characteristics are clearly different from the one of as- 

prepared (4LiNH2 + 3MgH2)mixture. Li2NH and M93N2 are the main phase detected 

in the complementary IR and XRD results after analysis of the sample after re- 

hydrogenation, Fig. 4.40. Until now, it is clear that Li2NH, MgNH and Mg(NH2)2 

have been in sorption as intermediate products. As previously suggested, Li2NH can 

be firstly hydrogenated into LiNH2 (Ichikawa et al. 2005) and leads to the following 

absorption steps. So the absorption mechanism (4Li2NH + 2Mg3N2), which are the 

desorbed products from the (8(4)LiNH2 + 6(3)MgH2) mixture were proposed as 

shown below. 
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4LýNH+2 +4H. =>4bll+4LiNlý+2M93N2 M93N2 2 
4LiH+4LiNIý+2Mg3N2=>4LiH+2LýNH+2NH3+2Mg3N2 

4LiH+2LýNH+2AIH3+2Mg3N2=>4LiI-k2LýNH+6MgA'H 

4LiH+2LýNH+2NIý+2Mg3AT +2H2=: >(4+2)Lil-A-2LiNlý+6MgNH 
,2 

(4+ 2)L ill+ MNIý + 6MgNH=> (4+ 2)LiHýLi2NH+ NH3 + 6MgNH 

(4+2)LiI-kLi2ATH+NH3+6MgNH=>(4+2)LiI-kLi2NH+5MgNIIi-Mg(NIý)2 

(4+2)Lill-ýLi2ATH+5MgNIAMg(NJP 2 +H2=>(4+2+])LiIALiNIý+5MgNIAMg(N, ý)2 

(4+2+1)LiI-kLiNIý+5MgNIIý-Mg(N, T 2 =: >(4+2+])LiI-kll2Li2ATH+112A7ý+5MgA7-fi-Mg(ATq)2 

(4+2+])LiI-kll2Li2NH+112A7ý+5MgNI14-Mg(N, T 2 =:: >(4+2+1)LiI-kll2Li2NH+(5-112)MgNI-A-(1+112). Ifg(, N'4)., 

(nIInn11 -4 Y- -)LiH+ Lýýt5-( ZI )jMgN7fi-(I+( Y- -))Mgfflý +H=: >8LiH+4MgNIfi-2WNIý 
k=02k 2n k=l 2k k=12k 

)2 
2k 2 )2 

(nI 4LýNH+2Mg3N2+4 Y_ -)H =>8LiH+4MgNI-fi-2WNIý 
k=02k 

2 )2 

4LýNH+2Mg3N2 +8H2 =>8LzH+4MgNIff-2AkNIý)2 

The absorbed products are, in fact, a mixture of LiH, MgNH and Mg(NH2)2, the 

reversible desorption path from which could be 

8LW + 4MgNH + 2Mg(NH2 )2 => 8VH + 4MgNH + 2MgNH + 2NH3 

3 +2H2 +6M 8LiH+4MgNH+2MgNH+2NH =>6LiH+2LNH2 gNH 
6LiH + 2LiNH 2+ 2H2 + 6MgNH => 6LiH + 2LiNH2 +2H2 +2M93N2 +2NH3 
6LW + 2LiNH 2+ 2H2 +2N+ 2NH => 4LiH + 2LiNH + MNH + 2H, + 2H +2N M93 

23222 
M93 

2 

4LiH + 4LiNH2 +2M93N. +4H2 => 4V2NH + 2M93 N2 + 8H2 

Therefore, For 4: 1 (Li2NH + M93N2). the fully absorbed products are LiH and 

Mg(NH2)2(Leng and Ichikawa 2005), but for 4: 2 (Li2NH +M93N, 2) involved in this 

paper the fully absorbed product are LiH, MgNH and Mg(NH-, )2. So the sorption 

procedure of absorption of 4: 3 (LiNH2 + MgH2) can be described by the following 

scheme. 
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- 12H, 
8UNH, + 6MgH2 ---------- 4LOH + 2, N193N, 

6.87 wt % I/ 

#Y 
V/ 

"x 

81AH + 4N-IgNH + 2XIg(NHO2 

As shown in the above scheme, the first large desorption capacity of 6.87 mass% 

can not be recovered during the reversible steps, as only 4.82 mass% H2 could be 

theoretically absorbed. In addition, the materials involved in reserversble steps are 

not involving LiNH2 and MgH2 anymore, the products from 4: 2 (Li2NH+ M93N2) 

after desorption are LiH, MgNH and Mg(NH2)2. In the current sttudy, only 1.6 wt H-) 

was reversibly present which maybe due to the following resons: 

The level of contact between LiNH2and MgH2 iSinsufficient; 

The initial size of the particles, especially the MgH2 is relatively large, considering 

the rehydrogenation0f M93N2 into MgNH and Mg(NH2)2by reacting with NH3; 

The large energy barrier forM3N2 converted into MgNH. 

