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ABSTRACT 

A crucial obstacle to the realization of a "hydrogen economy" is the development 

of practical means of on-board hydrogen storage. Storing hydrogen as a gas at high 

pressures, or as a liquid at cryogenic temperatures, is impractical due to safety concerns 

and volumetric constraints. This has prompted extensive efforts to develop solid 

hydrogen-storage systems, such as metal hydrides, advanced carbons, and metal organic 

frameworks, for vehicular use. 

In 1997, Bogdanovic and Schwickardi reported that hydrogen could be reversibly 

evolved from solid sodium alanate (NaAlR;) under moderate conditions upon mixing the 

hydride with a few mole percent of selected transition metal complexes. Yet, over a 

decade later, the fundamental basis of the kinetic enhancement of hydrogen cycling that 

arises upon doping remains unresolved. An understanding of this novel solid-state 

chemistry would be significant to the efforts of developing other complex metal hydrides 

for hydrogen storage. Thus, our studies have focused on elucidating the nature of the 

dopants and the structural effects they exert on NaAlR; through various spectroscopic 

techniques. 

The titanium dopant was characterized through electron paramagnetic resonance 

studies. Anelastic spectroscopy studies revealed the formation of point defects during 

dehydrogenation of Ti-doped NaAlR;. The formation of defects was subsequently 

supported by positron annihilation spectroscopy. Muon spin rotation studies further 

elucidated the hydrogen dynamics of dehydrogenation. The results of these studies, 

which connect previous findings and lead to a better understanding of the enigma of Ti

doped NaAlR;, will be presented. 

v 



TABLE OF CONTENTS 

Acknowledgements ............................................................................................................ iv 

Abstract ................................................................................................................................ v 

List of Tables ..................................................................................................................... xi 

L· fF· .. 1st 0 19ures ••.....•...........•........•.........•.............•••..••••••.•••...•...........•.....•.•..••.•...•......•.•...•. Xl! 

List of Abbreviations ....................................................................................................... xvi 

Chapter I: Introduction .................................................................................................. 1 

1.1 Hydrogen: The Energy Carrier ...................................................... .4 

1.2 Hydrogen Storage Problem .............................................................. 7 

1.3 Different Forms of Hydrogen Storage ............................................. 8 

1.3.1 Gaseous and Liquid Hydrogen Storage ............................... 9 

1.3.2 Carbon-Based Materials and High Surface 

Area Adsorbents ................................................................... 9 

1.3.3 Metal Hydrides ................................................................... 10 

1.3.4 Cheruical Hydrogen Storage .............................................. 14 

1.4 System Requirements ..................................................................... 15 

1.4.1 Gravimetric ........................................................................ 15 

1.4.2 Volumetric ......................................................................... 15 

1.4.3 Durability ........................................................................... 16 

1.4.4 Cost .................................................................................... 16 

1.4.5 Efficiency ........................................................................... 17 

1.4.6 Refueling ............................................................................ 17 

vi 



1.5 Titanium-Doped Sodium Alanate .................................................. 1 9 

1.6 Characterization and Mechanistic Studies ofTi-Doped NaAl.I4 .. 21 

1.6.1 Electron Paramagnetic Resonance ..................................... 21 

1.6.2 Anelastic Spectroscopy ...................................................... 21 

1.6.3 Positron Annihilation ......................................................... 22 

1.6.4 Muon Spin Rotation ........................................................... 22 

1.7 Sumrnary ........................................................................................ 23 

Chapter 2: Electron Paramagnetic Resonance Studies ................................................ 26 

2.1 Introduction .................................................................................... 26 

2.1.1 EPR Signa1 ......................................................................... 26 

2.1.2 g-Factor .............................................................................. 30 

2.1.3 Line Shape ........................................................................ .3 1 

2.1.4 Hyperfine Coupling ........................................................... 31 

2.1.5 Anisotropy .......................................................................... 32 

2.1.6 EPR of Transition Metal Ion Complexes ........................... 33 

2.1.7 EPR ofTi-Doped NaAl.I4 ................................................. 34 

2.2 Experimental .................................................................................. 35 

2.2.1 Materials ............................................................................ 35 

2.2.2 Purification ofNaA1I4 ...................................................... 36 

2.2.3 Doping Procedure .............................................................. 36 

2.2.4 Kinetic Measurements ....................................................... 36 

2.2.5 Electron Paramagnetic Resonance Studies ........................ 37 

2.3 Results ............................................................................................ 37 

vii 



2.4 Discussion ..................................................................................... .41 

2.5 Conclusion .................................................................................... .42 

Chapter 3: Anelastic Spectroscopy Studies ................................................................ .45 

3.1 Introduction ................................................................................... .45 

3.1.1 Elastic Dipole and Thermodynamics of the Relaxation ... .45 

3.1.2 Anelastic Relaxation Setup ............................................... .46 

3.1.3 Elastic Energy Loss and Anelastic Spectrum ................... .47 

3.1.4 Measuring Q-l .....••...........• __ ..................•.•...........•......•.....•. 50 

3.2 Experimental .................................................................................. 52 

3.2.1 Materials ............................................................................ 52 

3.2.2 Purification ofN~ ...................................................... 52 

3.2.3 Doping Procedure .............................................................. 52 

3.2.4 Kinetic Measurements ....................................................... 52 

3.2.5 Anelastic Spectroscopy Samples ....................................... 53 

3.2.6 Anelastic Spectroscopy Measurements .............................. 53 

3.3 Results ............................................................................................ 54 

3.4 Discussion ...................................................................................... 57 

3.5 Conclusion ..................................................................................... 64 

Chapter 4: Positron Annihilation Studies .................................................................... 67 

4.1 Introduction .................................................................................... 67 

4.1.1 What is a Positron? ............................................................ 67 

4.1.2 Making Positrons ............................................................... 68 

4.1.3 Positron Annihilation ......................................................... 69 

viii 



4.1.4 Positron Lifetime Spectroscopy ......................................... 71 

4.1.5 Annihilation-Line Doppler-Broadening ............................. 73 

4.1.6 Doppler-Broadening Coincidence Technique .................... 74 

4.1.7 S Parameter ........................................................................ 77 

4.2 Experimental .................................................................................. 78 

4.2.1 Materials ............................................................................ 78 

4.2.2 Purification ofNaAll4 ...................................................... 78 

4.2.3 Doping Procedure .............................................................. 78 

4.2.4 Dehydrogenation and Rehydrogenation of Samples .......... 78 

4.2.5 X-Ray Diffraction and Doppler-Broadening 

Measurements .................................................................... 79 

4.2.6 Peak: Profile Analysis ......................................................... 79 

4.2.7 Estimation of S Parameter in Doppler-Broadening 

Spectra ................................................................................ 80 

4.3 Results ............................................................................................ 80 

4.4 Discussion ...................................................................................... 88 

4.5 Conclusion ..................................................................................... 89 

Chapter 5: Muon Spin Rotation Studies ...................................................................... 91 

5.1 Introduction .................................................................................... 91 

5.1.1 What is a Muon? ................................................................ 91 

5.1.2 Making Muons ................................................................... 92 

5.1.3 What is Measured? ............................................................ 92 

5.1.4 Using,uSR to Study Hydrogen .......................................... 96 

ix 



5.1.5 Zero-Field Relaxation ........................................................ 97 

5.2 Experimental ................................................................................ 1 00 

5.2.1 Materials .......................................................................... 1 00 

5.2.2 Doping Procedure ............................................................ 100 

5.2.3 ,uSR Samples .................................................................... 100 

5.2.4 ,uSR Measurements .......................................................... 1 00 

5.3 Results .......................................................................................... 101 

5.4 Discussion .................................................................................... 1 09 

5.5 Conclusion ................................................................................... 111 

Chapter 6: Conclusion and Future Studies ................................................................ 113 

x 



LIST OF TABLES 

Table Page 

1.1 DOE Technical Targets: On-Board Hydrogen Storage Systems ............................ 6 

xi 



LIST OF FIGURES 

Figure Page 

1.2 Proton exchange membrane fuel cell by Ballard Power 
Systems .................................................................................................................... 6 

1.3 Family tree ofhydriding alloys and complexes ..................................................... 11 

1.4 van't Hofflines for various ABs hydrides ............................................................. 12 

1.5 Thermal programmed desorption of hydrogen from NaA1J4 
doped with 2 mol % Ti(OBu")4 .............................................................................. 20 

2.1 Energy levels for a parnmagnet with spin y. .......................................................... 27 

2.2 Absorbance and first derivative spectra of a free electron ..................................... 29 

2.3 EPR spectrum of CHJ radical ................................................................................ 32 

2.4 EPR spectrum of2 mol % TiFJ doped NaA1J4, uncycled .................................... 38 

2.5 EPR spectrum of2 mol % TiFJ doped NaA1J4, 3 cycles ...................................... 38 

2.6 EPR spectrum of2 mol % TiFJ doped NaA1J4, 5 cycles ...................................... 38 

2.7 EPR spectrum of2 mol % TiFJ doped NaA1J4, 10 cycles .................................... 38 

2.8 EPR spectrum of 2 mol % TiCh doped NaA1J4, uncycled ................................... 39 

2.9 EPR spectrum of 2 mol % TiCh doped NaA1J4, 3 cycles .................................... 39 

2.10 EPR spectrum of2 mol % TiCh doped NaA1J4, 5 cycles ................................... .40 

2.11 EPR spectrum of2 mol % TiClJ doped NaA1J4, 10 cycles ................................. .40 

2.12 EPR spectrum of 2 mol % cubic AlJ Ti doped NaA1J4 ........................................ .40 

3.1 (a) Uniaxial and (b) shear strains. (c) Interstitial atoms and 
corresponding elastic dipoles under the application of a 
uniaxial 0"1 stress. (d) Effect of 0"1 on the defects and strain ................................ .46 

3.2 Anelastic relaxation setup ..................................................................................... .47 

xii 



3.3 (a) Contribution of a Debye relaxation process to the 
imaginary and real parts of the dynamic stiffness at two 
measuring frequencies. (b) Ane1astic spectrum with two 
processes having the relaxation rates plotted in the upper 
part, measured at the two frequencies WI and liJ2 .................................................. .49 

3.4 Free decay method ................................................................................................. 5I 

3.5 Forced oscillation method ...................................................................................... 51 

3.6 Low-temperature dependence of the elastic energy loss of 
Ti-doped NaAlH4 ................................................................................................... 55 

3.7 Elastic energy loss of the thermally treated Ti-doped 
NllAlli! and best fits obtained by means of the model with 
Gaussian distribution functions of the activation energy and 
relaxation time ....................................................................................................... 56 

3.8 Elastic energy loss of Ti-doped NaAIR! after a thermal 
treatment at 436 K and of Ti-doped NaAlD4 after a thermal 
treatment at 441 K .................................................................................................. 57 

3.9 Elastic energy loss of pure NaAlH4, Na3AIH6, NaH, and AI, 
compared with the Q-I of thermally treated NaAlH4, 
showing the relaxation peak at 70 K ...................................................................... 58 

3.10 Elastic energy loss of pure NaH and NaH + AI + 2 mol % 
Ti after 10 h hydrogenation at 120°C and 10 MPa H2 
compared with the Q-I of thermally treated NaAlH4, 
showing the relaxation peak at 70 K ...................................................................... 61 

3.11 Elastic energy loss of NaH + AI + 2 mol % Ti after 12 h 
hydrogenation at 120°C and 10 MPa H2 ................................................................ 62 

3.12 Ti-doped NaAlH4 dehydrogenated at 160°C for 12 h (back 
pressure of 0.1 MPa), rehydrogenated at 120°C for 12 h (10 
MPa H2) after I, 5, and 10 cycles .......................................................................... 63 

3.13 Ti-doped NaAlH4 dehydrogenated at 160°C for 12 h (back 
pressure of 0.1 MPa), rehydrogenated at 120°C for 12 h (10 
MPa H2) after 1 and 10 cycles ............................................................................... 64 

4.1 Scheme of the sample-source sandwich arrangement ........................................... 68 

xiii 



4.2 In the positron experiment, the positrons penetrate the 
sample, during which they thermalize, diffuse, and, finally 
are trapped in defects ............................................................................................. 69 

4.3 Comparison of types of defects and positron lifetimes .......................................... 70 

4.4 Setup for the positron lifetime experiment ............................................................ 72 

4.5 Doppler-broadening spectra of as-grown gallium arsenide 
showing no positron trapping compared with plastically 
deformed GaAs ...................................................................................................... 74 

4.6 Setup for Doppler-broadening coincidence technique ........................................... 75 

4.7 Doppler-broadening coincidence spectra of Zn-doped GaAs. 
(a) Two-dimensional array of coincident annihilation 
events. (b) Demonstration of background reduction ............................................. 76 

4.8 XRD profiles and lattice constants in (a) as prepared 
NaAlHt and (b) heated at 393 K for 30 min .......................................................... 8l 

4.9 S parameter in (a) as prepared NaAl14 and (b) heated at 
393 K for 30 min .................................................................................................... 82 

4.10 Changes in XRD profiles during heating at 393 Kin ball-
mill Ti-doped NaAlHt ............................................................................................ 83 

4.11 Peak analysis by Rietveld method in XRD profiles during 
heating at 393 K in ball-mill Ti-doped NaAlHt. (a), (b), (c) 
lattice constants in NaA1l4, AI, NaAh14, respectively, and 
(d) phase fractions .................................................................................................. 83 

4.12 Changes in S parameter during heating at 393 K in ball-mill 
Ti-doped NaAlHt ................................................................................................... 84 

4.13 Changes in (a) XRD profiles and (b) phase fractions during 
rehydrogenation at 373 K and 10 MPa H2 in ball-min Ti-
doped NaAl14 ........................................................................................................ 85 

4.14 Changes in S parameter during rehydrogenation at 373 K 
and 10 MPa H2 in ball-min Ti-doped NaAl14 ....................................................... 85 

4.15 Changes in (a) S parameter and XRD profiles during (b) 
dehydrogenation at 393 K under vacuum and (c) 
rehydrogenation at 373 K and 10 MPa H2 in ball-mill Ti-
doped NaA1l4 as a function of cycles ................................................................... 86 

xiv 



4.16 Peak analysis by Rietveld method in XRD profiles in the 
dehydrogenated products of ball-mill Ti-doped NlIAll4 
heated at 393 K under vacuum as a function of cycles. (a), 
(b), (c) lattice constants in AI, NaAhH6, NaH, respectively, 
and (d) phase fractions ........................................................................................... 87 

4.17 Peak analysis by Rietveld method in XRD profiles in the 
rehydrogenated products of ball-mill Ti-doped NlIAll4 
heated at 373 K and 10 MPa H2 as a function of cycles. (a), 
(b), (c) lattice constants in NaAI~, AI, NaA131ft;, 
respectively, and (d) phase fractions ...................................................................... 88 

5.1 Pion decay to spin-polarized muons ...................................................................... 92 

5.2 Spin Y:z energy levels .............................................................................................. 93 

5.3 Positive muon decay .............................................................................................. 94 

5.4 (a) Positive muon probes its local environment. (b) Setup 
of JlSR experiment ................................................................................................. 95 

5.5 (a) The number of hits is plotted for the forward and 
backward detectors. (b) Fractional difference between 
spectra (spin relaxation) ......................................................................................... 96 

5.6 Interstitial muon site in a lattice ............................................................................. 97 

5.7 Schematic of a zero-field JlSR setup ...................................................................... 98 

5.8 Kubo-Toyabe zero-field relaxation function ......................................................... 99 

5.9 Time-dependent Jl-e decay asymmetry (a muon 
polarization) observed in undoped (a) and (b) and Ti-doped 
(c) and (d) NlIAll4, respectively, at about 5 K and 240 K 
under zero-external field ...................................................................................... 1 02 

5.10 Temperature dependence of (a) Q)d. (b) A, (c) t!., (d) v, and 
(e)fd extracted from JlSR spectra using i-minimization fits. 
The value ofreducedi is also shown in (f) .•.....................................................• 105 

5.11 Temperature dependence of the fractional yield for (a) 
muon-dialanate state (j), (b) muons at the O-site (g), and ( c) 
undamped state (h), where f + g + h s 1. (d) Crystal 
structure ofNlIAll4 where half of the unit cell is displayed ............................... 107 

xv 



LIST OF ABBREVIATIONS 

% percent 

° degree 

A angstrom 

AC alternating current 

A(t) time evolution of positron decay asymmetry 

atm atmospheres of pressure 

B magnetic field 

p Bohr magneton 

AS halfwidth 

°C degree Celsius 

cm centimeter 

CW continuous wave 

~ change 

DFT density functional theory 

DOE Department of Energy 

e+ positron 

e" electron 

E energy/activation energy 

& energy 

EELS electron energy loss spectrum 

EPR electron paramagnetic resonance 

xvi 



eV electron volt 

EXAFS extended x-ray absorption fme structure 

f frequency 

g gram 

g Lande splitting factor (g-factor/value) 

G gauss 

GHz gigahertz 

h hour 

h Planck's constant 

I intensity 

IR infrared 

J joule 

k Boltzmann constant 

K Kelvin 

keY kilo-electron volt 

kg kilogram 

kHz kilohertz 

kJ kilojoule 

kV kilovolt 

I length 

L liter 

i.. annihilation rate 

rnA milliamp 

xvii 



MeV mega-electron volt 

mg milligram 

MHz megahertz 

min minute 

ml milliliter 

nun millimeter 

MOF metal organic framework 

mol mole 

MPa mega-Pascal 

mW milliwatt 

+ 
J.l muon 

J.lffi micrometer 

J.lS microsecond 

,uSR muon spin rotation 

n number 

nm nanometer 

NMR nuclear magnetic resonance 

p proton 

+ pion 1f 

PEM proton exchange membrane 

psi pounds per square inch 

Q-t elastic energy loss coefficient 

rpm revolutions per minute 

xviii 



s second 

0- stress 

r relaxation time, positron lifetime 

T tesla 

T temperature 

TEM transmission electron microscopy 

TT thennal treatment 

v frequency 

V volt 

()} angular vibration frequency 

wt weight 

XANES x-ray absorption near edge structure 

XRD x-ray diffraction 

xix 



CHAPTERl 

INTRODUCTION 

Energy is the most basic of modem human needs. Energy for transportation, 

lighting, pumping, electronic devices, refrigeration, and other uses is central to the way 

humans live today. The twentieth century saw the rise of fossil fuels as the dominant 

sources for energy, with electricity and liquid fuels serving as the bloodstream of the 

global economy. Relatively cheap and plentiful, carbon-based energy has brought 

unprecedented advancement, personal freedom, and economic prosperity. But the 

increased use of fossil fuels has brought the twin problems of resource depletion and 

environmental degradation. These problems now threaten the very prosperity that fossil 

fuel use has afforded modern life. The increased awareness of these concerns and desire 

for solutions position research on alternative energy sources as a critical area of study. 

Fossil fuels from coal, petroleum oil, and natural gas, are a finite resource. 

Worldwide, fossil fuels currently account for more than 85 percent of energy 

consumption. Petroleum fuels-gasoline, diesel fuel, jet fuel-account for 95 percent of 

all transportation energy consumed in the world today.l The dwindling supply of 

petroleum may no longer keep up with escalating demand. AIl global population and 

desire for higher standard of living increase, energy demand has accelerated and resulted 

in the rapid depletion of available petroleum reserves. The case of peak oil theory 

postulates that we have already used about half of all the liquid petroleum locked deep 

below the Earth's surface.2 The increased recognition of decreasing petroleum supply 
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has had an effect on both the price of oil and the awareness of extreme vulnerability due 

to oil dependency. 

