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Abstract

The dual problems of worlds growing population, increasing energy demand and global warming,
necessitate an alternative to fossil fuels. Hydrogen is plentiful and has a high esresigy but

storage in high pressure tanks is complex and presents safety coAogmia boran€AB) is

one of the most promising solid statgdrogen storage mateatiue to is high releasable
hydrogen content (1B wt%), stability in air, and lowtoxicity. On heating, however, pure AB
releases hydrogen only aftemg nucleation time and is accompanied by the liberation of
gaseous impurities including borazine and ammadaitionally,extensivematerial expansion
andfoaming occurs. AB composiewith polyethylene oxide, polystyrene and imogolite have
beensynthesized It is concluded that the decomposition of AB is best ameliorated by providing
access to functional groups that catalyse alternative dehydrogenation routes. Lowering the onset

of hydrogen loss to below the melting temperature limits the overall foam and expansion.

The two dimensional confined motion of liquid ammonia in a multi staged ternary calcium
ammonia graphite intercalation compound was studied with respect to tempéraipping
diffusion at 300K gives way to rotation below 100K. The dynamics of this confined calcium

ammonia solution are observed as similar to the three dimensional counterpart.
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1 An introduction to hydrogen storage and graphite

intercalation compounds

1.1 Hydrogen

Hydrogen is the smallest and most abundamore than 90%element in the univerd&]. It has

a high energy density of 39.1kWhkgbout thredimes that of diesel making it an ideal energy
carrier[2]. It is colourless, odourlessnd nontoxic. Hydrogen isighly flammableand highly
versatile, it can be burnt in a fuel cell, a normal combustion engine or as a component of the
natural gas on a kitchen hob. The only product from this combustion is waterm@ikes

hydrogen an ideal energy carrier.

1.1.1 Fossil fuels and global warming

Each year, human activities cause 3%Xkg of carbon to be released into the atmosphere in the

form of CQ. This raises the CGroncentration by roughly 0.4% annudl8}. The atmospheric

COl evel is tied closely to the gl obal temper
last 100 years is already causing changes in climate iratdstgowith sustaining human life.

Fossil fuels are essentially chemical energy carriers, where téeenergy has been stored away
by the compression of organic matter over millennia. The time scales required for the creation of
coal and oil mean thas well as being polluting, fossil fuels are a quickly diminishing finite

resource.

It has been shown that energy, from fossil fuels, has enabled the dramatic rise in living standards
we are now enjoying in so many parts of the wtld Endingthe worldwide use of fossil fuels

is vital for sustainability but society reli
viable option. Sustainable development requireswable energy sources with versatile energy

storage and energy carser

1.1.2 A hydrogen economy

It has long been suggested that our current fossil fuel economy could be replaced with a hydrogen
economy[5]. Such a scenariwould require efficient production, storage, transportation and
usage of hydrogemdydrogen iSCO; neutral. The chemical energy in the hydrogen covalent bond

can be accessed throuighcycle with oxygeri6].
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(1)

(2)

The most ideal hydrogen production method is from renewable energy produced by hydro, wind

or solar cell power. The electricity produced can be used to electrolyse water to hydrogen and

oxygen, see equation 1. The efficiency of water splitting can re&éhb88 practically is in the

range of 70 to 75%. An important consideration is the purity of the water that can be supplied to

the electrolysis cell; impure water can severely impact the lifetime of the cell.

The recentdevelopmerd of fuel cells over aange of size scalgd to 100kW through which

hydrogen can be controllably burnt, facilitate the use for hydrogen to power a range of objects

from mobile phones to vehiclesAs 30% of global energy use is for transppfl hydrogen,

battery or hybridenergy storage systems would go a long way to reducing the global carbon

output.
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Figurel: Ragone plot of the engy storage versgsower forvarious electrochemical energy conversion
systemsThe high specific energy of fuel cetlan providea viable alternative to the internal combustion

engine for vehiclefs].

The pecific energy of a fuel cell comparable to that of an internal combustion engine, and it

outperforms capacitors and battefi@ls This means that a vehicle with a fuel cell engine systems

can be lighter than a vehicle powered by a battery system. Capacitors can provide more power

P



per unit mass then fuel cells but lack the necessary specific energy to be useful. In this way fuel

cells provide a very viable alternative to the internal combasngine for powering vehicles.

A fuel cell can convert hydrogen to electrical currenith an efficiency of 6@. Oxygen
dissociates at the cathode, while hydrogen is split at the anode and they combine to form water
and electrons sekigure 2. The electrons are used to run an electronic motor and power the

vehicle.

1

1
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Cathode Electrolyte Anode

Figure2: Proton exchange menaire fuel cell enablethe controlled burn of hydrogen to produce
electricity[9].

Hydrogen distribution faces many challengeing hydrogen requires 4.5 times more energy
thannatural gs and over long distances becomes expefiiyeHowever, the boil off that would
occur when shiping liquid hydrogen makes piping the most suitable option available.

Because hydrogeroccupiesa large volume under ambient conditipreontaining it in
concentrated/olumesis problematic Additionally, being a tiny molecule, many materials are
hydrogen permeable; particularly hydrogen can diffuse into steel causing embrittlement and
cracks Much effort and many solutions have b@eaposeds to the best ways to store hydrogen

until it can be used and some of these are discussed in the following drydtogage section.

A word of warning; there are suggestions that hydrogen economy could have unforeseen effects
on the environmeriB]. Increasing usage of hydrogen would lead to large amounts of hydrogen
being released into the atmosphere primarily from leaks. Hydrogen could dissociate and react
with oxygen increasing the watewvids in the stratosphere that could disrupt the polar region
ozone chemistry. Leaking hydrogen could also result in high levels of greenhouse gasses in the
atmosphere as in the troposphere hydrogen radicals are an essential ingredient in methane

forming. There is still much debate on how much hydrogen ultimately would be released and



how exactly this would impact the globe, indeed as fossil fuels use diminishes the current release

of hydrogen from incomplete combustion would also reduce.

1.2 Hydrogen storagetargets for vehicles

The main challenge with hydrogen storage vehicles achieving a sufficient volumetric density
in the fuel tankto realisea 500km (300 mile) driving rangd 1] seeTable 1. Meanwhile the
storage system cosiyeight, and refuelling timemust be kept low Also the efficiency and

performance over mamgfuelling cycles of the system must remhigh.

An ideal systm would work aambient temperature and pressioreninimisecost Also it should

be environmentally friendly (be a closed cycle that does not relegsethycts that negatively
impact the environment). It is also important to supply a clean hydrogeamsto the fuel cell to
maintain its capacity and lifetime. The tank and/or material that fills it, should be cheap to produce
and easy to recycle. Additionally the system must be safe and convenient to use.

Tablel: The revised UBDOE hydrogen storage targets for automobile applicafibtis

Year 2010 2015 Ultimate
Gravimetric capacity wt % 4.5 5.5 7.5

Wh gt 15 1.8 2.5
Volumetric capacity glt 28 40 70

kwh |1 0.9 1.3 2.3
Fill time min 4.2 3.3 2.5

1.3 Current hydrogen storage methods fowvehicles

There are many distinct methods for storing hydrogeRidare3 hydrogen content by mass and
volume of various potential hydrogen storage materials are plottedesijibct to the DOE 2010
and 2015 targetd]. These targets have now been revised to the less ambitious valisdsdan
1.
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Conceptually, the simplest hydrogen storage method is as a pressurised gas. High pressure tanks

are well developed and used to power various vesislich as cars, mopeds andceB{#], [12].

To raise the volumetric hydrogen cortiethe gas can be liquefied by cooling to below 20K.

Maintaining such low temperatures is at best technologically challenging and limits the usefulness

of liquid hydrogen storage. To reduce the necessity of high pressures and cryogenic temperatures,

highly porous materials with active sites can be used to adsorb and store hydrogen, like bats

hanging in interconnecting tunnels. Promisitygisorbedsystems include carbon, zeolites and

metal organic frameworks, however, they cannot meet the DOE requiraah&fiR In the case

of chemical and metal hydrides the hydrogen molecule is dissociated and the hydrogen atoms

bonded into a new material. Chemical hydrides hagie hydrogen contents, howevtéreytend

to be eithettoo stablé where the hydrogen is fiifult to extract- or converselytoo unstable

where the hydrogen is difficult tincorporate. Operating under high temperatuard with

catalystds necessary to render therseful. Here it becomes clear that in addition to volume and

mass hydrogen edent, hydrogen storage materials can also be characterised by their operation

temperature and pressure. Additional requirements such as the fill time, dehydration time,

hydrogen purity and cost must also be considered to determine if a material coudd be a

appropriate hydrogen storage system. Spider plots, where the characteristics of a hydrogen storage

material are rated between 0 and 100 depending on how closely they match the DOE requirements

demonstrat e,

at

a gl anc e, Inhkigunes the@dsarlbidt systemp ar t i

are shown as more desirable then the chemical and metal hydrides. A deeper discussion of the

various methods of hydrogen storaghkofes.
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1.3.1 Storing hydrogen as a gas or liquid

At ambient conditions hydrogen is a gas with a very low density 0.09kg Tio achieve a
significant energy density, suitable foowering a vehicle, the hydrogen has to be compressed.
Containing hydrogen is difficult, high pressures are required and being smalldifftese into

most materials. Alsat high pressure the compression has an energy penalty (~15% for a 700bar
tank). Tanks are lined with barrier material to limit the hydrogen diffusion such as aluminium
oxide or austenitic stepl], [14]. An outer layer of tightly wound carbon fibre allows high intdr
pressuresThere are two types of gas cylinder for on board hydrogen storage currently available
on the market; the low pressure, 350bar and the high pressure system at 700bar. EB¥en at h
pressures 5kg of hydrogen can require around 220l of space, in a car the space is usually
scavenged from the passenger seats and boot. Even though the high pressure storage cannot mee!
the DOE targets, hydrogen tank systems are currently the besidrfethon board hydrogen
storage. The refuelling times are fast (5min), the systems are already well developed in a range
of vehicles. Gas tanks are particularly ideal in busses where storage space is plentiful, high speeds
are not typical and the drivimgnge can be short.

Storing hydrogen in its liquid form increases the energy density by around a third while avoiding
the high pressures associated with gas stosag@&able 2. Hydrogen boils at 20K so a liquid
system has to be heavily insulated from the surroundings. Liquefying is also expensive costing
30% of the total energy of the hydrogen. In all existing systems boil off @¥@per day) is a
significant prdolem and tanks are designed currently to withstand pressure as well as the
cryogenic temperatures. A release valve is also a moygbta have recently developed a system
with 6.1wt%, and 800km randmut currently it hasoo many boil off issues.

Table2: The specific and volumetric hydrogen capacities of liquid and gaseous hydrogen

State Temperature, Pressure, Hydrogen Density, kg Energy density,
K bar content, wt% m3 kWh kg*

Gas 298 350 3 23.3 0.9

Gas 298 700 4.5 39.3 1.8

Liquid 20 2 6.1 67.67 2.3

1.3.2 Clathrates

Clathrates are frameworks of water molecules stabilised by a guest non polar molecule such as
gases or small organic molecul[@$]. They generally resemble ice, and like ice ho new bonds
are formed between the molecules rathghase change has occurred. Hygen was initially

thought too small to support a clathrate however, in 1999 hydrogen was observed to form

clathrates at high pressure (1.5GPa). More recently up 5.3mass% hydrogen has been encased in



a type Il clathrate (136 water moleculg§s}]. However, further studies showed that added actual
number of guest hydrogen molecules varies with pressure and temperature. Tetrahydrofuran can
be used to stabilised the framork to allow the hydrogen to remain in the cages at conditions

closer to ambient however further work is required before such a system could be employed.

1.3.3 Physisorbedhydrogen storage

In physisorbed systems, the hydrogen maintains its molecular form and associates weakly to the
surface of the support mater[d4]. A high surface area is nessary to increase the number of
binding sites per unit mass. The enthalpy of adsorption is weakly exothefrhitOkJ mol™.
Physisorbed systems have an advantage over chemically bound hydrogen as far less heat is
evolved on hydrogenation. Additionallphysisorbed materials have a long life time as the
material structure is unaffected by the hydrogen cycling through. There are several candidates for

hydrogen storage including, carbon, polymers zeolites and metal organic frameworks (MOFs)

While diamond ad graphite are solid, carbon allotypes can have very high surfaddaféd].

These allotypes include activated carbon, templated carbon and nandthbdsinding energy

of hydrogen to carbon (© kJ/mo) is too weak foambiet temperatures).6wt% was achieved

for activated carbon at ambient conditions. However, on cooling (to 77K) and raising the pressure
(to 20bar)up to 5wt% was recorddd6]. One of the problems with activated carbon is that it is
disordered and the porosity was difficult to control, regular porous carbon materials can however
be achieved by templating. Chemicalpour deposition of carbon on to an ordered zeolite
produced a material with small even pores capable of storing up to 6.9wt% hydrogen at 77K and
20bar[17]. This study also demonstrated that if the pores around 1nm in diameter were the most
effective at holding hydrogen as more hydrogen to carbon interactions octianedubes while
attractive could only reach a capacity of around 2wt% becaus$e afdccessibility of binding
sites[18].

MetalOrganic Frameworks (MOFs) are 3 dimensional networks formed o&l nsentres
coordinated by organic liganfis]. MOFs have very low densities due to their high poro3ihe

metal centres and ligand types can be exchanged so a vast variety of different MOFs can be
created. Hydrogen storage is highly reversible with fast kinetics; however, a high hydrogen
capacity can only be achieved at low temperature and high preSEDFe. are also difficult to
manufacture; in MO, ~5wt% storage was achieved at 50 bar and [1®Kbut other groups

with a different production method only achieved 1.6W2@]. One of the highest capacity
hydrogen containing MOFs is M@E/7 which achieved 7wt% at 77R1]. Of the many types

of MOFs studied, the key to high adsorption was linked to high internal surface area. Again small

poreswere helpful especially at low pressures.



Zeolites are three dimensional silicate structures, of the general farmulad & 0 "Y'Q0 O

a 00 where M is an exchangeable cat[@h Every tetragonal silicate that is substituted by an
aluming requires also an additionally metal to balance the charge. Zeolites are very flexible and
diverse due tohie multiple shapes that can be produced and metals that can be included in the
framework. Zeolites are highly porous with interconnected channels. The hydrogen can easily
penetrate and clings with the charged metals. At low hydrogen loading pressures\tiez of

metal centres determines the loading that can be achieved. These however fill up quickly and at
high pressure the hydrogen interacts with the zeolite wall, where the pore size determines the
amount of hydrogen that can be supported. Low tempesatue also helpful. Zeolite X can hold
0.1wt% hydrogen at RTP but increases to 2.2wt% on cooling to 77K.

Polymers of intrinsic porositgPIMS) made of light atoms, are highly porous and have a high
specific areg22]. PIMs are easy to manufacture and have hydrogen adsorption capacities
comparable to zeolites and MOFs; 1.7wt% was absorbed below 10baydtoficatetiylene

PIM. Again hydrogen has a preference for small pores.

1.3.4 Chemisorbedhydrogen storage

1.3.4.1 Metal hydrides

Most metals will react with hydrogen to form hydrides. There are many varieties but all have with

a general formula Mwhere n=12, 3 etc. dependingn the valancef the metal. Hydrides can

be heavy but have a high energy content per unit volume. They can be formed by supplying
hydrogen at a constant pressure to the metal; the hydrogen will penetrate into the surface and
diffuse through until the mat has fully reacted. Hydrides are reversible, bet éxothermic

nature of most metal hydrides makeshawad filling a difficult challenge.

6 -0° 0O O, (3)

where M is the metal and Q is the heat. In addition tdvéfze produced, the metal crystal has to
expand to accept the hydrogen and the expansion is hard to control as there are hysteresis effects.
After repeat cycles of hydrogenation and dehydrogenation the metal can become pulverized and

begins to loose capagit

Most single metal hydrides are either too stable or too unstable to be used for on board hydrogen
storage. In fact, vanadium hydride it the only material that can operate in the range bétween 1
10atm andi 100°C see figure XThis has led to the synthissnd analysis of hundreds of alloys

of different ratio of stable and unstable metal hydrides to tune the dissociation energy to a level

suitable for hydrogen storage applications.
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Figure5: Vanét Hof f d el metgand alayedImetal leydridels from Sandrocks metal
hydride review papdf3]. The box area represents the desired temperature and pressure range of
operation for vehicular applications. The alloys are highly versatile and tuneable.

While the alloys represent highly versatile and tunable hydrogen storage material their
applicability is limited by the volume expansion and heat evolved during hydration. Further most
of the solids have a reversible hydrogen content of maximum 3wdether work is required i.e.

more different alloys need to be tested, more synthesis methods need to be explored and more
systems engineering to cope with the heat expounded during the reaction.

1.3.4.2 Complex hydrides:

Complex hydrides are materials where hydrogemtaining group is attached to a metal. There
are three main types; the alanates (metal withyAlbbrohydrides, (metal with Bjland imides

and amides (metal with NH or NHjroups).In the borohydrides and alanates the hydrogen is
hydridic (H) while inthe amides it is protic (H. Complex hydrides decompose in steps, the first

at low temperatures and the second and or third at higher temperatures.

Alanates have many promising characteristics they are light, cheap and have low toxicity. Also,
their hydiogen content is high. However, alanates also have a very high kinetic barrier to
dehydrogenation seEable 3. NaAlH, is the most promising; it is theomplex hydride that is
closest to fulfilling the DOE&s requirements
slow but at just over 200°C three of the four hydrogen molecules can be released. The addition of
catalysts can improve this such as @e ienprove this. Now high temperature (200°C) PEM fuels
cells are available and systems involving doped Na#idse use approximately 3kg of material

that releases 3.6wt% of stored hydrogen.

Borohydrides have very high wt% hydrogen contents comparddriatas because of the small
size of the boron compared to the aluminium. Most are extremely stable and only decompose at

high temperatures, in fact the temperature required to release hydrogen increases with metal size,
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seeTable3. LiBH4is has therefore the best characteristics. Borohydrides also suffer from slow

kinetics, poor reversibility and sometimes release diborane in the hydrogen stream.

Imides and amides are very interesting as they contain both metallic asmdetafic entities.
Initially seen as a breakthrough, soon it became apparent that they suffer from the poor
reversibility, slow kinetics and high operating temperatures. An extedeiew has been written

by Ichikawa and can be found in the Handbook of Hydrogen Stfithge

1.3.4.3 Complextransition metal hydrides

Complex transition metal hydrides (CTMHSs) are complex metal hydrides that contain transition
metalg[6]. Unfortunately the presence of the transition metal makes the complex very heavy and
the hydrogen storage capacities become uncomfortably low. Additionally CTMHs require
complex and expensive high presssyathesis methods (500 MPa). This is compounded by the
high temperatures required for hydrogen desorpiliable3) makes them unsuitable asooard
hydrogen storage materials.
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Table3: Selected metal hydrides, hydrogen content and decomposition temperatures

Borohydrides Hydrogen content, wt% Start of decomposition
LiBH4 18.5 380
NaBH; 10.8 400
KBH4 7.4 500
Mg(BH4)2 13.7 260280
Ca(BHy)2 9.6 350
Al(BH 4)2 16.8 20
Be(BHs): 20.7 -
Alanates

LiAIH 4 7.9 170
NaAlH4 5.6 230
KAIH 4 5.7 >300
MgAIH 4 9.3 110130
Ca(AlHa): 59 80
LiIMg(AIH 4)2 9.4 170
Complex transition metal hydride

MgsMnH- 52 280
MgzFeHs 5.5 320
Mg-CoHs 4.5 280

1.4  Alkali metal ammonia graphite intercalation compounds

The electron configuration of carbon i 28 2p?. This initially suggests that carbon can only
form two covalent bonds, however, these orbitala hybridise. In graphite the hybridisation
leads to a PLsp’ 2pt configuration. The 2sp orbitals are arranged in a plane atd2@ch other

and the 2p orbital is vertical. This enables the carbon atoms to covalently bond into a planar
hexagonal array called graphe{4]. These graphene sheets interact with each other by
combining of the vertical p orbitals into @ond.

The electrons can move between bonds | asdgenphite to conduct
bonds are delocalised the graphene sheets can slide over each other giving graphite lubricating
propertiesAdditionally, a fibre can be formed from graphite that can be woven into a cloth and
this, when impregated with resin, has been used in applications as diverse as boat hulls and bullet
proof vests. Graphite fibre has also been used in replacement tendons and ligaments because of
its high strength. The layers of graphite are only weakly bonded to eachaoitheas such
secondary species, such as lithium, can be intercalated; this is the property that allows graphite to
be used as battery electrodi2s]. Graphite is the softest and most stable of all the polymorphs of

carbon[24], [26]. It resemkes a black opaque rock withsdvery sheen that flakes at the edges.
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The carbon atoms are covalently bonded together in a hexagianak arrangement with a
carboncarbon bond length of 1.42A. These graphene sheets are then stacked one above the other
and each sheet is shifted slightljth respect to the one below tomore energy favourable
configuration There are two main stackingrangements; the ABAB, where every second layer

has a basal shift of 1.A2and the ABCABC, where the second and third layers are shifted
respectively by 1.48 and 2.84A with respect to the first laydfigure 1)[27], [28]. Natural

pristine graphite generally follows an AB pattern. In either case the spacing between the layers

is controlled by van der Waals interactiamsich set the graphene layers 33&part[28].