To improve the reversibility, prolonging the milling time (up to 20h) and reducing 

MgH2 particle size (pre-milled for 100h) reduction were attempted, Fig. 4.41. The 

IR results from the absorbed products shows more appearance of Mg(NH2)2, which 

is produced in a later absorption stage, meanwhile the capacity of the two sample 

were also increased to 2.5 and 3.5 mass%. In this part the absorption of fully 

desorbed (4LiNH--, + 3MgH2)were studied, and the mechanism for absorption was 

also proposed on the basis of the thermal and structural analysis. 

The study confirms that (4LiNH-, + 3MgH-, ) can theoretically release 6.87mass% H-, 

in first desorption, with (2Li-, NH + M93N-, ) remaining after desorption. The two step 

desorption can not be fully recovered, as the absorption takes place via a different 

reaction oath. Li-, NH, MgrNH and Mg(NH-, )2, are the primary products after 

183 



Chapter 5-Discussion 

absorption instead of LiNH, ) and MgH2, with a significant capacity loss comparing 

with the first desorption. In fact, the actual weight loss achieved initially was only 

about 1.6 under 70 bar at 200'C, the prolonged milling time and pre-milling of 
MgH2 were found to improve the reversible capacity as a results of further pushing 
the reaction, as more Mg(NH2)2 was observed after the absorption. However, due to 
difficulty of converting Mg2N3 into MgNH in the initial stages of absorption, some 

other reaction paths should be considered, e. g. other intermediate compounds prior 
to the absorption by changing the ratio of MgH2 in LiNH2 and MgH2 in the mixture. 

5.5.2 Sorption properties of (LiNH2+ MgH2= 4: 2) mixture 

Similar milling effect on the desorption of (4LiNH2+ 2MgH2) is noted in Fig. 4.44, 

as the amount of NH3 was significantly reduced after the sample was milled for 

sufficient time. Thermal desorption results shows that 5mass% H2 could be released 
from 150 to 300'C ftom the (4LiNH2+2W12)mixture, with one endothermic peak 

at around 200'C, which correspond to the only MS H2peak Fig. 4.44(b). The In-situ 

IR results also show that LiNH2 started to be consumed at around 150'C with the 

evolution of Li2NH. Therefore, it is clear that one of the reactants, LiNH2has been 

converted to Li2NH. It has been previously discussed that the reaction between 

LiNH2 and MgH2 could involve two models, transient NH3 and direct reaction 

between LiNH2and MgH2, so the overall desorption is described: 

4L iNH,, +2 MgH2 -> Hi, NH + 2MgNH + 4H2 

The desorption products from the (4LiNH2+ 2MgH2) are Li2NH and MgNH, with 

Li2NH being a necessary intermediate compound during desorption. 
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The activation energy value for two H2 peaks are 103.68 and 127.55 kJmol., H-,, Fig. 

4.47 respectively. As previous discussion, there should be only one H, peak for 

(4LiNH2 + 2MgH2) mixture, with MgNH and Li2NH being the main products, Fig. 

4.45. The second H2 peak should be due to further reaction involving MgNH and 

some unreacted MgH2. Lower activation value of 103.68 kJ/molH2 may be similar to 
first H2 peak in (4LiNH2 + 3MgH2) case. The higher activation value of 127.55 

kJ/molH2 should be for the reaction between MgH2 and MgNH, which need more 

energy for the reaction since it is a solid-solid reaction. Since only very small 

amount of MgH2 was left in the mixture, so this step may need less activation energy 
than the one (139 kJ/moIH2) in (4LiNH2 + 3MgH2) case. 