The era of cheap petroleum energy is over. The price of crude oil has grown from 

$10 per barrel in 1974 to nearly $100 per barrel in 2007 (in terms of the composite refiner 

acquisition cost of imported and domestic crude oil).3 A doubling in the price of oil on 

the world market occurred in 2007 alone. The volatile price of oil has been driven by 

supply concerns as well as producer cartels who seek to maximize profit from the oil they 

produce. 

The economic impact of oil use is not only felt by consumers through increased 

prices, but also by environmental degradation. The enormous amount of pollution 

generated from the combustion of fossil fuel has an antagonizing effect on the Earth's 

environmental health. Tens of billions of tons of fossil fuel combustion waste are 

released into the atmosphere every year. In particular, the implication of fossil fuel use in 

driving global climatic changes has become a crucial concern. Many believe climate 

change will be the greatest threat facing the world populace because of humankind's long 

dependence on carbon-based fossil energy.4 

Carbon-once locked underground for hundreds of millions of years-has 

systematically increased in the Earth's atmosphere, fostering the phenomenon known as 

climate change. From the combustion reaction of hydrocarbons with oxygen, carbon 

dioxide (C~) and water are formed. According to atmospheric sampling taken on top of 

Mauna Loa in Hawaii, the concentration of CO2 has increased from approximately 316 

parts per million in 1959 to 384 parts per million in 2007.5 Carbon dioxide, along with 

other greenhouse gases such as methane and nitrous oxide, allows the sunlight's energy 
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to pass through the Earth's atmosphere inbound, while trapping outbound heat energy 

reflected off the planet's surface as infrared radiation. The trapped heat thus increases 

surface temperatures, which cause polar ice to melt and surface water to expand. 

Stronger storm events, shifting ecosystems, hotter temperatures, ocean acidification, and 

higher sea levels are believed to accompany the increased concentration of greenhouse 

gases in the Earth's atmosphere.6 

Carbon dioxide is the most significant component behind human-induced climate 

change. According to the Nobel Prize-winning Intergovernmental Panel on Climate 

Change, annual emissions of C02 have grown between 1970 and 2004 by about 80 

percent, from 21 to 38 metric gigatons.6 In the U.S., coal-fired power plants are the 

largest source ofCOz pollution, emitting about 2.5 billion tons annually.4 Motor vehicles 

release an additional 1.5 billion tons of COz annually. Every gallon of gasoline burned 

generates around 20 pounds of C02 and other global-warming pollutants.7 

In addition to global climate change, fossil fuel combustion contributes to other 

negative environmental impacts. Smog causes increased concentrations of undesirable 

sulfur dioxide, nitrogen oxides (NO.), unburned hydrocarbons, carbon monoxide, and 

other particulate matter. According to the World Health Organization, 800,000 deaths 

around the world annually have been linked to fossil fuel air pollution.8 In addition to 

smog, formation of sulfuric and nitric acids causes the phenomenon of acid rain, which 

also has significant adverse impact on the natural environment. The mounting 

environmental consequences brought by unbridled fossil fuel use underscore the need to 

explore alternative methods of producing and distributing energy. 
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1.1 Hydrogen: The Energy Carrier 

As concern grows over rising petroleum prices, dependency on foreign oil, and 

global climate change, research efforts have focused on the development of alternative 

energy sources. One critical research focus has been the examination of alternative forms 

to store--or "carry"-energy from new and existing sources. Hydrogen has 

demonstrated promise as an effective energy carrier. In 2003, the U.S.'s Hydrogen Fuel 

Initiative set up a research framework and $1.2 billion in funding to develop fuel cells 

and research hydrogen production, storage, and delivery infrastructure technologies. 

Using hydrogen may not only reduce dependence on imported oil, but also benefit the 

environment by reducing the amount of greenhouse gases and pollutants emitted. 

Hydrogen is the most abundant element in the universe; however, it is mostly 

bound in minerals, hydrocarbons, and water. Hydrogen is an energy carrier, much in the 

same way a battery is a carrier of electrical energy. It is not a fuel that can be harvested 

from fields or from the sea, mined like coal, or pumped from the ground like oil or 

natural gas. Hydrogen can be generated from a diversity of energy sources, including 

fossil, nuclear, wind, solar, hydropower, and biomass. As an energy carrier, hydrogen 

provides access to affordable, locally produced, zero-emission energy. It is particularly 

suited to be used in combination with renewable energy sources, such as wind or 

photovoltaic energy, which produce energy intermittently. When mated with a renewable 

energy source, hydrogen can serve as a carrier to store surplus renewable energy as it is 

produced and release that energy when demand increases or the natural source of energy 

decreases. In this way, hydrogen can be the storage medium for all the various forms of 

primary energy, allowing it to be used on demand, and when and where needed. 
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Hydrogen is a manufactured fuel in the same way that gasoline is a manufactured 

fuel derived from petroleum. Currently, the cheapest way to obtain hydrogen gas is by 

extracting it from natural gas, although this process defeats the goal of reducing fossil 

fuel use. Reformation of narural gas involves pushing it through steam to split the 

methane (C~) molecules into their component carbon and hydrogen elements. This 

process releases C02 as a by-product, thus, it contributes to greenhouse gas pollution, but 

much less than a comparable amount of energy from the combustion of coal or oil. 

Hydrogen can also be produced by electrolysis of water which splits H20 

molecules into hydrogen (H2) and oxygen (02), by passing a DC electric current through 

water which serves as the electrolyte. The oxygen is drawn to the anode and the 

hydrogen to the cathode where it is collected for use. 

Another way of producing hydrogen via a pollution-free process is through 

microorganisms which directly produce large quantities of hydrogen as a biomass 

digestion waste product. Research is being conducted globally to produce bacteria and 

microscopic algae that, under the right conditions, produce pure hydrogen that could 

directly power a fuel cell.9 

In a fuel cell, hydrogen combined with oxygen creates electricity, with only water 

and heat as byproducts. Figure 1.1 is a schematic of an idealized proton exchange 

membrane (PEM) fuel cell, which works by separately pushing hydrogen and oxygen, 

under pressure, into channels on opposite sides of the electrolyte membrane. When the 

hydrogen atoms on the anode side come into contact with the catalyst, they dissociate 

into free electrons and protons. The PEM membrane allows only the protons to pass 

through to the cathode side where they bond with oxygen molecules. The electrons that 
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were stripped away on the anode side of the membrane cannot get through. Instead, they 

are forced out through the anode to fornl a stream of electricity that can be harnessed in 

an extemal circuit. The circuit is closed by linking the external flow of electrons back to 

the cathode side of the fuel cell. Electrons returning on the cathode side combine with 

oxygen and free hydrogen protons that are allowed to pass directly through the 

membrane. This process generates on ly water and heat and, since there is no combustion, 

there are no resulting combustion byproducts. lo 

FuelHl 
(Hydrogen) 

Used fuel 
Rec:ircul.tes 

Flow Field 
Plilt. 

Gas Oifhalon 
Elltetrod" (Anod.~ 

Cat.'yst 

ELECTRIC CIRCUIT 
(40% - 60% Efficiency} 

I 

:::::I::l:~- 02 (Oxygen) 
from Air 

HutI5S·C) 
Wate, or Air Cooled 

• 

~FIOWFjl!ld 
Plitt .. 
G.u Diffusion 
E.I.ctrod. (Cathode) 

L ______ (ilIt"l),st 

Proton Exchange Membranl! 

Figure 1.1 Proton exchange membrane (PEM) fue l cell by Ballard Power Systems. 

Hydrogen fuel cells possess a number of desirab le attributes as energy storage 

devices. Fuel cells can be highly effic ient when coupled with systems that recapture the 

energy in the fuel cell's waste heat. They are modular and scalar in nature, allowing 
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them to be appropriately sized for the application. Fuel celIs are now being designed to 

power motor vehicles, including buses, trucks, railroad locomotives, and ships, as weIl as 

ceIl phones and laptop computers. I I 

1.2 Hydrogen Storage Problem 

The development and improvement of high performance hydrogen carriers are 

becoming increasingly important with the rea1ization of hydrogen powered vehicles and 

electronic devices. In additional to on-board vehicular applications, hydrogen storage is 

needed for off-board uses such as stationary power generation, and hydrogen production, 

delivery, and refueling infrastructure. Widespread vehicular hydrogen adoption faces a 

challenging-if familiar--crux. Without established hydrogen distribution infrastructure 

to refuel hydrogen fuel cell cars, consumers will be hesitant to purchase them. But 

without a critical mass of fuel cell cars to service, businesses will be reluctant to invest 

billions of doIlars to build a hydrogen distribution network. This challenge-while not 

insurmountable-poses a significant market hurdle. Beyond the development of 

hydrogen distribution infrastructure, perhaps the most significant obstacle is the 

development of practical means of on-board hydrogen storage. This obstacle is 

compounded by the competing design objectives presented in vehicular design. 

Compared to gasoline, hydrogen has a very high energy content by weight (about 

3 times more). The enthalpy, aHr, of the foIlowing reaction is -286 kJ/mol: 

H2 (g) + Yo O2 (g) -> H 20 (/) (1.1) 

Hydrogen, however, has a low energy content by volume since it is a gas at ambient 

temperature and pressure (about four times less energy per volume than gasoline), 
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making adequate hydrogen storage difficult. To be competitive with conventional 

vehicles, the driving public expects a vehicle that can carry enough hydrogen on-board 

for a driving range of at least 300 miles. 12 

The challenge for hydrogen storage is developing a material that will store the 

necessary amount of hydrogen while accommodating the vehicular constraints of weight, 

volume, efficiency, durability, cost, and safety. To date, most auto manufacturers 

developing fuel cell cars have selected to store compressed hydrogen gas in high 

pressure, carbon fiber tanks. But the concerns of high cost, safety, and volumetric 

constraints have led manufacturers to explore alternatives that are more practical. Over 

the past several decades, metal hydrides have been utilized in limited applications as 

hydrogen storage materials. Commercial vehicular applications, however, impose very 

stringent demands on hydrogen absorbing materials. Crucial criteria include a highly 

available hydrogen weight percentage, rapid hydrogen cycling kinetics, a suitable 

hydrogen plateau pressure at moderate temperature, sufficient cycling lifetimes, and low 

cost. 12 No hydrogen absorbing metal or alloy has yet been discovered that meets all of 

the performance and cost requirements. 

1.3 Different Forms of Hydrogen Storage 

Current on-board hydrogen storage technologies include compressed hydrogen 

gas tanks, liquid hydrogen tanks, carbon-based materials or high surface area adsorbents, 

metal hydrides, and chemical hydrogen storage. Hydrogen atoms or molecules bound 

tightly with other elements in a compound make it possible to store larger amounts of 

hydrogen in smaller volumes, low pressure, and near room temperature. Complex metal 
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hydrides, the focus of our research, are reversible systems because hydrogen regeneration 

can take place on-board the vehicle. Likewise, gas, liquid, or high surface area adsorbent 

systems are also reversible. Chemical hydrogen storage systems, which produce 

hydrogen on-board via a chemical reaction, are not reversible because the spent materials 

must be removed from the vehicle and regenerated off-board. 

1.3.1 Gaseous and Liquid Hydrogen Storage 

Hydrogen can be physically stored as a gas or liquid. High-pressure tanks with 

pressures between 5,000 and 10,000 pounds per square inch (psi) are necessary to store 

hydrogen as a gas. Liquid hydrogen tanks can store more hydrogen in a given volume 

than compressed gas tanks. The volumetric capacity for liquid hydrogen is 0.070 kgIL 

compared to 0.030 kgIL for 10,000 psi compressed gas tanks. Cryogenic temperatures, 

however, are necessary to store hydrogen as a liquid since the boiling point of hydrogen 

at I atm is -252.8°C. Liquid hydrogen requires a more complex and costly dispensing 

system than gaseous hydrogen, and it also tends to boil off or revert to its gaseous form 

over time in storage tanks. These requirements for hydrogen storage as a compressed gas 

or cryogenic liquid deem it impractical for vehicular applications. 

1.3.2 Carbon-Based Materials and High Surface Area Adsorbents 

Hydrogen can be stored on the surface of solids by adsorption. Hydrogen attaches 

to the surface of the material as either hydrogen molecules (H2) or hydrogen atoms (H). 

Adsorption typically requires highly porous materials to maximize surface area available 

for hydrogen adsorption to occur. Examples of such carbon-based materials are 
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nanotubes, aerogels, and nanofibers, which include metal-doped hybrids. Hydrogen 

uptake by these materials ranges from 3-10 weight percent (wt %), however, 

reproducibility of these results greatly varies. I) The high cost and large-scale 

manufacturing processes render these materials less economical. 

High surface area adsorbents such as microporous metal organic frameworks 

(MOFs) report hydrogen capacity up to 4 wt % at 78 K, but only 1 wt % at room 

temperature.13 These operating conditions would require on-board liquid nitrogen to cool 

the material, which would render such system too complex and too costly to work. In 

addition, the highly porous nature ofMOFs significantly reduces its volumetric capacity. 

1.3.3 Metal Hydrides 

Metal hydrides (Figure 1.2) have the advantage of on-board release and storage at 

moderate temperatures and pressures.14 Hydrogen can be stored within solids by 

absorption-hydrogen atoms are incorporated into the lattice framework of the solid. 

Hydrogen storage in solid materials provides storage of larger amounts of hydrogen in 

smaller volumes at lower pressures and ambient temperatures. Materials-based hydrogen 

storage also has the advantage of greater volumetric storage densities because the 

hydrogen molecule is dissociated into atomic hydrogen within the metal hydride 

structure. 
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Figure 1.2 Family tree ofhydriding alloys and complexes. TM = transition metal. 

For PEM fuel cell applications, a pressure range of 1-10 atm and temperature 

range of25-120·C are ideal because waste heat from the fuel cell can be used to release 

hydrogen from the storage material. If the material has a too high plateau pressure, high 

hydrogen pressure is necessary for rehydrogenation. Many intermetaIlic alloys, ABs, 

AB2, AB, A2B, function in this ideal range and incorporate hydrogen into its crystal 

structure, usually bound in interstitial sites in a metallic state. 14 

Thermodynamics dictate the plateau pressures must increase with temperature, 

usually close enough to the van't Hoff equation: 

Ml M 
InP=---

RT R 
(1.2) 

where Ml and M are the enthalpy and entropy changes of the hydriding reaction, T is 

absolute temperature, and R is the gas constant. The dehydriding reaction is endothermic 

and for many solid metal hydrides, M ;: 130 J·morlKI H2, thus, for the reverse 
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hydriding reaction, tV{ and t:;S are negative. The value of tV{ is a fundamental measure 

of the M-H bond strength. In the van't Hoff plot (In P vs. 111), various materials with 

different thermal stabilities are compared. An example of a van't Hoff plot is shown 

below in Figure 1.3. LaNisH6 is a simple metal hydride that functions in the ambient 

temperature range, however, its gravimetric capacity (1.3 wt % hydrogen) is too low and 

cost too high for vehicular applications.14 

I 

0.1 +---..----,r--.....l-r---r.:......~ 
a 3 3.' 4 

(IOOIT, s;., 

Figure 1.3 van'! Hoff lines for various AB, hydrides. Pd is the mid-desorption plateau pressure. 
(Sandrock, 1999). 

With complex metal hydrides, hydrogen is covalently bound within the molecular 

structure to central atolns in complex anions. Examples of transition metal complexes are 

MS2N~ and MS2FeH6. Although they have higher hydrogen content, their potential is 

limited by slow kinetics and high temperatures needed for H2 desorption.14 MgH2 has the 

potential for 7 wt % hydrogen, but requires very high temperatures for 

dehydrogenation. IS 
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Group I and II salts of alanates, amides, and borohydrides, [AlR!r. [NH2L and 

[BR!L respectively, are currently referred to as complex hydrides. Upon contact with 

water, many of these complex hydrides rapidly evolve hydrogen, but these hydrolysis 

reactions are highly irreversible, precluding their use in rechargeable systems. The 

thermodynamics of the direct reversible dehydrogenation of some complex hydrides lie 

within the limits that are required for practical, on-board use, but high kinetic barriers to 

dehydrogenation and/or rehydrogenation in the solid state prevent its use in vehicular 

applications.16 

In 1997, Bogdanovic and Schwickardi reported that hydrogen could be reversibly 

evolved from solid sodium alanate (NaA1R!) under moderate conditions upon mixing the 

hydride with a few mole percent of selected transition metal complexes.17 NaA1R! 

releases hydrogen reversibly by the following two-step reaction: 18 

NaA1R! B 113 Na3AlHt; + 2/3 AI + H2 

Na3AIH6 B 3 NaH + AI + 3/2 H2 

(1.3) 

(1.4) 

At 1 atm pressure, 3.8 wt % hydrogen is released during the first reaction at temperatures 

above 33'C. The second reaction releases an additional 1.8 wt % hydrogen above 11O'C. 

Thus, theoretically 5.6 wt % hydrogen should be available from this system, however, 

only 4 wt % reversible hydrogen content has been experimentally demonstrated.19 

Recent studies have focused on a lithium amide system that can reversibly store 

6.8 wt % hydrogen, with a potential of 10 wt %. The following reaction takes place at I 

atm and 285'C:20•21 

(1.5) 
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This temperature, however, is outside the vehicular operating range. Studies found 

magnesium substitution lowers the reaction temperature to 220·C, but at higher pressures 

of up to 80 atm and lower capacity of5.4 wt % hydrogen.22-24 

1.3.4 Chemical Hydrogen Storage 

Chemical hydrides generate hydrogen through a chemical reaction with water or 

alcohols. The downside to these materials is the reaction is not reversible on-board, and 

the spent fuel must be regenerated off-board, which requires energy. 

Sodium borohydride (NaB~) reacts with water to generate hydrogen, and has a 

gravimetric capacity of 4 wt % hydrogen. This hydrolysis reaction produces borate 

(NaB02), but currently there is no economical process to convert it back to NaB~. In 

addition, the water required for hydrolysis must be carried on-board, which affects the 

system's weight and volumetric capacities. Likewise, alcohol reactions deal with the 

same complexities. 

Recent studies on anunonia borane, which contains 19.6 wt % hydrogen, may 

provide a new chemical approach to hydrogen generation: 

NH3BH3 ~ NH2BH2 + H2 ~ NHBH + 2 H2 (1.6) 

The first reaction releases 6.1 wt % hydrogen at 120·C, and the second reaction releases 

6.5 wt % hydrogen at 160·C.2s However, the dehydrogenation reactions are both 

enthalpically and entropically favorable, and thus rehydrogenation through H2 pressure is 

highly unfeasible. Recharging must be done off-board, and would require production of 

NaB~ as a prior step. Thus, currently the main barrier for commercial use ofthis system 

is developing an economically viable method for regeneration of anunonia borane.26 
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1.4 System Requirements 

The overarching concerns of weight, volume, efficiency, durability, cost, and 

safety must all be considered in the development of new hydrogen storage materials. Our 

research is guided by the performance targets set by the U.S. Department of Energy. The 

targets are based on the lower heating value of hydrogen and greater than 300-miles 

vehicle range. Currently the weight and volume of storage systems are too high for a 

vehicle with a 300-miles range. A storage system includes the tank, storage media, safety 

system, valves, regulators, piping, mounting brackets, insulation, added cooling capacity, 

and any other components.12 Considering all the factors. PEM fuel cells are presently 

favored for vehicles because of their compactness and high energy-to-weight ratio. 