AA AB ABC

0.00 1.42 1.42and2.84
Rel ati ve bas

Figure6: The AA, AB and ABC sécking arrangementsf graphitelayers

The interlayer spacing in graphite provides an ideal hosting environment for group | and Il alkali
metals, the graphene layers move apart to admit the metal and hecelmitge from the valance
electrong24], [26]. Many varieties of metal binary graphite intercalation compounds (GICs) are
possible with a range of interesting structural and electronic properties. GICs are unique in that
they undergo staging to minimise the strain on the structure due to the exparstegad of a
random distribution, the intercalates are placed between specific, equidistant grapheftyers
[29], [30]. The stage is the number of graphene layers present between an intercalaidéayer.
first GIC was made in 184B1] and the first metahmmonia GIC was made in 1951 by Rudorff

and Schulz¢32].
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Figure7: Possible staging arrangements for graphite intercalation compounds
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Ternary GICs, where a second complementatgrcalatespecies is admitted in addition to the

alkali metal are also possible, common entities inclugléli CHs, and NH [33]. Ternary metal

GICs can only be made if a portion of virgin graphite is present as the secondary molecule

typically displaces a portion of theetal in creating space for itself. Secondary species

intercahtion is swift, under 20 hour$his indicates a very high mobility in a two dimensional

environment particularly interesting to study as it is coupled with the structural reorganization of

the gaphite plane$26]. While the intercalation of the primary metalreversible, it has been

shown the secondary species cannot always be fully extrasteeh deintercalatingNHs

intercalated KGIC around two NHper K remain trapped in the structdg4]. It is suggested

that the residual ammonia is attached to metw in defect sitef85] or ensnared in islas[26].
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2 Materials introduction

2.1 Ammonia borane

Ammonia boran€AB) is one of the most promising complex hydrides for hydrogen stoitage
contains 19.6 wt% hydrogen, two thirds of which can be reldaslesv 200°J2], [36], [37]. It

is a white solid thais relatively stable in air and moisture amelcently successful recycling of
dehydrogenated AB has also been demonstf&8&]dIts hydrogen contertty volume and mass
are well within the ultimate system targets as set by the DOIE. these properties, AB has the
potential to meet the DoE targets for anbmard hydrogemstorage materidlll], [37]. It does,
however, possess some critical disadvaedadts hydrogen release is preceded by a long
nucleationtime, andthe decompositionproduces foam andenerates poisonouslatile by-

products including amnmia and borazing2].

Table4: Thehydrogen conterdf anmonia borang37].
Hydrogen Content wt% Gravimetricg/kg Volumetric g/L

19.6 190 100-140
13.1 130 65-80

Ammonia borane

2.1.1 Structure

AB is formed from a borane and ammonia group connected b al&ive covalent bond; the

lone pairof electronson the nitrogeris donatel into the vacant qorbital on the borof39].
'O 0d° 6 O (4)

The Paulingelectronegativityvaluesfor hydrogen, boron and nitrogen &€, 2.04 and 3.04
respectivelyso the electrons are unevenly distributed towards the nitrogen side of the molecule.
This induces a dipole moment across AB 0f28.240], [41] where the BH"* and the NHY *
(Tableb).

Table5b: Electron distribution in the AB molecule.

Atom Mulliken charge, €[39] Bader charge analysis; [@2]
N 10.91 -

B 10.29 -

Hs 10.04+0.06 -0.44

Hn 0.45 0.62

The partial charges on the boron and nitrogen side of AB pull the molecules close tagether.

hydrogen atoms on alternate ABolecules ardound to be 2.02 A apart, less than tkee der
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Waals radius of 2.4 A and close enough for dihydrogen bonds to[3dmt is these hydrogen
bonds hat give AB its high melting temperature and allow it to remain a solid at RTP unlike its
isoelectronic partner ethane. AB has a tetragonal unit cell at 300K, with cell parametérs;,
5.2630A andc =5.0505A [43], [44]. At 225K this shifts to an orthorhombic arrangement with
cell parametera=5541, b = 4.705 and ¢ = 5.028745].

N ) o <
bw’ ‘Vb v ’ W
v (¥ [ % [*
U\‘g‘ﬂ b\v»v u\w,u “Y" A V
4 o f (&) b < P b
Y w b V—U U—v a
& O o 0 W) ? X B e
: b : : u’“\f Y A
“ 2 p <
‘:(b () L. W
(a) (b) - -

Figure8: The possible dihydrogen bonding arrangement in AB determined by Bavaéfd4]. A
single layer on the ab plane is displayed. Nitrogen atoms are shown in pink and boron atoms are purple. a)
is the orthorhombic phase observed at 200K and b) is the tealgguase observed at 300K.

The bond distances in AB from various literature sources are collaiexbla6. These values

are gainedrbm experimenandvary somewhatlepending on the calculation method ugR4].

Table6: Bond distances in ammonia borane, theoretical and experimental sources.

Bond | Bulk Material, A Molecule, A

Theoretical Neutron Theoretical Microwave
Diff raction spectrometry

[42] [46] [47] [43] [42] [41]

N-B 1.59 1.59 1.58 1.58 1.65 1.67

B-Hs 1.22,1.23 1.22 ' 1.15, 1.18 1.22 1.21

N-Hn 1.03 1.03 1.07,0.96 | 1.02 1.01

Hn- He | 1.89 ' 1.91 2.02 ' '

short

Hn- He | 2.19 2.20 2.17 2.21

median

Hn- He | 2.22 2.27 2.23

long
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2.1.2  Ammonia borane synthesis and regeneration

Ammonia borane can be synthesised in a variety of whes first published account by Shore

and Parrywhichgives yields of 45%, is an exchange reaction with lithium borohydgiile

0 Q000 00 G€ 100 YO W U 00 O 0 Qcab Yo O()

There is also a reaction involving base displacemantadduct O 6 JY'O;0s formed by
dispersing diborane in tetrahydrofuran, T,Hmonia is added and the reaction takes place in
diethyl ethef[49]

‘06 IY'00 6 'O w6 08 O (6)

Higher yieldsof over 90% can be obtained with sodium borohydride and ammoniumasalts
example from Ramachandran and Gagare foll®0%

DWo O VO oLV ) VODOO O VwLvLbULTO (7

The AB used in thgeexperiments was sourced from Sigma Aldrich, 97% purity

The hydrogen release from AB is exothermic reaction process which leads to the formation of
many strong covalent bonds, makinglifficult to dehydrogenateHowever, regeneration routes
have recently been developed that remove this obstacle. Several methd@®gX&t]; the one
detailed here enablesgeneration from polyborazyle(l B i the product when more than two

equivalents of hydrogen have been extracted using hydif&Zhe

Te) 0'©

vo
p 10O
T0 06 0 /puo

Figure9: AB regeneration with hydrazine and ammo[&i2].
2.1.3 The reaction pathway of the dehydrogenation olammonia borane

The hydrogen releaseom AB occurs in discrete steps, activated by temperatiungéng which

the1s, 2¥and 3 dihydrogen equivalents from each AB molecarle lost The reaction is initiated
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in the material and propagates outwards from the nucleation site as a chain reaction. These steps
are sequential but overlging, before the entire slequivalent of hydrogen has evolvetie

second step will have beg{BB], [54]. Hydrogen evolution follows a sigmoidal form, indicative

of nucleation and then growth. Theaction equations for the releaskthe 15!, 29 and 3¢

hydrogenequivalents are written below.
€600 '0° 'O6 00 &0, <150°C[55], <100°C[56], 110130°C[57] (8)
'O60™0 © 0600 £0O, 150200°C[55], >100°C[56] (9
V600C°ed60 €0 > 200°C[55], >150°C[56] (10)

This general reaction scheme hides much complexity as the species can polymerise to form chains
or become terminated in rinf#6], [58]. Chains are preferrétthe temperature is keptig while

rings are more probablender aggressive heating reginigs).

HE @) Hz(g) H (a)

Amido boranes Imido boranes
Ammonia borane

K}z H Boron nitride
. ~ N hBN
HsN—BH3) 110°¢ B B” 1170°C-1500°C "
Nis)
H
NooH
. P T
H,N——BH; (g) E|3| \Ef Borazine
Amin ran
0 borane He \B//N\H(g)
|
H

Figure10: Thermolysis of ammonia borane determined experimentally by fetugh both cyclic and
polymeric amido and imido boranes gr@duced57] . Slow heatig rates (<1°C mit) do not produce
borazine, medium heating rates-1@ °C min') show borazine during the release of the second hydrogen

equivalent and aggressive heating regimes (>10°CG)mpiroduce even more cyclic {productg59].

The melting point of ammonia borane ranges in the literature from ID{6B] 105°C [61],
through 116112°C [62] and 112114°C [36] to 112117°C [55] and 121124°C [63]. Most
sources agree that the melting peak is somewhat broad and &tegioand 98C, a few degrees
before the quoted valy60]. The melting is accompgedby the hydrogen release in step 1 which
starts simultaneouslyp5], [57], [62] As soon as the AB molecules gain some conformational

freedom the barrietto hydrogen release is significantly reduced and the reaction accelerates.
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The activation energy to hydrogen releaserf AB is high owing to the dihydrogen bonding
between moleculd$4]. As with the melting temperature, a wide range of vaioethe strength
of these bonds are reportd@5kJ/mol[54] 150 kJ/mol[64] and47.02kJ/mo[65].

It has been proposed that the first step caorbken down into three substepsicleation, where
AB softens and becomes mobite"Q) "O’; induction, where the diamoniate of diborane,
DADB, 0 06 Q) 'O 6 O , forms and growth, where AB and DADB react together
releasing hydrogef66].

b
BH2 H\\ BH3 - BH2 BH:}
- - e - ~
HgN ‘-u,.H NHZ HgN "\NHQ
Dimer
1 r +
— ! NH3
/BH'_JH‘ ™ —~  HB BHy
H3N ( H NH; 5
- L NH;
H,B
DADE
Growth: reaction of DABD with AB
H,N—BH
/’BHK‘ BH, S
- | !
N NH; HB—NH,
. Cyclic Dimer
KR BH '
2
. . HNT NH,
H N/BH{ NH Growth I
? N P N _BHy | BH,
i BH, / \. H?N
BH, L |
HgN‘f H3N-BH; H, /BHz
- HaN
HaN-BH; —_
Growth
Hzf

Figure11: The themolysis reaction mechanism of AB (polymeric) proposed by Stbaleshowing the
induction, nucleation and gwth phase§66].

Oneequivalent of hydrogen can also be released from AB while in the solid staez several

hoursi by maintaining the temperature between9DOC [53], [54]. However, at these
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temperatures the barrier to the formation of DADB is high and so an induction period of several
hours precedes the hydrogen I8, [65], [67]

One of the more serious impediments to comraéising AB is the foaming that occurs during
dehydrogenationj65], [68], [69] As the hydrogen release occurs after melting, large stable
bubbles form in the molten AB. The ensuing volumpassion can be in the range of several

thousand percent, see Chapter 4.

2.2 Modifying the dehydration properties of ammonia boranei literature study
2.2.1 Ammonia borane in water

AB dissolves in water (pH=9.1J0] to about 25wt%55]. AB at 25wt% can decompose in water
and release 9wt%Hia this reaction pathway.

500 CO6 auw 0O 806 GO (11)

The AB-water solutioris stable in an inert atmosphere but begins to releagddft in air. In air
the water becomes acidified by absorbing.Gt form carbonic aci)l which catalyses the
hydrogen relead&1]. Hydrolysis of AB is energetically faunable due to the formation of strong
B-O bonds and occurs at roughly 100 times the rate of AB therm@gisT he rate of hydrogen
release only reaches acceptable levels if catabgrch as acids or transition metals are {i&2jd
[76].

The hydrolysis of AB has several advantages over the thermolysis of AB. Once dissolved in water
the AB can be flowed making the material easier to handle and the dehydrogenation easier to
control. Additionally the AB reaction prodts are insoluble in water and therefore can be
separated from the still unreacted AB. However, due to the weight of water, hydrolysis of AB is

unlikely to meet the DOE system weight requirements febaard hydrogen storage.

2.2.2  Ammonia boranein alternative solvents

AB is soluble in various other polar solvents, many of which are shown to improve the AB
reaction kinetics and thermodynamics. Ethers such as glyme, diglyme, tetraghffnand 2
methyl THF have been particularly well studi@d@]i [80]. In ethereal solvents AB decomposes
via the twaestep nechanism. However, instead of producing polymeric PAB type species the
hydrogen release leads to cyclic products such as cyclotriborazane and j67zji8)]. In fact,

AB in diglyme (at 130C) and tetraglymés considered a suitable method for producing borazine

with hydrogen as a side prodyi¢v].
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Jh
06 05 "0 w6 6 'O @0 (12)

AB reacting in the presence of these solvents releases hydrogen at accelerated rates at lower
temperatures. The lack of induction period has been linked to the early appearance of DADB,
observed in NMR studief/8], [80]. Colguhounet al showed that hydrogen bonds formed
between the kf' *on the AB and the electrestonating oxygen on the eth@0], [81]. AB has

been observed to reactdnetonitrile to produce hydrogen arldydamineborane, GHs-NH2BHs.
[79].

H. H B
A H-N-B-H
H H..
o
H-N-B-H
H H (\0/\% ,
o]
( H .O—CHjs
O-~~Hn ‘ ~H
messssnseniainng H C‘, "-:T
HN  BHj 3 M
HB—NHy' § w B, T \N—H
DADB H ’\H’B-
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H H
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H2N_BH2 NH
y 3 ]
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? | [BH ]@
~Ha | NH;BH; /B('WH ¢
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Figure12: A) Decomposition pathway for AB in glyme suggested by Seaal based on boron NMR
experiment$78]. AB follows that cyclic reaction route. B) From Kiet al. showing how hydrogen
bonding between AB and ether promotes formation of DAB®B.

2.2.3 Ammonia boranein ionic liquids

lonic liquidshave also been shown to have an accelerating effect on AB dehydrogenation while
limiting the production of borazing7], [82]. Wright et al. have written an excellent review on
metal catalysed AB dehydrogenation in ionic liquids. Yields of greater than 2.2 equivalents of
hydrogen an be achieved at increased rates compared to pristir{f83\BThe AB follows the

polymeric reaction route and so the release of borazine is limited.
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2.2.4 Ammonia boranein acidic conditions

Acidic conditions cause rapid hydrogen release fron{48, [62]. The rate determining step in
the reaction is the Bl bond cleavagf7], [84]. This is achieved by attack with the electrophilic
H* which leads to Nkf.

Brgnsted and Lewis acids were shown to encourage the breaking eRtber®I[37]. Hydrogen
release was enhanced but cyclic products were also generated.

HaNBH;
(a)
H,B—NH +
2 S N T N m—
H_BHZ_NH3
—HZ
H2 +
AN (c)
HoB_ BH—NHz| — > Hz + BNH,
H
(d)

HisB—NH,—BH,—NH; + [H3NBH,]"

()

H;
/N\
HoB_ BH; + [BHy(NH3),)*

*

Figure13: The mechanism of acid dehydrogenation of AB proposed Stepghah$37]. The acid
abstracts a hyitle (a) activating the boron to interact with a neighbouring AB molecule (b) forming an
intermediate. Hydrogen loss follows and an intermediate with a bridging hydrogen is formed. If the acid

to AB ratio is low dehydropolymerization ensues (c). Howeifehe ratio is higha second reaction
takes place (d) which catalyses the reaction further (e).

An interesting study that combined both catalysis and nanostructuring was conducted by Zhang
et al AB (20wt% only) was combined with silica nanospheres (coati¢h acidic hydroxyl
groups)[85]. Earlier hydrogen release with supressed borazine and ammonia wasgdbsger
similar effect was observed by Stephenal with their study on AB in hydroxytoated carbon
cryogel [84]. Acid additives have a good tréidn of encouraging improved dehydrogenation
characteristics in AB.
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2.2.5 Zeolitesand metal organic frameworks

Zeolites aréhighly porous, low densitgrystallinealumingsilicates, cheaply available and simple

to synthesie. Zeolites provide an ideal hostingwronment for various metal nanoclusters that
can be used to catalyse AB. Examples include Pd, Rh, Ni an®é3J,0[74]. While zeolites
favourably improve the AB hydrolysis, often the overall the system weight is too high to meet the
DOE targetg11].

Zeolite-X (containing caesium active sites) and Chabazite (casium substituted potassium) were
ball-milled with AB, (ratio AB:zeolite 10:1)[86]. At low heating the zeolites reduced the
induction period significantly and at high temperature they increased the amount of hydrogen

released. Borazine levels were reduced but not eliminated.

2.2.6 Carbon

Carbon by itself is not &éiwe in the catalysis of ammonia borane. However activated or
functionalised carbon can provide a combined nanoscaffold and catalysis envirf8#hdBa4],
[87].

AB loaded on a carbon cryogel (CC) released hydrogen faster than pristine AB §885The
increased dehydrogenation rate was attributed to defect sites, destiabilof the AB hydrogen
bonding network and the AB reacting with the hydroxyl coated surfa€elfBnds were formed).
Borazine release was suppressed. The pore size of the€CA®mMposites was found to be
directly correlated to the temperature of byelrogen releasfg4], [84]. The greater the surface
area to volume ratio the faster the dehydrogenation.

Theoretical DFT studies have suggested the internal spacing of a carbon nanotube could provide
the ideal environment to ameliorate the dehydrogenation B&B

AB (30wt%) loaded on the graphene oxide released hydrogen at lower temperatures than pristine
AB; additionally the complete suppression of impurities including borazine, ammonia and
diborane was observed up to 20Q88]. This material is particularly ietesting as the AB could

be regenerated in situ with hydrazine and ammonia, 75% and 61% of the original AB was

recovered in the first and second cycles.

Nanostructured AB (50wt%) was incorporated into a mesoporous carbon framework studded with
Li crystallites (5wt%)90]. Hydrogen release was accelerated such that significant amounts could
be achieved at 60 due to the confinement and catalysis due to Li. The gaseous impurities where

also controlled.
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2.2.7 Metal catalystsand ammonia borane

AB was combined witfCoGg, NiC and Cu@ by mechanical mixing (metal content 15wt%).
The Ci#* ion was the most effective catalyst causing 2 equivalents of hydrogen to be released at
60°C without incubation tim1], [92]. Decomposition washown toproceed vian alternative

reaction route which includes tirgermediatel 'O 6 0 & :
0000 ¢oo606a 00O 66a O ¢goOom (13
This route does not include DADB and this is part of the reason no borazine is released.

CoG; or NiC. (2mol %) were coprecipitated with AB. The hydrogen release from this material
was observed as low as 59°C. No borazine was released and there was no perceptible foaming
[92].

Alkali metal hydrides have also been used to destabilise AB and improve its reaction kinetics.
LiH andNaH were ball milled with AB to produckiNH:BH3 and NaNH:BH3[93], [94]. The
complexes demonstrated improved reaction kinetics at low temperatures (<100°C), reduced
foaming andimited borazine release. In other another study, AB was combinetlalitgH; by
ball-milling in a ratio of 3 AB to INaMgHs. 10wt% H. was released from the mix in 2 minutes
at80°C, and the borazine presence in the released gas was r¢ahjc&kcently Mg(NH2BHs):

has been synthesised by baililling Mg and AB together. The resulting material could release
~10 wt% high purityhydrogen belowB0CC [96].

Clearly metals are a highly efficient way of catalysing AB.

2.2.8 Ammonia borane in the presence of polymers

Poly(vinyl pyrrolidong (PVP) was combined with AB via single phase electrospin@@y With
a 20wt% AB content the hydrogen was released at lower temperatures as compared to pristine
AB but the ammonia levels were increased. This necessttageadldition of MgGlto mop up

the released ammonia.

Polyacrylamide(PAM) with AB in a 1:1 ratio demonstrated a significant improvement in
hydrogen release kinetics and thermodynamics. However, #a€krequired, as excess ammonia
was evolved98]. It was suggested that AB was interacting with the carbonyl group on the PAM
at the ABPAM interface to release hydrogen contaminated with ammonia, but that also bulk AB

was releasing hydrogen in the traditional manner.

A similar effect was obseed for AB confined with ply(methyl acrylatefPMA) with AB:PMA

ratios 8:10 and 2:1[®9]. In both cases hydrogen was released earlier than in the case of pristine
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AB. The borazine level in the gas stream was reduced but the ammonia level increased. Boron to

oxygen bonds were observed dadnd to be linked to the increased ammonia level.

Ammonia borane was successfully combined in polystyrene (PS) nanocavitiesasxjalco
electrospinning. The dehydrogenation temperature of the AB was significantly reduced compared
to pristine AB and somienpurities were filtered out by the PB)0]. However, the foaming could

not be controlled and the AB mass content was only around 30wt%.

2.3 Materials used and project aims
2.3.1 Polymers

2.3.1.1 Polyethylene xide

The hydrogen release of AB is preceded by meltind conersion to DADB The melting
increases the conformational freedom of the molecwdelucing the energy barrier to
dehydrogenation. The melting point of AB is 11P4°C[55], [58], but melting typically begins

a few degreelwer. While AB can relese hydrogen at low temperaturés100°Q while in the

solid phasd53], the process is sloandseveral hourare requiredo release kauiv. of Ha. If

the melting point of AB could be lowered, rapid hydrogen release could occur at lower

temperatures.

Polyethylene oxideREQ is a polymer with a low melting point6g-75°C) available in a large
range of moleular weights, 10- 10,000,000 Figure 14 Schematic of the PE®@honomer
unit.Figure 14). PEO is cheap andontoxic and isoften used as a binder for medicinéhe
shorter chains are termed polyethylene glyP&G)and caroccurin a liquid state as the melting
point decreases with decreasing chain lefit@i]; the monomer, ethylene glgl GH4(OH),, is

a liquid under standard conditiorBEO is soluble in mostly polar solvents including water,

acetonitrile, benzene, alcohols, chloroform, esteyslohexanone and N;Hdimethylacetamide

[101].
@) _H
n

Figure14: Schematic of the PE@onomerunit.

The PEO chains twist into helixes which can be arrdiga varietyof crystal arrangements, the
most thermodynamically stable of which is monoclinic with a=8.05, b=13.04, cAanah =
125.4°.



26

A composite can defined as a homogenous material, composed of two or more heterogeneous
substances where the final mix demonstrates superior properties to either of the constituent parts
[102]. For example, the combination of calciwarbonateand collagen in bone provide both
strength and flexibility and adding glass fibres to polystyrene gives it moreb&mathg
capability. The propertiesf polymer composites are often hard to predict; the polymer types and
their interactions, the proportions, the mixing process and the level of crystallinity are some of
the many parameters to consider. Howeias still possible to tailor the resultirproperties of

the blend to provide the flexibility, radiation resistance, transparency, melting point etc. that is
required. PEO has a melting pointG#75°C[103]. If correctlymixed with AB it could bring

the melting poinbf AB down and activate the hydrogen releaskwer temperatures

Nanostructuring AB has been shown to aid dehydrogenation; grd@8jtesilicone glas$87]
and polystyrengl00] scaffoldshave all proved helpful. Electrospinning could be an ideal method
to blend PEO and AB at the nano level making not only a composite withméting pointbut

an AB nanostructuresawell.