r T.. 
hydrogenation of (4UNH2 + 2MgH2) after desorption 

The reversibility measurement of the fully desorbed (4LiNH2 + 2MgH2) sample 
(Li2NH and MgNH) was performed under 50bar at 200'C. It was found that nearly 4 

mass% H2was absorbed after nearly 16h, Fig 4.49. The Inserted XRD results of the 

hydrogenated sample shows that Mg(NH2)2 is the dominant phase after absorption, 

which was also confirmed by the IR results. Thermal analysis of the hydrogenated 

sample in Fig 4.51 shows about 4mass% H2was released from 200 to 300'C, with 

peak temperature at around 250'C. The thermal desorption characteristics of the 

hydrogenated sample differs from the one as-prepared, but is identical with the 

desorption of the (2LiH + Mg(NH2)2), which suggest again the absorbed products 

are mainly LiH and Mg(NH2)2 . The absorption process of the (4LiNH2+ 2MgH2) 

after first desorption was proposed below. Therefore, LiH and Mg(NH2)2 are the 

actual substances to perform the reversible H2 storage function, and the desorbed 

products in cycles are Li-, NH and MgNH, as also confirmed in Fig5.50. Thus the H2 

sorption properties of (4LiNH2+ 2MgH2)can be described by the following scheme: 
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2LiNH2 + MgH2 => Li2NH + MgNH + 2H2 

Li2NH + MgNH+ H2 =: > LiH + LiNH2 + MgNH 

LiH + LiNH2 + MgNH => LiH + I/ 2Li2NH + I/ 2NH3 + MgNH 

LiH + 112Li2NH + 112NH3 + MgNH => LH + 112Li2NH + (I - 112)MgNH+ 112Mg(NH2 )2 

LH + 112Li2NH +(I - 112)MgNH+ 112Mg(NH2 / 2H2 => (I + I/ 2)LiH + I/ 2LiNH2 + (1-1/ 2)MgNH + I/ 2Mg(, VH )2+1 
2 

nnnnI 
2 Y_ -)LiH+ Li2NH+tl-( Y- 

I 
))MgNH +fI+(I lMg(NH2)2 + 2( 1- )H =>2LiH+Mg(NH-, )-, 

k= 12k 2n k= 02k k= 02k k= l2k 2 

nI 
Li2NH+MgNH+2( Ik )H 2 => 2LiH + Mg(NH 2)2 k=12 
Li2NH+MgNH+2H 

2 => 2LiH + Mg(NH 2)2 

And its new desorption path from (2LiH + Mg(NH2)2) could be described by: 

2LiH + Mg(NH 2)2 =: > 2LiH + MgNH + NH 3 
2LiH + MgNH + NH 3 => LiH + MgNH + LiNH 2+H2 
LiH + MgNH + LiNH 2+H2=: > MgNH + Li 2 NH +H2 +H 2 

2LiH + Mg(NH 
2)2 => MgNH + Li 2 NH + 2H 

2 

The overall working procedure can be simplified as: 

- 4H, 5.5 wt 
4UNH, + 2, NlgH, 

4UH 

2Li,. NNH + 2-NIgNH 

41 
04". - 

As shown in the scheme, the original reactants of LiNH-) and MgH2 can not be 

recovered after desorption, (LiH +Mg(NH2)2) and (LiNH+ 2MgNH) can reversibly 

store 5.5mass% H-) without any capacity loss comparing with the first desorption 

from the as-prepared sample. So comparing with luo's work (Luo et al 2004), the 
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desorbed product Li2Mg(NH)2 is a mixture of Li2NH and MgNH, which will be 

transformed into LiH and Mg(NH2)2, agreed in both studies. 

5.5.3 Sorption properties on (LiNH2 : MgH2= 4: 1) mixture 

The (4LiNH2 +MgH2) mixture is studied here as a reference system. Fig. 4.52 

shows the desorption results, which show less than 2mass% H2 could be desorbed 

before 300'C, and a large amount of NH3 is responsible for the another 15mass% 

weight loss during desorption. The NH3 should come from the decomposition of 

unreacted LiNH2, which normally occurs after 300'C. H2 desorption should be due 

to the reaction between the reaction: 

2LiNH2+ MgH2-> L'2NH + MkNH + 2H2 

The rest of the unreacted LiNH2will decompose into NH3 and Li2NH, which are 

seen from the in-situ IR spectrum of the as-prepared sample during thermal 

desorption, Fig. 4.53. The results have also confirmed that the direct reaction 

between LiNH2 and MgH2 is an advantageous path to produce H2 rather than the 

transient NH3 reaction model: 