1.4.1 Gravimetric 

A light-duty fuel cell vehicle must carry approximately 5-13 kg of hydrogen on

board, depending on the size and type of vehicle. Using currently available storage 

technology, a very large tank would be required. A tank larger than a typical car trunk 

would add weight and reduce fuel economy. In order to achieve the 2010 target for 

system gravimetric capacity of 6 wt % hydrogen, the storage material alone must have a 

higher hydrogen capacity than the system level target. Existing hydrogen storage 

systems for vehicles currently do not meet consumer expectations of a 300-miles driving 

range between refueling, within the vehicle constraints of passenger and cargo space. 

1.4.2 Volumetric 

The low volumetric energy density of hydrogen makes its storage a problem. 

Similar to gravimetric capacity, the system level target of 0.045 kg hydrogen/L 
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necessitates the material alone must have a higher volumetric capacity. Again, given 

vehicle constraints and consumer expectations, the system cannot take up too much 

space. Today's gasoline tanks are able to take irregular shapes conforming to space 

available in the vehicle. Hydrogen systems, however, may not be completely 

conformable. For compressed hydrogen gas, increasing the amount and pressure of 

hydrogen will increase the driving range, however, at an expense of valuable space in the 

vehicle. For liquid hydrogen tanks, the insulation required for cryogenic storage reduces 

the system's gravimetric and volumetric capacity. 

1.4.3 Durability 

The storage system must last the expected life of the vehicle, typically 150,000 

miles. Assuming a 300-miles range, that would translate to 500 full fill cycles, although 

in reality, much more fill cycles would be completed as most consumers fill at partial 

capacity rather than empty. The hydrogen storage material must demonstrate durability 

and have a lifetime of at least 1,000 cycles by the 2010 target, but currently, reliability 

and lifespan of materials are still not verified. 

1.4.4 Cost 

Another barrier to bringing hydrogen and fuel cell technologies to the commercial 

market is the high cost of hydrogen production, storage, and delivery. The cost of an on

board hydrogen storage system is much higher compared to conventional petroleum 

storage systems. One of the greatest challenges to hydrogen production is cost reduction 

because for mainstream transportation, hydrogen must be cost-competitive with 
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conventional fuels and technologies. For example, high-pressure tanks require costly 

carbon fiber reinforcement. Thus, low-cost materials are needed in conjunction with 

high-volume manufacturing methods. 

1.4.5 Efficiency 

Although efficiency is not a specified target, systems must be energy efficient. 

Each form of hydrogen storage has its distinct energy and storage inefficiencies. Energy 

is required to compress gas or liquefY hydrogen. Liquefaction of hydrogen typically 

requires 30% of the heating value of hydrogen. Hydrogen boil-off also adversely affects 

efficiency, cost, and driving range. Added insulation also affects the weight and volume 

of hydrogen that can be stored. Likewise, energy is required for the release and uptake of 

hydrogen in solid-state materials. For reversible systems, greater than 90% energy 

efficiency for the energy delivered to the automotive power plant from the on-board 

storage system is required. 

1.4.6 Refueliug 

Drivers must be able to refuel at near room temperature at a rate comparable to 

refueling conventional gasoline vehicles. Reversibility in a temperature range of 60-

100°C is challenging because most hydrides have high thermodynamic barriers. Current 

refueling times are too long. Consumers expect refueling to be quick and convenient, and 

comparable to gasoline vehicles, which refuel in 2-5 minutes depending on the capacity 

of the fuel tank. Thus, a target hydrogen system must have a refueling time of less than 

three minutes. 
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Table 1.1 DOE Technical Targets: On-Board Hydrogen Storage Systems 

>StorageParameter ...... ' ........ l!r!its:;~,r'·'\i"'?' d;,' .' . '2007 ........ ~. ~QjiQ"i i [;'::'11' 20t5 ' .•. > 
System Gravimetric Capacity: kWhlkg 1.5 2 3 
Usable, speclflc-energy from H2 (kg H/kg system) (0.045) (0.06) (0.09) 

System Volumetric Capacity: kWh/L 1.2 1.5 2.7 
Usable energy density from H 2 (kg H21L system) (0.036) (0.045) (0.081) 

$IkWh net 6 4 2 Storage system cost ($/kg H,l (200) (133) (67) (& fuel cost) 
$/gge at pump - 2-3 2-3 

DurabllltylOperabll1ty 
• Operating ambient temperatura ·C -20150 (sun) -30150 (sun) -40160 (sun) 
• Minimax delivery temperature ·C -30185 -40185 -40185 
• Cycle life (114 tank to full) Cyclas 500 1000 1500 
• Min delivery pressure from tank; AIm (abs) 8FC 110lCE 4FC 1 351CE 3FC 1 351CE 

FC= fuel cell, I=ICE Aim (abs) 100 100 100 
• Max delivery prassure from tank 

Chargingldlscharglng Rates 
• System fill time (for 5 kg) min 10 3 2.5 
• Minimum full flow rete (g1s)lkW 0.02 0.02 0.02 
• Start time to full flow (20 ·C) s 15 5 5 
• Start time to full flow (- 20 ·C) s 30 15 15 
• Transient rasponse 10%-90% s 1.75 0.75 0.75 

and 90%-0% 
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1.5 Titanium-Doped Sodium Alanate 

A worldwide effort to develop doped sodium alanate has followed Bogdanovic 

and Schwickardi's pioneering work.17 This was a groundbreaking discovery in the area 

of metal hydrides as hydrogen cycling at moderate temperatures was unprecedented for 

saline hydrides. Subsequent efforts toward the development of Ii-doped N~ by our 

research group and others27
•
39 have given rise to materials that undergo dehydrogenation 

and rehydrogenation at temperatures and times that are adequate for practical 

applications. Recently, it has been found that the phenomenon of kinetic enhancement 

upon transition metal doping extends to the reversible dehydrogenation of LiNH2.
20

.21 

Sodium alanate is commercially readily available. The reversible 

dehydrogenation of doped N~ is known to proceed by the sequence of reactions as 

seen in Equations 1.3 and 1.4:18 

NaAl14 ~ 113 Na3Allit; + 2/3 Al + H2 (1.3) 

Na3Allit;~ 3 NaH + Al + 3/2 H2 (1.4) 

Although these equations predict that 5.6 wt % hydrogen should be available from 

this system, studies have shown that only 3-4 wt % can be cycled under conditions that 

are relevant to the practical operation of an on-board PEM fuel cell.19 Also sodium and 

mixed sodium-lithium are the only alanates that have been found to undergo largely 

reversible dehydrogenation under moderate conditions upon doping.17 

The Bogdanovic materials were prepared by a wet-doping process in which 

solutions ofN~ in diethyl ether with soluble titanium compounds, titanium tetra-n

butoxide, Ti(OBu")4, and p.titanium trichloride, p. TiCl3, were evaporated. Subsequent 

studies by Jensen et al. found that mixing the titanium dopant by a mechanical milling 
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process (ball-milling) further enhanced the kinetic and cycling properties. AE, seen in 

Figure 1.4, dehydrogenation of the mechanically milled sample occurs at -120°C 

compared to -150°C for the original Bogdanovic method sampleP Doping NaA1R! via 

the mechanical milling method more effectively charges the hydride and also activates 

the material by reducing the average particle size.27. 30 
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Figure 1.4 Thermal programmed desorption (2°Clmin- 'j of hydrogen from NaAlH.,doped with 2 
mol % Ti(OBu"j •. (Jensen et ai., 1999). 

The fundamental basis of the kinetic enhancement of hydrogen cycling that arises 

upon doping remains an enigma. Clearly, an understanding of this novel solid-state 

chemistry would be invaluable to the effort to develop alanates and related high capacity, 

high performance hydrogen storage materials. Amide ([NH2n and borohydride ([Bliln 

hydrogen storage systems do not yet have acceptable cycling kinetics. We have therefore 

initiated efforts to elucidate the fundamental basis of the remarkable hydrogen storage 

properties ofNaA1R!. 

20 



1.6 Characterization and Mechanistic Studies of Ti-Doped NaAIH4 

Over a decade after Bogdanovic and Schwickardi's seminal discovery, the 

fundamental basis of the kinetic enhancement of hydrogen cycling that arises upon 

doping remains unresolved. Further characterization of this solid-state process would 

provide a significant contribution to the worldwide effort to develop complex metal 

hydrides. Thus, our studies have focused on elucidating the nature of the dopants and the 

structural effects they exert on NaAll4 through various spectroscopic techniques. 

1.6.1 Electron Paramagnetic Resonance 

Our initial studies focused on the nature of the titanium dopant in enhancing the 

cycling kinetics of sodium alanate. The titanium dopant was characterized through 

electron paramagnetic resonance (EPR) studies. The majority of the Ti in cycled Ti

doped NaAll4 was found to be an AI-Ti alloy that is catalytically inactive.40 

Complementary synchrotron x-ray diffraction, x-ray absorption fine structure, and 

transmission electron microscopy studies supported the same findings.41
• 42 The 

implication of such fmdings is the enhanced hydrogen cycling kinetics are due to a 

minority Ti species. 

1.6.2 Anelastic Spectroscopy 

Successive studies focused on the effects the Ti dopant exerts on the structure of 

alanate, rather than the location, identity, or character of the Ti species. Anelastic studies 

revealed the formation of point defects during the dehydrogenation of Ti-doped NaAll4. 

An isotopic shift in NaAID4 samples provided direct evidence that the defects involved 
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hydrogen. Since the fonnation of defects began at much lower temperatures in the Ti

doped samples than the undoped samples, we concluded that the Ti species decrease the 

energy barrier to break the AI-H bond, thus, kinetically enhancing the dehydrogenation 

reactions.43-4S 

1.6.3 Positron Annihilation 

To further probe the findings of defect fonnation, positron annihilation 

spectroscopy studies were conducted. By the Doppler-broadening technique, defect 

fonnation during dehydrogenation of NaA.lI4 was indeed confinned. The fonnation of 

positron trapping sites, as indicated by the increase in the S parameter of the samples, led 

to the conclusion that vacancies were fonned in either Na or AI sites in order to enhance 

atomic diffusion during decomposition. However, upon rehydrogenation, positron 

annihilation sites immediately decreased, with complete recovery of defect fonnation.46 

1.6.4 Muon Spin Rotation 

Muon spin rotation, which is widely used to study the local electronic structure of 

hydrogen, was used to further investigate the fonnation of defects. Muon studies 

revealed that hydrogen bonding occurs between an interstitial positive muon situated 

between two hydrogen atoms of independent a1anate [AIH!r anions. Ti doping reduces 

the kinetic barrier of the transition of the muon from the muon-dialanate state to a mobile 

interstitial state. The observation of this muon-dialanate complex elucidates the role of 

hydrogen bonding in the dehydrogenation of NaA~, which could be relevant to other 

hydrogen storage materials.47 
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1.7 Summary 

Our findings attempt to connect the myriad of results of studies on Ti-rloped 

sodium alanate. Despite a worldwide effort over the past several decades, no material has 

been found which has a high gravimetric hydrogen density, adequate hydrogen 

dissociation energetics, reliability, and low cost necessary for practical commercial use. 

Although the gravimetric capacity ofNaAll4, 5.6 wt % hydrogen, is lower than the 2010 

DOE system target of 6 wt % hydrogen, characterization of Ti-rloped NaAll4 and 

elucidation of the dehydrogenationlrehydrogenation mechanisms will aid in the design 

and development of higher capacity complex metal hydrides. This understanding of the 

fundamental basis of the solid-state kinetics in sodium alanate may be relevant to other 

complex metal hydrides and their development as solid hydrogen-storage systems. 
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CHAPTER 2 

ELECTRON PARAMAGNETIC RESONANCE STUDIES 

2.1 Introduction 

Electron paramagnetic resonance (EPR) spectroscopy is a powerful technique for 

examining the environment of unpaired electrons such as inorganic and organic free 

radicals, or transition metal complexes. Its capabilities are a result of the unpaired 

electron's spin magnetic moment being sensitive to local magnetic fields within the 

sample. In cases where two or more paramagnetic species co-exist, the spectral EPR 

lines arising from each specie can be simultaneously observed. EPR studies were 

conducted to better understand the nature of the active titanium species in samples of Ti

doped NaAll4. 

2.1.1 EPR Signal 

When the sample is placed in a strong magnetic field, B, the individual magnetic 

moment arising from the spin of the unpaired electron can be oriented either parallel or 

anti-parallel to the applied field, called the Zeeman effect. The projection of the 

magnetic moment on the axis defined by the magnetic field takes two discrete values, 

ms= + Y. and ms = - Y. (Figure 2.1), making it possible for net absorption of 

electromagnetic radiation. in the form of microwaves (for the case ofEPR experiments), 

to occur. ms is the quantum number for the projection of the electron spin along the 

direction of the external magnetic field, labeled as the z-axis. I. 2 
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The energy difference between these levels is linearly proportional to magnetic 

field strength: 

M=gPBo (2.1) 

where g is the Lande splitting factor, which has a value of 2.0023193 for a free electron. 

P is the electron Bohr magneton, and has the value 9.274096 x 10024 J rl. Bo is the 

external magnetic field, measured in T (tesla).I. 2 

6=0 

6 -. 
Resonant 

Field 

Ms= +1/2 

Ms = -112 

Figure 2.1 Energy levels for a paramagnet with spin Va. Splitting of energy levels is directly 
proportional to magnetic field's strength. 

An unpaired electron can move between the two energy levels by either absorbing 

or emitting electromagnetic radiation of energy I: = hv, where h is Planck's constant and 

v is frequency. Resonance takes place when the energy of the incident microwaves 

corresponds to the energy difference (Llli) of the pair of involved spin states. This gives 

the fundamental equation for EPR spectroscopy: I , 2 

hv=gpBo (2.2) 
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Most EPR experiments use 9.0-9.6 GHz microwaves (in the X-band), for which 

free electron resonance occurs at 3200-3400 G (0.32-0.34 T). The transitions are 

magnetic-dipole allowed and are effected by the component of the microwave magnetic 

field, B1, perpendicular to the magnetic field created by the external electromagnet. In a 

continuous wave experiment. the type that we conducted. the microwave power is 

incident on the sample continuously.3 

The EPR spectrum is generated by exposing the paramagnetic center to 

microwaves at a fixed frequency. By increasing the external magnetic field, b.E is 

widened until it matches the energy of the microwaves. At this point, the unpaired 

electrons can move between their two spin states. According to the Boltzmann equation 

(Equation 2.3), if the population of paramagnetic species is in thermal equilibrium, its 

statistical distribution is described by the following: 

n_ (Eup",,-Elo_) (b.E) (& ) (hV) 
n/Qww =exp kT =exp - kT =exp - kT =exp - kT (2.3) 

where nopper is the number of paramagnetic centers occupying the upper energy state, k is 

the Boltzmann constant, and T is temperature. At 298 K and X-band microwave 

frequency of 9750 MHz, I1upperInlower - 0.998. Since the upper energy level has a lower 

population than the lower energy level, transitions from the lower level to higher level are 

more probable, thus, there is a net absorption of energy. This energy is monitored and 

converted into a spectrum as a function of the magnetic field. I. 2 

For a free electron, which has a g-value of 2.0023, at a microwave frequency of 

9388 MHz. the predicted resonance position, using Equation 2.2, is a magnetic field of 

28 



about 3350 G, as shown in Figure 2.2. As stated previously, absorption lines are 

observed in an EPR spectrum when the separation of two energy levels is equal to the 

quantum energy, hv, of an incident microwave photon. The absorption of such photons 

by the sample is indicated by a change in the detector current. The spectrometer 

measures absorption of microwave energy by the sample. Absorption of energy by the 

sample changes the microwave energy in the standing wave pattern in the cavity, which 

modifies the match between the cavity and the waveguide, thereby changing the amount 

of microwave energy reflected back from the cavity to the detector. The EPR spectrum is 

represented by plotting intensity, I, against the strength of the applied field. The intensity 

of the EPR signal is a measure of the number of species present.3 

EPR spectra are commonly presented as the derivative of the absorption spectrum, 

i.e., the first derivative (the slope) of the absorption curve is plotted against the strength 

of the magnetic field, as seen in Figure 2.2. The derivative curve crosses the abscissa at a 

maximum in the absorption curve. I. 2 

\'" 9388.2 MHz 

Absorbance 

3346 3348 3352 3354 

Magnetic field Strength (G) 

Figure 2.2 Absorbance and first derivative spectra of. free electron. 
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Multiple peaks in an EPR spectrum indicate mUltiple species, anisotropy, or 

hyperfine coupling within one species. There are very few chemical species that display 

only a single line because most species have nuclei with spins that are near an unpaired 

electron, causing electron-nuclear coupling. The magnetic field of neighboring nuclei or 

electrons can add to or subtract from the external magnetic field, resulting in spin-spin 

splitting, analogous to nuclear spin-spin splitting in NMR. 1
•
2 

2.1.2 g-Factor 

The g-value is characteristic of the chemical species and reflects the mixing of the 

orbital angular momentum with the spin angular momentum. For the free electron, ge = 

2.0023. An unpaired electron can gain or lose angular momentum, which can change the 

value of its g-factor. This is especially significant for systems with transition metal ions.4 

An unpaired electron responds not only to the applied magnetic field, Bo, but also 

to any local magnetic fields of atoms or molecules. The effective field, Beff, experienced 

by an electron is written: 

(2.4) 

Thus the resonance condition, h v= gej3Beff, can be rewritten: 

h v = gej3Beff = gej3Bo(l- (1') (2.5) 

The quantity ge(l- (1') is denoted simply g, to give the fundamental EPR equation: 

hv=gj3Bo (2.2) 

By measuring the field and frequency at which resonance occurs, the g-factor can 

be calculated. If the g-value does not equal that of a free electron, then the ratio of the 

unpaired electron's spin magnetic moment to its angular momentum differs from the free 
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electron value. The electron must have gained or lost angular momentum through spin

orbit coupling. The magnitude of the change gives infonnation about the nature of the 

atomic or molecular orbital containing the unpaired electron. 1. 2 

2.1.3 Line Shape 

Interaction of the unpaired electron with its environment influences the shape of 

the EPR spectral line. The resonance linewidth is measured along the x-axis of the 

spectrum, from aline's center to a chosen reference point of the line. These defined 

widths are called halfwidths, lID, which is the distance measured from the line's center to 

the point at which the absorption value has half of the maximal absorption value in the 

center of the resonance line.3 

Broadening due to spin-lattice relaxation results from the interaction of the 

paramagnetic ions with the thermal vibrations of the lattice. Spin-spin interaction results 

from the srna1l magnetic fields that exist on neighboring paramagnetic ions. As a result 

of these fields, the total field at the ions is slightly altered and the energy levels are 

shifted. A distribution of energies results, which produces broadening of the signa!.3 

2.1.4 HyperOne Coupling 

Besides the primary infonnation gathered from the line position-the g factor, 

there are other interactions that can produce spectra with components that give more 

detailed infonnation about the species studied. 

In EPR, the unpaired electron may interact with neighboring nuclear dipole 

moments with a resulting splitting of the resonance, called hyperfine splitting, analogous 
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to J-coupling in NMR, splitting the EPR resonance signal into doublets, triplets, etc. For 

example, as shown in Figure 2.3, methyl radical (CH3·) has three equivalent IH nuclei (n) 

with spin I = Yo so the number of lines expected is four (2nI + I). Following Pascal's 

triangle, the intensities of the lines have a 1:3:3:1 ratio.s 

Figure 2.3 EPR spectrum ofCH, radical. (Banwell and McCash, 1994). 