The thermodynamic properties and structure of AB are defined by its ability talfoyarogen
andhydrogen bonds. The repeat unit of PEO is depictédguare 14; the lone pair of electrons
on the oxygeris cgpable of forming hydrogen bondBhe polar nature diothAB and PEO will
facilitate their intmate mixing via electrospinning. Wexpect alsod form hydrogen bonds
between the AB and PEO.

2.3.1.2 Polystyrene

The dehydrogenation kinetics and thermodynamics of AB can be favourably modifiediyot

by chemical catalysid.04] but by nanostructurinf@4], [100], [105] As particles get smaller, the
diffusion distances shorten and tltign leadto faster reaction kinetics. Also, surface energy
changes can arise which alter the thermodynamic stability of the material enabling the hydrogen
release to follow a different, lower energy, reaction r¢L@8].

In particulat nanostructuring AB in coaxially electrospun polystyrene (PS) fibres has reduced the
reaction temperaturel5-20°C [100]. Kurban et al tuned the miscibility, conductivity and
viscosity of the core (internal, containing AB) and shell (externaltaiming PS)solutionsto

allow mixing during spinning to produce highly porous fibres. The encapsulated AB
demonstrated properties suggesting a nanostructured state. However, the maximum AB content
achieved in the fibres that showed a significant reduatitime hydrogen release temperature was

only 30wt%. Furthermore, the mass loss during reaction indicated that AB sublimed and foamed.

In chapter 4, theeaction kinetics and thermodynamics of AR improved by combining with

PEQ Additionally it suppresss foaming, but it encourages impurities such as borazine. An
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improvement on this system should further limit foaming and also cut down the impurities. Being
unable to accurately determine the patrticle size of AB in thd®?EB composites, it is possible

that the diminished activation energy is at least partly due to nanostructuring in the AB. It would
therefore be useful and interesting to isolate and investigate the behaviour of nanosize particles

of AB in a polymer.

i
__cl:_cl:__
H H

n
Figure15: Schematic of the P@onomerunit.

PS is ideal polymer to use as a nanoscaffold. It has a high glass tratesitjmerature100 °C,

and melting point, 240 °C, so will remain solid as the AB reacts. There are no active functional
groups so the effect shoube purely physical. PS is a very watiderstood material and has been
electrospun extensively in the pgBDd7]. In order to build on the previous work of Kurbatral

| will use single phase electrospinning. Single phase electrospinning is simpler then coaxial as
there are fewer parameters to regulate and should allow a higher amount of ABcturperated

in the fibres. To this end | will require a solvent that can dissolve both polar (AB) and nonpolar
(PS). I wish to employ the repulsion between the polar and nonpolar entities to divide the AB and
PS into discrete, hopefully nanostructuragas.

This part of my thesis considers the unusual practice of electrospinning polar and nonpolar
materials in a single phase. The spinning parameters necessary to prodB&efibBes will be
explored and the material propertieBydrogen release tempgure, impurity content in the gas
streamandfoamingi can be studied and compared to pure AB.

2.3.2 Clays

The hydrogen release of AB has beeomotedby being combined with PEO. The temperature

of the onset of hydrogen liberation has been reduced and thénfpand expansion limited by

the PEO. However, the proportion of the impurity borazine has increased in the gas stream. These
effects are due in part to the physical behaviour of the polymer and in part to the nature of the

functional group, the ethyl gop.

Previous work has shown that an alternative functional group, the hydroxyl, can positively
influence the dehydrogenation of AB. Materials tested incladenitol [108], hydroxylcoated

graphene oxidg89], carbon cryogeB7] and silica nanospherg&5]. In all cases the temperature
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for the onset of hydrogen release was reduced and borazine was eradicated from the gas stream.
These studies were particularly successful as in all cases the ABIlsvamamoconfined,

something that was not achieved in the PARD

Clays are layered hydrous aluminosilicates covered with hydrfid@8. Sheets of tetragonaily
coordinated silicon are layered with octahedrathprdinated aluminium terminated tvit
hydrogens that give the surfaceatsidic natureThe layers are separated by adsorbed water and
the layers can slide over each other giving clay its plastiteable character. Variety is achieved
as the aluminium can be substituted by iron and msigm.Alkali and alkalhe-earth metal
cations are also found in the interlayer sp&tlays are cheap, abundantly available,-twtic

and environmentally benign.

If AB was confined in the interlayer space, natuctured AB could be attained in close

proximity to catalytic hydroxyl groups.

2.3.2.1 Smectite clays, laponite and montmorillonite

Smectite clays are layered and each layer consists of two sheets of octalvedraliyated
aluminium oxide on either side of a tetragonal silicate JA€&. Substitutions in the Al and Si

sites create charge imbalances which are stabilised by Na and Ca counterions between the layers.
Smectites are swelling clays and the layers are expandable by water, which is pulled in to hydrate
the counterions. The interlayseparation means thdte layer stacking is fairly disordered.
Heating dehydrates the interlayer space, but the process is reversible and the clay can be
rehydratedOther polar liquids and salts can be intercalated into the layers.

Two smectites were s¢ed montmorillonite, a natural clay found in sedimentary rocksd
laponite[110], a synthetic smectite clay where the octahedw@lyrdinated silicon has been
completely replaced by magnesium. The counteridhémontmorillonite used was sodium and

in laponite, sodium and a small amount of lithium are prederiaponite he layers huddle
together to form nanometsazed disks, about 25 times wider than they are high. When hydrated,
the counter ions are liberated which results in negatisteyyged OHgroups on the disk surface,
while at the rim positive charges congregate. Laponite dissolves readily in water and forms gels

at low concentratiowith a pH level of 10.

The empirical formula of montmorillonite Nag 3Al2Sis010(OH)2(H20)10and for laporte it is
Na*°-7[(SigM g5_5Li 0,3)08(OH)4] 07,

Smectites could improve the dehydrogenation properties of AB. AB in the interlayer spacing

would be naneonfined and within reach of catalytically active hydroxyl groups.
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Sodium montmorillonitesWy-1 from Wyomig, Crook Count, USA andlaponite RD sourced

from Rockwmd Additives Limited vere both used as received.

2.3.2.2 Tubular clays, imogolite andhalloysite

Imogolite is a tubular clay of the general formula (@)OsSiOH [111] found in volcanic ash

[111], [112] It is formed of a gibbsite Al(OH)sheet coupled on one side to a teddrally
coordinated silicon oxide lay¢t13]. The SiTO bonds are shorter
curls into a tube displaying the gibbsjtdOH) on the external surface and the silox&8€H)

on the insideBoth surfaces are positiyecharged, the intravall oxygen carries the balancing
negative chargel13]. The hydroxyl groups are both acidiatlas the SOH bonds are more ionic

then the corresponding AYH bonds and should therefore be more active.

The imogolite used is synthetic, sourced industrially from Kodak. The tubes are approximately
100nm in length with an external diameter of aroR84 and an internal diameter of 1Q£&14].

The tubes collect into bundles, with a repeat centre to centre separation distance of 23A for natural
imogolite[114] or 28A in the synthetic cagi11].

Hydrophilic behaviour occurs on both internal and external surfad8% Water uptake occurs

inside the tubes and in the vacant spaces between[iit®]sAs the water level increas the
individual tubes become solvated and the bundles separate. The tubes gain motional freedom and
can loss their circular diameter becoming ellipt[@dll]. Imogolie water mixes have a gel phase

at low imogolite concentration.

Imogolite is both biocompatible and environmentally bedighb]. The small size of the tubes
provides a very high surface area per unit mass. Through freeze drying with AB it should be
possible to exploit the imogolite active external surface to catalyse hydrogen reteageBfr

The hydrated ammonia borane will likely be too large to enter the tubes with the water molecules,
sothe AB will only be exposed to the gibbsite external sefdavould be interesting to study

also the effect of the siloxane surface on AB and to make a comparison to the gibbsite. For this

halloysite clay nanotubes would be ideal.

Halloysite is a naturally occurring kaolinite clay found around the worldaitous soils but
particularlyin volcanic areafl09]. A layer of SiQ tetrahedra is bonded to a gibbsite like layer,

out of every three sitesnly two are filled by Al to give a final composition AfSi;Os(OH)a.

The layers are separated by a Ergjsordered layer of water to a distance of 10A. While it can
take many shapes, the Al vacancies cause the layers to curl up into spiral tubes to form the most
common morphology, mukivalledtubes. Contrary to the imogolite, the halloysite tubes kezp th

siloxanes on the external surface leaving the gibbsite layer on the interior of the tube.
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The internal layer spacing in halloysite is suitable for the intercalation of salts and organic
compoundsComplexes can be achieved if the intercalant is Jaib8]. Aqueous soluble salts

can be intercalated into hydrated halloysite to form monolayers between the layers. If the water
has been dried ofthe interlayer spacing will not be amenatdeehydration or other liquidgit

pH 67, the halloysite SiQ surface has a negative charge while thgDAlinterior surface is
positive[117].

It should be possible to load AB into and around the halloysite nanotubes using water as a carrier.
Freeze drying the mixture will create an AB halloysite composite. The halloysite imigiutve
the dehydrogenation properties of AB either as a nanoscaffold or through the catalytic nature of

the hydroxyl groups.

Halloysite nanoclay was obtained from Sigma Aldrich and used as received.

2.4 Graphite intercalation compounds

Hereastudyof themotion of ammonia inside a calcium ammonia-{@4ds) graphite intercalation
compound GIC) is presentedCalcium and ammonia are highly compatible; calcium readily
dissolves in ammonia to make a highlyuctured octahedralyoordinated dlimensional ligid,
Ca(NHs)s. In a GIG however,the confinement in graphitestricts the vertical dimension and
only allows amaximum offour ammonia to approach each metal cej&6é, [34], [119, [119].

In this way the3-dimensional solution isonstrainednto a 2dimensional analogue. Here the
motions of the ammonia in a Ca GIC will be studied. The motions of confined ammonia can then
be comparé to previous studies of the unhindered liqg@d(NHs)s and other metal ammonia
GICs[120].

Previous studies on ammonia in similar materials have shown rotational modes at low
temperatures which develop into diffusion heating In Ca(NH)s [120] and in KG4(NHz3)4.3,

the potassium analogue of the material here studid]i [123] the onset of movement at ~50K

is the rotaibn of the hydrogen atoms about the fixed metal to nitrogen axis. Above between 100
and 200K a second rotational mode occurs in both complax&a(NH)s the whole group is
slowly reoriented about the centre of mis20], while in KGa4(NHs)4.3 the ammonia molecules
wheel around the potassium cerjtt21]i [123]. High temperature studies 6a(NH)s have not

been published but for KGNHs)4 3 raising the tenperature to 300K increases the energy of the

rotation and translational diffusion at®@r’s? becomes apparent.

The final chapter of this thegigpors onstudies of the translational and rotational motions ef Ca
NHs-GIC; a temperature dependesttidy has noat the time of writingpeen performed othis

material. Time of flight neutron spectroscopy was used to follow the changes in the behaviour of
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the ammonia at 50K intervals between 300K and 2K. The large incoherent scattering cross section
of the proton was employed follow the movement of the ammonia as it dominates the measured
signal. We show that the diffusion at the higher temperature switches to a rotational mode at 200K
which fades below 150K. Further we show thatsMBinnot be comptely deintercalated
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3 Experimental methods

3.1 Making samples
3.1.1 Electrospinning

Electrospinning is a powerful technique for the production of micro and nano sized material
structures, usually long filaments, beads or beaded fibhod§. The method is highly versatile

and controllable; the composition, shape and architecture are down to the investmedskill

of the technician. A onstep process, electrospinning is practically scalable for high volume
production of fibres with a wide range of industrial uses. Nonwoven fibrous meshes suitable for
wound dressing, air filtration or composite reinfament have all been produced. More complex
arrangements have encapsulated drugs,canter and antibiotics, into the fibres for controlled
releasg124], or carbon nanopatrticles for battery andd@%], and also hollow microspheres for
containing proteingl26].

The base component of the solution used in electrospinning is polymeric; the polymers provide
the necessanyjiscosityand entanglement to produce long continuous fidi@g]. In a traditional
electrospinning setup, the solution is passed at a constant rate of flow, say!ltimtugh a
suspended hollow needle attached to a voltage supply. A droplet appears at the nozzle and
becomes infused with charge; this potential can eventually overcome the surface tension and
provoke a jet that moves towards to an earthed, or oppositatged collection plate. As the jet
extends, instabilities cause it to bend and whip around in a spiral motion, this serves to stretch and
lengthen the polymer chains within the strand as it descends. The fibres or beads pile up and stick
together to forma mat. The solution composition defines the integrity of the jet, and the

morphology, beaded or fibrous, of the final product.

Non polymeric compounds can also be processed via electrospinning either solely or incorporated
with polymers. This is useftdibr developing composites with unique properties and functionality
such as fluorescence, conductivity or increased heat resistance. The simplest method is to make
and electrospin a single solution containing all the necessary ingredients, howeveal tfilerdéin

will be limited to a single mixed state and asmvent for all the additives may not be available.

To create more interesting architectures concentric needleBsforct solutions can be used.
Coaxial electrospinninfl07][100] allows two initially separate solutions to interact during the
descent and produce a variety of structures. #tespinning was found to be a most suitable

technique to make closely mixed AB polymer composites.
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Figure16: Single phase electrospinning.rig

There are both solution and apparatus parameters that need to be optimised to achieve the desired
product. The first step is to choose the polymer and to dissolve it in a suitabte.sbihessolution
must be viscouand conducting. The flow rate must be set and the voltage and needle to collector

distance adjusted to ensure the fibres have time to dry before they are laid down on the collector.

3.1.1.1 Solution parameters

A polymer is a chain otovalently linked repeating monomer units, it is characterised by the
monomer chemistry and the chain lengih, As the chain length increases the polymer glass
transition and melting point will rise and it will become harder to dissfd08], [127] In a

polymer sample there will always be a distribution of molecular weights; stiyuanaaverage
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value is quoted, either the number average molecular waighar the weight average molecular

weight, 0

(14)

o B
andu B

wherel is the number of chains of molecular gigid . The polydispersity of a polymer sample,

0 O jO ,isinfluenced by the polymerisation method:; free radical polymerisation will give a
larged while condensation polymerisation gives a sm4llZ8]. For electrospinning fitas, long

polymer chains are desired to maintain the integrity of the jet on the other hand, making beads
requires short chain polymers that allow the jet to segfd@i [131]. Low polydispersity is
preferred in both cases as it increases the quality and homogeneousness of the fibres or beads
[132].

3.1.1.2 Solvent

A polymer dissolves istages; the solid mass softens and swells before the chains peel off into
the solutior{127]. Areas of crystallinity are tough to dissolve as the tight packing of the polymer
chains makes it difficult for the solvent to permeate. Dissolving is energetically favourable
because the entropy or disord¥s, ofthe system increases. Raising the temperature will make

dissolving more energy favourable as quantified via the Gibbs equation for free energy,
yo Yo "Wy (19

where Y"Ois the Gibbs free energy atxtDis the enthalpy of the mixing. The chance of forming
a mixed solution increases ¥¥becomes more negative i.e. the smaller the chany@the
more likely the polymer is to dissov¥Oi s det er mined from tahde s ol
partialvd u me f r ,afthe icomstitaent paymer and solvent, respectively subscripts S and
P.

YO 00 (19
The smalles¥'O is obtained when the solubility parameters of the polymer and solvent are most

similar, in othe words, like dissolves likEL27].

The solubilityparameters are actually a description of the disruption of the cohesive energy;
molecules in a material are tied together by dint of their cohesive er@rgy,The cohesive
energy itself can be broken down to its contributions of the polar, dispenstsdrydrogen

bonding energies in the materi@l,, O and O respectively
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O O O © (17

where,u , is the volume of the material. The solubility parameter can also be deconvoluted into

its polar] , dispersivel, , and hydrogen bondirg, , parts.

(18)

Like dissolves like can now be practically exploited; for example high polarity solvents are
suitable for high polarity polymers while nqolar solents dissolve nepolar polymers.

In addition to being a good solvent for the polymer in question, the solvent must carry the charge,

vaporise rapidly to ensure the fibres are dry at the collection plate and provide surface tension.

3.1.1.3 Electrical conductivity

Conductivity, G is a measure of the current densithat can be induced by an electric fietd,

o A (19

O ©
wherep is the charge per unit volume anés the drift velocity of the charge. Electrospinning is
dependent on the conductivity in the solution which carries the charge, which overcomes the
surface tension, to the extremities of the droplet. The currentis carried by ions or whole molecules

as the electrons in liquids are usually confined to their réigpenolecules.

As the conductivity or dielectric constant of the solution increases it becomes more sensitive to
the electric field133]. Electrospinning will begin at lower voltages and instabilities on the droplet
leading to multiple jets are more likely to oc§U84], [135] With more effective stretching foree

on the jet, the incidence of beading will decrda85], and the fibres will become finer and more
uniform [131], [136] A minimum amount of conducting species are necessary in the mixture
[107] as solutions wit zero or low conductivity will pour or drop from the nozzle without
spinning[135. The dielectric response (or permittdi
be considered as static charge build up carateitan electrospinning jet. An electric field incites

a polarity,P, in the molecules, which further orientate themselves to oppose the field. The level

of reaction to the field is determined,

0 -0 0 --0 (20

wheretle f iodhe germittllity of free space, and the resulting field within the liquid, E.
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Of the solvents used in electrospinning, most have very low conductivityg 1@° ohm m?) as

there are very few ions available to carry chddf¥7]. Additives can be used to increase the
conductivity of the solution and these include solvents suchMiB or water[137], or non
interacting species such as mineral salts, mineral acids, carboxylic acids or tetraalkylammoniaum
salts[107]. The conductivity of the solution is directly proportional to the amount of salt added
[135]. The type (size) of the charge carries affects howyeth® charge can be distributedthe
electrospinning process and this affects the produced fibre, smaller diameters resulting from the
addition of higher density charge carri§t88]. The affect is also noted in coaxial sging set
ups[136].

Significantly, he applied charge can be positive, negative or alternafd?} A negative charge
has been shown to give a lower diameter distribution in the fibres as it is easier to dissipate

negative electrons then positive ions.

3.1.1.4 Volatility

It is important to control and balance the evaporation of the solvent during electrospl®ijng

The evaporation should be fast to prevent the deposition of wet fibres, but excessive drying should
be avoided as this can lead to solidification at the nozzle and tube blockage. The fibre diameter
can te controlled by the volatility of the solvent; the longer the whipping jet remains fluid, the
further it can stretch and the thinner the resultant fibres will be. The rate of vaporisation from the
jet is down to the vapour pressure of the solvent. Theurapessure)) , can be determined

from the Clausiulapeyron equation and is related directly boiling poiit, and heat of

vaporisation}”"o , of the solvent.

&

~e YO p p .

(21)

C-

The vapour pressure increases with the actual temperatjrand decreases with a lower

atmospheric pressure,
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Table7: Solvents used in practical work, boiling point and vagmessure

Solvent Boiling point,°C Vapour pressure mmHg at 20 °C
Water 100 17.5

Ethanol 78.37 44.6

Acetonitrile 81-82 72.8

Dimethyl sulphoxide 189 0.42

Tetrahydrofuran 6567 143

Dimethylformamide 153 2.7

If moist fibres are being produced, raising the temperature around the jet can accelerate drying.
Conversely, if excess drying of tleopletis occurring a gas jacketontaining the spinning
solvent, can be used around the nozzle to suppress the est@pofatior]139], [140] Another

feature of a using a highly volatile solvent in electrospinning is the fabrication of flat fibres; when
the solvent near the surface evaporatasa hard crust form$his later collapses into the space
vacated as thiaterior liquid evaporates.

3.1.1.5 Viscosity

Theviscosity —, of a solution is the strain rate,, under a particular stresk,— 1j [141],
[142]. Polymersolutiors are naturally viscowss the entangled chains are diffidoldisplace. A
viscouspolymer solution is best achieved with a high concentration of long, branched, well

solvated and unfurled polymer chains.
The polymer concentration affects tiscosityaccording to this power law,

-0 3 (22

whereb i s t he polymer concentration and b is a

[143] and the molecular weight, hand the effective volume of the polymer chain, !

influence the viscosity.

o1 (23)

where K is the proportionality constant from the Flory equation for hydrodynamic volume and r

is the polymer end to end distanfE29].

Smooth unbroken fibres can only be achieved if the polymers in the solution can entangle during
the spinning mcess[131], a minimum concentration.@s defined as the minimum polymer
concentration necessary meove away from a bead regini44] and form connected fibres.

Upper and lower limits on the allowed polymer concentration are determined by the chain length
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and the interactions between the specific polymer and solvent chosen. As the chain length of the

polymer and the level of branchimgcreasesC. may be achieved at lower concentrations.

The fibre diameter, d, is relateduiscosity Q® — where U is a scaling co
every solution. A thicker solution will create larger diameter fibres, but this is also limited as if
theviscosityis raised too high the solution will become too thick to pass easily through the nozzle
[107]. The higher theviscositythe higher the voltage needed to produce a jet at the nozzle and

the smaller the deposition will become as wszosity can counteract the bending instability

forces on the jet. This will lead to fatter fibres.

Temperature affectsiscosityby increasing the solubility of the polymer,
- 8Q! (24

where,B is a constant, Hs the activation engy for viscoudlow, R is the gas constant and T
the temperature. Usually increasing the penature will reduce theiscosity by allowing the
chains to reptatebut if the solvent is poor #m at higher temperatures the polymer chain will

unfurl and increase the intrinsitscosity[107].

Polymer solutions underggscositychanges due to shear thinning. Shear thinning is significant

in highly concentrated solutions such as those use&dectrospinning. In the natural state the
polymer chains are entangletihe viscosity changes under elongation depend on the rate of
change of the solution stretch. At small strain rates the polymers can reptate (wiggle) under
thermal fluctuations oftte polymer chain and the system remains close to equilibrium. At high
strain ratesthe tubes (free volume the polymer migrates in) are aligned in the direction of the
strain and theviscosty is reduced. At high strain rates the polymeaink inside thdubes are

forcedto stretch as the tubes become thinner andiftesityincreases agaiji42].