4LiNH2 -+ 2L'2NH + 2NH3 

MgH 2+ 2NH3 -> Mg(NH2)2+ 2H2 

where the desorbed NH3 could be captured by MgH2 to produce H2- In the 

experiment, a large amount of NH3 desorption after 300'C suggests that MgH2 is 

quickly consumed at the beginning, and half of the LiNH-) is unreacted and 

subsequently decomposing at a higher temperatures. So for the thermal desorption 

results from (4LiNH2 + MgH2), the first endothermic DSC peak at 2500C should be 

corresponding to the reaction of 2M LiNH-, and IM MgH2. The second peak at 

about 380T corresponds to the decomposition of LiNH, ). 
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There are also two endothermic peaks from the thermal analysis of the hydrogenated 

sample, Fig. 4.54. The first step desorption with a peak at 250'C is similar to the one 
of the (2LiH + Mg(NH2)2), which is the absorbed products from 2M LiNH-) and IM 
MgH2) after desorption. The un-reacted LiNH2during the reversibility measurement 
still desorbs a large amount of NH3 at high temperatures, as seen in the in-situ IR 

results of the hydrogenated sample during desorption, Fig. 4.55. 

5.5.4 Summary of (LiNH2+ MgH2)mixture 

Several (LiNH2 + MgH2) mixtures with different molar ratio have been studied so 
far. The desorption and reversible capacities in Fig. 4.56 were closely associated 

with the amount of MgH2 used in this system. For (4LiNH2 + 3MgH2) mixture, 

sufficient MgH2 ensure that product MgNH from 2M LiNH2 and IM MgH2 can 

continue to react MgH2, and generate another desorption step between MgNH and 

MgH2 to form M93N2. This is can also be seen from Fig. 4.57, the desorption 

product of (4LiNH2 + 3MgH2) is of yellow green appearance Of M93N2. Although 

possessing high desorption capacity, the reversibility was rather poor for (4LiNH2 + 

3MgH2) system. This is, as discussed, mainly due to the difficulties of converting 

M93N2 into Mg(NH2)2 during absorption. It is noted more MgH2 can help to produce 

more H2 in the cases of (LiNH2 : MgH2 = 4: 4,4: 5), which is because no more 

MgNH is available to react with extra MgH2, and 4: 3 is a effective value for the 

(LiNH2 + MgH2) mixtures. For (4LiNH2 + 2MgH2) mixture, the product from 2M 

LiNH2 and IM MgH2 is MgNH with a white-grey appearance. Insufficient amount 

MgH2 cannot ensure the step between MgNH and MgH2, therefore, (4LiNH-) + 

3MgH2) system shows less H2 desorption capacity. However, MgNH is relatively 

easy to be converted into Mg(NH-, )2 during the one-step absorption, and thus, 

majority of H2 can be recovered. For (4LiNH2 + MgH2) mixture, large desorption 

capacity only contains small amount of H-, as the LiNH2 is in significant over-dose, 

so it will inevitably bring low H2 reversibility, and gases product always contains 

NH3- 
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CHAPTER 6 CONCLUSIONS 

A systematic investigation has been carried out on LiNH2 and its extended hydrogen 

desorption characteristics when mixed with metal hydrides (MH, M= Li, Mg, Na, Al 

and Ti). The effects of milling on crystallite size, particle size, phase composition and 
desorption of the LiNH2 and its mixture with MH are characterised using SEM, X-Ray 

diffraction and Thermogravimetry (TG) and Differential Scanning Calorimetry (DSC) 

coupled with Mass Spectrometry (MS) and Pressure-Composition-Temperature (PCT). 

From the results and discussion, following points may be concluded: 

LiNH2 decomposition: 

1. XRD and IR results suggest that Li2NH is a thermally desorbed product for LiNH2, 

and MS results confirm that NH3 is a gaseous product from LiNH2. The NH3 

desorption kinetics is greatly enhanced after melting of LiNH2at 380 'C. 

2. Both milling and additives influence the thermal desorption of LiNH2, particularly 

before its melting. V205 shows the most significant effect among the additives, 

with the most amount of NH3 released (nearly 20%) before melting. 