If there are two or more unpaired electrons in close proximity, similar splitting 

may occur. Species with one or more unpaired electrons result in intermolecular 

interactions of the dipoles that usually lead to line broadening. 

Since the electron magnetic moment is much larger than that of nuclei, electron-

electron dipolar interactions are usually very strong and dominate the spectral features. 

This leads to complications in the EPR spectra, thus, most EPR work has studied species 

containing only one unpaired electron.4 

2.1.5 Anisotropy 

The magnetic moments, and hence g-factors. of transition ions in crystalline and 

molecular environments are often very anisotropic, i.e., the EPR properties depend on the 
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orientation the applied magnetic field makes with the molecular framework. Anisotropy 

in g arises from coupling of the spin angular momentum with the orbital angular 

momentum. The spin angular momentum is oriented with the field, but the orbital 

angular momentum, which is associated with electrons moving in molecular orbitals, is 

locked to the molecular wave function. I, 2 

The g-factor and hyperfine coupling in an atom or molecule may not be the same 

for all orientations of an unpaired electron in an external magnetic field. This anisotropy 

depends upon the electronic structure of the atom or molecule in question, and can 

provide information about the atomic or molecular orbital containing the unpaired 

electron. I, 2 

2.1.6 EPR of Transition Metal Ion Complexes 

Because of the approximate degeneracy of the d-orbitals and because many of the 

molecules contain more than one unpaired electron, EPR spectra of transition metal ion 

systems are more complicated. These properties give rise to orbital contributions and 

zero-field effects. Zero-field effects arise from the dipolar interaction of two or more 

electron spin moments. This term describes any effect that removes the spin degeneracy, 

including dipolar interactions and spin-orbital splitting. Because of appreciable orbital 

angular moments, the g-values for many metal complexes are very anisotropic.4 

Kramer's rule states that if an ion has an odd number of electrons, the degeneracy 

of every level must remain at least twofold in the absence of a magnetic field. With an 

odd number of electrons, mJ quantum numbers will be given by ± Yo to ± J. Therefore, 

any ion with an odd number of electrons must always have as its lowest level at least a 
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doublet, called a Kramers' doublet. This degeneracy can then be removed by a magnetic 

field, and an EPR spectrum should be observed. For a system with an even number of 

electrons, mJ = 0, ± I, ... ± J. The degeneracy may be completely removed by a low 

symmetry crystal field, so only singlet levels remain that could be separated by energies 

so large that an EPR transition would not be observed in the microwave region. For the 

even-electron system, the ground state is non-degenerate and the J = 0 to I transition 

energy is quite frequently outside the microwave region.4 

Ti(III), which is i, is representative of the simplest case of a paramagnetic center 

two-level system. In paramagnetism, it is assumed that the magnetic moments of the 

paramagnetic centers are only weakly coupled, thus, they can be considered isolated from 

one another.4 

Very few examples of EPR spectra of tf ions in octahedral complexes have been 

reported because of the extensive spin-orbit coupling. Similarly, there are very few EPR 

spectra reported for a' electron configurations. Jahn-Teller distortions and the 

accompanying large zero-field splittings that are expected often make it impossible to see 

a spectrum.4 

2.1.7 EPR of Ti-Doped NaAIH4 

Since N~ is diamagnetic and Ti(III) is paramagnetic, we initially conducted 

magnetic susceptibility measurements of Ti-doped N~ samples using a magnetic 

susceptibility balance. When a substance is placed in an external magnetic field, the 

substance will produce its own magnetic field. If the substance is paramagnetic, this field 

adds to the applied field. If the substance is diamagnetic, this field subtracts from the 
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main field. This contribution to the external magnetic field is the magnetic susceptibility 

of the substance. However, the results from these studies provided no insight into the 

state of the Ti species in the doped samples. Presumably, the magnetic susceptibility 

balance was not sensitive enough to give consistent data. 

Consequently, we conducted EPR spectroscopy studies to identify the minority Ti 

species in doped alanate since it was a proven technique that is highly sensitive and 

specific for studying paramagnetic centers such as Ti(III) in a variety of environments. 

Because Ti was a very small component (2 mol %) in the doped samples, other 

techniques such as diffraction, IR, or NMR were not sufficiently discriminating. 

2.2 Experimental 

Two sets of samples of Ti-doped N~ were prepared for the EPR 

spectroscopic studies. The first was doped through mechanical milling with 2 mol % 

TiP3, and the other set was doped with 2 mol % TiCl). A tungsten carbide bowl and ball 

bearings were used to minimize ferromagnetic impurities. 

2.2.1 Materials 

Titanium(III) chloride (TiCl) and titanium(III) fluoride (TiP3) were obtained 

from Aldrich Chemical Inc. and used as received. Sodium aluminum hydride (N~) 

was obtained from Albemarle Corp. Cubic Al3 Ti was prepared according to the literature 

procedure.6 
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2.2.2 Purification ofNaAlRi 

The purification procedure was carried out in a glove box under nitrogen. The 

aluminum present in the commercially-obtained NaAlRi was removed by filtration 

following dissolution of the hydride in a minimal amount of tetrahydrofuran (THF). 

Analytically pure NaAIRi was precipitated upon the addition of pentane to the THF 

solution. The hydride was isolated by filtration, washed with several portions of pentane, 

and dried overnight under high vacuum. EPR spectra of samples of the purified, undoped 

hydride contained only extremely weak organic radical signals that were detectable only 

slightly above the baseline near g < 2.002. 

2.2.3 Doping Procedure 

The hydride was doped in a glove box under nitrogen. NaAIRi « 2.00 g) was 

charged with a prescribed amount of TiF3 or TiCh and loaded into a tungsten carbide 

bowl (12 ml) with seven 10-mm-diameter tungsten carbide balls (ball-to-powder ratio 

varied between 30:1 to 40:1). The capped and sealed bowl was then transferred to a 

Fritsch 7 planetary mill and ball-milled for 30 min at a speed of 300 rpm. 

2.2A Kinetic Measurements 

The dehydrogenation studies were carried out using an automated Sieverts'-type 

apparatus, which allowed for the accurate volumetric determination of the amount of 

hydrogen evolved. Rapid heating of the sample to the desired temperature was 

accomplished by immersing the sample reactor into a silicon oil bath (accuracy of ±1 K) 
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preheated to a given temperature. Dehydrogenation was performed against a back 

pressure of 0.1 MPa in a fixed volume. 

2.2.5 Electron Paramagnetic Resonance Studies 

X-band (9.228 GHz) continuous wave (CW) EPR spectra were recorded at room 

temperature on a Varian E-9 spectrometer interfaced to a computer. Spectrometer 

parameters were 100 kHz magnetic-field modulation frequency, 4 G modulation 

amplitude, 1024 data points, 4 min scan time, and 2 scans signal averaged. Two 

magnetic field ranges were examined. To characterize signals with g-values near 2.0, 

400-G scans centered at 3300 were obtained with a microwave power of 5 mW. At this 

power, signals with g - 1.99 were in the linear response range. Scans from 0 to 8000 G 

were obtained with a microwave power of 80 mW, which was in the linear response 

region for the broad signals that were detected in most of the samples. 

2.3 Results 

As seen in Figure 2.4, the 8000-G wide EPR spectrum of the uncycled, doped 

hydride is dominated by a sharp signal with g = 1.976 and Lllipp - 90 G. This g-value is 

within the range that has been observed for Ti(1II} species in a variety of 

environments.7
-
12 Therefore. we propose that the sharp signal is due to the presence of a 

major population of magnetically dilute S = Yo Ti(1II} sites in the NaAll4 lattice. After 3 

cycles of dehydrogenation, the integrated intensity of the Ti(1II} signal is only about 73% 

of that in the sample before cycling. As seen in Figure 2.5, a broader signal with ~Bpp -

1500 G can also be discerned, thus, indicating the presence of a multi-spin Ti species.13 
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Figure 2.4 2 mol % TiP, doped NaAJH.. uncycled. Figure 2.5 2 mol % TiP, doped NaAJH.. 3 cycles. 

After 5 cycles (Figure 2.6), the Ti(UI) and Mlpp - 1500 G signals disappear and 

the spectrum is dominated by a broad signal with g = 2.01 and Lllipp - 650 G, and also 

contains a signal near zero-field. After 10 cycles (Figure 2.7), the height of the signal 

with ~Bpp - 650 G is similar to that after 5 cycles, but the signal near zero-field has 

largely disappeared. 

I • 

Figure 2.6 2 mol % TiP, doped NaAJH.. 5 cycles. Figure 2.7 2 mol % TiP, doped NaAJH.. 10 cycles. 

The series of samples doped with 2 mol % TiCb also revealed a series of changes 

in the dominate population of Ti through the first 10 cycles. However, as seen in Figure 

2.8, the spectrum of the sample of uncycled 2 mol % TiCb doped is dominated by a 
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broad signal near zero-field and contains only a minor sharp Ti(III) signal with g - 1.97. 

Analogous to our findings with the TiP3 doped samples, in the spectrum of the sample 

which has undergone 3 cycles (Figure 2.9), the Ti(III) signal at g = 1.97 is essentially 

gone and the broader signal with ~ - 1500 G has evolved in shape. 

, I 
I : 
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Figure 2.8 2 mol % TiCI, doped NaAtH" uncycled. Figure 2.9 2 mol % TiCI, doped NaAtH" 3 cycles. 

The spectrum (Figure 2.10) of the TiCh doped sample that was cycled 5 times is 

very similar to that of the TiF3 doped hydride after 5 cycles and features a signal withg = 

2.01 and ~ - 650 G, plus a signal near zero-field. The parallel with the TiP3 doped 

materials extends to the 10 cycles TiCh sample (Figure 2.11) in which the signal g = 2.01 

and Lllipp - 650 G is slightly more intense than the 5 cycles sample, and the zero-field 

signal has disappeared. 
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Figure 2.10 2 mol % TiCh doped NaAIH.. 5 cycles. Figure 2.11 2 mol % TiCh doped NaAIH.. 10 cycles. 

In an attempt to identify the Ti(O) species that were observed in these studies, a 

sample of NaA1I4 was prepared which contained 2 mol % of cubic Ai) Ti. As seen in 

Figure 2.12, the EPR signal observed for the alloy has components near zero-field 

analogous to those for some of the Ti species, but the overall shape and the component 

near g = 2 is distinctly different than any of the signals observed for the three different 

species that arise during the hydrogen cycling of the doped hydride. 

I 0 lOCO 2IXIO 3QI)Q 4000 !OOO 8:GUI 7000 -- ~ I 

Figure 2.12 2 mol % cubic AhTi doped NaAIH.. 
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2.4 Discussion 

Our results clearly indicate that the majority oftitanium is transformed from Ti(III) 

to Ti(O) species during early cycles of dehydrogenationlrehydrogenation. Recent electron 

microscopy studies of TiF3 doped N~ have confirmed that TiF3 is present in the 

mechanically-milled material prior to cycling and that the Ti becomes correlated with AI 

after 15 cycles. 14 Our findings also agree with synchrotron x-ray studies of cycled 

samples which established that increasing amounts of a solid solution with an 

approximate composition of AlO.93Tio.07 form over the course of repeated cycling. IS 

Apparently, Tiel) is a more active dopant precursor as the Ti(III) signal has largely 

disappeared in the chloride doped sample even prior to the first dehydrogenation and Ti(O) 

species arise much earlier in the course of cycling the hydride.13 

Several studies have probed the valence and local structure of titanium in samples 

ofN~ that were doped using the Tiel) precursor through Ti K-edge x-ray absorption 

(XANES).16-18 Although the investigators have uniformly determined that a Ti(O) species 

predominates in these materials, there has been some disagreement as to its nature. 

Graetz et aI. conclude that "AI) Ti forms immediately on doping with Tiel) and oxidation 

state is nearly invariant during hydrogen cycling,,,16 while Fichtner and co-workers found 

that ''the formation of an alloy with AI or TiH2 is not supported by EXAFS (extended x

ray absorption fine structure) data,,17 Our observation of the presence of three different 

Ti(O) species over the course of the 5 cycles of dehydrogenationlrehydrogenation serves 

to resolve the apparent conflict in the conclusions of the XANES studies. We infer that 

in addition to the number of cycles-and the dopant precursor employed, the nature of the 
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predominant Ti(O) in Ti-doped NaAlH4 is sensitive to slight variations in the conditions 

utilized during the mechanical milling process. 

We have previously observed only a relatively minor change in the 

dehydrogenation kinetics during the first 5 cycles of a sample of NaAlH4 doped with 2 

mol % of TiF3.19 It is remarkable that the observed change in the oxidation state of the 

predominant titanium species results in only a minor change in the dehydrogenation 

kinetics. Furthermore, despite the radical difference in the relative amounts of Ti(llI) and 

Ti(O) in the TiF 3 and TiCh doped samples, nearly identical kinetics have been found to 

result from these dopant precursors.20 Therefore, our studies, in combination with the 

earlier EXAFS results, strongly suggest that the enhanced hydrogen cycling kinetics of 

Ti-doped NaAlH4 are due to a minority Ti species and that the majority of the Ti is in a 

catalytically inactive, resting state. This conclusion is supported by our finding that all 

known AlTi alloys are ineffective in promoting the dehydrogenationirehydrogenation 

kinetics ofNaA1~.21 

2.5 Conclusion 

The majority of the Ti in doped NaAlH4 has been observed to evolve from Ti(llI) 

through a series of Ti(O) species during the first 5 cycles of 

dehydrogenationirehydrogenation. Although the conversion of the initial Ti(llI) species 

to Ti(O) occurs much more readily for TiCl3 than TiF3, the evolution ofTi species follows 

the same sequence and ends in the same Ti(O) species regardless of which dopant 

precursor is employed. At no point do the signals for the Ti dopants resemble those 

observed for cubic Al3 Ti. The observed changes in the predominant Ti species during 
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hydrogen cycling are remarkable in view of the relatively stable dehydrogenation kinetics. 

We conclude that the profoundly enhanced hydrogen cycling kinetics of Ti-doped 

NaA1I4 are due to a Ti species that is present in only a relatively minor amount. 

Current studies by our group are focused on characterizing the active Ti species 

that is present in a minor amount. Through transmission electron microscopy (TEM) 

studies, the Ti species were identified by comparing the electron energy loss spectrum 

(EELS) of standards of known Ti species. Through synchrotron x-ray and EXAFS 

analysis studies, the majority of the Ti species were found to be either cubic Ah Ti or a 

solid solution of AIo.93 Tio.07' In the EELS spectra, there was excellent agreement between 

the major Ti species and cubic Ah Ti, however, it was not distinguishable from 

orthorhombic Ah Ti. Further studies are focused on discerning the exact structure. Also, 

another goal with the TEM studies is identifying the minor Ti species that are not 

associated with Al3 Ti in the grain boundary regions which are likely responsible for the 

enhanced kinetics. 

References 

[1] G. Pake, T. Estle, The Physical Principles of Electron Paramagnetic Resonance, 
W.A. Benjamin, Reading, Massachusetts, 1973. 

[2] J. Weil, Electron Paramagnetic Resonance: Elementary Theory and Practical 
Applications, Wiley, New York, 1994. 

[3] J. Cazes, Ewing's Analytical Instrumentation Handbook, CRC, Boca Raton, Florida, 
2004. 

[4] J. Pilbrow, Transition Ion Electron Paramagnetic Resonance, Oxford University 
Press, New York, 1991. 

[5] C. Banwell, E. McCash, Fundamentals of Molecular Spectroscopy, McGraw-Hill, 
London, 1994. 

[6] P. Bhattacharya, P. Bellon, R. Averback, S. Hales,.!. Alloys Com pd. 2004, 368,187. 
[7] J. Atwood, G. Barker, J. Holton, W. Hunter, M. Lappert, R. Pearce,.!. Am. Chern. 

So~ 1977,99,6645. 

43 



[8] G. Corradi, 1. Zaritskii, A. Hofstaetter, K. Polgar, L. Rakitina, Phys. Rev. B: Condo 
Mat. And Mat. Phys. 1998,58,8329. 

[9] T. DeVore and W. Weitner, Jr., J. Am. Chem. Soc. 1977,99,4700. 
[10] V. Lagula, M. Glinchuk, R. Kuzian, S. Nokhrin, I. Bykov, L. Jastrabik, J. Rosa, 

Solid State Commun. 2002,122,277. 
[11] A. Prakash, H. Sung-Suh, M. Hyung, L. Kevan, J. Phys. Chem. B 1988, 102, 857. 
[12] R. Wilson and R. Myers, J. Chem. Phys. 1976, 64, 2208. 
[13] M. Kuba, S. Eaton, C. Morales, C. Jensen, J. Mater. Res. 2005, 20, 3265. 
[14] C. Andrei, J. Walmsley, H. Brinks, R. Homestad, S. Srinivasan, C. Jensen, B. 

Hauback, Appl. Phys. A. 2005, 80, 709. 
[IS] H. Brinks, C. Jensen, S. Srinivasan, B. Hauback, D. Blanchard, K. Murphy, J. 

Alloys Compd. 2003, 376, 215. 
[16] J. Graetz, J. Reily, J. Johnson, A. Ingatov, T. Tyson, Appl. Phys. Lett. 2004, 85, 500. 
[17] A. Leon, O. Kircher, J. Rothe, M. Fichtner, J. Phys. Chem. B 2004, 108, 16372. 
[18] M. Felderhoff, K. Klementiev, W. Grunert, B. Spliethoff, B. Tesche, J. von Colbe, 

B. Bogdanovic, M. Hartel, A. Pommerin, F. Schuth, C. Weidenthaler, Phys. Chem. 
Chern. Phys. 2004, 6, 4369. 

[19] S. Srinivasan, H. Brinks, B. Hauback, D. Sun, C. Jensen, J. Alloys Com pd. 2004, 
377,283. 

[20] D. Anton, J. Alloys Compd. 2003, 356-357, 400. 
[21] C. Jensen, M. Kuba, M. Sulic, K. Morales, C. Brown, W. Langley, and T. Dalton: 

Catalytically enhanced hydrogen storage systems, in Proceedings of the 2005 US 
DOE Hydrogen Annual Program Review, Washington DC, May 2004, available at: 
www.hydrogen.energy.gov/pdfslreview05/st3jensen.pdf. 

44 



CHAPTER 3 

ANELASTIC SPECTROSCOPY STUDIES 

3.1 Introduction 

Anelastic spectroscopy involves the perturbation of the levels of mobile species 

such as defects by application of an external stress to the sample. The applied stress 

interacts with local lattice distortions introduced by the defects, and perturbs their site 

energies, making some sites more energetically favored, thus, the system looks for a new 

equilibrium. While the species is relaxing and redistributing itself among the perturbed 

levels. the jumping time and other diffusion parameters are measured. The technique 

measures the complex dynamic elastic modulus, or its reciprocal, the elastic stiffness of a 

material, as a function of temperature at a fixed frequency. Anelastic spectroscopy is a 

powerful tool for detecting hydrogen containing point defects. Therefore, this highly 

sensitive technique was employed to investigate the fonnation of mobile hydrogen 

species during the dehydrogenation and rehydrogenation ofTi-doped N~ samples. 