3.1.1.6 Surface tension

Surface tension arises due to an imbalanderoés on the molecules at the liquid vapour barrier
on a liquid surfac§l29], [145] The surfacgension of the solution works to reduce the unit area
per unit masgn practice it causes water droplets to pull into a ball. If we want to alter the shape
of a droplet away from its preferred spherical form we will be increasingutiacearea and

hena the energy of the liquid.
R S (25
0

where the surface tension,is related to the latent heat of vaporisation, L per moje, tRe

molecularweight) and t he density, .
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In a polymer solution the surface tension is affected by the solvertliypke [146] the polymer
concentration, chain length, conformation and polymer solvent intera¢fi8f$ [147] The
stronger the intermolecular fosén the solvent the higher the surface tension; water with its
hydrogen bondingpas a higher surface tensionnh@exanehatis governed only by dispersive
forces[145]. The polymer end to end length, not only controls/itkeositybut the surface tension
as well; an elogated polymer with good solvetd-polymer interactions will vastly increase the

surface tension.

During electrospining surface tension works to reduce the surface area while the stretching
forces work to increase the surface area of the spinninNd36{. The surface tension of the
solution is closely related to the critical voltage of electrospinning, themaim voltage that can
force a jet from thalroplet[137]. A high surface tension is useful when fabricating beads as it

promotes faster jet division amaoulds the fragments into sphe[&26).

When electrospinningt may often be desired to change the surface tensidmea$dlution to
ameliorate the fibre morphology. Utilising a different solvent or a solvent mix has been shown to
affect the surface tension by more than 103]. Varying the polymer concentration up aveh

will modify surface tensionswitching the polymer type is also an option. Surfactants, alcohols
and organic molecules with a polend, may be added to a watgse liquid toreducethe surface

tensbn while inorganic salts can strengthen the intermolecular fftdé$

3.1.2 Spinning parameters

3.1.2.1 Voltage

The voltage provides the surfaceadte on the jet and the electric field between the needle tip
and the collector plate. Charge builds up in the droplet until it can overcome the surface tension
at which point a jet shoots out and heads towards the grounded collector. The higher the voltag
the faster the solution will be whipped away from the needle, accordingly to maintain a stable
electrospinning system the voltage must be matched to the federate. If the voltage used is too
high, multiple jets can be produced at the nozzle and if thagels too low, the excess solution

will build up and drip on the collector. For each solution a minimum voltage is needed to distort
the droplet into a Taylor cone, usually around 6kV. In flight, increasing the voltage has the effect
first of extendinglte fibres to make them longer and thinner and then of decreasing the flight time
to produce thicker fibres. The higher the voltage the thinner the fibres will be as they will have

more stretching force. An AC voltage can be used to give more aligned fibres
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3.1.2.2 Distance

The greater the distance between the tip and collector, the longer the jet will spend in flight and
the smaller the electric field strength will be. Potentially, thinner and thicker fibres can be
produced on increasing the tip to collectorahste depending on the solution properties. While

the reduced electric field means far less stretching force i.e. thicker fibres, the jet elongation can
be sustained for a greater time period i.e. thinner fibres. As the solvent must evaporate before the
jet reaches the collector, a minimum distance is needed for successful electrospinning of each

solution.

3.1.2.3 Flow rate

As the flow rate is increased, fatter fibres and then beaded fibres, can be produced. High flow
rates are useful to raise productivity but imbe supported by high voltage, solvent vapour

pressure and sometimes large tip to collector distances to ensure the fibres are laid down dry.

3.1.2.4 Nozzle area

The small orifice allows a smaller droplet with a corresponding higher surface tension which
necessitates using a higher voltage. This results in smoother thinner fibres. It has been observed

that a smaller nozzle aressultsin less clogging.

3.1.2.5 Humidity

Electrospinning in a humid environment causes pores to form on the fibre surface. As the solvent
vaporises, it cools the jet and water droplets can condense onto the surface. The pores grow in
depth and size with humidity until a saturation point is redchéso, rate of evaporation of the
solvent is influenced by the humidity, the higher the humidity the slower the evaporation.

3.1.2.6 Temperature

Changes in temperature can affect viszosityof the solution. If the polymer is dissolved in a
poor solvent, thehains are usually tightly curled up; heating can boost the solvating power and
unravel the chains allowing more overlap and entanglement that increaseésctimity, If
however the solvent igood and the polymer iwell dissolved, on warminghe resisince
between chains will decrease, reducingwviseosityof the solution. The solvent vapour e
increases with temperature, reducing the fibre drying time. At higher temperapimes ) can

be achieved with a higher voltage or shorteitdigollector distance.

3.1.2.7 Pressure

If the pressure is lowered below atmospheric level, the solution will be pulled out of the needle

faster and faster and bubbling will begin to occur until it is impossible to electrospin.
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3.1.2.8 Atmosphere

The effect on the jet wilustally be the dependent on thehaviourof the atmospherander
electric field.

3.1.3 Freeze drying

Electrospinning is an effective way to combine AB and PEO in amiglkd microstructure, but

it is slow, 1ml/hr flow rate of a solution with 6wt% solid conteuil produce 0.06g/hr sample,
and highly involved. Multnozzle electrospinning goes some way to increase the sample
production rate but is more technologically ¢adjing and expensive. In orderproduce large
amounts of sample quickind cheaply whd keeping the PEO and AB in the well mixed state
they enjoy in solution, freezarying was investigated. Freedeying [148] is a method where

the abundance of solvent can be evaporated whiletanaing the solution statureand keeping

the AB stable.

In a freeze dryefl148] the material or solution mix is frozen and the solvent sublimed off with a
low vacuum. The freezing rate affects the water crystal size and the resultant padiclss)

the slower the freezing rate the large the water crystallites can grow. The effective freezing time
is influenced by the sample volume and the dish shape; the greater the radius from the sample
core to surface, the slower the freezing will be. M/hieat can be extracted from all directions,
water will only evaporate from the top of the sample and the further the water has to travel through
the sample the slower the evaporation.

The solutions were produced as normal, dissolving the PEO befod8land then poured into
a wide dish; a bigger surface area aids evaporation, and placed in a standard #&¥zeDaice
frozen,for aminimumof 12 hours at5°C, the sample was transferred to the freeze dryer. Each

sample rerained under vacuum for 4®urs

Freeze drying is an ideal method to combine species soluble in water. Clay and AB composites
were also formed in this way. 5wt% clay was added to arwAir solution and frozen before
the water was sublimed off. The clay content was kept corataihthe amount of AB changed

to achieve the various fractions desired.

3.1.4 Dry mixing

AB was ground in a pestle and mortar for 15 minuB&sO agproduced powder was used without
modification. The powdered AB and PEO were combined at the required ratioxatitogether

with a spatula.
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3.2 A vapour transport method for intercalation into graphite

A two zone vapour transport method for intercalating metals into graphite is well K&6yvn

The graphite is outgassed under vacuum to remove impurities before being connected to a second
chamber in which the intercalant metal is kfjgd. The metal vaporises, filling both chambers

and because of the overpressure, intercalates into the graphite. The stage number n produced is
related to the temperature difference between the graphite and metal containing chambers, the

smaller the diférence the smaller the stage obtained.

A development on this where the staging is not controlled is to submerse the graphite in the molten
metal of the desired intercalant; a single zone transport m¢88)d [149]. The graphite,
Madagascan flake, was outgassed to remove impurities before being transferred, while inside an
argon glove box, to a stainless steektuibhe calcium was added, the tube sealed and the entire
ensemble put into a furnace. The tube was held under vacuum (~10w46) at 465°C for 10

days during this time the calcium vaporises and intercalates into the galleries.

3.3 Analysing samples
3.3.1 Scanning electron microscopy

Scanning electron microscopy (SEM) was used analyse the microstructure of the §bbdhles
aHitachi Tabletop Microscope TMOO0O enabled a quick first pass view of the sample and later,
high resolution images were obtained with a$EM Hitachi S4000 andeol JSM6480LV. The
samples were mounted carbon tabs and platinum coated to prevent charge build up (note: no
coating was required for the TM 1000). To observe the fibre -a@s#on, the fibres were sealed

in adhesive tape that was then cut along the normal to the fibre length, while subimarigpad
nitrogen bath to keep the fibres brittle.

Compared to traditional light microscope an SEM can create clearer images of greater

magnification due to the smaller wavelength of the electrons.

Electrons are generated by thermionic emission feorfilament, usually tungsten and the
accelerated with a positive electrical field teBdkeV. The electron beam is focussed with
magnetic condenser lenses to a spot sizeldirin at the sample. A picture of the entire surface
is obtained by the raster tan of the beam, across the sample, controlled by scanning coils

responsible for the forward and back and the side to side movement.
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Figure17: Schematic o& scanning electron microscope.

The electrons interact with a surface over an interaction volume; some rebound because of their
high angle of incidence on the sample, others exchange energy leading to the release of secondary
electrons and-xays. Secondary and backscattered electransised to create an image of the
surface, scan verses detection time make the picture three dimensional, whitaytkecan be

studied tadeterminghe elemental composition. A photomultiplier is used to enhance the electron
signal.
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3.3.2 Fourier transform i nfrared spectroscopy

Fourier transform infrared (FTIR) spectroscopy was performed on some of the samples to analyse
the vibration states of the bonfis51]i[153]. A specific bond vibrational state, stretching,
bending, twisting etc. can be excited to its excited state by absorbing IR radiation of the correct
frequency. The frequency must mattte energy difference between the ground and excited
states. A sample is subjected ta spectrum of IR radiath and the position of the absorptions
bandswill indicate the energy of the motions inside the material. This allows bonds to be

identified and helps elucidate the structure of the material.

An IR spectum is usually collectedver a wavenumberom 4000 to400 cmt. Bond stretches
(functional group) are observed at the higlvavenumberend of the spectrumThe low
wavenumber section of the spectruitom 1450cmt to 400 cn, is known as the fingerprint
region (every molecule kaa distinct fingeprint region pattern) and bending and twisting

vibrations are found here.

A bond isinfraredactive if the vibration results inreetchange in dipole moment arab dipoles

are vector additive, not all bonds give an IR signal. Cadiaxide for example has IR active and

inactive stretchespp U  OPgives asignalbud 0 o6Pand 6P O &, where the

dipole sum is zero, do not.
The position on the IR spectryunf of a particular vibration can be definedy Hooke ds | aw

(26)

| ot

, p
of —~ ;
II_ c“

where, k is the force constant of the vibration ands the reduced mass of the of the atoms on
either end of the bond. The reduced mas can be defined,

) a o (27)

where, & andd , are the masses of the atoms at either side of the bond. From this it is clear that
the alsorption band moves to higher wavelength as the masses of the atoms anuléasas the
bond length decreasesThe intensity of a particular vibationalband is principally due to the

magnitude of the change in dipole that occurs.

Attenuated total reflectiorFourier transform infrared ATR-FTIR) data were collected in
absorption mode from the peséated materials at room temperature on a BrOiics Vertex
70 spectrometer with a 633 nm laser with faesolution.The peak positions were determined

by fitting Gaussian curves to the spectrum
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3.3.3 Foam tests

The materials were heated in an oil bath at’C@ determine the foaming characteristidl. A

foam tests were performed on pellets made in a small pellet (@eesSigure 37). The initial

mass, height and diameter of the pellets were measured with callijoktise volume and density
calculated. After heating the pelletsb6 mass
change due to the foaming could then be calculated for a particular pellet. If the pellet could not
be removed intact, the diametersitaken as the internal diameter of the test tube. Residue on the
inside of the tube wall was included in the final mass calculation and weight gain from the oil on
the test tubevas also taken into account. No correction was made for the rounded pirtifiée o
bottom of the test tube. The final height of the expanded pellet as measured with the callipers was
subject to several mm of error so it was not worth correcting for the rounded bottom of the test
tube.

Figurel8: AB contaning pellets prepared for foam tasg.
3.3.4 Thermogravimetric analysis and dfferential scanning @lorimetry

Differential scanning calorimetry (DSC) is a thermoanalysis technique to study the phase changes
in materials with respect to temperat{tB4]. The sample temperature is raised at a constant rate

in a contained environment alongsidereference material and the difference in heat input,
required to keep the sample and reference at the same temperature is recorded. This is an
extremely useful technique for studying AB as melting events (endotherms) hydrogen release,

(exotherms) and pilsa transitions can all be readily identified.

Thermogravimetric analysis (TGA) measures the mass changes that occur in a material during
heating. It is an extremely useful accompaniment to DSC for understating changes that occurring
during a reaction and often part of the same instrument.

A combined DSC/TGA produced by Mettler Toledo (TGA/DSGnHs used for analysing AB
and the AB composites produced in this st(sbeFigurel9).
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Figure19: Schematic of aambined DSC/TGAnstrument

The effect of temperature on the samples was studied with both heat ré@psif2 between

room temperatre and 20%C) and isothermal heating steps 180 100C, 120C and 150C).

Each sample was run three times to ensure the features observed are characteristic of the material
in general and the trace that best represented each sample is displayedapitbe gr

3.3.4.1 Validity

The differential temperatureneasurement, the output form the D$&Csensitive to the heating

rate, sample size and shape and the gas flowIa&. Under ramp heating, a faster ramp rate

will lower the peak resolution and push up the peak temperature. AB undergoes several heat
induced changetoth exothermic and endothermic) below ZD0therefore the ramp heating

rate was set low (£ min) to ensure the peak features would be distinct. A larger sample will
take longer to react and this will lower the peak resolution. This means thabuadep heating,

a larger sample will push the peak to higher temperatures while on an isothermal run, it will push
the peak to later times. As far as possible the sample masses were kept constant, however due to
the excessive foaming of AB and the smalksif sample pans available, the mass of pristine AB

was limited to 1mg. As the composites had reduced foaming and AB content, higher masses
could be tested. For this reason caution should be taken when comparing the pristine AB and the
composites. Unraibility also comes from are the sample packing in the crucible, if the sample is
whole it will heat at a more consistent rate then if it is powdered. All the samples were squashed
to the base of the pan to ensure good contact. However, variation intigdecompression and
expansion during the test could change the sample connection to the crucible and still have an
appreciable effect. The argon flow through the chamber affects the heat control and the buoyancy.
As the DSC chamber heats so too does #wigside i.e. argon. This means the argon density
decreases and reduces the buoyancy making the sample appear to gain mass. Convection currents

and the gas flow velocity can also impact the recorded mass and the heating of the sample.
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The DSC and TGA sigi from the pristine AB and the ABS material were bothffected by a
ramping baseline shif.he TGA data slopes upwardad displays slight increase before mass
loss begins significantly. The DAC data also slopes upwards and to enable clear interpretation of

the graph features a background quadratic curve was subtracted.

3.3.5 Mass spectronetry

To understand the dehydrogenation procesh®fAB compositesa mass spectrometer (mass
spec) was used to analyse the residual gases released during the decompositorediprand
the AB composites (sdeigure20). A quadruple residual gas analyser (RGA) (MKS Cirrus 2

Atmospheric pressure RGA) was connected to the out flow of the combined TGA/DSC.

A quadrupole mass analyser (QMS) works like a standard mass spec but instead of separating the
ions with abending magnetic field the ions are filtered throagihanging magnetic environment
[156]. Four conducting rods are arranged in parallel and a varying current applied to allow

specified mass/charge (m/z) particles to pass through to the detectors.

Filament 'On focus

|
"1l
Gasimﬁ> |' '|
i |
- =

_ | _ Quadrupole mass filter |
lonization chamber lon detector

Figure20: Schematic of aasidual gas analyser (mass spec)

A vacuum is established in the mass spec. As the sample is heated in the DSCsirstadyf

argon is introduced to the sample chamber to transport the gaseous products into the mass spec.
Once inside a filament ionises the gas cloud by stripping away electrons, creating a plasma of
charged particles. Often molecules will be destroyethénprocess and it is common also to

observe the fragmésn The cloud is funnelled via the QNt8o the iondetectors

Table8. The mass number assignmehtheionised speciesbservedn the mass spec
Mass Number

17 18 27 32 36 81
m/z

Assignment H2+ OH+, NH3+ H20+ BzH6+, BNHXJr NHsBH3+ Ar* BgN3H6+
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The mass spec analysers can detect species of mass to charge ratio frmrar1l@d | have

chosen to consider the classic gaseous products and impurities released of\Beatygogen

(m/z = 2), ammonia (m/z = 17), diborane (m/z = 27) and borazine (m/z = 81). And to ensure no
unreached AB is thrown off the material the AB (m/z = 32) has been observed. As water is also a
known fuel cell contaminant and AB is known to be togtopic, the water signal water (m/z =

18) has also been monitored. In addition the argon (m/z = 36) carrier gas flow level has been
followed as it will affect the partial pressure of the ionised reaction products and therefore the
intensity of the dataeadings.Finally, the list here is far from conclusive as only a few mass
numbers from the whole possible range have been observed; furthermore each detected mass
number can represent a variety of different ions, for example m/z = 17 can represent asnmonia

a hydroxyl[53]

The data presented has been processed from its initial raw form to claiiifypibreant features

and give fair consideration to the errors. Each composite has been put through the same heating
testthreetimes on the same day to ensure consistency. The data sets have been normalised to the
mass of AB in the sample and the argon gas flow so what begins as a reading of current is
transformed into arbitrary units (a.u.) per gram)(g’he argon gas flow ratis taken from the

average value of the m/z = 36 trace from 5 to 9 minutes, the interval before heating commences.

Because thelata arenoisy mathematical smoothing via the Savitékylay method has been
employed157]. SavitskyGolay smoothing uses a least squares fitting and sustains peak features
better than adjacent averagimethods. It calculates a polynomial regressipgs, , around the
central pointg , of a moving envelope of point§, & FE 8 ¢ and outputs a new smoothed
value for that point; .

i x (28)
A secondorder polynomial;Q ¢, gave a suitable fit in all cases. However, the value of N (=
2M+1) was varied between 50 and 500 depending on the trace, typically the data for hydrogen
(m/z = 2) used n=50 and borazine (m/z = 81) used n=5000. The fit is decidedilnysing the

least squares error, E, of the new points to the original values,

o ne & (29

In all cases, the goodness of smoothing was assessed by eye to ensure no obvious features had

been erased, an examplea particularly noisy ammonia (m/z = 17) signal is belowigure21.
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Figure21: SavitskyGolay smoothing, of ammonia (m/z = 17) signddere N = 500.

From the three normalised curves of each mass humber detected, a mean curve and error (standard
deviation)wascalculated. These graphs are used to show the changes in the reaction over time.
Further, the peaks are integrated and normatis#iate hydrogen signal level at maximum times.

This is used to show the relative levels of impurities to hydrogen in the various materials.

3.3.5.1 Validity

Finally, it is important to discuss the validity of the mass spec data. To @meaision three data

traces form each sample have been combined to give a mean trace (the values) and standard
deviations (the errors). IRigure22 the data form two separate AB samples imash AB1 and

AB2. Both AB samples have been sourced form Sigma Aldrich, are 97% pure and were tested in
their asreceived state. The two samples were tested on the same equipment several months apart.
The small error bars in the hydrogen trace (light bealkgd) show that data from the three traces

of each sample are well correlated; AB2 is more similar to itself than AB1.

Looking below to the impurity graphs Figure22, AB2 seems to release far more ammonia,
diborane, borazine and water than AB1. Both sets of data have been processed in the same ways,
normalising to the AB mass, the argon flow and have undergone the same smoothing technique.
By normalising to the nomihanass of AB in the samples it has been assumed that the output
signal from the detectors varies linearly with the gas output from the samples. This has not
actually been verified, indeed the mass spec manufacture suggested that the ratio between gas
input and signal output could vary. The data are normalised to the carrier gas stream (argon)
because logically a higher, faster throughput will result in a higher signal. However, there is no
actual information to suggest that this is the case. Perhapsrastweer gas flow would actually

result in a higher signal as the gas would not be rushed past the detectors as quickly. Secondly, it

has been assumed that all mass fragments here are detected equally. It is possible that there is
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some variable sensitiyitto the different mass fragments; some may be more equal than others

[158]. Also some mass fragments may ionise more easily than others.

The differences between the impurity level$-igure22 are probably due the samples being run
several months apart. Tests performed on the same day show greater similarity then those taken

a year apartjue to changes in the environment, equipment and materials.

Normalising to the mass of AB ¥&lid as the detection level can be approximated as linear when

the samples are of a similar mass. Sequences of samples are well correlated so this is a credible
theory. (Consider the ammonia traces form the 25wt%, 50wt% and 75wt% AB in clay (imogolite)

in Figure X in chapter 6.) However, when the mass difference between the samples is large
(comparing AB in clay to pristine AB in chapter 6) the intensities of the integral plots should not

be trusted. In many cases the pristine AB has been plotted aetigsicomposites as comparing

the graph profiles can be useful.
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Figure22: Cumulative inegrals of the heating ramps of two pristine AB samples (AB1 and AB2) tested
several months apaithedata werenormalised to the hydgen (m/z = 2) level at 190%hderrors in the
data are shown as the lighter backgrourtte increase in impurities observed in AB2 is likely due to the
time separation between the two tests. This graph has been plotted to show care must be taken when
conparing impurity levels from different samples.
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3.3.56.2 Activation Energy

The activation energy of the dehydrogenation of the AB can be determined ushgahge
Erofeyevmodel[159]. The isothermal hydrogen release is sigmoidal as shoWwigime22 and
specifies a nucleation, growth and saturation profE8g]. The growth phase of the reaction,
moves outward in all directions from the nucleation pfBd{. The AvramiErofeyev equation

is reserved for solid phase reactions. While AB melts during the dehydrogenation the actual
molecules maintain their approximate position and so the reaction can be modelled as a solid.