For the (LiNH2+ LiH) System: 

3. For the (LiNH2 + LiH) mixtures: Thermal desorption results suggest that LiNH-) 

mainly evolves H2 when mixed with LiH; however, a small amount of NH3 was 

also detected for the (LiNH2+LiH) milled for Ihour, but no apparent NH3 Was 

found from the mixture after 3-4 hours of milling. Then-nal desorption of (LiNH2 + 

LiH) is closely related to milling time due to the refined particle size and uniform 

mixing by the prolonged milling time. 
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4. The H2 desorption temperature of the (LiNH2 +LiH) mixture is around 1800C, but 

the NH3 could be released from 50'C after milling, and this small amount of NH3 is 

likely to come from the defected powder surfaces in the milled mixture. 

5. Isothermal results show that the majority of weight loss was achieved under the 

constant temperature of 250'C during the desorption of (LiNH2+LiH), and V205 

shows the most significant effect on the overall isothermal desorption of 
LiNH2+LiH with the most weight loss and fast desorption rate. 

6. Among all the additives, BN shows the most significant effect on LiNH2 + LiH: 

after addition, H2desorption temperature ends at 300'C, instead of 400'C, from the 

milled sample. More importantly, the effect of BN remained unchanged after 

several cycles of hydrogenation and dehydrogenation tests. 

7. The reaction mechanism between (LiNH2 + LiH) shows the possibilities of both 

direct and transient-NH3paths. 

For the (LiNH2 + MgH2) system: 

8. Thermal results of different mixtures of (LiNH2 : MgH2= 4: 3,4: 2 and 4: 1) show 

that a longer milling time leads to a greater effect on the thermal desorption profiles, 

e. g. the amount of NH3 has been significantly reduced with prolonged milling time. 

H2 desorption temperature of all three mixtures are around 100T, with 5.5 and 6.7 

wt% weight loss for the (4LiNH2 + 2MgH2) and (4LiNH2 + 3MgH2) mixtures. Two 

endothermic peaks and H2 signal peaks at 2 10 and 31 OT are found in the DSC and 

MS results of (4LiNH2 + 3MgH2) mixture, and only one at 200 OC from the 

(4LiNH-, + 2MgH2)mixture. 

9. The desorption mechanism from different mixtures of (LiNH-) : MgH2= 4: 3,4: 2 

and 4: 1) suggests that the reaction between 2LiNH, and lMgH2 IS the preferred 
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reaction path in all the three cases. A sufficient amount of MgH2 assists the 

subsequent reactions to produce H2- 

10. In the reversibility measurement, the (4LiNH2 + 3MgH2 ) sample after cycling 

shows only 1.6 wt% reversible H2 capacity, with the presence of Li2NH, Mg(NH-))2 

and MgNH. Therefore, Li2NH, MgNH and Mg(NH2)2 remain to perform reversible 
functions in subsequent cycles. However, the practical reversible H-, capacity is 

much lower than the theoretical one. This may be due to the difficulties Of M93N2 

being converted into MgNH and Mg(NH2)2 in the absorption process. 

11. In the case of (4UNH2 + 2MgH2), the sample shows more than 4 mass% reversible 

capacity, and Li2NH and MgNH are the products to perfon-n H2 functions in the 
following reversible cycles. So, (4LiNH2 + 2MgH2) is regarded as an optimum 

choice among the Li-N-Mg-H materials. 

12. The mixing between LiNH2and other hydrides, KH, CsH, NaH, CanH2 and AIH3, 

suggest that H2is only desorbed from the (LiNH2+ CaH2)mixture. 
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CHAPTER 7 FUTURE WORK 

From the present findings, several issues need further investigation for the new hybrid 

systems, which include in-depth understanding of the current systems and the 
development of more desirable M-N-H systems. These are described as follows: 

a) To modify H2 sorption properties of the M-N-H system, including structural 

modification on LiNH2 to improve its reactivity with hydride candidates; 

b) To develop an alternative method of processing the powder mixtures so as to 

efficiently reduce the impurity gas desorption, e. g. pre-milling LiNH2, addition of a 

small amount of LiH; 

C) To explore other altemative systems, e. g. UNH2 + LiAIH4/LiBH4, research still 

needs to focus on the basic hydrogen sorption properties and mechanism of both 

Ilu absorption and desorption processes; 

d) To synthesis M-N-H related materials, e. g. MgNH, by the gas-solid reaction or wet 

chemistry synthesis; 
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