3.1.1 Elastic Dipole and Thermodynamies of the Relaxation 

As shown in Figure 3.1, when a stress (uniaxial or shear strain) is applied to a 

sample, defects respond to the applied stress by changing their state and their contribution 

to the overall strain. Uniaxial strain (Figure 3.1a) is along the x, y, or z axes. A shear 

strain (Figure 3.1b) is two perpendicular uniaxial strains at 45° with different signs and 

equal magnitude. 
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Figure 3.1 (a) Uniaxial (along x, y, and z directions) and (b) shear strains (along xy, XZ, yz 
directions). (c) Interstitial atoms and corresponding elastic dipoles nnder the application of a 
nniaxiaI Ut stress. (d) Effect of Ut on the defects and strain. (Cordero, 2006). 

Figure 3.lc illustrates how point defects in a crystal produce local lattice distortions. 

When there is no stress on the sample, all the sites are energetically equivalent. When an 

external stress is applied, it interacts with the local lattice distortions, resulting in an 

"elastic dipole ... 1 With the applied stress, some sites are more favorable, and other sites 

less favorable, and the defects occupy possible states (or energy levels) according to the 

Boltzmann distribution function. The application of a stress, 0; changes the defects' 

energy states, which also contributes to overall strain. A new thermal equilibrium 

requires repopulation of states, with a relaxation time, To resulting in anelastic strain. 1 

The instantaneous elastic response is accompanied by a retarded anelastic response, 

which has a characteristic relaxation time, To as shown in Figure 3.ld. 

3.1.2 Anelastic Relaxation Setup 

Anelastic spectroscopy measurements are conducted by suspending a bar of the 

sample material on thin thermocouple wires located at the nodal lines of flexural 

46 



vibration modes and electrostatically exciting the sample (Figure 3.2). Generally the 

nodes at 0.225/ from the sample ends (/ = sample length) are used since they are very 

close to the nodes of both the 1st and the 5th flexural modes, whose resonance frequencies 

are in the ratio 1:13.3. It is therefore possible to measure those two frequencies during 

the same run. For the 3rd flexural mode, the wires are positioned at 0.0994/ from the 

sample ends. I An electrode is kept very close to the sample surface, and if the sample is 

not conducting, it is covered with silver paint in correspondence with the electrode and 

suspension wires, in order to have electrical continuity and proper grounding (through 

one of the thermocouple wires). An excitation AC voltage is applied to the electrode 

with frequency j72 and amplitude up to 200 V. 

Sample suspended on two 
nodal Iines by thin wires 

electrode: alternating stress 

/ I Flexural vibrations 
/ 

Figure 3.2 Anelastic relaxation setup. (Cantelli, 2006). 

3.1.3 Elastic Energy Loss and Anelastic Spectrum 

Anelastic spectroscopy measures the complex dynamic elastic modulus (Equation 

3.1), or its reciprocal, the elastic stiffitess, as a function of temperature at a fixed 

frequency. I 
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E(ro,T) = E'(ro,T) + iE"(ro,T) (3.1) 

The real part of the equation is related to vibration frequency, while the imaginary part is 

related to the elastic energy loss coefficient, Q.I. 

The sample vibration produces an alternate stress, which interacts with the local 

lattice distortions introduced by the mobile entities (defects) and perturbs their site 

energies in such a way that the sites that are energetically favored in the first half period 

become unfavored in the second half. The system then looks for the equilibrium 

redistribution among the perturbed levels. At the temperature at which the relaxation 

rate, fl, of the species is equal to the angular vibration frequency, OJ (0Jt = 1), the 

stimulated atomic migration is able to follow (by thermal activation) the sample 

vibration, and Q.I reaches its maximum value. I The Debye peak is the condition of 

maximum relaxation when 0Jt = I. The anelastic measurements are made by sweeping 

ternperature at nearly fixed frequency, OJ, and the resulting spectrum contains absorption 

peaks in correspondence with the temperatures, T max, for which the condition of 

maximum relaxation, OJT(T""",) = 1, is verified. In the case of OJT» I, the defects are too 

slow to follow the periodic stress, and correspond to the elastic limit without defects. 

Conversely, when OJT « I, the defect relaxation is so fast that it instantaneously 

complies to the periodic stress. I 
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Figure 3.3 (a) Contribution of a Debye relaxation process to the imaginary and real parts of the 
dynamic stiffuess at two measuring frequencies. (b) Anelastic spectrum with two processes 
having the relaxation rates plotted in the upper part, measured at the two frequencies WI and Wz. 
(Cordero, 2006). 

An anelastic spectrum is presented in Figure 3.3. When there is a peak, it 

indicates that there is a relaxation process. Measurements are taken at two different 

frequencies to verify that the relaxation process is thermally related. The relaxation time 

of the process follows the Arrhenius law, T = T oeEI 
iT, where E is the activation energy, 

and is used to check if the relaxation process is thennally dependent.! The maximum of 

the peak is when tl1t = I, thus, for a given frequency, only one value of T satisfies the 

equation OJr:oe
EIkT = 1. Thus, measurements are taken at two frequencies to check if the 

temperature dependence equation applies. The peak shift in Figure 3.3a indicates 

temperature dependence. As T is temperature dependent for thennally activated 

processes, the relaxation condition (tl1t = 1) is satisfied at low temperatures for fast 

processes and at high temperatures for slow processes. Figure 3.3b shows how slower 

processes are peaked at higher temperatures, and how it is possible to estimate the energy 
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barrier, E, by taking measurements at different frequencies, and employing the condition 

r(Tmax) = /I)-I at the peak temperatures. It is more convenient to analyze Q.I curves 

because the absorption peaks stand out of an unusually small background. Generally, 

10 - 10.13 is indicative of point defect relaxation (single jump), while 10 > 10.12 is 

indicative of extended defects.! 

The measurement of E' is simultaneously obtained from the angular vibration 

frequency, /1)2 = kE' / p, where p is the mass density, and k a numerical factor depending 

on the sample geometry. I The independent measurements of Q-I and E allow the 

complex E = E'+iE" to be derived, being Q-I = E' / E'. For a single relaxation time, To 

(t is given by: 

(3.2) 

where c is the molar concentration of the jumping atoms and nl and n2 their equilibrium 

fractions in sites 1 and 2, Al and 1..2 are the elastic dipoles of the defects in their two 

configurations in which the defects can relax, g is a factor of the order of Yz depending on 

the geometry of the jump and the type of sample vibration, Vo the unit cell volume, r a 

parameter equal to 1 for a single-time Debye process, and k the Boltzmann constant. I 

3.1.4 Measuring Q-I 

The elastic energy loss (gl) can be measured by two methods. In the free decay 

method (Figure 3.4), the excitation is switched off, causing the vibration amplitude to fall 

on: and the time it takes to reach equilibrium is measured. By interpolating with a 

straight line, it is possible to deduce Q-I. This method is useful when the decay constant, 
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Q/(trfo),where to is the resonance frequency, is long enough (>1.2 s) for the amplitude 

decay to be recorded. ! 

100 I free decay I 

"-... ...... '-A(t) = A exp( Q" (0) tl2) '"'l"o.'. 
o r "':\ 

o 20 40 60 60 100 
time 

Figure 3.4 Free decay method. (Cantelli, 2006). 

For larger dissipations or frequencies, the forced oscillation method (Figure 3.5) 

can be used, where the vibration amplitude is measured on sweeping frequency near 

resonance. The vibration amplitude gives a Lorentzian peak from which the resonance 

frequency, m:J2K, and Q'! can be obtained from the width of the resonance peak.! 

forced 
c 0.12 vibration 
,g 
!!! 0.10 
~ 
'00.08 

-8 ,e 0.06 
C. 

Ih04 

0.00 =-~---:=~--:-!c:--~-::':=-~---::' 
990 1000 1010 1020 1030 

'" (Hz) 

Figure 3.5 Forced oscillation method. (Cantelli, 2006). 
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3.2 Experimental 

3.2.1 Materials 

Titanium(III) fluoride (TiF3), sodium hydride (NaH), and aluminum (AI) were 

obtained from Aldrich Chemical Inc. and used as received. NaA.l.I4 was obtained from 

Albemarle Corp. NaAID4 was synthesized from LiAID4 (Aldrich, 99.8% isotopic purity) 

and NaF as described in the Iiterature.2 Sodium aluminum hexahydride (Na3AIH6) was 

synthesized and purified by the method of Huot et al. 3 

3.2.2 Purification of N~ 

The aluminum present in the commercially obtained NaA~ was removed from 

the raw hydride via the technique outlined in Section 2.2.2. 

3.2.3 Doping Procedure 

Doping of all the powders was performed by the mechanical milling method 4-6 in 

which the hydride (deuteride) was combined with 2 mol % TiF3 and ball-milled under an 

argon atmosphere in a stainless steel bowl using a Fritsch 6 planetary mill at 400 rpm and 

a grinding ball-to-powder ratio of 35: 1. 

3.2.4 Kinetic Measurements 

The dehydrogenation and rehydrogenation studies were performed by the method 

outlined in Section 2.2.4 
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3.2.5 Anelastic Spectroscopy Samples 

All the produced powders carmot be sintered at high temperature; therefore, to 

obtain the prismatic bars suitable for the measurement of the complex dynamic modulus, 

two different methods were followed. rn the case of the Ii-doped Na3AIHu sample 

(labeled Ti 2% H-lhexa) and the Ti-doped NaAID4 sample (labeled Ti 2% D-I), the 

a1anate was pressed in a 1:1 volume ratio with pure KBr powder, which acts as a 

compactant. For the two Ii-doped NaAIl4 samples (labeled Ti 2% H-6 and Ti 2% H-8) 

and the undoped NaAIH4 sample (labeled UH-2), the alanate powder was pressed alone. 

After pressing, all the samples were self-sustained bars 40 mm long, 5 mm wide, and 

0.7-1.5 mm thick. All operations were accomplished in a glove bag with flowing 

nitrogen atmosphere. 

3.2.6 Anelastic Spectroscopy Measurements 

The complex dynamic elastic modulus (Equation 3.1) was measured as a function 

of temperature by suspending the prepared samples on their nodal lines and 

electrostatically exciting their first and third flexural modes, whose frequencies, (j)-/27t, 

are in the ratio 1 :5.4. The real part of the elastic modulus was obtained from the 

vibration frequency, as discussed in Section 3.1.3. The elastic energy loss coefficient, 

Q-t, was measured from the decay of the free oscillations or from the width of the 

resonance peak. 
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3.3 Results 

The elastic energy loss of the Ti-doped NaAll4 sample measured below room 

temperature shows a smooth background that rises with increasing temperature (Figure 

3.6). The sample was then progressively heated to temperatures between 360 K and 436 

K to follow the evolution of the anelastic spectrum with progression of the decomposition 

reactions. After each thennal treatment, (t was measured in the temperature range from 

300 K to 60 K. After a thennal treatment (TT) at 380 K, a broad peak centered around 70 

K for a vibration frequency of 1 kHz was observed. After increasing the TT to 435 K, the 

peak height increased. However, a subsequent heating to a lower temperature visibly 

reduced the peak height. 7. 8 This result indicates a decrease in the concentration of the 

mobile species produced by decomposition. After a further increase in temperature to 

436 K, the peak height increased again. 

The 70 K peak was also stimulated in the undoped NaAll4. although thennal 

treatments to higher temperatures for longer times (447 K for 4 h) were required to make 

it detectable over the background dissipation (Figure 3.6). The maximum peak height 

obtained (after TT at 447 K for 8 h) in the undoped sample is much lower than the peaks 

of the Ti-doped sample. This fact implies that the concentration of the relaxing species is 

much lower in undoped samples than in Ti-doped samples. 
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Figure 3.6 Low-temperature dependence of the elastic energy loss ofTi-doped NaAIH.. Sample 
Ti 2% H-6 after a thermal treatment (IT) up to 360 K «_) I). Sample Ti 2% H-8 after the 
following subsequent ITs up to: 380 K «0) 2); 400 K «e) 3); 435 K «A) 4); 413 K «011) 5); 436 
K «0) 6). Sample Ti 2% H-5 (mixed with KBr) after IT up to 436 K «x) 7). Samp[e UH-2 after 
IT at 447 K for 480 min «+) 8). 

The peak: at 70 K is caused by a thermally-activated process, as it shifts towards a 

higher temperature for a vibration mode with a higher frequency (Figure 3.7). It is very 

broad compared to a single Debye process, indicating strong elastic interactions and/or 

multiple jumping type of the mobile entity. The peak: can be fitted with a Gaussian 

distribution function for both the activation energy and the relaxation time: 

(3.3) 

The best fit values of the mean activation energy and the pre-exponential factor are E. = 

0.126 eV and To = 7xl0-14 s, while the standard deviation of the distribution are o(E) = 

0.022 eV and 0'(1'0) = 3xl0-15 s. The order of magnitude of ~ is typical for point defect 

relaxation.7 
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Figure 3.7 Elastic energy loss of the thermally treated Ti-doped NaAIIL, (symbols) and best fits 
(solid lines) obtained by means of the model with Gaussian distribution functions of the activation 
energy and relaxation time. For comparison, the corresponding Debye curve is reported (dotted 
line). 

In order to ascertain whether the mobile species giving rise to the anelastic peak 

involves hydrogen, we performed measurements on deuterated samples. The Ti-doped 

NaAlD4 sample was thermally treated with subsequent cycles up to 323. 345. 368, and 

441 K. Only after the last treatment (441 K for 100 min), the deuterated sample exhibited 

the peak. A comparison with the peak of the Ti-doped N~ (Figure 3.8) displays an 

isotope shift of 7 K (at practically the same frequency), which is well above the 

experimental uncertainty of the temperature measurement (0.1 K). This result shows that 

the relaxation at low temperature is caused by the dynamics of a complex containing 

hydrogen.s 
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Figure 3.8 Elastic energy loss ofTi·doped Na.A114 after a therrnaltteatment at 436 K (e) and of 
Ti-doped NaAlD. after a thermal treatment at 441 K«o) l.l kHz). A linear background bas been 
subtracted. The heights of the two peaks measured at 1.1 kHz have been normalized. Lines are 
the best fit considering a Gaussian distribution for both the activation energy and the relaxation 
time. The vertical lines mark the position of the maxima of the peaks in the hydrogenated and 
deuterated samples. 

In the deuterated sample, we fit the experimental data (Figure 3.8), after 

subtraction of a linear background, with a Gaussian distribution for both the activation 

energy and the relaxation time, similarly to the case ofNaAll4. The best fit values of the 

mean and the standard deviation of the energy distribution are Eo = 0.136 eVand o(Eo) = 

0.025 eV, to be compared with EH = 0.126 eV and o(EH) = 0.022 eV, obtained for 

hydrogen. For the mean and the standard deviation of the relaxation time distribution, we 

fixed the values obtained from the hydrogenated sample.8 

3.4 Discussion 

The peak at 70 K cannot be ascribed to Na3A1H6, NaH, or AI produced by the 

decomposition reactions because their ct spectra show only a smooth increase in the 

dissipation with increasing T (Figure 3.9).9 Nor can the peak be due to reorientation ofH 
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in Ti complexes as it is also present in the undoped samples. The possibility of H 

relaxation due to interaction with metallic Al should also be ruled out, as the solubility of 

H in bulk Al is extremely low (RIAl = 10~ to 10-8 at 660°C) and the intense peak 

observed cannot be produced by defects present at ppm levels. Finally, the relaxation 

cannot be due to the compression of the powder to obtain the sample bars because the 

compressed NaAlf4 powders do not show the peak. 

• NaAIH, _ TT 81438 K 

0.003 

0.002 

0.001 

0.000 ':-........,,':-~':-......,..':-......,:':-~:':-:-~"':-.-J 
50 60 70 80 90 100 110 120 

T (K) 

Figure 3.9 Elastic energy loss of pure NaAIH." Na,AIH., NaH, and AI, compared with the Q-I of 
thermally treated NaAlH." showing the relaxation peak at 70 K.. The dissipation of AI has been 
divided by a factor on. 

From the aforementioned reasons, we conclude that the peak is caused by a defect 

present in one of the structures involved in the decomposition reactions. One can exclude 

a defect in NaH, as XRD measurements lO do not reveal a significant amount ofNaH after 

heating at 380 K for a short time, while the peak is already present in the anelastic 

spectra. Therefore, the most likely defect involving hydrogen may be of type AiHx, 

which forms during the first decomposition reaction. The relaxation peak may be due to 
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the H vacancy dynamics within the AlH. groups, which would allow the remaining H 

atoms to reorient around AI. 

The peak height increases with increasing temperature, indicating more off

stoichiometry AIH. units are formed with progression of decomposition. When the 

sample is annealed at a temperature lower than that of the previous TT, the peak height 

decreases (Figure 3.6), which indicates that the interstitial hydrogen population partially 

migrates back to the bond sites, thus, reducing the concentration of the AlH. defects. 

This result also shows that: (a) the bond is the deepest trap for H; and (b) hydrogen 

becomes mobile on a long-range scale at about 410 K or lower. We propose, therefore, 

that the structural transformation is driven by hydrogen rather than the heavier Na or AI 

atoms. However, for the transformation to proceed, we also expect displacements of Na 

and AIY·12 

The negligible height of the 70 K peak in the undoped sample is explained by the 

fact that decomposition takes place at a higher temperature. Consequently, the energy 

barrier that hydrogen must overcome to break the AI-H bond is lower in the doped 

sample. Thus, the strength of the chemical bonds is decreased by the Ti dopant, resulting 

in a decrease of the temperature at which decomposition takes place. 

The formation of hydrogen vacancies, and hence the presence of AlH. complexes 

during the dehydrogenation reactions, was first proposed on the basis of anelastic 

spectroscopy experiments7
•

8 and suggested, subsequently, by a recent density functional 

theory (DFf) study.13 The intermediate formation of AIH3 has also been hypothesized to 

explain decomposition and reformation of sodium a1anate.14. 15 DFT calculations 

identified hydrogen vacancies and interstitials as the predominant defect species with low 
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energies of formation and high mobility.16 Furthermore, energy barriers obtained from 

neutron scattering in Na3A1I4 were found in good agreement with the calculated values 

for local H-vacancy diffusion within the AlHs units. 17 

The proposed model of the formation of AlH. off-stoichiometry defects to explain 

the 70 K relaxation peak seems the most likely in view of the theoretical and 

experimental studies mentioned above. However, the possibility that the peak might be 

due to the relaxation of hydrogen around another type of defect, for instance, an impurity 

acting as a trapping center for hydrogen, cannot be ruled out. In this case, a thermal 

treatment under "quasi equilibrium" conditions would decrease the peak height (Figure 

3.6), as hydrogen would migrate back to fiU the AlH. defects formed during 

decomposition.9 The presence of the relaxation process itself would imply AlH. 

formation, and the bond would be the deepest trap. 

Subsequent anelastic spectroscopy studies focused on the reverse reactions of 

dehydrogenation (Equations 1.3 and 1.4) to determine if they proceed via the same defect 

formation pathway as the dehydrogenation reactions. The elastic energy loss spectra of 

pure NaH, and NaH + Al doped with 2 mol % TiF3 hydrogenated for 10 h at 120°C and 

10 MPaH2 are presented in Figure 3.10. There is a peak at 12 K in the pure NaH sample, 

however, this peak disappears after hydrogenation for 10 h. Conspicuously, the peak at 

70 K is absent, which indicates absence of the formation of Affi. off-stoichiometry 

defects during the reverse reaction. Instead, a new peak near 150 K characterizes 

formation of a different type of defect. 
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Figure 3.10 Elastic energy loss of pure NaH and NaH + AI + 2 mol % Ti after 10 hhydrogenation 
at 120ce and 10 MPa H2 compared with the Q-I of thermally treated NaA.lI4 showing the 
relaxation peak at 70 K. 