Time, min
10 20 30 40 50
1.04 ’ ! ? ! ? ! ’
S
[=)
5 0.8
(%]
o
(2] i !
8 i :
S 0.6 —— 75AB-25PEO 15fL step
—— 75AB-25PEO 12%C step
: | | 75AB-25PEO 10%C step
0.41 —
i 1 i 1 i 1 i
L B SO T ___Ll______]
140 | ]
O ol ]
Oué 120 I 2 e R ST I
S 100
()
g_ L
o 80 4
|_ | H
60 Set temperature
I - - - - Sample temperature
a0y ‘ ‘ ‘ ‘ 5 i
i 1 i 1 i 1 i
10 20 30 40 50
Time, min

Figure23: The mass loss (top) of the 75ABPEO electrospun fibres when subjected to heat steps of
150°C, 120°C and 100°C in the combined TBGALC (bottom). In the 150°C and 120°C steps the
majority of the hydrogen has been lost before the maximum tempewataneachedAdditionally the
samples never reach the set temperature. Therefore this loss data are inappropriate for analysing the
activaton energy of AB.

Close examination of the TGA and mass spec data revealed several issues that meant it could not
be used for this type of analysis. The step heats are not really step heats as the actual sample
temperature lags so far behind the set teatpeg. The instrument reaches the target temperature

in ~2 minutes (a rate of 76/min) but the sample temperature lags behind by approximately 20
minutes(seeFigure23). Also, the final temperature attained is several degrees below the target.

In the 150C and 126C runs the majority of the hydrogen release occurred before the maximum

temperature was reached. This means that most of the hydrogen released dumepghbatstis
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actually released on a fast 20 minute ramp heating. For this reason it was not possible to calculate

the activation energy of the hydrogen release from AB in the composites.

3.3.6 X-ray diffraction

A diffraction pattern can be describes as thefatence patterthat occurs if a wave encounters
the regular lattice of a crystfil61], [162] The recurring dimensions of the lattice, dndoe
obtained by relating the angle of the incideeam—-via the Brag@pproximation

¢ _ cai 0t — (30

where n is an integer representing the scattering order iartiewavelength Sharp peaks occur
with constructive interference and these diminish as the lattice bedsoedered. A diffraction
pattern of a material gives access to the repeat distances inside and is therefore ideal for

determining the crystal structure-rdys are ideal for exploring materials as the wavelength is

comparable to interatomic spacing

Traditional method®f obtaining a crystal diffraction pattern withratys require a single crystal

that must be correctly aligned to the beam to expose the plane of interest. Diffraction from other
repeat distances in the crystal can be only be accessedhingtthe crystal to reveal a ng@hane

to the beam. Making and aligning a single crystal is challenging abhdsh second method
designed for powders is more appropriate. The D&njeerrer method uses the distribution of

the random crystalliterientatiors in a powder sample to presantiltiple planego the beam at

the simultaneously The sample is fixed to the sample holder and revolves to aciexeerage
distributionof the scatterethtensity.

Electronsare produced by thermionic emissioffi a cathodeand accelerated towards a cooled
metal target, often copper ashis a high thermal conductivity.nCQrollision theelectrons are
decelerated in the material which results in the emission of Bremsstrahlung photons
continuous spectrum ofeays. During this process tliener shell electronis the atoms arkenock
outand wheran outershellelectron drops down to replace the displaced onesrag s emitted.

If the electron drops into a K shétiis is called Kradiation, Cu K X-rays are particularly intense
peaks in the spectrum and &teal to be used in a diffractiaxperiment. Once produced the X
raysof the required wavelength are selected by diffracting off a graphite |attieexrays are

detected by a Nal scintillatovith a combined photomultiplier to strengthen the signal.

Diffraction patterns wereollected ¢ study the structure and composition of the materkals
Rigaku SmartLabliffractometer with Cu Kradiation of wavelength 1.%8between 10 and 110

with a sca rate of 1.50 deg/min and resolution of 0.00@2&s used. Lower resolution patterns
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were also collected with a high anyddaonBfhi | | i

wavelength 1.54 betweerb and75°with a scan rate dfdeg/min and resotion of 0.@°.

3.3.7 Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR)an extremely useful technique to study the structure,

dynamics, reaction states athe chemical environments of magnetic nuclei.

Isotopes with an odd numberpfr ot ons and/ or neutrons have a |
momentum. Boron has five protons and has a magnetic moment that can be explored by NMR
while %0 and!C are isotopes with an even number of protons and neutrons and therefore do not
have a magetic moment. Protons and neutrons all have spitilf The magnetic moment is

related to the nuclear spin qguantum number (S),
t 30

wherer is the gyromagnetic ratio; the ratio of the magnetic dipole to the angular momentum.

There are 2S+1 angularomentum states froiirS to +S in integer steps.

The nuclear magnetic moment of a nucleus will align with an external magnetic field either
parallel or antiparallel. The nuclei magnetic moment will precess around the direction of the field.
Aligning parallé to the field is preferred then aligning against it. The larger the magnetic field,
the larger the energy difference between the two states.

In nuclear magnetic resonance (NMR) spectrosdbpynuclei aresubjected to a magnetic field,

up to 20tesla, to align the spins parallel and antiparallel to the field. ratienfrequency waves,
energise théower energy (parallel aligneajuclei which flipinto the higher energgantiparallel

aligned) stateWhen te frequency is removed the nuclei relax back to their initial states
perturbing the magnetic field. This perturbation is called the resonance and is gives the measured

signal.

The frequency, 3, at which a resnetofeidde can o

“ 0 (31)
Y
where"Yis the spin quantum number aff2ls Planks constant. Thus if a high field is used to

polarise the spins a higher frequency electromagnetic radiation is required.

Electrons have a magnetic moment as well as protons and neutrons. The electron spin opposes

the nuclear spin and can shield the nucleus from an external magnetic field. High shielding will
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shift the resonance to lower frequency while low shielding wilft she resonance to higher

frequency.

NMR spectroscopy is ideal for studying AB as AB contains three NMR active nuclei, boron,
nitrogen and hydrogen. While botiB and'°B are NMR active and have spins of S = 3/2 and 3
respectively, howevet!B NMR wasperformed on AB a$'B has an 80% abundance and gives

a clearer signal. Time resolved studies of AB and the AB composites during the dehydrogenation
could be performed at 85°C. Nitrogen has two naturally occurring isotéidesnd °N with
abundance 99.6%nd 0.4% respectively. While both isotopes are NMR actfixeis hampered

by quadrupole interactions which broaden the peak and can render it unobservable under high
resolution. Thereforé®N NMR was performed on the AB samples. As the natural abundénce

BN is very low, the spectra must be left to accumulate for several hours.

In situsolid-state!'B NMR was performed on the pristine AB and the 5e8BEO electrospun
material while being heated at 85°C. NMR maaigle spinning (MAS) spectra were reded

at 128.3 MHz using a Varian VNMRS 400 spectrometer afichian (0.d.) rotor. Spectra were
obtained using crogolarisation with dl.0s recycle delayjOms contact timand at a sample
spinrate of10kHz.Between20 andl100 repetitions were accumulate8pectral referencing was
performed with respect to an external samplesBEGE®L. Additionally,*>N NMR was performed

on the initial and final products (after heating in oven at 85 °C for 6 hours) at ambient temperature.
The spectra were recordediit527 MHz using croggolarisation with &.0s recycle delayilOms
contact timeand at a sample spmate 0f6.8 kHz. The data were referenced to neat nitromethane.

3.4 Introduction to neutron scattering

Neutron scattering is a valuable tool for exploring@densed matter systems. Both structure and
motions can be studied as the neutron wavel
uncharged, neutrons can penetrate far into matter where they interfere directly with the nucleus.
Neutrons have masaé accordingly, can scatter inelastically; the direct nuclear interaction
ensures intensity is maintained at high scattering angle. Interactions are irregular with respect to

nuclear size and isotope allowing isotope substitution to gather more information

The energy of a neutrdd , is described

Roa0 & O (32

qs q ¢ 0
wherern is the momentumy is the neutron mass equal to 1.675Ky, v is the velocity, t is

the time and L is the distance travelled. Using the de Broglie relationship



56

\ ~ 33
o (33
where®is the wavevector of the neutron propagation «isithe reduced Planks constant equal
t0 6.582x10'® eV-s. We also note that

5 & (34)

where & is the neutron wavelength.

When a neutron, with a propagation vector, collides with a nucleus it will undergo a momentum
changeyy ® @ @, where®@AT R are the initialand final wavevector of the neutron

respectively. The neutron can also gain or lose energy to the saffiple,d] 0 O

20 Q hwhereO AT ‘@ are the initial and final energies of the neuttseeFigure 24).

The scattering process is described as elastic when the neutron energy remains constant and
inelastic when there is a change. Analysing these changes allows us to understand the structure

and moions inside materials.
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Figure24: The momentum and energy changes associated with elastic and inelastic scatarid®
are the initial and final wavevector of the neutron respectively.

A neutron beam at a facility will combine a distribution of nenioergies these can are generally
described according to their temperat{seeTable9).
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Table9: Neutrons according to temperat(ité3]

Neutron Energy (meV) T (K) a (i)
Hot 100500 10006000 0.41
Thermal 5-100 60-1000 1-4
Cold 0.1-10 1-120 4- 30

The neutrons thatave been used in the experimewvegre thermal neutrons. The data were
collected on the Iris beam lira Isis, Rutherford Appleton Laboratory, UK.

In a scattering experiment we measure the partial differentialseas®n. This is the fraction of
neutrons of incident energy E scattered int
el ement , , dw o isH toml,scattering crosection of the atoms in the sample and

b represents the scattering interaction of the particular nudee&igure 25). YR s the

dynamic structure factor,¢h t ot al scattering with respect t

d?0
dQdw

Incident beam &/

Sample
Figure25: Geometry of a scattering experimé¢hé4]
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As well as elastic and inelastic, a scattering interaction is also described as coherent or incoherent.
Coherency,’Y OR , arises from interference scattering off a regular lattice within the
material. Elastic coherent scattering can be used toipinihe locations of atoms while inelastic
coherent scattering isleal for studying excited states such as phonons. Incoherent scattering,
"Y Oh , is the result of neutrons scattering independently off atoms. Whereas elastic
incoherent scattering usually isotropic and seen as a diffuse background, inelastic incoherent

scattering gives information about uncorrelated motion of nuclei such as diffusion and vibration.
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Each nuclei has a coherent scattering cross segtion, and an incoherentattering cross

section, such that,

., 1 @ and, ™“ 0 (38)

Below in Tablel0arethe scattering cross sections of the elements used in the experiments in this
thesis. Dynamics studies of hydrogen or hydrogen containing groups are facilitated by the high
incoherent cross section of the proton. The variance between hydrogen and meaihatiles
contrast studies to be performed between the protic and non protic areas as well as absolute

scattering experiments.

Table10: Scattering lengths and cross sections of the nuclei observed in experiments in this thesis.

Species Beonfm bind/fm Ueor/barn Gind/barn
H 13.74 25.27 1.76 80.26
D 6.671 4.04 5.592 2.05
C 6.64 0 5.55 0.00
Ca 4.90 0 2.78 0.05
N 9.36 2.0 11.01 0.5
B 6.65 -1.3 5.56 0.21
O 5.803 0 4.232 0.00
S 2.804 0 0.988 0.00
The total scattering, is the sum of the coherent and incoherent afs, Y 0

"Y 0h and depending on the identity and number of atoms being irradiated, a scattering
intensity will be measured. However, to determine anything usefuitabe system the atoms

must be correlated, i.e. must relate meaningfully to each other. Correlation between atoms can be
described as regularity within the sample structure, such as the repeat distance between atoms in
crystal lattice sites, distributioof molecules in a liquid or the unique rotational energy of a
chemical group. The timedependent selpair correlation functionO D is a theoretical

description of the probability of encountering atoms at positiand time t with reference to the
origin,r =0 and t = 0. It allow8Y(h to be Fourier transformed into a real space and time

description of the positions, motions and energetics of the atoms.

p (39

Y &P s OMDQOED A T 0 QO
The reader caaxtend this basic introdtion of neutron scattering with this excellent book by Witisal

[165].
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341 IRIS

Crystal diffraction patterns and spectrogic studies o€aNH3; GIC were performed on the IRIS
instrument at the ISIS Neutron Scattering Facility at the Rutherford Appleton Laboratory in the
UK. IRIS is an indirect geometry and is a time of flight spectromésereFigure 26). IRIS has

cold neutrons when these arrive they are dawated, passed along a guide and through two
choppers which are used to define the wavelength distribution at the sample. Aadaddpre
neutron energies is present the initial flight tinhe,along the initial flight pathli, will be

different. However, an analyser crystal ensures that only neutrons of a defined energy that satisfy

Braggbs Law reach the detectors.
Analyser Crys% .........
Choppers &/ -~

7

Detector

Monochromator
r '| I I

. X

Figure26: Schematic of IRIS indirect time of flight neutron spectrometer
The final energy©, can be calculateldy combining equations, x and y

a v n p Q p 0
C ca ¢ _ ¢chd _cQi

(40)
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Between the sample and the detector the flight length of the neutrnatcurately known

therefore the time;tto male the journey can be calculated.

6 0 Qi Rt —
Q

Should inelastic scattering occur, a spread of neutron energies and therefore arrival times at the

o (41

detector will be observed. The energy cha§,of the neutron can kescertained,

P, 0 (42

a T T -~
O O (0]

YO O ©

IRIS has detector coverage for a Q range of 0.4 to-3f@Aspectrometry and crystallography,

with additional detectors for purely diffraction experiments, this case the scattered neutrons
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bypass the analyser crystal. Diffraction data can be collected on IRIS in in sync with a scattering
experiment or the ingtment can be setup for a purely diffraction experiment. During the
experiment diffractiomlata wereollected over a-8pacing range from 3.4 to 7.4A using the IRIS
settings erange 3, 4 and 5. Data presented with a smalégrading has been collectedidg the
scattering experiments and then collated onto the graph. The scatiiangerecollected over

an energy range 60.3 to 1.2 meV with pyrolytic graphite crystals. The neutron energy of 1.845
meV affords an energy resolution of 17.5 pdWe ingrument resolution was defined with a

vanadium annular cylinder as vanadium is an isotropic, purely elastic scatterer.

The total spectrum obtained from a neutron experiment is composed of elastic, inelastic and quasi
elastic regionsas shown inFigure 27. Quasielastic neutron scattering (QENS), inelastic
scattering close to the elastic line, can access timescales of motiori afrigpand therefore the

movements both rotation and translational.

/
— Quasi elastic line
(sum of QENS and
resolution function)
* Elastic scattering
<
8 Resolution width
c
o
= FWHM
[}
pd
Inelastic scattering
|
Quastelasticscattering — A
"qz C“ T[ 0 "g) cu T[
Energy transferQ

Figure27: Schematic of the neutr@tattering energy spectrum

The incoherent dynamic structure factdt, OR , is taken from the QENS and is a function of
the translational’Y Oh and rotational’Y Oh incoherent structures and the mean

square disgicement O'The convolution of the three terms can be expressed:

Y oh @ SOy Gh Y Oh | (49

whereg] is the energy transfer and the momentum transfer of the neutron. At low Q values,

where, compared to the mean time between atomic collisions the times are long, the diffusion
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process is ruled by the solution of Fick's Law and results in a translational incoherent scattering

function of the form:

Y E)ﬁ _ b , (44)
where D is the diffusion coefficient. Thus, the translational incoherent scattering function is a

single Lorentzian function, with the full width half maximum (FWHM),
¥0 000 . (45)

Further information about the diffusion process can be gained from the QENS by considering the
higher Q values as deviation from the Fickian model at high Q would suggest jump diffusion.
Several models have been considifor the system particularly the Sing8jblandef166] and

the HallRoss[167] and ChudleyElliot [168] (seeTable 11). While evenly distributed, the
calcium in the layerdo not occupy erfect lattice, consequently a distribution of the ammonia
jump lengths is probable. All the models afford good fitimgl give similar values of | and

The HallRoss model has been selected in this case.

Table11: Jump diffusion models,is the jump length ands the average translational residence time of
the diffusing particle.

Model ChudleyElliot Singwi-Sjolander Hall-Ross
9 OEd a 200 9 -
- — — - - Qonl $t
¥ U T P L a p $1t T P L
Jump Finite Exponential distribution Gaussian distribution
characteristic

The diffusing particle is characterised by the diffusion coefficiefduad from:

o —. (46)

wherel is the jump length antlis the average translational residence time of.

The rotational incoherent dynamic scattering function describes the rotation on the surface of a

sphere of radius R;
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. o L (47)
Y oh QU IYT ] ¢Q pQuOY

p 0 dQ p

“0 QQ p o]

WhereO s the rotational diffusion constant ai@d JY is theith spherical Bessel function.

In the context of theystem under consideration only the first two term®,l) are required as

the higher order terms only have a significant contribution at larger momentum transfers then
those probed in this experiment. Within the scope of this series truncation thes(i@nddnt)
FWHM is given by:

¥0 ¢O > (48)
wheret is the rotational dynamic correlation time.

Quastelastic neutron scattering (QENS), inelastic scattering close to the elastic line, can access
timescales ofmotion of 1ps 1ns and therefore the movements both rotation and translational, of

the NHsmolecules can be tracked.

3.4.2 Modes

The data has been analyzed with MODES v3 a program designed specifically to process data from
the IRIS beam lingl69]. MODES facilitates data binning and background subtraction, it displays

diffraction data and fits inelastic peaks with a combination of Gaussian and Lorentzian curves.
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4 Ammonia borane andpolyethylene oxide composites

This chapter describes the study on the AB and polyethylene oxide (PEO) composites. Both
making and testing the composites is explained. Here, PEO is shown to have a positive effect on

the dehydrogenation of AB.

4.1 Electrospinning polyethylene xide

PEO has previously been electrospun with a range of solvents, including water, ethanol and
acetone, as part of olymerblend or unaccompanied for a variety of applications including
filters, wound dressing and microelectron[@®7], [132], [170] Many solutions ofvarious
concentrations adlistinct PEO molecular weights have been processed under a range of spinning
parameters.However, considering the large number of changeable electrospinning parameters,
coupled with equipment and environment variglitevas deemed necessary to experiment with

various solutions as opposed to copying from literature sources.

At the time of writing PEO is cheaply and abundantly available in a wide range of molecular
weights. A selection of molecular weights betwd@0,00@/mol (4k) and 8,000,00§mol (8M)

were purchased for testing. Deionised water was chosen as the solvent; it has been used
extensively for electrospinning PEO in the past, is benign and issalwent for both PEO and

AB. PEO in water is termed PEG,O solution, and PEO in acetonitrile is termed P&ACN.

Tablel2: Anillustration of the electrospinning parameters tested, to determine the ideal conditions to
produce well defined PEO fibres from PEO in water solutions.

PEO Mw Conc. Flow rate p.d. keV Observations
g/mol wit% mi/hr
400k 5 1 10-30 Spraying not spinning, no fibres
900k 5 1 10-30 15-17keV Spinning.
2 1-5 9-16 Unstable
2M 2.5 1 16 Damp fibres
3 1 14-16 Shiny fibre mat
AM 1 1-4 13-46 1ml/hr,13-17keV spinnig, but wet
8M 1 0.25-1 12-15 0.25 ml/hr, 12keV stabldut wet
2 2 10-30 14-16keV Spinning

The ideal system would be robust and have a high fibre production rate (flow rate multiplied by
concentration). The low molecular weidhEO solutions, 400 and 900k, were unsuitable as they
had a tendency to spray or to generate multipldrj@ts the dropleinstead of spinninseeTable

12). The lowviscosity and surface tension of the 400 and 900k-PED® solutions seem unable

to support the charge necessary to eject a filament at a rate that prevents.dFipgpinigh Mw
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PEO solutions, using 4M and 8M, were also unsuitable, as they were extiésoelse at low
concentration, so a high solid content could not be achieved. The 2M PEO solutions were most
suitable as they could be stably spun with a range of concentrations and conditions; the 3wt%
solution is the most appropriate having the highebtnper content and was used as a base for
the AB PEO solutions.

Two issues arose. Firstly, the fibres adhered strongly to the aluminium foil collector and were
problematic to remove and secondly, the fibres were still damp when they reached the collection
plate. Replacing the aluminium sheet with grease proof paper, simplified the fibre collection but
the fibres were still too damp. In literature, dry fibres can be achieved by increasing the jet flight
time, lowering the humidity and raising the temperatofrédhe spinning rig environment or
replacing the solvent with another of a higher vapour pre$sQi@ The distance between the
nozzle and collector was already large (30cm) and maintaining a low humidity was problematic,
as the chamber leaked. Additionally, higher spinning temperatures were not possible as AB is
temperature sensitive. Theref@iéernative solvents were considered.

3wt% PEO wasdded toa wide range of solven{&igure 28) however, most were unsuitable.
PEO did notdissolvein ethanol. When acetone was added to PEO a white solid was produced.
PEO with DMA and DMSOproduced asolid opaque gel. PEO ixylene dichloroethane or
tolueneresulted in a clear to opaque deMF was a good solvent for PEO but the tube became
blockedduring spinning. Acetonitrile, ACNyffered a viable alternative being a good solvent for
PEO and having a high vapour pressure.

Water, cloudy Dichloroethangsoft gel
pXylene, opaque solid gel Toluene,opaque solid gel

Ethanol, PEO powder grains remal

Dimethylacetamidewhite solid gel Acetone, white solid

Figure28: 3% PEO () in a variety of solvents

To determine the effect of the ACN on the RERO solution, three solutions containing 0, 50
and 100% ACN as solveniere electrospun and comparsd€Table13). The ACN reduces the
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conductivity andthe viscosity of the end solutioas compared to wateThe change in
conductivity is dieto the difference in conductivity of the pure solve®EN being lower then

H20. The drop in solution viscosity suggests the ACN is a better solvent. Either, bhés Al
preferred solvent to # and the polymer chains are better lubricated and their reptation is
enhancedyr the ACN is a poor solvent and the polymer chains, although dissolved, remain curled

and the shorter erA-end distance is responsible foettirop in viscidity.

Table13: Electrospinning parameters of PEZM) solutionsin H,O, in ACN and in a 50:50 mix
Conc. Conductivity, Viscosity high Flow, p.d.