Figure 3.11 shows the elastic energy loss of a sample of NaH + AI + 2 mol % 

TiF3 hydrogenated for 12 h measured at two different frequencies. The peak near 150 K 

is caused by a thermally activated process, as it shifts towards higher temperature for a 

vibration mode with a higher frequency. 
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Figure 3.11 Elastic energy loss ofNaH + Al + 2 mol % Ti after 12 h hydrogenation at 120°C and 
IOMPaH,. 

Assuming that the rehydrogenation reaction is the micro-reverse of 

dehydrogenation, these results were unexpected. Since the off-stoichiometric defect peak 

at 70 K is not present after rehydrogenation, we conclude that the reverse reaction 

produces a different type of defect from the dehydrogenation reactions of NaAll4. The 

presence of a defect in pure Nail, evidenced by the peak at 12 K, may be important in 

initiating the rehydrogenation process and generating the distinct defect producing the 

peak at 150 K. 

62 



A similar study of cycled samples again produced unexpected results. Ti-doped 

N~ samples cycled for I, 5, and 10 cycles were analyzed (Figure 3.12). There was 

no evolution of peaks at 70 K or 150 K, but rather a new peak at 260 K appeared, 

indicating formation of yet a different type of defect. 
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Figure 3.12 Ti-doped NaAllI4 dehydrogenated at 160·C for 12 h (back pressure of 0.1 MPa), 
rehydrogenated at 120·C for 12 h (10 MPa H2) after I, 5, and 10 cycles. 

Comparing the samples after I and 10 cycles (Figure 3.13), there is a slight 

increase in the peak height, which implies an increase in the concentration of the relaxing 

species upon increased cycling. 
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Figure 3.13 Ti-doped NaAlH. dehydrogenated at 160°C for 12 h (back pressure of 0.1 MPa), 
rehydrogenated a1120°C for 12 h (10 MPa H2) after I and 10 cycles. 

3.5 Conclusion 

The fonnation of a new species and its evolution during the decomposition 

reactions in Ti-doped and undoped NaA~ was reported. This species, which gives rise 

to a thermally activated relaxation peak around 70 K at 1 kHz, is a point-defect complex 

with fast local dynamics. This defect complex according to the observed deuterium 

isotope shift involves hydrogen. This defect was identified as an A1Hx unit, which forms 

during the first decomposition reaction. A comparison of the results obtained from 

undoped and Ti-doped N~ indicates that the strength of the AJ-H bonds is decreased 

by the Ti dopant, resulting in a decrease in the temperature at which decomposition takes 

place. The isotopic shift in the NaAID4 spectrum provides evidence that the point defects 

in Ti-doped alanate contain hydrogen. Thus, the Ti dopant enhances dehydrogenation 

kinetics by lowering the energy barrier to breaking the AJ-H bond. 
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However, the studies on samples produced from the reverse reaction concluded 

that the same defect complexes were not formed as indicated by the absence of the 70 K 

peak and presence of a different peak at 150 K. Spectra from cycled samples show that 

eventually a different peak near 260 K predominates after 1-10 cycles. 

Through anelastic spectroscopy, we verified the presence of defects in 

dehydrogenated, rehydrogenated, and cycled samples. The presence of different peaks at 

different temperatures evidences the evolution of the nature ofthe defects. However, this 

technique does not give immediate information about the environment surrounding the 

defects, thus, we conducted positron annihilation and muon spin rotation studies which 

are discussed in subsequent chapters. 
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CHAPTER 4 

POSITRON ANNIHILATION STUDIES 

4.1 Introduction 

Positron annihilation spectroscopy is a non-destructive technique that uses 

positrons to study defects and voids in solids. In perfect crystals, positrons, e+, delocalize 

in interstitial sites since they are strongly repelled by nuclei due to Coulomb repulsion. 

Once in the interstitial sites, they annihilate with electrons. When there are defects, such 

as vacancies or dislocations, the positrons are trapped in such defects and annihilate with 

electrons in the defects. 

Positron annihilation characteristics are determined by the local electronic 

environment and, thus, provide information about defects in the material. The positron, 

which has the same positive elementary charge as a proton, is a unique probe that gives 

direct information from the standpoint of a proton about hydrogen storage materials, such 

as NlIA1l4, and their structural changes during hydrogen desorption and absorption 

processes. 

4.1.1 What is a Positron? 

The positron is the antiparticle of the electron. It has the same rest mass as the 

electron, but the opposite charge. When a low energy positron collides with a low energy 

electron, annihilation occurs, resulting in the production of two gamma ray photons. The 

bound state of a positron and electron, e+ _eo, is called a positronium, and is analogous to a 

hydrogen atom, where the proton is replaced by the positron. Early studies of positrons 
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revealed that conservation of energy and momentum during annihilation could be used to 

study the properties of solids.! 

4.1.2 Making Positrons 

Positrons can be obtained from the ~+ -decay of radioactive isotope 22Na, 

according to the decay reaction: 

where ~+ is the positron and Ve is an electron neutrino. The 22Na isotope gives a 

relatively high positron yield of 90.4%. Another advantage of the 22Na source is the 

appearance of a 1.27 MeV y-quantum almost simultaneously with the birth of the 

positron, enabling measurement of the positron lifetime by a start-stop coincidence y-

spectrometer. 22Na is the most used source material because it has a half-life of 2.6 years, 

is economical, and is easily handled in the laboratory. Other isotopes such as 64CU and 

58CO are less commonly used.! 

The positron source is prepared by evaporating a solution of 22Na salt on a thin 

metal or polymer foil such as AI, Ni, mylar, or kapton. In order to ensure almost 

complete annihilation of positrons in the specimen, the foil source is placed between the 

sample in a "sandwich arrangement," as shown in Figure 4.1. 

1 Sample 1 "'7 !ail 1 

l:lNa 8OUt'C8 '- .. 2000 x 2000 x 5 "",J 

8ampla 21 
Figure 4.1 Scheme of the sample-source sandwich 
arrangement. (Krause-Rehberg & Leipner. 1999). 
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4.1.3 Positron Annihilation 

In perfect crystals, positrons localize in interstitial sites to minimize Coulomb 

repulsion, and then annihilate with electrons. At open volume defects, such as vacancies, 

vacancy clusters, and dislocations, there is an attractive potential for the trapping of 

positrons. This attractive potential is caused by a lack of repulsive, positively-charged 

nuclei at such defect sites. The positrons annihilate with electrons in the defects. 

The sensitivity range for vacancy detection in metals is about one vacancy per 107 

atoms. This high sensitivity is because the positron diffuses about 100 DID through the 

lattice and probes a high number of atoms until annihilation (Figure 4.2). Because of 

their positive charge, the positrons are repelled by nuclei and have the largest density in 

interstitial regions. The diffusion length determines the number of atoms that are probed 

for positron traps during the positron lifetime, which ranges from 100-200 picoseconds, 

depending on the type of positron trapping site or defect. The positron energy, which 

extends up to 540 keV, is much larger than the thermal energy of diffusion, and decreases 

in the sample within a few picoseconds through non-elastic interactions. However, the 

time is small compared to the total positron lifetime and, thus, can be neglected. On 

reaching thermal energies, the positron diffuses in the lattice and behaves as a charged 

particle before it is trapped in a defect. l 

Figure 4.2 In the positron 
experiment, the positrons 
penetrate the sample, during 
which they thermalize, diffuse 
and, finally, are trapped in defects. 
(Sakaki, 2006). 
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When the positron is trapped in an open volume defect, the annihilation 

parameters change because the positron lifetime increases due to the lower electron 

density. The wave function of the positron captured in a defect is localized at the defect 

site until annihilation with an electron, emitting y-rays. Since both the local electron 

density and electron momentum distribution involved in the annihilation are changed 

with respect to the defect-free crystal, the annihilation radiation can be utilized to obtain 

information on the localization site. 1 Thus analysis of annihilation radiation enables 

detection of the kind of defects, and their concentrations. The main advantage of positron 

annihilation, compared to most electrical and optical spectroscopies, is its sensitive 

detection of open-volume defects. 
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Figure 4.3 Comparison of types of defects and positron lifetimes. (Sakaki, 2006), 

For example, in vacancy clusters, there is less electron density that results in an increase 

in the defect-related lifetime. Since positron annihilation characteristics observed in 
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defects are unique to each kind of defect (Figure 4.3), it is possible to identify defects 

with which protons should have strong interactions. 

4.1.4 Positron Lifetime Spectroscopy 

Various positron annihilation techniques such as positron lifetime and Doppler

broadening are suitable for the characterization of defects. and are especially sensitive to 

open-volume defects. When a positron is trapped in an open-volume defect, the positron 

lifetime increases with respect to a defect-free sample because of the locally reduced 

electron density at the defect. The positron lifetime, t, is a function of the electron 

density at the annihilation site. The annihilation rate, J.., which is the reciprocal of the 

positron lifetime, is given by the overlap of the positron density and the electron density. 

Its intensity is directly related to the defect concentration. In principle, the type and 

concentration of defect can be obtained independently by a single measurement. 

The positron lifetime is measured as the time difference between the emission of 

the 1.27 MeV y-quantum generated almost simultaneously with the positron from a 22Na 

isotope, and one of the 0.511 MeV annihilation y-quanta. The activity of the source must 

be low enough to ensure that, on average, only one positron is in the sample to avoid 

intermixing of start and stop quanta originating from different annihilation events. l 
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Figure 4.4 Setup for the positron lifetime experiment. The mys are converted by scintillator
photomultiplier (PM) detectors into analog electrical pulses. Like an electronic stopwatch, their 
output pulses start and stop a time-to-amplitude converter (TAC). The time difference between 
the birth and annihilation y-quanta represents the positron lifetime. After analog-digital 
conversion, the single annihilation event is stored in the multi-cbannel analyzer (MeA). The 
channel numbers represent time. More that 10' annihilation events must be recorded in order to 
obtain the complete lifetime spectrum. (Krause-Rehberg & Leipner. 1999). 

The result of the measurement is a lifetime spectrum consisting of several 

exponential decay components. These components can be numerically separated, and 

defect-related lifetimes, 'td, and their corresponding intensities, are obtained. The 

magnitude of 'td is determined by the size of the open-volume defect. The defect 

concentration is calculated from the intensity. After thermalization, the positrons may 

annihilate from the defect-free bulk of the sample with annihilation rate, A.b. Positrons 

diffusing through the sample may be trapped in open-volume defects. Since there is less 

electron density in such defects, the annihilation rate, A.d, is expected to be smaller than 

It is more common to use the lifetimes, 'ti = lIA.i. instead of the annihilation rates, 

,... 'td is larger than the bulk lifetime, 'tb, because of the reduced electron density in the 

open-volume defect. Because td is independent of the defect concentration, it can be 

taken as a characteristic value of the open-volume defect. In this way, the agglomeration 
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of vacancies can be observed. For example, tdlTb = 1.25 for monovacancies in Si, and 

tdlTb = 2.6 for voids. 1 

4.1.5 Annihilation-Line Doppler-Broadening 

Conservation of momentum during annihilation enables analysis of the electron 

momentum distribution at the annihilation site. Annihilation-line Doppler-broadening, 

the technique we employed, can be used for the study of the electron structure in solids 

and for the investigation of defects. The momentum of the electron-positron pair is 

transferred to the photon pair because of conservation of momentum during the 

annihilation process. The momentum component in the y-ray propagation direction, P .. 

leads to a small Doppler shift. ~, of the annihilation energy of 0.511 MeV. Several 

million annihilation events are summed up as a Doppler-broadened spectrum of the 0.511 

MeV annihilation line. The energy line of the annihilation is broadened due to the 

individual Doppler shifts in both directions, ± z. 

When positrons localize in open-volume defects, the fraction of valence electrons 

involved in the annihilation process increases compared to that of core electrons. 

Because the momentum of valence electrons is much lower, the momentum distribution 

of annihilating electrons shifts to smaller values. which translates to a smaller Doppler

broadening. Thus the curve of the material with defects is higher and narrower than that 

of the defect-free material, as shown in Figure 4.5. 1 
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Figure 4.5 Doppler-broadening spectra of as-grown gaUium arsenide showing no positron 
trapping (reference) compared with plastically defonned GaAs. (Krause-Rehberg & Leipner. 
1999). 

An advantage of the momentum technique is its higher sensitivity to the chemical 

environment of the annihilation site compared to the positron lifetime spectroscopy 

technique. Momentum distribution information is more influenced by chemical 

surroundings than electron density, which is the basis of positron lifetime spectroscopy. 

Positron lifetime spectroscopy only measures the living time of the positron and the 

electron momentum has no effect on the lifetime.' 

4.1.6 Doppler-Broadening Coincidence Technique 

Through the Doppler-broadening coincidence technique, background reduced 

measurements of positron annihilation with core electrons can be obtained. Information 

on the chemical surroundings of the annihilation site may be determined by comparing 

the measured and theoretically calculated Doppler spectra in the high-momentum region 

for various defect configurations. At the annihilation site, the chemical nature of the 

neighboring atoms can be identified more reliably. However, unlike positron lifetime 
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spectroscopy, this technique cannot be analyzed with several defect components. Thus if 

more than one type of defect contributes to positron trapping, both techniques must be 

employed to obtain full information.' A high-resolution energy-dispersive detector 

system (Figure 4.6) measures the energy broadening of the annihilation line. 

22Na 
source 

Sample 
e+ Ge 

detectorS 

.. 8...rv'. Y le:::p", 
511 keY 

Coincidence 

Figure 4.6 Setup for Doppler-broadening coincidence technique. Pure Ge crystals are cooled with 
liquid uitrogen and measure the energy distribution of the annihi1ation line. The signal of the 
pure-Ge detector is processed by a preamplifier integrated in the detector. Under the applied high 
voltage of several kV, the annihilation photons cause a charge separation that is converted by a 
preamplifier into an electrical pulse. Its amplitude is a measure of the photon energy and is 
registered in a multi-channel analyzer. Several million counts are collected by the MeA. 
(Krause-Rehberg & Leipner, 1999). 

The background. arising mainly from the 1.27 MeV y-quanta of the ~+ -decay in 

the source, is substantially reduced with the Doppler-broadening coincidence technique, 

which registers both y-quanta The second annihilation y-quantunt is detected by a 

second Ge detector. A system with two Ge detectors improves the energy resolution. 
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Figure 4.7 Doppler-broadening coincidence spectra of Zn-doped GaAs. (a) Two-dirnensiooal 
array of coincident anoihilation events. (b) Demonstration of background reduction. Top 
spectrum was measured conventiooally with one Ge detector. The coincidence spectra were 
obtained from (a) as intensity profiles parallel to the horizontal axis at an energy of 511 keY 
(middle) and diagooal (bottom spectrum). (Kranse-Rehberg & Leipner, 1999). 

The coincidence spectrum, shown above in Figure 4.7, is a two-dimensional array 

of counting rates, where the dimensions represent the energy scales of the respective 

detectors. A spectrum of both Ge detectors is obtained as the intensity profile along the 

diagonal from the upper left to lower right of the measured array. This diagonal profile is 

due to conservation of momentum during the annihilation process. The increase in the 

annihilation y-ray energy in one detector according to the Doppler shift leads to 

simultaneous reduction of the y-ray energy in the second detector. The sum of the 

annihilation y-ray energies remains constant at 1.022 MeV. The second diagonal is a 

measure of the resolution of the system. The profiles parallel to the axes at Sl1 keVare 

also coincident spectra 

76 



4.1.7 S Parameter 

The S, shape, parameter is defined as the area of the central low-momentum part 

of the spectrum, As. divided by the area below the whole curve, Ao, after background 

subtraction, as seen in Figure 4.5. 

A, £0+(', 

S=-, As= JNodE 
Ao E~Es 

(4.2) 

ND is the Doppler-broadening spectra, Eo is the energy of the y-ray for positron 

annihilation (511 keY) and E. is the energy limit to estimate the Sparameter. 

The W, wing, parameter is taken in the high-momentum region far from the center 

(Figure 4.5). It is calculated as the area of the curve in a fixed energy interval, Aw, 

divided by Ao. 

A EJ W=~, Aw= NodE 
Ao EI 

(4.3) 

Both the Sand W parameters are sensitive to the concentration and kind of defect. 

The S parameter, valance annihilation parameter. is more sensitive to the structure of the 

defect such as the size of the open volume. The W parameter, core annihilation 

parameter, is more sensitive to the chemical surroundings of the annihilation site because 

the core electrons, having a high momentum, are mainly contributing in the region of 

large energy deviations from the annihilation energy of 51 I keY. 

The interval limits are chosen symmetrically around the energy of Eo = 5 I I keY 

for the calculation of the S parameter, Eo ± E,. The energy limits, EJ and E2, for the W 

parameter must be defined in such a way as to have no correlation effects with the S 

parameter so as to distinguish between the valence and core electrons. 
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4.2 Experimental 

4.2.1 Materials 

Titanium(Ill) chloride (TiCh) was obtained from Aldrich Chemical Inc. and used 

as received. Pre-purified NaAI.l4 was obtained from Albemarle Corp. Na3AIHt. was 

synthesized by the method ofHuot et a\.2 

4.2.2 Purification ofNaAIH4 

The aluminum present in the commercially-obtained NaAI.l4 was removed from 

the raw hydride via the technique outlined in Section 2.2.2. 

4.2.3 Doping Procedure 

In a glove box under nitrogen, NaAI.l4 was charged with a prescribed amount of 

TiCh and loaded into a tungsten carbide bowl (250 ml) with ten 10-mm-diameter 

tungsten carbide balls. The capped and sealed bowl was then transferred to a Fritsch 

planetary mill and ball-milled for 30 min at a speed of 350 rpm. Ball to powder ratio 

varied between 30: 1 to 40: 1. 

Wet-doped NaAI.l4 was doped with a prescribed amount ofTiCh using the wet 

method ofBogdanovic et al.3 

4.2.4 Dehydrogenation and Rehydrogenation of Samples 

Dehydrogenation was performed by isothermal heating at 393 K under vacuum 

until the phase transformation from NaAl~ to Na3AIH6 and AI was complete. The 

rehydrogenation was performed at 10 MPa of hydrogen at 373 K until the phase 
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transformation from Na3Allit; and Al to NaAI}4 was complete. Cycling of samples (5 

cycles) was carried out at 393 K under vacuum for 24 h or 16 h for dehydrogenation, and 

373 K and 10 MPa of hydrogen for 40 h or 48 h for rehydrogenation. After each process, 

Doppler-broadening spectra and XRD profiles were measured. 

4.2.5 X-Ray Diffraction and Doppler-Broadening Measurements 

The samples were handled under an Ar atmosphere or vacuum, without any 

exposure to air, during the XRD and Doppler-broadening measurements. For the 

Doppler-broadening measurements, 30 ;£i of 22NaCI was sealed with kapton film, and 

was applied as the positron source within the sample. The Doppler-broadening 

measurements were carried out under vacuum at room temperature using Ge detectors 

cooled with liquid nitrogen. The Doppler-broadening spectra consisted of more than 106 

events of positron annihilation and several spectra were accumulated for all samples in 

order to ensure the reproducibility of the data. 

XRD profiles were collected at room temperature using a rotating Cu anode. The 

measurement conditions were 50 kV and 200 rnA from 15° to 100° with 0.02° of angle 

interval. 