Solvent wit% puSv/icm £1 shear, cP £10 ml/hr keV Observations

H20 3 76 1760 1 1020 L12keV i flat
shiny mat

50ACN- 12keVi fluffy

corso 3 18 1690 1 1020 00

ACN 3 1 785 1 1020 SPinsfine

The carrier solvent usetH{O or ACN) dramatically affects the morphology of the electrospun
PEO fibres as shown iRigure29. The SEM images ifigure29 show that the PEO produces
thin smooth fibres while the PEACN solutionproducedibres whichare wide and rough. The
PEOH>O-ACN solutionresultedin the most interesting morphology, reminiscent of beads on a
string.

PEG-H0O

Figure29: PEO electrospun fibres with solveftsO, ACN and an equal mix of the two.

The fibres were electrospun under similar conditions in the same eletrospinning rig, therefore the
differences observedte likely tooriginate from the solutions themselves. The FHEO solution,

being highly conductie, is very responsive to the electric field, and woglthsequently
experience a high stretching force. The low vapour pressurgofill keep the jet fluid allowing
greater elongation to occur before drying (the fibres were damp on the collectigrigadiag
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to thinner, smoother fibres. The PEEXN solution has a high viscosity and loanductivity and

the ACN has a high vapour pressure. This suggests that the jet can dry fast before the filament
stretches significantly, resulting in wide fibres. TREOG-H>O-ACN solution has intermediate
conductivity, therefore intermedi ate stretcl
morphology suggests that surface evaporatiorfdrazed a solid surface shelihile leaving a

liquid core that is still ale to extend. These results demonstrate the dramatic effect on the fibre
morphology of the interplay of conductivity, viscosity and vapour pressure in electrospinning.

4.2 Electectrospinning polyethylene oxide with ammonia borane

It proved uncomplicated to sBolve varying amounts of AB into the 3wt% PEO (2M) in ACN
solution. The amount of AB added was such that the dry mass ratio of AB:PEO in the final
material would be25:75, 50:50 and 752 these samples are termed the 25A8°EO, 50AB
50PEO and 75AR5PEOrespectively. While the PEO solutions &ighly viscous, it is shown

in Figure30that adding AB markedly reduces the viscosity.

T T T T T T & 3% PEO (2M) in ACN
3000l 3% PEO (2M) in ACN with 25AB-75PEQ
* ® 3% PEO (2M) in ACN with 50AB-50PEQ
a 2 B 3% PEO (2M) in ACN with 75AB-25PEQ
(@]
a ®
22000 @ \ .
'@ )
2 o * .
> 10001 v @ o o oo ]
]
= :
0 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1

0 20 40 60 80 100 120 140 160 180 200 220
Shear speed, RPM

Figure30: The viscosity of the ABPEO in ACN solutbns with respect to shear spe&be viscosity at
the high shear limit quoted ifable14. The addition ®AB successively reduces the viscosity.

Table 14 lists the electrospinning parameters used when making thEE® fibres. No Taylor
cone was observed but nonetheklbsssolutions could be stably electrospun. The 72BBEO
solution was temperamental at times, probably due to the combination of the high conductivity
and low viscosity. The jet would break periodically, sometimes multiple jets could be observed

and onceor twice solids built up on the nozzle. These issues would resolve themselves without
interference.
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Tablel4: Processing parameters used for the electrospinning tHeE®in ACN solutions.
AB:PEOdry Flow rate p.d  Conductivity Viscosity at

massratio  ml/hr keV  pSv/icm high shear, cP Observations

25:75 1 12 2.2+0.2 360 Stable spinning

50:50 1 12 742 350 Stable spinning

75:25 1 12 2545 240 Temperamental spinnin

The AB-PEO fibres are integral even in the 758BPEO sample where the polymer is supporting

a large proportion of ABseeFigure31). As the AB content increasesetfibres become rougher

and more uneven. While the fibres appear dry when electrospun at cross points in the 50AB
50PEO and the 25AB5PEO sampleghe fibres have meééd together This suggests some
solvent has been retained in the fibres. To limit théidual ACN, the fibres were left open to the

air for 24 hours to dry

=

A

P e ———
/ 1@.8kV X2.SZR 1. 95m

Figure31: Images of the ABPEO fibre samples, 24AB5PEO, 50AB50PEO and 75AR5PEO. As the
ratio of AB to PEQincreases the fibres become rougher.

4.2.1 Uncertainty

In contrast to flat fibore mat obtained from PHERO solution, the PE@B-ACN solutions
produced fluffyfibres (sed-igure32). To isolate the cause of this effeleEOAB-H>0 solutions

were made and electrospun. The solution compositions and electrospinning parameters were kept
identical to those ifTable14 but the ACN was substituted for®. The fibres produced by the
PEOAB-H:O sol utions | aid down fl at. The o6fl uff
static charg. The ACN evaporates quickly and PEO is an electrical insulator so charge caught by

the AB would remain trapped.

As the pile of fibres builds up, the size of the whipping zone decreases. The initial fibres are
subjected to more stretching and dryimgdithan the final fibres. This suggests variability across
the fibre sample.
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Figure32: The fluffy fibres produced from the PEAB-ACN solution.

During the electrospinning of the PEAB-ACN solutions, bubbles evolved insideethyringe.
This suggests room temperature evolution of hydrogen from the AB in the solution. This is likely

as AB has been shown to decompose when refluxed with [XEN

This implies that both the nominal amount of pristine AB and the fibre production conditions are

subject to some ambiguity.

4.3 Freeze drying and dry mixing polyethylene oxide and ammaa borane

Electrospinning is an elegant but slow and labour intensive technique for produciRg&®@B
integrated materialend thereforetwo other methods, freeze drying and dry mixing, were
considered as alternatives. The freeze drying was relatively simple coripatedtrospinning:

the solutions were prepared by dissolving the polymer in water and then AB was atlied to
required drymass ration AB:PEO of 25:75, 50:50 and 75:25. When the solids had blended with
the solvent, the mixture was placed in a freezeb@ and a day later transferred to the freeze
dryer. The dry mixing was done after grinding the solids with a pestle artdrrfor ~15min.

4.4 X-ray diffraction of the electrospun and freeze dried polyethylene oxide and
ammonia borane composites

The XRD pattern of the PEO-asceived granules and electrospun fibres display the monoclinic
(120) and (112) reflections at 19° and Z3respectively Kigure 33) [171], [172] In the PEO
granules, numrous higher order peaks are also present and indicate a high level of crystallinity.
In the PEO fibres the peak intensity reduces and the higher order peaks disappear entirely. This
suggests the PEO fibres have less long range crystallinity than theesged material. In the

solid state the PEO polymer backbone is twisted into a helix and these helices are laid parallel to
each othef173], [174] The stretching forces experienced during electrospinning could distort
the polymer chain arrangement and limit the long range crystal ordering.
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Figure33: X-ray diffraction pattern oPEO as received granules and electrospun fibres.

In the electrospun composites, the tetragonal AB is clearly present in theZEX8D and
50AB-50PEO composite samples, as evidenced by the (110), (101),((®)),(121) and (112)
peaks inFigure34[84]. In the 25AB75PEO sample the (110) and (101) peakseataced to a
small hump and the reflections at higher theta values are not visible either. This suggests that no
tetragonal crystalline AB is present in the 25ABPEO sample. The viscosity of the PEO
solution decreases with the addition of ABgure30) indicating a high affinity between AB and
PEO. The data here implies that the low concentration of AB in the ZB&EO solution inhibits

the formation of large AB gstallites, possibly because each AB molecule is more statistically
likely to interact with a PEO molecule then with itself. This suggests that the AB is so well
integrated with the PEO that the original crystal structure has been destroyed. Thisthmaplies

a different ABPEO phase hdseen formed

The (120) and (112) reflections from the PEO occur in some but not all of the composite fibres.
The quartet at 27° (marked +) is observed in all the composites but loses clarity when viewed
with the Philips diffractometer in the 50ABPEO and 75ABR5PEO amples. The quartet at

27° is associated with crystalline PEO. The changes in the (120) and (112) reflections between
the pure PEO and the PEO in the fibres suggests that monoclinic crystalline PEO is in some of
the fibres. The changes in the quartet dt2iggest that monoclinic crystalline PEO is present in

all the fibres samples. To complicate the issue further new peaks have appeared at 10.6°, 12.1°,
13.4°, 14.9°, and 25.2° (marked *). These new peaks could be indicative of novel PEO phases or
novel AB-PEO phasesThe novel peaks were observed in the SEXBPEO and the 75AB

25PEO in the Rigaku but not in the Philligi§fractometer Over the course of the study, fibres of

the same nominal AB and PEO contents were produced several times. The fibres tested on the

different instruments were from different batches. This suggests the preparation conditions can
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effect the overal structuref the compositedJitimately, it is clear that the ABnd PEO have

interacted and formed a new phase with a-deflned crystal structure.

2
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Figure34: X-ray diffraction pattern of AB, PEO granules and the electrospun fibrestam on a
and

4,5 Foam tests
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One of the main barriers to commercialising AB is the foaming that accompanies the hydrogen

release. The foam occurs because the hydrogen gas is evolved inside the hightyligaab

that AB becomes on melting at 112%klgure 35 shows the typical response of a compressed

pellet of AB to heating; volume expansion of ~2000+140% is obdemi#h a mass change of

15+8%. The volume change is probably greater than reported as the pellet rises up on the column

of foam until it is albve the surface of the oil battherethe temperaturées lower andso the

expansion ends.

Similar tests were parsfmed with the electrospun fibres, freeze dried matendithe hand milled

powder(Figure36). In all examples, the foaming is successively supressed as the PEO content

increasesHowever, unlike for the case of pure AB, the composites all ejected white solids that

collected on the inside of the téabe.
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Figure35: Foaming response of a compressed pellet of AB when subjected to isB@i€ maheating

For the high ratio AB sample§5AB-25PEQ the electrospuriibres outperformedthe freeze

dried and hand milledhaterials. On lowering the AB conter(60AB-50PEQ) the hand milled
material had the best antifoaming properties as the pellet shmainthe freeze dried material
ejected fewer solidsThe low AB content materials (25AB5PEOQ) in general expanded more

than heir 50AB-50PEO counterparts. The electrospun 25/FPEO sample expanded vertically,

the freeze dried 25AB5PEO sample unravelled and the hand milled 28ABEO sample
expanded equally in all directions. This suggests that for ZBBEO samples have expked

along the packing axis. THeeze dried and electrospun pellets are made by folding the original
sheet like material into the pellet press. Each fold is held under tension from the compression but

the expanding gas seems to give it power to uifigure37).

The large error bars iRigure 36 suggested a factor other than the AB content is affecting the
foaming of the composites. When a large number of pellets from a single sample were foam
tested, a positive trend was observetivieen the packed density of the pellet and the expansion

in the foam testRigure 36). With a higher density there will be fewer cavities and gas release
pathways irthe pellet This suggests that tigas escape will be slowed and a greaterspreswill

be created in higher density pelld#ore compressed gas will eventually form larger bubbles and

the overall pellet expansion will be greater.

The 50AB50PEO sampleare unusual in that they seem to shrink as often as expand. When the
pellets are closely studied, they expand in the vertical axis but the cross section shrinks, overall
resulting in a final reduction in volume. At 1ZDmelting of theAB and PEO and foaimg of the

AB are occurringlt is likely, that the foaming is causitige vertical expansion while the AB and

PEO are melting into the free volume in the initial pellet.
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Figure36. Foam tests with pellets made from electrospun fibres, freeze dried material, and hand milled
powder with AB contents, 25, 50 and 75wt%
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Unfurled pellet

Mat like freeze dried 25AB5PEO material
Figure37: Unfurled pellet
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Figure38: Representative examples of the relation between initial pellet density and foaming.

The final consideration is thvhite residue that appears on the inside of theltégejected from

the AB-PEO samples. When the pellets in the-tebe ardmmersed in the hot oil, a period of
inactivity (about 1 minute longprecedes the foaming. The foam is accompanied by particulates
some which seem to explode off the pellet aoohe which travel out dhe test tube in the gas
stream; bothypescollect on the inside of the glass. If an AB composite of this type is to be
commercialised particulate filters would be necessary to keep solids from poisoning the fuel cell.

On the whoé PEO has a beneficial effect by acting as an antifoaming agdnisa suitable
additive to AB. With low AB content, 50% and less, the pellet made from the compressed hand
milled material foams the least but when the AB content is raised to 75% thesgdaotmaterial

has the best characteristics.
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4.6 Ramp heating of theammonia boranepolyethylene oxidecomposites and
pristine ammonia borane

The AB-PEO composites were analysed in a combined thermogravimetric analyser (TGA) and
differential scanning calorigter (DSC) with attached residual gas analyser (RGA). The samples
were subjected to ramp heating runs of 2°C/min, between room temperature and 200°C and
isothermal heating runs at 80°C, 100°C, 120°C and 150°C. The RGA dat@rmaisedo the

mass of ABin the sample and to the argon flalve TGA data are normalised to the nominal AB

content and the DSC data are normalised to the total sample mass.

4.6.1 Hydrogen release, thermogravimetric analysis and differential scanning
calorimetry

In Figure39the RGA, TGA and DSC of the pristine AB and the-BRBO electrospun samples

are plotted. The TGA hydrogen (m/z=2) trace for pure AB has a profile that is typically associated
with pure AB[55], [56]. The hydrogen is released in two stages, the first peaking at 110°C and
the second at 150°C. The two stages are the release ¢f dnel 29 hydrogen equivalents ¢H
equivs.). In the TGA, the AB mass loss curve is steepest viieehydrogen signal is highest,
implying hydrogen liberation is responsible for the change in sample mass. However, the AB has
lost approximately 50% of its mass and as the 8ddivs. account for just 13wt% of AB, other
entities besides hydrogen are beirdeased. In the DSC curve an endothermic melt dip,
beginning near 95°C with a minimum at 1058C¢urs before the hydrogen is releagéte main

melting peak is accompanied by a small-gi@ This ispossiblya signal of eutectic impurities

in the rawAB [175]. The AB used for the experiments is 97% pure and the impurities present
could perhas influence areas of the soli® have lower melting pointr alternatively this
feature is the result of the overlay of the exothermic hydrogen release and the endothermic
melting. The melting of AB is the result of the dihydrogen bonding network breakingBthe

molecules become mobile and can react efEng].

The pure PEO does not release hydrogen (not shown) and does not show any mass change over
the course of the heating ramp (TGA curve). The DSC trace shows a melting endotherm which
begins at 60°C and reaches the mimimat 69°C, this is comparable to the literature melting
temperature of PEO (67°@)03].

Adding PEO to AB dramatically changes therelease profile (RGA), the mass loss (TGA) and

the heat flow (DSC). Increasing the PEO content in the fibres (¥EEG) 50AB-

50PEM\ 25AB-75PEO)successivig lowersthe temperature of the onset of the release ofsthe 1

and 29 H, equivs. The associated mass loss also occurs at lower temperatures and reaches a

maximum of between 45% and 55% of the initial AB mass. Like with the pristine AB, the
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approximately 50wt%mass loss is too high to be due only to hydrogen. In the DSC, the
exothermic peaks for thé'and 29H,equivs. also occur at lower temperatures as the PEO content

increases. This implies that the PEO is actively encouraging the AB to react at loveratengs.
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Figure39: Combined TGA, DSC and RGA hydrogen signal (m/zfe2)pristine AB and theAB-PEO
electrospun fibresAs the fraction of PEO in the sample increases, the hydrogen release is activated at
earlier temperaturedlass loss occurs earlier in tA8-PEO composites than in the pristine AB but the
final wt% loss is simila{~50%) in both. In the DSC curves, successive addition of PEO reduces the
depth of the AB meltingndothermThe lower temperature release of hydmgs accompanied by an
exotherm which reduces the apparent size of the melting endotherm.

There are a few interesting things to notice in the DSC traEegure 39. In the composites the

PEO melting dip minimum moves successively upwards in temperature (74°C to 76.5°C to
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78.5°C) as the AB content decreases from (728BEQ)\ 50AB-50PEQ\ 25AB-75PEOQ).

Also, as expected, the area of the dip reduces as the PEO contentélirEle electrospinning
process is known to align and increase the crystallinity of polyfh288. Greater crystallinity in

a polymeric material will pus the melting point upwardd his could account for the rise in
melting temperature. Altertigely, intermolecular hydrogen bonding between the PEO and AB
could be occurring. These bonds would likely be strongam the PEO to PEO intahain
interactions because of the greater polarity/dielectric constant of AB, requiring more heat energy
to mdt them.

The AB melting curve initiates at lower temperatures as the PEO content in the fibres increases.
Further, the depth of the AB melting curve, decreases as a fraction of the height of the following
exothermic peak, as the PEO content increase. Siggests two things. Firstly, the PEO is
lowering the melting point of AB, perhaps through the AB to PEO bonds suggested above.
Secondly, the exothermic peak due to the release of'thk &quiv. is also occurring at lower
temperatures. It is possibleat the onset temperature for the exothermic peak has reduced a
greater degree than the onset temperature for the AB melting. As the melting has not completely
disappeared in the samples, it is likely that some of the AB is in its bulk state. The PEB and
melting peaks are well separated so it is unlikely that serious AB melting is occurring at the same
time as the PEO.

In the Xray diffraction pattern the 75AB5PEO and 50AEB0PEO fibres show evidence of
containing tetragonal AB by the intense (110l €101) reflections. In the 25AB5PEO sample
these peaks have all but disappeared so the AB must exist in a different form.

It can be concluded that the AB and PEO have combined into a unique, newltgbhakis phase

that initiateghereaction atower temperatures without requiring the AB to melt

The freeze dried materials were also tested under similar ramp heating runs. The results obtained

are indistinguishable from the electrospun materials.

4.6.2 Impurities

Cumulative integrals of the heatirgmps of pure AB and the ABEO composite materialgere
compared to study the impurity levels in the gas stream. For reasons explained in chapter 3, the
RGA signal and the normalising technique are not adequate to provide a robust measure of the
differenes between the quantity of hydrogen released from pure AB and thEEGB

composites. However, it is possible to compare between the plots fBfE&Bsamples.
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The hydrogen (m/z=2) releaserigure40shows as before, that the PEO reduces the temperature
of the onset of hydrogen release. Furthéth more PEChe slope of the graph steepens. In the
pristine AB, the steps associated with the release of thand 2 H, equiv. are clearly
differentiated. As the PEO fraction in the fibres is raised (72BBEQ\ 50AB-50PEQ\ 25AB-
75PEO) the release of th&! 2, equiv. moves down and overlaps the peak for the release of the

15'H, equiv.

In the composite materiaise levés of borazine (m/z = 88nd diborand/orazine fragments (m/z

= 27)asafractionof the hydrogen signaincrease as the PEO fraction increases. Additionally,
borazine and diborane first appear from the composites at 105°C, a much lower temperature than
the pristine AB at around 145°C. BorazingNgHs, has one hydrogen atom per base atom (B or

N) and is only formed during the release of thfe-2 equiv.[46], [53], [59]. The earlier release

of boroncontaining impurities is consistent with the drop in temperature of the relea¥eHef 2

equiv. already observed.

In Figure40thelevels of water (m/z = 3&ndammonia (m/z = 1){ remainsimilar in the three
AB-PEO composites. Water is the principal impurity in the gas stream, and accounts for around
10% of the gas detected in the RGA. As water is nine times heavier than hydiieganutd go

some way to account for the massive and unexpected mass FgsrieR9. Water has not been

used in electrospinning the composites but AB has proladisigrbed moisture from the §ii77].
Acetonitrile was the solvent used in the electrospinning and some residue is expected in the fibres,
however it was not observed in the RGA.

4,6.3 Conclusions

From this data several things can be concluatsalut the effect of PEO on AB. FirstipEO is

helpful in nucleating the dehyagenation of AB. Additionallyjt encourages all stages of the
reaction ® occur at lower temperaturéd3orazine is observed in the AB trace, but only at high
temperatureguring the release of the'®H, equiv.When PEO is addethe ratio of borazine to
hydrogen is increased. This could be a feature of the reaction being further along at lower
temperatures, or perhaps the PEO is encouraging the formation of cyclic prédaieis might

be responsible for some of the excessive mass observed.

4.7 Isothermal heating
4.7.1 Hydrogen release under isothermal heating runs

In addition to the heating ramps the AHEO fibres and freeze dried composites were subjected
to isothermal heatingunsin theTGA/DSCwith attached RGAIsothermal runs at 80°C, 100°C,
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120°C and 150°C were performed. The RGA data were normalised to the nominal AB content

and the argon level.
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Following the hydrogen (m/z = 2) trageFigure41 demonstrates some of the properties of the
compositesand AB. Firstly, at a constant 80°@ristine AB evolvesminimal hydrogen. When
PEOis added (75ABR5PEO sample)hydrogen is producednd if the PEO content in the
composite is raise(R5AB-75PEO samplehydrogen is released at earlier timksfact, at all
temperaturesas the proportion of PEO is increashd onsetind the peak of the main hydrogen

release will tend to earlier times.

At 80°C and indeed the other higher temperature runs;geat€marked *)is visible before the

main hydrogen release peak. This-peak is only observed in the composites not in the pure AB.

Also, the prepeak decreased in size (with respect to the main hydrogen release peak) as the
temperature was raised. This suggests the earlier occurrence of the main hydrogen release peak is
over stadowing the prgeak at 150C. This prepeak is likely the hydrogen release from the new

AB or AB-PEO phase observed in the XRD patt@figure34).

The sample tempature lags behind the set temperature, only achieving its maximum temperature
between minutes 10 and 20. This and the ramp heating data indicates that rapid hydrogen release
occurs above 8C in the AB-PEO fibres without the preceding induction periodesbaed for

AB.

The shape of the traces is similar for the AB, 7828°EO and 50AB0PEO samples. The
25AB-75PEO sample is much broader. Possibly more hydrogen is being released ctvenall (1
2" H, equivs.) from the 25AF5PEO sample but this has noeheverified.

4.7.2 Non-hydrogen species released form AB under step heating

Fuel cells require a stream of pure hydrogen to work efficiently and contaminants in this gas
stream will poison the cell and reduce its lifetime. For this reason additional specssbesi
hydrogen that are released during the dehydrogenation of AB are undesirable and should be

controlled as far as possible to minimise the use of filters in the system.