4.2.6 Peak Profile Analysis 

The diffiaction data of 28 from 15° to 100° were analyzed by the Rietveld 

refinement program PIETAN-2000 4-6 and lattice parameters and phase fractions were 

estimated. A pseudo-Voigt function was used for expressing peak profiles. Mass 
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fractions of each phase, Wp, were calculated from the scale factors which were obtained 

by the Rietveld analysis: 7 

(4.4) 

where sp is the scale factor of pth phase, Zp is the number of the chemical formula in the 

unit cell, Mp is the mass of the chemical formula, and Vp is the unit cell volume. From 

the obtained mass fraction values, the fraction of each phase,JP, was calculated: 

W 
fp = p 

l-WNacl 

(4.5) 

Only diffraction from metal atoms was taken into account since diffraction from 

hydrogen atotns is negligible due to the small atomic scattering factor. 

4.2.7 Estimation of S Parameter in Doppler-Broadening Spectra 

The S parameter is defined in Section 4.1.7. The background correction was 

performed as the subtraction of a straight line. The chosen limit, Eo ± E", was set to 511 

± 0.65 keY for the determination of the S parameter in all spectra. 

4.3 Results 

Figure 4.8a shows the XRD profiles and lattice constants of NaAlJL; samples. 

SmaIl amounts of impurity phases such as AI, NaCI, and/or Na3A1Hti were present in the 

Ti-doped samples, while the undoped samples exhibited a single phase ofNaAIJL;. The 

phase fractions ofNaAIJL; estimated by the Rietveld analysis ofXRD profiles were 98.4 

and 96.1 mol % in wet-doped and mill-doped NaAIJL; samples, respectively. Our 

findings that Ti doping did not influence the lattice constants ofNaAl14 agreed well with 
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previous reports by synchrotron radiation powder XRD (a = 5.0232 A and c = 11.3483 

(a) 12000 0 (b) 120000 

Mill Doped 
3"'5.0194(4) A 

1 
.:=1I.3430(8)A 

A c 90000 

Mill Doped 
a~.0243(4) A 
c=II.3536!B)A 

A h - 90000 
c 

W.tDoped 

~ 
a~S.0196(3) A 
.:=11.3417(8) A 
A 

8 -...... 60000 
i- ! 

WoIDoped 
a~.024O(J) A 
Crll.3519(7) A 

::I 
C 
C> -...... 60000 
i· 

'u; Milled 'u; Milled 
FS.0231(3) A 

A 
711.3510(7) A ~ 30000 

a~.0222(3) A 

! 711.3499(7) A 

c ... -c 
30000 -

A.-«ceh...! NaAlH, 
a=S.02I~tl A 
.:=11.34 1 A 

0 A. 

As-r=ivod NaAlH, 
.=s.OIB~BI A 

A 
jl13482 A 

o 
2S 30 3S 40 45 25 30 35 40 4S 

Diffraction Angle. 2 () / 0 Diffraction Angle, 2 () / 0 

Figure 4.8 XRD profiles and lattice constants in (a) as prepared NaAJII. and (b) heated at 393 K 
for 30 min. 

Figure 4.9a shows the changes in S parameters obtained from Doppler-broadening 

spectra. No significant change in S parameter was observed for as-prepared NaAlRt. S 

parameters were neither influenced by ball-milling or Ti doping. Thus, positron trapping 

sites such as vacancies or dislocations were not introduced by the Ti dopant. 

The XRD profiles, lattice constants of the NaA1H4 phase, and S parameters after 

heating at 393K for 30 min under vacuum are shown in Figures 4.8b and 4.9b. No 

significant changes in lattice constants of the NaA1H4 phase were observed before and 

after heating. The phase fractions of NaAlRt, AI, and Na3A~ in mill-doped NaAlRt 

after heating were 92.7, 5.61, and 1.7 mol %, respectively. The differences in S 
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parameters before and after heating were negligible for all samples except the mill-doped 

(a) (b) 

0.004~ ~ : : : ; .. ~ ~o.oo: 
0.52 

0.52 
~ 

£ ... 
'" '" 10

.
51 I 

Q 

~ 0.51 (5 
I T 

Vl t 8.. r '2 
Vl 

O.S Pure WD 0.5 
Mill MD Pure WD 

Mill MD 

Figure 4.9 S parameter in (a) as prepared NaAJH. and (b) heated at 393 K for 30 min. AS is the 
difference between before and after heating. Mill (NaA1J4 ball-milled), WD (2 mol % TiCI, wet
doped), MD (2 mol % TiCl, ball-mill doped). 

The mill-doped sample was further heated to identify the origin of the 

microstructure change. As shown in Figure 4.10, NlIA1l4 was transfonned to Na3A1H6 

and Al with increased heating time. The phase fraction of NlIA1l4 was monotonically 

decreased to 4.7 mol % after heating for 960 min, while the phase fractions of AI and 

Na3Allft, were monotonically increased (Figure 4.lld). The lattice constants ofNlIA1l4, 

AI, and Na3AIH6 did not change during dehydrogenation (Figures 4.11 a, b, c). The 

crystallite size for the AI phase. estimated by the Rietveld analysis, is around 182 ± 80 

nm during dehydrogenation. This agreed with the previous report by electron 

microscopy.9 
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Figure 4.10 Changes in XRD profiles during heating at 393 K in ball-mill Ti-doped NaAIH.. 
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Figure 4.11 Peak analysis by Rietveld method in XRD profiles during heating at 393 K in ba11-
mill Ti-dcped NaAIH.. (a), (b), (c) lattice constants in NaAll4 AI, NaAI,H., respectively, and (d) 
phase fractions. 
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During dehydrogenation, the 8 parameter increased from 0.5067 to 0.5559 with 

increased heating time (Figure 4.12), which indicates a change in the positron 

annihilation sites. There are two possibilities to explain this phenomenon: (a) The 

change of positron annihilation sites from NaAll4 to Na3AiHt; and AI without any 

formation of lattice defects, and (b) The formation of positron trapping sites such as 

vacancies during decomposition ofNaAll4. 
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Figure 4.12 Changes in S parameter during heating at 393 K in ball-mill Ti-doped NaAIH.. 

Doppler-broadening spectra were measured for Na3AiHt; synthesized by the Huot 

et aI. method2 to compare the defect structure in decomposed products of NaAll4 and 

synthesized Na3AiHt;. Na3AiHt; had a lower 8 parameter (8 = 0.5198) than the 

decomposed products ofNaAl~ after heating for 1920 min (8 = 0.5559). To account for 

the AI that was present in the decomposed products ofNaAll4, AI powder (annealed at 

723 K for 5 hours) was mixed with Na3AlH6. The 8 parameter decreased from 0.5198 to 

0.5047 by the addition of Al powder. Therefore, the increase in 8 parameter during the 
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dehydrogenation process cannot be explained by the change of positron annihilation sites 

from Na.All4 to Na3A1H6 and AI without any fonnation oflattice defects. This indicated 

that the increase in S parameter must originate from the fonnation of lattice defects in the 

decomposed products. 
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Figure 4.13 Changes in (a) XRD profiles and (b) phase fractions during rehydrogenation at 373 K 
and 10 MPa H, in ball-mill Ti-doped NaAIH.. 

In Figure 4.l3a, the XRD profile clearly shows that during rehydrogenation, 

Na.All4 was fonned, with small amounts ofunreacted Na3A1H6 and Al remaining. 