The presence of borazine in the gas stream is influenced both by temperature &@iftlaetion

in the material. IrFigure42 at 80°C no borazine is observed. At 100°C, only the 28BBEO

sample releases borazine, the sample with the greatest PEDtcén 120°C all the ABPEO
composites release some borazine but the pristine AB does not. At 150°C, the borazine released
by the ABPEO has increased while the pristine AB appears not to release any. In the ramp heating
runs, pure AB began to releasedmne at about 145°C so we should expect to see it here. Closer
examination of the raw data shows that while the furnace is set for a particular temperature, the
sample temperature is recorded between 4°C and 6°C lower: the 150°C heating run is &ctually a

146.5°C(seeFigure23). Borazine is released as afpduct during in the release of th¥ B,
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equiv., as this begins abo®&CC [55], [56] we would not expect to detect borazine in the gas

stream from pristine AB.

The borazine is release is coordinated with the release of‘tHe étjuiv. And the ramp heating
runs showedhat the PEO accelerated the dehydrogenation so that the release"®HgegRiv.
occurs at lower temperatures. The increased borazine detected from fREQABomposites
could be due to the accelerated hydrogen release. Or the PEO could be aatalgbng the

formation of borazine.

The diboraneelease, irFigure43is similar to that of borazine. At low temperatures, 80°C and
100°C no diborane is obseryeghile at high temperatures, 120°C and 150°C more borazine is
observed form the ABPEO fibres then for the PEO.

As in the hat ramps, the ammonia signalkigure44 in the isothermal heating steps remains
fairly constant sample to sample. At 80°C the pure AB does not release ammonia, this is however
unsurprising considering no hydrogen is released eiftet00°C and above the pure AB does
release ammonia. The PEAB samples all release ammonia, and the release occurs earlier as the

temperature is raised like the hydrogen.

4.7.3 Conclusions

The dehydrogenation of AB under isothermal conditions initiatesraereimes as the PEO

content is raised. However, increased borazine levels are also observed.
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Figure42: The borazine signal, m/z=81, from pristine AB and theABO fibres undeisothermal
heating at 80°C, 100°C, 120°C and 150°C. The pristine AB does not release any borazine at any of the
temperatures. This is consistent with literature and the heat rampg-@atee@0) where borazine is first
observed at 150°C. (The sample is actually several degrees cooler than the written value, see

experimental chapter 3). None of the AEO fibres release borazine at 80°C but all give off borazine at
120°C and 150°C. At 100°C the 25AB5PEO is the only sample that releases significant borazine. This

is consistent with the ramp heating tests where it is first observed around 100°C in this sample. This

suggests the PEO is encouraging borazine to be released
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4.8 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy was performed on tiecasred AB and the as
electrospun P8 andAB-PEOfibres to study changes that may have occurred in either the AB

or the PEO structure and intermolecular interactions as a result of being in a combined composite.
Further, samples of the 5S0ABPEO fibres have been heated at 8&%Gitufor different periods

of time (up to 2 hours) to examine how the bonding is affectéldealsydrogen is released. The
alsorptionpeaks of the pristine AB sample weederencd from Zhangetal. 2011,Demirci et

al. 2011and Xie et al.200 [178]i [180] andabsorption peaks d¢fie PEChave been assignéal
Gondaliyaet al.2011 andSundaret al2006[181], [182]

The experiment being performed on the so#assity ammonia, diborane, borazine and other
liquid or gaseus products form AB are not likely to be observed.

4.8.1 FTIR of ammonia borane and polyethylene oxide

The AB and PEO FTIR spectra in
Figure45 are typical of literaturethe N-H, B-H and GH stretching modes are well represented

in the high wavenumber end of the spectrum and even the peaks in the fingerprint region are
distinct and were easily assigndd8]i[182]. The NH and BH stretching modes are wide and
diversified as they are a collective of the asymmetric and symmetric stretches and may include
NHsand BH moieties.

The intensity of a peak in the infrared spectrum is determined by the magnitude ofrifpe icha
dipole moment induced by the vibratiftb2]. Because of this, infrared spectroscopy cannot be
used as quantitative tool except when dealing with peaks of identical origin. Betthesgreater
difference in electronegativity the-N bands are expected to be of higher relative intensity than
either the GH or B-H bands. However in our samples, rather surprisingly, the spectrum is
dominated by the BH bands and this may be a dimfttation of the strong &#B dative

interaction which affects the charge at the boron centre.

The electrospun PEO is crystalline as defined by the triplet peaks 11476@7cm' and
1060cm* [89], [181].
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Figure45: The FTIR spectrum of as received AB, electrospun PEO fibres and-50RBO fibres.
Stretches are identified from literatuf#78]i [182].

48.2 FTIR of the AB-PEO fibres

The AB-PEO electrospun fibreglealy display features from ABand PEO as well as some
additonal stretchesHigure46). This suggesta combination ofreas obulk AB and PEGand

alsomixedregionswhere new interactions between g and PEO can exist.

A change in the hydrogen bonding will alter the pgalsition because the strength of the
hydrogen bond inversely affects the length and therefore vibrational frequency of the covalent
bond [151], [152], [183] In a simple case, weakening the hydrogen bonds between the AB
molecules will move the M and BH stretches to a higher wavenumbersFigure 46 in the
fingerprint region of the ABPEO samples, peaks corresponding to the; aidl BH have
undergone blue shifting (highlighted in grey). ThesSkimmetric and asymmetric deformations

at respectively 1599ctrand 137&nt! both produce peaks agher wavenumber (1635t and
1401cnt? respectively). The Bkldeformation (BH scissor) at 1154cfand the NB-H rocking
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at 1056crt, display a new shoulder in the ABEO samples at 1165c¢mand 1077cm

respectively.

In addition to the differences sérved in the FTIR spectra between the pristine AB and PEO and
the AB-PEO samples, there is variation between the thre® BB samples. IRigure46, moving

from the 75AB-25PEO through to the 25AB5PEO sample, a successive increase in peak
intensity occurs in the new bands at 1635, 1402, 1187, 1165 and 1B{@remnhighlights). In

the high frequency regionsimilar shift is faintly observeffrey highlights)This, and the other

peaks highlighted in grey shows that the blue shift of the AB peaks is enhanced with the increased
availability of PEO.

Correspondingly, the PEO peaks at 1096 ¢@+O stretch) and 1279 ch{CH. twist) have both
split into two overlaping peaks in the fibres at 1105 and 1093'@nd 1285 and 1275 cin

respectively (dashed lines).

These bond vibrational changes are expected due to the crystal structure changes of the AB and
PEO previously observed in the XRD pattefnr¢r! Reference source not found). Across the

fibre samples, the intensity of the néands scalaith the PEO content, yet the peak positions

are constant. This shows that the new featuresamt in the fibres represent an ideal, slefined

and preferred arrangement between AB and PEO. The increase in bond vibrational frequency
observed indicates a reduction of AB intramolecular bond lengths which correspond to a

lengthening and weakenimd intermolecular bondsthe dihydrogen bonds.

Here it is conceivable that the s&dfself dihydrogen bonding is partially replaced by-RBPEO
hydrogen bonding. Possibly electron donation from the oxygen lone pair to the AB has increased
the electrordensity on the NH and BH bonds which shortens thgib2].

4.8.3 Isothermal heating of 50AB50PEO studied by FTIR

In Figure47in the high frequency part of the spectrum, 4000 to 206Gmrar two hours at 85°C

the NH and BH stretching regions lose intensity while théiGtretching peak remains constant.
Clearly hydrogen loss is only from the AB amctcurs at both the nitrogen and boron ends of the
molecule. The peaks corresponding to the PEO in the fingerprint region also retain their intensity

throughout the experiment, while those correspondingtbahd BH diminish.
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Figure46: The FTIR spectra of AB, PEO and the three electrospun fibres. As the PEO content in the
fibres increases there is a change in interfgityy highlights), a shift to higher wave number.
Additionally there is splitting of the REC-O and CGH stretching peaks (dashed line). This supports the
previous suggestion that the dihydrogen bonding of AB is being replaced by hydrogen bonding between
AB and PEO.

Over the course of the experiment several new peaksteyare concentratkin the fingerprint

region and their positions are markedrigure47. Of these, a significant proportion have been
identified as originating from a boron to oxyg@O) bond. Considering the proximity of the

AB and the PEO in the electrospun fibres, an interaction between the electron donating oxygen
and the electron accepting boron is highly likely and these peakabie 15 substantiate this
hypothesis.
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Tablel5: The stretching frequencies observed in the FTIR that correspon@®tbdhds

Wavenumber, chl Description[87], [184], [185]
1402 B-O Asymmetric stretch
1024 B-O Interaction

807 & 887872 & 920925 B-O Symmetric stretch

696 & 665 B-O out of plane bend

Previously, the peak d401cm! has been associated to an overall weakening of the hydrogen
bonding of the NEIgroup and tahe symmetric stretching of a newly formed@bond. There is
third contender for the peak which is a groupsNhbted by Demircet al[179] who put the B

O asymmetric stretch at 1450¢ifi86].

If an NH;" groupwere present, IR bands would occur also at 3145stnetching), 3040crh(N-
H stretch) and 1680ct(N-H deformation) as well as the 1402¢igbending)[187]. None of
these additional bands were observed suggesting that nowsdkl present. Tus the band at
1402cm' is either a BO stretch or a change in the dihydrogen bonding of the ABd¥bLp. It
is most likely that it is due to a-B stretch as it was only observed in the heated sample.

The original BN bending peaks at 726¢nand 783cnt (B-N stretch) disappear on heating and
simultaneously two peaks at 7681 and 758cnt! appear. Taylor and Cluff observed a shift to
lower wavenumber of the-Bl band as the hydrogen atoms were replaced with deutEtB8h
The two new peaks are likely the result of a change iniNesBetch, either DADB, linear dimers
or PAB. This suggests they are relateB4d bonding, probably DADB, PAB, or other fragments
and cyclic products associated with PAB. The two new peaks atd78r 465cnt* could not
be identified.

4.8.4 Conclusions

These data suggests the PEO and AB interact via hydrogen bonding in the5GREB
electrospun fibres. On heating hydrogen, loss occurs at both the nitrogen and boron side of AB.
Boron to oxygen bonds form. There is no oxyiethe pristineAB. This suggests that the boron

to oxygen reaction could be part of the reason the AB in bhesfidecomposes at an accelerated

rate and produce borazine.
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4.9 Nuclear magnetic rsonancespectroscopy
49,1 B NMR of ammonia borane heatedn situ at 85°C

NMR spectra were initially recorded at rogemperature before the temperat was rapidly
increased to 8%, where it was kept constant for the duration of the experinmesitu*'B NMR
spectroscopy was perforoheon a pistine AB sample and on the 50ABOPEO electrospun
material Any gaseous products were able to evaporate during the experiment so we do not expect
to observe anpeaks associated witmmoniaborazine or diborane.
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Figure48: 1B NMR of pure AB at 85°C.

Assignment of NMR spectra peaksTable 16 was made with reference to literature including
both experimentdb6], [78] and theoretical studig¢82] of AB and its reaction products.
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Table16: NMR peak assignments.
Signal (ppm)  Group

-38 BH4 (DADB) [66]

-25 & -28 BH3 (AB) [66]

-23 BH3 (AB*) [66] or end groug82]
-21.7 BH3 (end group, linear dimef$6]
-13.5 BH2 (DADB) [66]

-12.5 BH2 [66] (linear dimer)[66]
-11.2 BH2 [66] (PAB) [82]

-9.9 BH2 (PAB)[82]

-7 BH (PIB or branched PABB2]
1.2 BO interaction87]

-14 BO interaction87]

In Figure 48, BH3; peaks corresponding to AB were initiabbserved at25ppm and28ppm
these signals reduce in intensity as a signé@3ppm corresponding to the mobile phat&B
(AB*) increase (AB* is not the melting of AB[66].) As the AB* peak drops, signals
corresponding to the diammoniate of diborane (DADB3&ppm (BH) and-12ppm (BH) grow
[66], [78]. Shortly afterthe combined very broad signals at arouBcppm, assigned to Beind
the peaksat-12 ppm belonging tahe BH, suggest the presenoéeither a branched or cyclic
PAB or PIR The spectrum at 208 minutkashigh resolution inthe BH region. Distincipeaks
are observed al3.5,-12.5,-11.2 and9.9ppm that are indicative of discrete Béhvironments.
These peaks are consistent with the presence of DADB4BBBppm and Bhlat-12ppm)[66],
linear dimers (NEBH2NH2BH3) (terminal BH at-21.7ppm and Bbk-12.5 or-11.2ppm)66] and
tentatively, PAB (BH -11.2 or-9.9ppm)[82].The simultaneous presence of several species is
reasonable given the long timescale of the reactionkis attributed to the reaction being at

different stages in different areas of the sample.

On closeobservation the peak assigned to the: Bibup appears to be the sum of two peaks (
37.5 and38.2ppm). It issuggested that this difference is duehi® ¢éxistence of two distinct BH
environments. At38.2ppm the Bhlis associated with DADB, the shifb -37.50pm indicate
decreased symmetry alidhe boronand such as might be experienced in the vicinitPAB
moietieg[189]. This is supporting of the nucleation and growth mechanism proposed byBhaw
al [78] where PAB chains are constantly lengtheneeBby: working to add other AB molecules

but is never used up itéeht 314 minutes it is suggested that the dominant species switches from
DADB to PAB, thus the peak assigned to Biiftsfrom -38.2ppm to-37.5ppm. By the end of

the experiment, at 349 minutes, the progress of the decomposition is indicated by theehkoad

at-7 ppm, which is assigned to BH and indicates the presence oft BRlifficult to produce
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PIB from AB at 85C, however, as the pristine AB has been heated for 6 hours it is conceivable

that in some areas of the sample more than 1 equiv. ocd¢psd has been lost.

4,92 1B NMR of the 50AB-50PEO fibres heatedn situ at 85°C
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—102

BH R
, groups BH 261

T T T
BH, (AB*, mobile phase)

-BH, DADB

B-O interaction

-40 -30 -20 -10 0 10

ppm
Figure49: 'B NMR of 50AB-50PEO materidheatedat 85°Cfor several hours.

In the50AB-50PEO sample, the spectra are similar in many ways, thaefgydrogenation occurs
significantly fastefi AB* is observed within 4 minutes and DADB within 8. Unlike the AB
sample, the Blklarea is not well resolved, nor is there any evidence for a terminagi®idp.
This is suggestive of the formation of a profusiof cyclic productd78], precursors to the
borazine observed in tHRGA.

The BH4 peakshifts from -36.7to -38.3ppmover the course of the dehydrogenation suggesting
two distinct environmentor theBH," ion. These are assigned to DADB and PAB respectjvely

and unlike the AB sample, are observed to coexist for much of the experiment. The coexistence
of theseenvironments may be a result of the greater reaction spaedwouldallow at time33

minutes of heatingivherein some regionsf the sample the reaction has already preggd to

the end, while in other part®ADB is still being nucleated.

Another dfference is that as the AB* peéddes(55 minues onwardsyvhile intensity at25ppm

(also corresponding to a Bfjl emerges. Possibly with continued heatitige pure AB will
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eventually demonstrate the same peaikhis could be an artefact of differgetction products,
maybe (cyclodiborazanyBminoborohydride (BCDB) as this would fit with the shitlower
energyof the BH, peakq78],

Additional peak wereobserved at 1.2nd 14¢pmwhich suggests the presenceaoB-O bond
[87] Chenet alalso observed a peak-8t9 ppm from the interaction &Hs with the oxygen on
THF [125]. This could form as the result ofl@ne pair donation from the oxygeom (n the

PEO chaiipto the boron atorfin AB) or one of its decomposition intermediates.

4.9.3 Conclusions

In Figure50the spectra of the AB and 50AFEO have been superimposed to clearly show the
differences. It is proposed that during electrospinramgintimate mi of PEO and AB is formed.

The oxygen in PEO has a partial negative char§e a@d the ability to hydrogesond via lone

pair donationThis compositeshould therefore contain hydrogen bonds between AB and PEO, as
well as the traditional dihydrogen bonds between AB moleciése S0AB50PEO sample, the
AB* peak is present beformmy heating has occurred. The formation of AB* being a rate limiting
step in the AB dehydrogenation, this could explain the increased reaction kinetics of 50AB
50PEO material. Solid AB and AB* seem to coexist for longer in the SBBEOQ, likely the
resut of the far faster reaction time in the fibres than in the case of pristinén/tBe 50AB
50PEO the BO bonds appear at the same time as theaid BH groups. This suggests that the
forming of B-O bonds could be the activator for the early appearahP&ADB. The width and

position change of the BHbeak is discussed in the final conclusions
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Figure50: The!'B NMR studies of AB dehydrogenation at 85°C. The pristine AB superimposed on the
50AB-50PEO fibre sample. The AB the fibres reacts faster, the Broup has a broader peak andB
bonds occur.

494 N NMR

The natural abundance BN is very low <1%, however it is still possible to collect NMR data
if the cycle is run for long enougbBata werecollected(at roomtemperaturgfrom thepristine

AB and the aspun fibres and AB and fibréisat had been heated in an oven at 85°C for 6 hours.
In Figure51the pristine AB and the B.in the fibres both demonstrate a strong peaB&8.8ppm
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indicating the presence of tertiary amines,sNHowever, two small extra peak871.3ppm and
-374ppm) are observed for the AB in the 50B8PEOQ. This indicates that the nitrogen
environment, foa portion of the AB molecules, changed when PEO was addedroxtuge. A

shift down field of the nitrogen peak can be due to increased shielding from the magnetic field
due to increased electron density on the nitrofersuggested above, the mostlikexplanation

is that a portion of the M groups are hydrogen bonding to the oxygen in preferenceHo B
groups.

T

M
50wt% AB fibres

1 L 1
-320 -340 -360 -380
ppm
Figure51: SN NMR of pure AB and 50AB0PEO electrospun sample before and after 6 hours heating
85°C when PAB $ observed.

The majority of the pure AB transforms to PABR0] after 6 hours of heating at 85°This is
expected as in six hours at 85AB can release one equivalaithydrogern53]. Howeverthere

is still some residual intensity from Nlgroups hdicating thereaction is not complete. With the
50AB-50PEO sample the Nhpeak is totally removed by the hisagtand the resulting peak is
representative of PAB although narrower than forhhatedAB. The dehydrogenation in the
50AB-50PEO materiaiks faster than in pstine AB at 85°Csoover the same period of time (six
hours) we expect to see lddbl; in the50AB-50PEO material than irrigtine AB.

4.10 Ex situ heating

Samples of the electrospun 50ABPEO fibre mat composite where encased in baking foil,
placed in smaltesttubes, and then held in an oil bath at 85°C for distinct periods of time. The
heating time ranged from 10 to 180 minutes. On removal, the samples were quenched by plunging
the testtube into iced water, a technique that rapidly reduced the temperatuhalt the
dehydrogenation.
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The fibres, clearly visible in the @pun 50AB50PEO material, agglomerate swiftly at 85°C as
after 10 minutes no fibres are in evidence. This is expected as PEO in th&cBREB fibres

melts at 76.5°C. The melt has flomedjether to fill the gaps between the fibres. The samples are
very thin as evidenced by the holes through the material and when handling them they were
observed to be very brittle. The initial three images ofitires that have been heated for2D

and30 minutes respectively, exhibit two distinct regions a rough surface and below it a smooth
undulating space. It is likely that during the heating the melted material flows into the vacant
space that exits between the fibres, additionally it will sealedoce its overall surface area.
When running the experiment, firstly aluminium foil was used to package the fibres as it provides
an inert surface against the sample; unfortunately it adhered strongly to the melted PEO and the
sample was impossible to rerre. Baking paper was substituted which improved the situation;
however there is still some stickiness between the paper and the PEO which is confirmed as being
the cause of the rough surface. Between 1 and 2 hours the hydrogen release causes the once
smodh craters to become pockmarked with tiny holes or likely gas vents.

With higher magnification the crater surface appears coarser rather than full of holes, this could
be due to the AB having changed to PAB and the craters themselves are evidenae gddarg
bubbles.
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Figure52: The changing surface of the S50ABPEO electrospun fibres at 85°C.
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4.10.1 Heating XRD

In the XRD patternKigure54) both AB and PEO are present as evidenced by the AB tetragonal
crystal structure (110) and (101) peaks andRE® triplet at 22.5° and the quartet at 27° peaks
(seeFigure34). After 10 minutes under 85°C heating, a slight peak shift is observed, probably an
artefact of the relted and recrystallized process. After 20 minutes under 85°C heating the sample
can return to its crystal form. At 30 minutes the peak features have all but disappeared to be
replaced by an amorphous hump at 22°. This amorphous peak indicates a laoggopropthe

AB in the 50AB50PEO material has reacted to PABO0]. Of course this hump must also
represent all the PEO in the sample as well, as there atistitactive peaks it can be assumed

that the AB and PEO are well mixed.

—— 50AB-50PEQ
—— 10 min

20 min
- ~———30min
—— 60 min
——90 min

Intensity, a.u.

10 15 20 35

2q
Figure54: X-ray diffraction pattern of the 50ABOPEO electrospun fibres heatdsituover 3 hours.
The peaks associated with AB and PEO disappear and@aeed with an amorphous hump. A hump at
22° has previously been associated to PAB.



100

4,11 Discussionand conclusions
4.11.1 Structure of the ammonia boranepolyethylene oxide composites

Electrospinning the ABPEO solutionsas described, produced piles of integral fibres. Some
melding of the fibres occurred at cross points indicating that the fibres were not completely dry
when they reached the collection plate. The low AB content fibres (ZZAHEQO) were smooth,
similar to thepure PEO fibres. Increasing the AB content (562@°EO and 75ABR5PEO)
caused the fibres to become rough and porous.

The diffraction patterns of the ABEO electrospun fibres showed that both AB and PEO are
present in the electrospun fibres. The prestB has a tetragonal structure which was maintained

in the 75AB25PEO and 50AB0PEO samples but not in the 25XBPEO sample. The pristine

PEO is monaoclinic. In the electrospun materials, new peaks, as well as the traditional monoclinic
ones, are obserdeThis suggests some, if not all, of the PEO is distorted by the presence of AB.
The diffraction data imply that a new ABEO phase has formed.