0.56 

~ 

r~ 
en 0.52 

~~~-----------

005 
0~----~100~O~----~20~O~O---' 

Hydrogenation Time, t / min 

85 

Figure 4.14 Changes in S parameter during 
rehydrogenation at 373 K and 10 MPa H, in ball
mill Ti-doped NaAIH.. 



As shown in Figure 4.14, the S parameter dramatically decreased, which indicates that the 

vacancies introduced in the decomposed products by dehydrogenation were recovered by 

rehydrogenation. The decrease of S parameter must originate from decreases in the 

fractions of the phases containing vacancies. 
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Figure 4.15 Changes in (8) S parameter and XRD profiles during (b) dehydrogenation at 393 K 
under vacuum and (c) rehydrogenation at 373 K and 10 MPa H2 in ball-mill Ti-doped NaArn. as 8 

function of cycles. 

XRD profiles after cycling (Figures 4.15 b, c) show that the decomposed products 

ofNaAlH.t contained NaJ.A1H6, AI, and NaH and the rehydrogenated products contained 

NaAlH.t, Na3~, and AI. The lattice constants of all phases in the decomposed and 

rehydrogenated products did not change with the increase in the number of cycles, as 

shown in Figures 4.16 and 4.17. The S parameter increased to around 0.5572 during 

dehydrogenation and then went back down to around 0.5132 by rehydrogenation, 

reversibly for 5 cycles (Figure 4.15a). Vacancies that were introduced during 
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dehydrogenation were recovered with the decrease of the phase fractions of the 

decomposed products during rehydrogenation. 
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Figure 4.16 Peak analysis by Rietveld method in XRD profiles in the dehydrogenated products of 
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4.4 Discussion 

There were two candidate phases in the decomposed products ofN~ for the 

vacancy containing phase: Na3A1H6 and AI. We ignored the effect of the NaH phase 

because the S parameter had already increased before the precipitation of NaH observed 

in XRD profiles. We also ignored the possibility of a vacancy in N~ because the S 

parameter increased with the decrease of the phase fraction ofN~, and decomposed 
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products of NIlA1l4 without NIlA1l4 had much higher S parameters than as-received 

NaAlR!. 

We observed formation of hydrogen vacancy units, AlH., with anelastic 

spectroscopy, however, the positron annihilation technique we used was not sensitive 

enough for such small-volume defects. Therefore. this increase of S parameter we 

observed must be due to the formation of vacancies of metal atoms in NaJA1H6 and/or AI. 

Our experimental results indicated that the reversible formation and recovery of 

vacancies during cycling must play an important role in the dehydrogenation and 

rehydrogenation reactions of NaA1R! because the diffusion of constituent elements 

during the phase transformations proceeds by the exchange of positions between atoms 

and neighboring vacancies. 

4.5 Conclusion 

The effect of Ti doping on the microstructure. including the defect structure, 

during the dehydrogenation and rehydrogenation of NaA1R! was observed by XRD and 

Doppler-broadening measurements. No differences were observed in lattice constants 

and S parameters between undoped and Ti-doped samples, thus, after doping there was 

no formation of vacancies or clusters. However, vacancy formation was observed during 

the dehydrogenation of Ti-doped NaAlR!. Vacancies were also introduced in wet-doped 

NIlA1l4 by the dehydrogenation reaction at 423 K. 

The introduced vacancies were recovered by rehydrogenation with the decrease of 

the phase fractions of the decomposed products of NIlA1l4. This reversible vacancy 

formation and recovery were observed in subsequent cycles. The vacancy behavior must 
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play an important role in the dehydrogenation and rehydrogenation reactions ofN~ 

and enhances the dehydrogenation and rehydrogenation reactions. 
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CHAPTERS 

MUON SPIN ROTATION STUDIES 

5.1 Introduction 

Muon spin rotation (,uSR) spectroscopy uses implanted muons to probe the 

structure and dynamics of bulk material on an atomic scale. The muon behaves as a 

lightweight proton in its chemical and elastic interaction with matter. In condensed 

matter, the muon is a sensitive probe of internal magnetic fields and electronic 

configurations of materials. ,uSR has been widely applied to the study of the local 

electronic structure of hydrogen atoms,1 thus, we used this technique to further elucidate 

the hydrogen dynamics of the dehydrogenation of N~. This unique technique 

reveals information that cannot be investigated by other spectroscopies, which makes it 

complementary to other well-recognized techniques such as neutron scattering, EPR, and 

NMR. 

5.1.1 What is a Muon? 

Muons are leptons, and like electrons and taus, they are elementary particles that 

do not feel strong interactions, only electro-weak interactions. Both charge states of 

particle and antiparticle exist. Negative muons are like heavy electrons, and positive 

muons are like heavy positrons, but act more like lightweight protons. Muons are 200 

times heavier than electrons. Negatively charged muons are rarely used in ,uSR because 

they are so similar to electrons and get trapped in atoms. Instead,,uSR uses positively 
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charged muons V/), which have one-ninth the mass of protons, thus act like lightweight 

protons.! 

5.1.2 Making Muons 

Muons are produced when a target of graphite or another light element such as 

beryllium is exposed to a high-energy proton beam (>500 MeV). As seen in Equation 5.1, 

proton-nucleon interactions generate pions (11'''). The pions then quickly decay to positive 

muons and muon-neutrinos, as seen in Equation 5.2. 

p+p->p+n+1I'+ (5.1) 

+ + 
11' -> fJ + V,u (5.2) (1:. = 26 ns) 

Because of parity violation in the decay of pions, surface muons, which are the 

muons collected from the decay of pions at rest on the surface of the production target, 

are perfectly spin polarized opposite to their momenta (Figure 5.1). In,uSR. a high 

degree of spin polarization can be achieved, and may be up to 100% for surface muons.! 

It is this phenomenon, which is the basis for the ,uSR technique. 

Figure 5.1 Pion decay to spin-polarized muons. (Cox, 1996). 

5.1.3 What is Measured? 

The response of the muon spins to their magnetic environment in the sample is the 

source of all information for ,uSR experiments. Muons are produced with 100% spin 
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polarization and transported by a beamline for implantation in the sample. The beam is 

stopped in the material of interest, which may be a gas, liquid, or solid. Muons in solids 

come to rest in 10-12 s, thus, polarization is largely preserved on implantation and 

therma1ization in the sample. l Muons have spin Ya so they adopt one of two possible spin 

orientations with respect to any reference direction, referred to as the spin-up and spin

down states, as shown in Figure 5.2. Their spin state is insensitive to electrostatic 

interactions. The spin-up state (spin parallel to the field) has a lower magnetic energy 

than the spin-down state (anti-parallel). 

-D 

Figure 5.2 Spin It, energy levels. (Cox, 1996). 

The energy difference or splitting is known as the Zeeman energy and increases 

linearly with magnetic field. The Zeeman energy is measured in the unit of frequency 

called the Larmor frequency, V,u. and is usually expressed as an angular frequency, 

(j)" = 2IN". 

Normally there are nuclear or atomic moments on the host lattice. The dipolar 

fields from these moments give a local field at each muon site, which adds vectorially to 

the applied field. The result is a distribution of energy levels that is roughly Gaussian for 

a dense spin system with moments on every lattice site. 1 
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Muon polarization is defined as the proportional difference in the populations of 

muons in the spin-up state and spin-down state. Muon polarization is monitored via the 

asymmetry in the muon decay. A variety of behaviors is possible, including precession, 

oscillation, and decay. With precession, the implanted muons stop between atoms in 

interstitial sites where they start Larmor precession according to the local magnetic fields, 

as shown in Figure 5.4a.! 

Muons are unstable, short-lived particles, decaying with a lifetime of about 2 ps. 

A positive muon spontaneously decays to a positron and a neutrino-anti-neutrino pair 

(Equation 5.3). 

+ + p -+e + ve + vp (5.3) 

Figure 5.3 Positive muon decay. (Cox, 1996). 

As seen in Figure 5.3, due to parity violating decay, positrons are emitted along the 

instantaneous spin direction of the parent muons, which are detected by scintillation 

counters. From a single decay positron, one cannot be certain which direction the muon 

spin is pointing in the sample. However, by measuring the anisotropic distribution of the 

decay positrons from a collection of muons deposited at the same conditions, one can 

determine the statistical average direction of the spin polarization of the muon ensemble. 

The raw data consist of the positron count rate in one or more of the detectors. The 

accumulated signals are used to monitor the time evolution of muon polarization.! 
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The positive muon, when implanted in matter, is an extremely sensitive probe of 

the internal magnetic fields at interstitial site(s). This is partially due to its large 

gyromagnetic ratio (yplbe = 135.53 MHzIT, which is 3.183 times that of lH). This allows 

one to investigate the local atomic configuration around the muon by probing the 

magnitude of local magnetic fields from nuclear magnetic moments. The large magnetic 

dipole moment and the absence of an electric quadrupole moment (the muon has spin lI,) 

make the muon a sensitive and accurate magnetometer. l 

PRECESSION 

F 

4 SAMPLE 

Figure 5.4 (a) Positive muon probes its local environment. (b) Setup of pSR experiment. The 
beam of muons (1) enters the sample. The muon spins precess about the local magnetic field, H 
(2). When a muon decays, it emits a positron in the direction of its spin (3). This positron is 
detected as it goes through either the forward (F) or backward (B) detectors (4). (TRillMF, 2004). 

A simple schematic of a ,uSR experiment is shown in Figure 5.4b. The detection 

of individual particles makes ,uSR spectroscopy a very selective and sensitive technique. 

The number of hits at different times is plotted for each detector, as seen in Figure 5.5a. 

Superimposed on the exponential decay of the muon is an oscilIation showing extra 

counts as the spins of the muons sweep past the detector. To measure the frequency of 

the spin precession, the difference between the two detector signals is divided by their 

sum, as shown in Figure 5.5b, which is the preferred method for displaying non-

oscillatory signals such as zero-field relaxation. When different muons precess at 
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different frequencies, the amplitude of the precession signal decays, called spin relaxation. 

The frequency and relaxation rate provide infonnation about the local magnetic fields in 

the sample. I 

~f forward de1ecIDr ! ~ ~ ... i ~ 'l5 

I G~ e. !z 
0 time 

Figure 5.5 (a) The number of bits is plotted for the forward and backward detectors. 
(b) Fractional difference between spectra (spin relaxation). (TRIUMF,2004). 

5.1.4 UsingpSR to Study Hydrogen 

lime 

The technique of jlSR has been widely applied to the study of the local electronic 

structure of hydrogen atoms. Implanted in matter, a muon provides a microscopic probe 

with unique properties. It is well established that a positively-charged muon (j.l"') behaves 

as a light isotope of a protonlhydrogen upon its implantation in matter, where it resides at 

the interstitial site(s) to minimize the electrostatic energy (Figure 5.6).\ In a lattice, 

muons invariably adopt interstitial sites and create a point defect in which the immediate 

environment must respond to the introduction of a unit "test charge". The small mass 

(one-ninth that of a proton) makes the muon a prototype light interstitial for studies of 

dynamics and diffusion. 
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Figure 5.6 Interstitial muon site io a lattice. (Cox. 1996). 

The electronic structure of a muon-electron bound state, a muonic analog of a 

hydrogen atom, called muonium, (Mu = ,/ e") is identical to that of hydrogen except a 

small correction due to the difference of reduced mass (....().5%). Thus, the size and 

binding energy of the two atoms are essentially identical-the implanted muon simulates 

the state of interstitial hydrogen on the atomic scale and provides information on the local 

structure of hydrogen isotopes, which is highly complementary to that of on-site 

hydrogens obtained by neutron scattering and I H NMR.1 

S.l.S Zero-Field Relaxation 

There are several different experimental configurations for ,uSR. Transverse-field 

,uSR involves the application of an external magnetic field perpendicular to the initial 

direction of the muon spin polarization. For longitudinal-field ,uSK, the external 

magnetic field is parallel. The time evolution of the muon polarization along its original 

direction is measured. The muons are initially all in the spin-up state or all in the spin

down state, which is far from an equilibrium situation. In thermal equilibrium, the 

populations would be related by the Boltzmann factor. The equilibrium polarization is 

quite small, and should therefore decay or relax to essentially zero. I 
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Zero-field relaxation, which we used in our studies, is perfonned in the absence of 

an extema1 field. Zero-field pSR is a very sensitive method for detecting weak internal 

magnetism that arises due to ordered magnetic moments, or random fields that are static 

or fluctuating with time. 

--

Figure 5.7 Schematic ofa zero-field.uSR setup. (TRIUMF.2002). 

Zero-field relaxation maximizes the sensitivity of muons to the intema1 magnetic 

field exerted by nuclear magnetic moments. Since the magnitude of the field generated 

by nuclei is typically no more than a few gauss, applying an external field greater than 

that would make it more difficult to trace the subtle effect of nuclear magnetic moments. 

More specifically, in a transverse-field condition with a field applied parallel to the z-axis, 

it is only the z-component of the internal field that would contribute to the relaxation due 

to de-phasing, i.e., muons feel a slightly different field at different sites due to the 

randomness of the nuclear dipolar field, and they undergo precession at slightly different 
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frequencies with each other. This eventually leads to the loss of coherence for muon spin 

motion, which is observed as a "relaxation" in terms of an ensemble of muon spins. On 

the other hand, in a zero-field condition, supposing that the initial muon spins are directed 

to the z-axis, it is the x- and y-components of the internal field that contribute to the 

relaxation, not de-phasing, but real spin precession solely due to the internal field.2 

Cross relaxation in a zero-external field is called the Kubo-Toyabe function and is 

derived from the idealized case of static local fields, which take all possible directions 

and have a Ganssian distribution of magnitudes. 

1 

G.(t) 

1/3 

Figure 5.8 Kubo-Toyabe zero-field relaxation function. (Cox, 1996). 

As shown in Figure 5.S, for the Kubo-Toyabe function, there is an initial Gaussian 

decay, which can be thought of as the superposition of oscillatory exchanges of 

polarization with individual neighbors. Then the polarization recovers to 113 of its initial 

value. The initial Gaussian part is determined as a Fourier transform of the field 

distribution, whereas the asymptotic behavior comes from the fact that the possibility of 

the random local field being parallel with the initial muon polarization is 1/3 in three

dimensional space. Given that the internal fields felt by muons are random and without 

any anisotropy in the geometrical sense, the asymptotic behavior of the spin relaxation is 
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always described by this 1/3 component that is irrespective of the character of 

distribution, not just for the Gaussian distribution, but any form.2 

5.2 Experimental 

5.2.1 Materials 

Titanium(Ill) fluoride (TiF3) was obtained from Aldrich Chemical Inc. and used 

as received. Pre-purified sodium aluminum hydride (NaAlI4) was obtained from 

Albemarle Corp. and used as received. 

5.2.2 Doping Procedure 

The Ti-doped material was prepared by the mechanical milling method3, 4 in 

which the hydride was combined with 2 mol % TiF3 and ball-milled under an argon 

atmosphere in a stainless steel bowl for 30 min at a speed of3S0 rpm. 

5.2.3 pSR Samples 

The obtained powder (-0.5 g) was wrapped with a thin aluminum foil (== IS~) 

and then sealed with a thin polymer sheet under an argon atmosphere to prevent oxidation 

of the sample. 

5.2.4 pSR Measurements 

The experiments were performed on the MIS beamline at TRIUMF (Canada) and 

nM3 beamline at PSI (Switzerland) which, respectively, provide a beam of nearly 100% 

spin polarized positive muons. Conventional ,uSR measurements were carried out on the 
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powder specimens of pure and Ti-doped NaAll4. A muon beam with an energy of 4 

MeV (corresponding to the stopping range of -150 mglcm2
) was irradiated on the sample 

loaded on a He gas-flow cryostat, and time-dependent muon spin polarization was 

monitored by measuring the energetic p-e decay positrons emitted preferentially along 

the muon spin direction. 

5.3 Results 

Figure 5.9 shows the time evolution of positron decay asymmetry, A(t), under a 

zero-field condition, where A(t) is proportional to the instantaneons muon polarization, 

pet), projected along the z-axis parallel to the initial muon beam direction, A(t) = AoPz(t), 

with Ao (-0.18 for PSI data and -0.26 for TRlUMF data) being the instrumental 

asymmetry. Ao at PSI was small because P(O) was tilted by nearly 450 from the z-axis. 

In both undoped and Ti-doped samples, the time evolution of A(t) observed near 5 

K is characterized by a Gaussian damping that is overlapped with sinusoidal oscillation. 

While such a spontaneous oscillation of muon spin in magnetic materials is a sign of 

magnetic order, it is clearly not the case considering that NaAll4 is a non-magnetic 

insulator. The only possible origin of the oscillation is the formation of a local atomic 

cluster consisting of a p+ and a small number (:5 2) of nearby atoms having nuclear 

magnetic moments.5 
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Figure 5.9 Time-dependentfJ-e decay asymmetry (a muon polarization) observed in undoped (a) and (b) and Ti-doped (c) and (d) NaAIH." respectively, at about 
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One of the classical examples is the F -}/ -F (F,uF) complex observed in alkali 

metal fluorides, where the two 1'10 nuclei (spin / = 112) exert a well-defined magnetic 

dipolar field on a muon and thereby the muon exhibits coherent spin precession.6 The 

F,uF state is a muonic analog of hydrogen difluoride (F-H-F) that is known as a 

prototype of strong hydrogen bonding? Observation of the F,uF state in NaF naturally 

leads to the possibility that alanate substitutes for fluorine to form an AIR!· -,u + - AIR!· 

bonding state in NaAlR!, where the nearest two nuclei are those of hydrogen atoms. As 

shown below, this specUlation turns out to be a quantitatively reasonable model for 

understanding the local atomic configuration for the interstitial muon. 

Assuming a static collinear geometry with ,u + at the center of the line joining two 

other nuclear spins (/ = 11.2), the time evolution of muon polarization as a cubic average 

is calculated by solving a simple three-spin model to yield: 

where a± = 1 ±1I ,J3,/3± = (3±,J3)/2, and wdis the dipolar interaction frequency: 

(5.5) 

with )'1 and T, respectively, being the gyromagnetic ratio of nuclear spin ()'v'21t" = 42.58 

MHzIT for 1 H) and the distance between,u + and the nucleus.6 

The observed time evolution also suggests that a considerable fraction of 

implanted muons is subjected to a local field characterized by the Gaussian distribution, 

leading to depolarization described by the Kubo-Toyabe relaxation function [GKr(t)] 

under zero-external field.2 In addition, a stationary (undamped) component emerges in 

the undoped sample at higher temperatures (see Figure 5.9b). 
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Considering those three components. the time spectra in Figure 5.9 are analyzed 

by a model relaxation function: 

(5.6) 

where jd is the fractional yield of the ,/ state.! and g are the relative yield of the muon-

dialanate state and that described by Gd.t) (with! + g + h '" 1). I\. is the damping rate of 

the dialanate signal. II is the Gaussian linewidth, and v is the hopping frequency of the 

muon. 

As shown in Figure 5.9, the fitting analysis by the above model function using the 

I-minimization method provides perfect agreement with the observed spectra. The 

deduced parameter values are shown in Figures 5.10 and 5.11 with correlated errors 

obtained by scanning over the multi-dimensional I contour. We also examined the 

possibility of a muon bound to a single nuclear spin. such as mono-alanate (}/ -~ ") or 

.u-H bound state (a H2 molecule with one of the protons substituted by.ul. where the time 

evolution of muon polarization in two-spin system is described by: 

G2S(t) = .!.{1 + COSaMt + 2 cos(lI 2aMt) + cos(3 I 2aMt)} 8 (5.7) 
6 

The best fit by Equation 5.6 with G2s(t) substituting for G3s(t) yields nearly twice as large 

I as that with G3s(t), indicating that the observed .uSR spectra is best explained by the 

muon-dialanate configuration. 

104 



O.l5~ .... I 

0.141- a) 
I . I I , I 

-

-r O.l3 r ; ... i + 
g 0.12~"" ... ·" .... .. ..... + ,. + t : 
a'"'O.1It- 't 

• Ti-doped 
0.1Ot- ... undoped d, 
0.09 c.l 

os _ 

~ 0.4 b) f-
-; ~ 03 '+ 1 -t+ ...... t I· f-
<' ~~ ,t!T'" ..... + + T f f ~ 

0.0 . I , I I • I I 

0.6 r;::;::;::;::::;::;:::;::;:::;::;::;;:;::;=;:::r;=:;:::;::;:=;=;=;:::;::;:::;;:;::;=;::;:::; 
c) 

'i os ,tf·" t 1." .... .. t j ~ f: 
.. f-

04) 50 100 150 200 250 300 
Temperature (K) 

U.lS 

~ t· ... 
0.6 ! ~ -I 

• + t ~0.4 ttt't + ... '. '-' +i + ; 
nn •••• I •••• I •••• I •••• I •••• 1 .••• 

I.v .' .. I ' ••• I ' ••• I •••• I I , • , I 

-0.8 i • 
0.6 i.· .......... + ... 1 • ! i (_ 

1'+-..."t:I 

0.4 

0.2 e) 
0.0 ., .. I •••• I •• , • I •••• I •.•• I 

2.0 
I 

.. .. ... . .. ISla • 

~ t .. ~ 10 .......... ... 
N-'" • .-

>< 
OS· 

f) 
0.0' .... I 

o 50 
, I, , , ! I ! ! , , I 

tOO 150 200 
_____ -=-Temperature (K) 

• .. 
• t.-

....L. 
250 300: 

Figure 5.10 Temperature dependence of (a) 00 .. (b) A, (c) A, (d) v, and (e)1d extracted from,uSR spectra using i-minimization fits. The value of reduced i is 
also shown in (t). For the fractional yields (fandg), see Figure 5.11. 

105 



Among parameters introduced in Equation 5.6, those shown in Figure 5.10 do not 

show significant differences between undoped and Ti-doped cases, whereas the fractional 

yields if and g) exhibit a different tendency in the Ti-doped sample, as displayed in 

Figure 5.11. More specifically, the population of Gjs{t) is shifted to GKrtt) (ex: g) with 

increasing temperature in the Ti-doped sample, while it is shifted to an undamped 

component (ex: h = 1 - / - g) with considerably higher characteristic temperature for 

activation. As shown in Figure 5.11, a simple activation model, 

/(n = /0[1 + TOVQexp(-EQ/ kT)r' , provides reasonable description of the observed T 

dependence, where TO refers to the intrinsic mean resident time, Va the attempt frequency, 

and Ea the activation energy. Curve fitting analysis yields E,/k == 756(86) K (from/and h) 

and == 251(42) K (from/and g) for undoped and Ti-doped samples, respectively. 

106 



0.6 

• • .... 
--Ti-doped 
--undoped 

a) [AH -Il-AH r 
0.2 

4 4 

0.7 b) J.l+ (v/~l) + 

0.2- c) '+ ' , , .' .... J.l (undamped) .A. 
-...s::! - ~ . 

0.1 i ..... .... t t t .-

0.0 
• ,T , , .iI> 

0 50 100 150 200 250 300 
Temperature (K) 

-

Figure 5.11 Temperature dependence of the fractional yield for (a) muon-dialanate state (j), (b) 
muons at the 0 site (g), and (c) undamped stste (h), wheref+ g + h e 1. Solid curves represent 
the best fit to a simple activation model shown in the text (d) Crystal structure ofNIIAlH. where 
balf of the unit cell is displayed. AI (blue) and Na (pink) atoms occupy the vertices of a fcc lattice, 
and the tetrahedral represents the a1anate ions (AlH.l in which the comers are occupied hy H 
(those at the bottom are not shown for clarity). Possible muon (and H) sites are marked hy the 
diamond (labeled C, forming a collinear AlH.. -"t- AIH' hydrogen bond) and by the square 
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In the present model, the nearest neighboring nuclei seen from the muon in the 

dialanate state are one H atom of each nearest neighboring alanates (the C-site in Figure 

5.l1d), and thereby the muon-H bond lengths are deduced from Equation 5.5. It is 

inferred from Figure 5.l0a that r == 1.43-1.46 A in both undoped and Ti-doped samples 

over most of the present temperature region, indicating that the distance between H atoms 

in the AI14· -,1/ -All4. bonding is 2.86-2.92 A. This is slightly longer than the distance 

ofH atoms between the neighboring alanates (-2.2 A), suggesting that the bonding is 

associated with a slight deformation of the alanate units. 

The second component described by the Kubo-Toyabe relaxation function is 

attributed to the muons located at the octahedral interstitial sites (the O-site in Figure 

5.l1d), where the muon is surrounded by six IH, three 23Na, and three 27AJ nearest 

neighboring nuclei. The estimated linewidth, /)., from these nearest neighboring nuclei is 

-0.33 /lS·I, which is slightly smaller than those deduced from the present data (0.4-0.5 

/-lS·I). This discrepancy, however, may be readily explained by a small (5-10%) local 

shrinkage of the alanate cage around the muon, or slight shift of the muon position 

towards the negatively charged alanate ion. Interestingly, the hopping rate at the O-site 

shows very little dependence on the Ti-doping, where v == 2-4xl0s S·I. Since v is related 

to the macroscopic diffusion rate by the expression D = Y:zao2v for the jump between 0-

sites in a fcc lattice (with Qo being the unit cell length -5 A), we have D == 2.5-5 x 10-10 

cm2S·I. This is comparable to typical rates for hydrogen diffusion in fcc metals over the 

relevant temperature region.9 

Compared with the above two components, the origin of the undamped 

component (oc h) is not clear at this stage. Considering that all the elements in NaAll4 
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have nuclear magnetic moments that are comparable with each other, the absence of spin 

relaxation or precession strongly suggests that muons in this state are subject to fast spin 

dynamics irrespective of the local atomic configuration around the muon. 

We also note that a small fraction of muons (l-fd ;: 0.2-0.3) loses its initial 

polarization immediately upon implantation. The polarization is recovered by applying a 

magnetic field parallel to the initial muon polarization, where the characteristic field for 

recovery suggests that the loss is caused by muonium formation with a hyperfme 

coupling of -420 MHz. Unfortunately, we were not able to observe the muonium state 

directly by pSR measurement under a transverse field. This is currently attributed to the 

loss of phase coherence during the muonium formation process, as it is suggested by the 

absence of temperature dependence infd. 

5.4 Discussion 

We can now discuss the implications of our study of implanted muons. It is most 

likely that the local atomic structure of the muon is common to that of interstitial H atoms 

in NaAIRi. This is analogous to the conclusion of previous studies of alkali fluorides. 

Thus, our result provides direct evidence for the interaction of interstitial hydrogen with a 

hydrogen atom of two A1H4" anions-a new example of hydrogen bonding. This bonding 

interaction has been found for both undoped and Ti-doped NaAIR!. The character of the 

resulting species could lie anywhere on the continuum between AIRi"-W-A1H4" and 

AlH3-H3"-AlH3. Relatively large binding energy involved in hydrogen bonding 

suggests that it is the primary bottleneck for hydrogen kinetics in NaAIR!, which might 
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be common to other complex hydrides currently considered as hydrogen storage 

materials. 

Provided that the free energy of interstitial muons is different between C- and 0-

sites, the non-zero populations of implanted muons at both sites below -100 K strongly 

suggest they are determined by statistical filling of those states that are separated by a 

kinetic barrier (En). Otherwise, most of the implanted muons must be found at a site 

having the lowest free energy. Therefore, our observations suggest that Ti doping serves 

to reduce the kinetic barrier for the transition from C-site to O-site. This naturally leads 

to the hypothesis that W -dialanate state is the bottleneck for the hydrogen kinetics, which 

is improved by reducing the barrier for the transition of hydrogen to the mobile O-site. It 

is likely that the hydrogen dialanate leads to generation of the off-stoichiometric units 

observed in our anelastic spectroscopy studies. I (). I 2 

The reduction of En is associated with a change in the final state from 

"undamped" to that of the O-site muon. This might imply that long-range diffusion of 

the p + (and W) over the O-sites is important for the efficient generation of Na3AIH6. The 

undamped state observed in the undoped sample might not contribute to such long-range 

diffusion. Then the fast spin dynamics in the undamped state may be attributed to that of 

locally confined motion. 

It must be stressed that the information derived from implanted muons 

corresponds to that in the dilute limit of the interstitial hydrogen. Therefore, the present 

results should be understood in the context of dehydrogenation of NaAl~ at its early 

stage. Further pSR studies ofNaA~ at different stages of dehydrogenation over a wider 
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temperature range would be useful to clarify the complete picture of the hydrogen 

process in NaA.1l4. 

5.5 Conclusion 

We have detected the occurrence of hydrogen bonding involving an interstitial 

positive muon situated between hydrogen atoms of two independent a1anate anions in 

NaA.1l4. Ti doping, which is known to dramatically improve the hydrogen cycling 

performance ofNaAl14, reduces the kinetic barrier of the transition of the muon from the 

muon-dialanate state to a mobile interstitial state. This observation strongly suggests that 

hydrogen bonding is the primary bottleneck for hydrogen release/uptake in NaAll4, 

which might be common to other complex hydrides. 
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CHAPTER 6 

CONCLUSION AND FUTURE STUDIES 

A worldwide effort to develop Ti-doped sodium alanate and other complex metal 

hydrides has followed Bogdanovic and Schwickardi's pioneering work. Over a decade 

later, the fundamental basis of the kinetic enhancement of hydrogen cycling that arises 

upon doping remains an enigma. Clearly, an understanding of the solid-state kinetics in 

sodium alanate may be relevant to other complex metal hydrides and their development 

as solid hydrogen-storage systems. Thus, our studies have focused on elucidating the 

nature of the dopants and the structural effects they exert on N~ through various 

spectroscopic techniques. 

With EPR studies, we observed that the majority of the Ti in doped N~ 

evolved from Ti(III) through a series of Ti(O) species during cycling. Although the 

conversion of the Ti(1II) species to Ti(O) occurs much more readily for TiCl3 than TiF3, 

the evolution of Ti species follows the same sequence and ends in the same Ti(O) species 

regardless of which dopant precursor is employed. The observed changes in the 

predominant Ti species during hydrogen cycling are remarkable in view of the relatively 

stable dehydrogenation kinetics. Thus, the enhanced hydrogen cycling kinetics of Ti

doped N~ are due to a Ti species that is present in only a relatively minor amount. 

Anelastic studies reported the formation of a point-defect complex involving 

hydrogen during the dehydrogenation of NaAll4. This defect unit, A1Hx, forms during 

the first decomposition reaction. The Ti dopant enhances dehydrogenation kinetics by 
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lowering the energy barrier to breaking the AI-H bond. However, the same defect 

complexes were not fonned following the reverse reactions or upon cycling. 

The fonnation of defects during decomposition was corroborated by subsequent 

positron annihilation spectroscopy. We observed the fonnation of defects during 

dehydrogenation by XRD and Doppler-Broadening measurements. Positron trapping 

sites were not introduced immediately following doping, however, vacancies fonned 

during the decomposition of NaA1R!. The defects recovered during rehydrogenation. 

This reversible behavior must play an important role in the cycling of NaA1R! because 

the diffusion of constituent elements during phase transfonnations proceeds by the 

exchange of positions between atoms and neighboring vacancies. 

Muon spin rotation studies detected the occurrence of hydrogen bonding 

involving an interstitial positive muon situated between hydrogen atoms of two 

independent alanate anions in NaA1R!. Ti doping reduces the kinetic barrier of the 

transition of the muon from the muon-dialanate state to a mobile interstitial state. Our 

discovery strongly suggests that hydrogen bonding is the primary bottleneck for 

hydrogen release/uptake in NaA1R!, which might be common to other complex hydrides. 

Our findings attempt to connect the myriad of results of studies on Ti-doped 

sodium alanate. Further characterization of this solid-state process would provide a 

significant contribution to the worldwide effort to develop complex metal hydrides for 

hydrogen storage, as a vital step towards using hydrogen as a viable energy carrier. 
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