The vibrational energies of the bonds in the pristine AB and electrospun PEO fibres were observed
via FTIR andcorresponded to that reported in the literature. When the AB and PEO were
combined in thB-PEOelectrospun fibres, new reflections occurred. Theseb@wissuggest

a shift form ABto-AB dihydrogen bonding t&B-to-PEOhydrogen bonding as the PEO content

in the fibres increase. Additionallyractural changes in the PEO backbavere also observed

Further, the nitrogen NMRerformed suggests thdte new hydrogen bonding in the 50AB
50PEO sample is between th@ bh AB and the O in the PEQhe boron NMR signal of the
50AB-50PEO suggests that this new hydrogen bonding stabilises a portion of the AB in the AB*

form.

4.11.2 Foaming of ammonia borane and of the ammonia boranepolyethylene oxide
composites

The tendency of AB to produce foam while releasing hydrogen, limits its applicability. The
hydrogen release of the pure AB kigure 39 is preceded by an endothermi@ltimg curve,
meaning that the gas must pass through a highly viscous liquid, characterised by strong
intermolecular interactions, to escape. These are ideal circumstances for bubbles. AB can release

hydrogen slowly in the solid phase and more quickihaliquid phase.

In the AB-PEO composites, the foam production is successively restricted, as the PEO content is

increased. It is therefore safe to conclude that PEO is responsible for supressing the foam.
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In Figure 39 it is noted that the melting of AB is curbed by the presence of PEO and that the
hydrogen release occurs at lower temperatures in the solid phase. If the AB is not melting, there

is no liquid to contim the released gases, and so less foaming will occur.

High density pellets expand more than low density ones. Consequently, free volume within the
compressed material lessens foam development. This suggests that the interconnected space
provides escapeutes for the hydrogen and that more free volume minimises gas containment
and the buileup of pressure in the pellet.

PEO is used as an industrial antifoaming agent as it contains both oily and polar domains. The
polar domains/areas mix well with otheolgr materials andconnect viadipoledipole
interactions. In contrast, the oily areas only exhibit weak intermolecular interactions with like
species. When bubbles form, the oily domains constitute the weakest point in the bubble wall,
helping it to brealsooner (at lower internal pressures) and so control the-bpilef foams. As

the foam tests were conducted at 120°C, it is safe to assume that the AB is liquid. Also, the NMR
and IR experiments show polar hydrogen bonding interactions that intimatelyoatdhe AB to

the PEO. This suggests that in the composites, the PEO is an integral part of the bubble wall which

causes the bubble to burst at lower internal pressures and therefore subdue the foaming.

The PEO used in the pellets has a chain lengthmillbn monomer units. The integral fibres
formed in the electrospinning show the PEO chains to be entangled. Once the fibre mat is
compressed into a pellet, the AB is effectively tied together by an interconnected polymer
framework. This framework wouldotd the AB together and work against the expansion caused

by the foaming.

These arguments are not mutually exclusive and may explain different contributions to the

antifoaming influence of the PEO on AB.

4.11.3 Hydrogen release

The pristine AB releases hydrogender ramp heating in two steps corresponding to trend
2" hydrogen release steps observed in the literature. With successive addition of PEO to the AB,
the onset temperatures for these steps are lowered. This suggests the PEO has a positive effect on

AB by reducing the energy barrier to dehydrogenation.

The AB-PEO fibres were also analysed under step heats to a variety of set temperatures. At each

temperature, earlier release of hydrogen, with a reduced induction period, was directly related to



102

the PED content in the fibres. This suggests that PEO improves both the kinetics and

thermodynamics of the hydrogen release from AB.

The dehydrogenation of the samples was accompanied by masisdanajority of which occurs

during the release of the"™2H, Equiv. Even though the mass loss profile (in all cases)
corresponded to the hydrogen trace in the RGA, the total mass loss exceeded that accounted for
by hydrogen by at least three times. The total mass loss from the pristine AB and-BteOAB

fibres is sinilar. This indicates the PEO affects the mass loss rate but is not responsible for the
excess of mass loss quantity. Other gases such as water, borazine etc. or sublimed solids, could
be responsible for the unexpected change. This implies a filter wordd bieed to purify the gas

stream before feeding the hydrogen into a fuel cell.

The changing DSC trace profile suggests that increasing the amount of PEO in the material

enables the AB to release significant quantities of hydrogen below its melting &tunee

In the AB-PEO composites greater levels of borazine were observed in the hydrogen gas stream
than compared with the pristine AB. Also, the borazine was observed at lower temperatures in
the gas stream from the fibres (corresponding to the retéabe 29 H, equiv.). This strongly

implies that PEO causes AB to release more borazine thpiistine state.

Many studies have previously been conducted on AB dehydrogenation in the presence of liquid
ethertype compounds, diglyme, tetrglyme, THF ef€8]i[80], [191] These studies showed
acceleated hydrogen releases but also large amourtt®rain containingproducts. As well as

the chemical effect of the ether group, the liquid state of AB was also assumed to be improving
the hydrogen release. This work demonstrates that the hydrogens calebseaccelerated whilst
suppressing the melting of AB. This indicates that the catalytic effect of the group is more

important than the physical state of AB at the time of hydrogen release.

4.11.4 Reactionmechanismin the gas stream

There are increased levai§ borazine in the gas stream observed from theP&R® fibres as
compared to AB. The borazine and diborane are observed at earlier times inBtEQA#res
(in accordance with the release df B, equiv.), and also the overall levels are higher. This

suwggests that PEO is encouraging the AB to release hydrogen via the cyclic reaction route.

Thein situboron NMR shows that the PEO massively increases the speed of the reaction. In both
the pristine AB and the 50ABOPEO material, the AB first becomes meb{AB*) before
forming DADB. This means that PEO lowers the activation energy to the formation of DADB.
AB is stabilised by its hydrogen bonding netw$tk'6]. The IR data shows that in the 50AB
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50PEO sample, the bending modedHNand BH are changed in the presence & This
indicates that the AB is forming hydrogen bonds to oxygen in PEO. An overall reduction in AB
AB hydrogen bonding would push the ABADB equilibrium towards DADB. An alternative
way to think about the system is that DADB is a more polar molebale AB and that DADB
would prefer the polar environment supplied by the PEO more thdib@B

In the 50AB50PEO, the Bhireflection is broader than in AB. Also, throughout the reaction, in
the 50AB50PEO, the BHhireflection shifts to higher energy than in AB. In pristine AB,.BH
reflection shift is suggested as due to the reaction of DADB (highly shielded) to PAB (reduced
shielding). (A shift to higher energy in a material indicates a reduction in the shielding effect of
the electron cloud around the boron, suggestive of longét I®nds.) There are three
possibilities: one the BHis in the vicinity of cyclic moieties in preference to PAB, two, the
oxygen is interacting with the boron, three, the tetrahedral arrangement of the hydrodpenhas
disturbed, possibly by forming a briel(pydrogen with the boron end of an adjacent AB molecule.
One is unlikely as a good proportion of the AB does react to PAB as seen in the XRD pattern of
the heated 50AB50PEO material. Two is also unlikely as iBHegatively charged overall, so

the oxygernwould donate its electron pair elsewhere, perhaps to theBig third possibility is

the most likely.

One of the greatest differencestvbeen the 50ABS0PEO sample compared tdagtine AB are
the reflectionsdue toB-O interactions. The Bl bond in AB & dative as the N donates into the
vacant B orbitals; it is highly probable that the B would also accept electrons from other donating

species close by, namely the O.

The FTIR of 50AB50PEO sample shows that hydrogen is lost from both the nitrogen and the
boron end of the AB molecule. Also, it confirms the presence of B to O bonds throughout the

dehydrogenation.

4,12 Further work
4.12.1 Structure

This thesis has concluded that PE@ AB in the composites are well mixed, that they interact
via hydrogen bonding and that a new-REO phase is formed. The structure of this new phase
is however unknown. Further work to determine the crystal structure could include refinement

of the XRD pattern guided by molecular dynamics simulations.
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4.12.2 Foaming

The reduction in foaming of the AB in the PEO composites during dehydrogenation has been
linked to reduced melting of the AB, weakening of the bubble wall and structural integrity of the
material Further work could include viscosity measurements on molten pristine AB and the
composites and a detailed study of -RBEO composites with different chain length PEO

polymers.

4.12.3 Impurities

The high level ofboron containingmpurities in the gas stream frothe ABPEO composite,
does not make PEO an attractive additive for AB. Further work should include the study of

polymers with different catalytic functional groups.

4.12.4 Reaction Mechanism

The AB in the composites follows both the polymeric and cyclic reactiote. The cyclic route

is encouraged by the PEO but no hydrogen is lost from the polymer. The barrier to DADB
formation is lowered and boron to oxygen bonds are formed. This is still very poorly understood
more research will be needed. Simulation woduld be extremely helpful as would selective
deuteration of the B and N ends of the AB molecule before performing, IR, NMR andrRGA

situ studies.
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5 Polystyrene and ammonia brane

5.1 Electrospinning polystyrene and ammonia borane

Polystyrene (PS) has beextensively electrospun in the past in a variety of solvents including
dimethylformamide (DMF), tetrahydrofuran (THR)butylacetate chlorobenzene, chloroform,
dichloroethanel,4-dioxane MEK, and toluene to name but a f¢W07], [131], [137], [192]

[194]. A blend of equal parts by mass of DMF and THF was selected. AB decomposes slowly
in THF [50] so diluting with DMF is prudent. DMF has a low vapour pressureting with THF

raises the vapour pressure sufficiently to produce dry fibres. The-Ti-blend is ideal for

single phase electrospinning as it is asotvent for both PS and AR.03], [195]

PS of two weight average molecular weights, 350,000 (3&i0k) and 1,000,000g mb(1M),

were tested. Various concentrations and spinning conditions were explored to isolate the ideal
parameters forne systemTable 17). A suitable regime for the stable spinning of the pure PS
solution was identified before AB was added. This initially limits the numberadfble
parameters and is an efficient way to determine the ideal spinning conditions for a new solution.
Once stable spinning of a pure PS solution had been achieved AB was added to give a the required
dry mass AB:PS ratio§ able 18).

Tablel7: The spiming conditions testefbr thePS in a 1:1 ratio of THF:DMRo determine the ideal
system parametel®fore adding AB

Polymer Flow
I\/)I/W Solven Conc. rate p.d. Observations
wt% keV
g/mol mi/hr
10 2 Terrible, multiple jetsformed
15 Betterat2.55m|/hr with 5keV. But still
PS 1:1 8-30 _ex_cess Jej[S observed. _
350K DMF:THF 20 1-5 Stable spinning a}chleved %_.B_Smllhr with
15keV. This system is ideal
o5 Stable spinning achieved 26-5ml/hr with
15keV.
1 Stable afny flow rate. 15ke\ideal voltage.
Fabulous ai5keV, flow rate must be
PS 1M 11 3 <2.5ml/hr to stop multiple jets forming.
DMF:THF 0510) 830 Makes shiny fibre mat.
Fabulous afl5keV, flow rate must be
5 <2.5ml/hr tostop multiple jets formingviakes
shiny fibre mat.
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Tablel8: The spinning conditions tested for the A singlephase solution to determine the ideal
system parameters to produce stable spinning conditions and dry fibres.

Polymer Flow
I\/)I/W Solvent Conc. AB'.PS rate p.d. Observations
wt% | ratio keV
g/mol mi/hr
0.5-1ml/hr multiple jetd But flow
rate betwee2.510ml/hr much
5050 improves the systehVery fluffy
' fibre matproduced5mli/hrwith
12keV gives stupendously stable
spinning!
PS 1M DMIlZ':'ll'HF 3 6040 0.510| 8-30 5m|/hrunder1ﬁEE)I;2\S/, produced dry
] 5ml/hrunderl5keV, producedry
70:30 fibres.
80:90 5ml/hrunderl5keV, produced dry
' fibres.
90:10 5ml/hr underl_SkeV, produced dry
fibres.

During the electrospinning of the ABS fibres, bubbles were formed in the syringe
(approximately 2crhvolume). This indicates that AB was beginning to decompose in the THF
probably because the solution was not completely anhydrous. This distorted the flow rate and the
reduced slightly the final amount of AB in the fibres. Minimising both the amount ahABe

solution and the time AB spends in the solvated state limited bubble formation. This was achieved
with a low AB content and a high flow rate. To reach a high AB to PS ratio, the PS content in the
solution must also be low. With a longer chain PSipelr (1M) far lower concentrations (i.e.
1wt%) are sufficient to afford the viscosity and chain entanglement necessary for fibre production.
Finally, 3wt% PS solution spun at 5ml/hr flow rate was chosen as a compromise between fast

sample production and exting bubble formation when AB was added.

Five distinct ABPS fibre materials were produced containing nominal AB contents of 50, 40, 30,
20 and 10wt%, these are termed 50AB:50PS, 40AB:60PS, 30AB:70PS, 20AB:80PS and
10AB:90PS respectively. The 50AB:50RBrés where the first created and tested. No particular
lowering of the dehydrogenation of the AB in this sample was observed. In chapter 4, the
temperature of the dehydrogenation of AB was lower as the AB content in tREGBfibres

was lowered. Therefer further ABPS fibres were electrospun, with low AB contents to

determine if a similar effect would be observed here.

On the collection plate, the pure PS fibres formed a flat, dry and shiny mat below the nozzle. The
fibres made from the PS and AB cdniag solutions did not lie down flat but instead amassed
into a fluffy, cotton wool like, pile. The cotton wool effect is likely due to static charge in the
fibres. As this effect was also noticed when electrospinning theAHESDlutions it is likely tha

the AB is responsible for the charge retention.
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The vertical buildup of PSAB fibres resulted in a reduction of the whipping distance over time.
This meant, the initial fibres produced had more inflight drying and stretching time than those
produced lter. AB decomposes in THF it is prudent to assume the first fibres will have a different
AB content then those produced an hour later from the same solution. This implies that there is

variability across the fibre sample.
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Figure55: SEM image of PS and 50AB:50PS electrosfibres

The electrospun fibres have a ribbon like shape and highly crinkled s(sésfegure55). This

is somewhat unusual as PS fibres are usually rounder and smoother with surface pores caused by
humidity in the environmeritl44], [192],[196], [197] However, &ort PS chain lengths, 100
500K, and high solution concentrations;Zswt%, are favoureth these studiesNrinklescan

form when an outer skin, caused fagt surface evaporation, collapses slowly inward as the core
dries[134], [197] The low polymer concentration, 3wt%, afforded bg extensivgpolymer

chain length (LM)meart a high propdion of the jet cross section waslvent. Therefore, as the

large solvent volume dries out, the skin shrinks a long way inwards resulting in many creases.
The PS fibres are-2 um in diameter whiléhe 50AB:50PS are larger1®um. For the PS sample

the flow rate was kept below 2.5ml/hr while for the 50AB:50PS solufioi/hr wasused The
potential field was 15keV in both casés increase in conductivity usually results in a decrease

in fibre diameter{107]. TheAB containing solution is more conductitieen the pure PS solutipn

butit has been electrospun at a higher flow rate. This indicates that for tAB B&8ution the

high conductivityhas beerounteracted by the higher flow rategive wider fibres

5.2 Foam tests on theammonia boranepolystyrenefibres

From each of the five ABSfibre samples, three pellets were made for foam testing. (Only two
pellets where made from the 30ABPS fibres as there was insufficient material for three.) The
AB-PS pellets were heated in a standard foam test (oil bath at 120°C). The AB in the®S fib
foamed less than pristine AB. Also, as the PS content was raised a corresponding sequential drop
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in the foaming was observéseeFigure56). In addition to the fam, some solids have detached
from the pellets and coated the internal top half of thettibsts. Again, as the PS content is

raised, the amount of solid residue drops.

The high AB content sample (50AB)PS) expands and foams as a whole in all diregtions
reminiscent of the 75AR5PEO pellet. The median AB content samples (40AB:60PS and
30AB:70PS) expand somewhat before the AB bubbled out of the surface of the pellet. The low
AB content pellets (20AB:80PS and 10AB:90PS) elongated along the verticahaxirection

in which the compression force was applied. This suggests that the electrospun PS has formed a
flexible network that the foaming AB can swell. When the maximum distortion of the PS is
reached the AB foam continues growing (if sufficient Aihithe sample) and bubbles out of the

pellet surface.

After

Before

Figure56: Foam testingAB-PSpelletsmadefrom the electrospun fibres. Foamiramnd residu@nthe test
tube wall is inversely related to the PS content. Images of the final pellets once removed from the test
tube have also been inserted.

This implies that PS is not actively responsible for the suppression of foaming in the samples.
The high PS coaining samples foam less, as the actual AB content and density in the samples,

is low.

5.3 Ramp heating ofammonia boranepolystyrenefibres

The AB-PS samples were tested under a standard ramp heating run in a combined
thermogravimetric analyser (TGA) and @iféntial scanning calorimeter (DSC) with attached
mass spectrometer (mass spec). The TGA and DSC data has been normalised to total sample
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mass and the mass spec data has been normalised to the nominal mass of AB in the sample and

the argon level (see exjrmental chapter for more details).

100 ' ' ' ' ]
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—— 50AB-50PS
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Figure57: TGA trace of the mass loss of the A fibres when subject to a 2°C/min temperature ramp
between room temperature to 200°C.
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Figure58: DSC traces of th&B-PS electrospun fibres under ramp heating rate of 2°C/min.

The total mass loss increases with the nominal AB content in the fibkégure57. The mass
loss profile is similar for the pristine AB and the AES fibres. However, some of the AES
fibres, particularly the 50AB0PS sample show mass loss to begin at a slightly kewgrerature
then pure AB.
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Figure59: The hydrogen and impurity trances for the-RB fibres. When combined with PS, AB
releases hydrogen at lower temperatures than when in its pristine state. The PS does not appear to have a
significant effect on the impurity levels.

The DSC curve profiles of the ABS fibres inFigure 58 are similar to that of pristine AB;
endothermic dip indicating mefty followed by two exothermic peaks for the release of the 1
and 29 hydrogen equivalents gquiv.). Yet, the graph shows some differences. Firstly, the
peak of the first exothermic dip occurs at a slightly lower temperature in tHeSAfibres than

in the pristine AB. And secondly, the endothermic melt dip is shallower as compared to the
exothermic peak in the ABS fibres than in the pristine AB. This suggests that hydrogen release
starts earlier in the ABS fibres than in pristine AB, before the ABs melted.

Let us take a quick look at the impurities that accompany the hydrogen release formRi$e AB
fibres. InFigure59the peaks, for the release of theH,equiv. from the ABPS samples, reached

their apex around 104°C, a good 8°C before the pristine AB which peaks at 120°C. The ammonia
and borazine graphs also show that theP®samples react at lower temperatures than pristine
AB. The actual impurityevels in the hydrogen gas stream cannot be accurately determined from

this plot. However, the plot implies that while the AB in the fibres decomposes at lower
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temperatures then the pristine AB the impurity levels do not vary significantly across #A8 AB

samples.

Some difference between the dehydrogenation of pure AB anrB3\Bbre samples as a whole
is observed. However, no meaningful trend connecting the?P8Bsamples is observed. This
suggests that the PS itself does not have an active effect defhi@rogenation of AB. Rather

something else in the composites is responsible.

5.4 Conclusions and dscussion

Here it is shown that PS and AB can be electrospun into homogeneous fibres from a single
solution. The fibres produced are flat and wrinkly likeéle to the low polymer content.

The foam tests show that successively adding PS to AB via electrospinning successively supresses
the foaming. However, the AB in the fibres behaves in a fashion similar to bulk AB. This
indicates that the reduced foamisgn fact the result if the reduce amount of AB in the materials.

The dehydrogenation of the AB in the AES fibres is initiated at slightly lower temperatures
than the pristine AB. However, no trends are observed when the PS content inB&filbBes
is varied. This suggests that the PS itself is not responsible for lowering the AB reaction

temperature.

Perhaps, some of the AB in the fibres is nanostructured. As AB is polar molecule and PS a
nonpolar polymer it is likely that they would repel each otheolution and heterogeneous bulk
regions would occur in the solid fibreget, it is possible that some AB has become isolated in
PS nanecavities[100] and it is these narsized AB particles that react first and initiate hydrogen
releasein the bulk sections of the AB at lower temperatures. This theory seems somewhat

farfetched and it is possible the AB was activated in a different way.

All the solutions had the same PS content, 3wt%, and were electrospun with the same kit under
the sameconditions bml/hr at 15keV). The amount of AB was the only changing factor. In all

the cases, during the electrospinning gas was evolved inside the syringe and this was identified
as the AB decomposing in the THP)]. This means, the AB in the fibres is likely contaminated

with some small amounts of partially reacted AB such as DADB or PAB. It exs dl®wn
previously that adding DADB to AB significantly reduces the induction time to hydrogen release
[56]. As all the electrospun AB remained in solution for a similar period of time it is possible that

a similar percentage of AB was converted to DADB in each case aridwutistrwithin the bulk

AB.
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The foaming and dehydrogenation behaviour of the electrospu®3ABbres shows that
nanostructured AB was not achieved. It is suggested that the lowering of the induction
temperature of the AB in the fibres is due to the pranggsarameters. AB in this form is not
suitable as hydrogen store for a fuel cell as a 50% weight concession has been made and the

hydrogen release properties have not been significantly improved.

5.5 Further work

Combining AB with PS via electrospinning domet, according to the data presented here,
ameliorate the hydrogen release properties of AB. Further work on this system is therefore not
recommended.
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6 Ammonia borane and clay

AB was combined with several distinctive clays; montmorillonite (MONT), lapo(iAP),
imogolite (IMOG) and halloysite (HAL). These composite materials were prepared via freeze
drying and contain equal amounts by dry mass of AB and clay (1:1 AB:clay). Freeze drying limits
the carrier solvent choice to oinewater to whichbwt% claywas added. The IMOG and LAP
dispersed well and formed gels but the HAL and MONT did not dissolve and sedimented on the
base of the jar. The gel from the LAP and IMOG clays necessitatetigs@ving the AB, so for
consistency, all the solutions were mégemixing the clay into an AB solution.

The HAL used in the experiments was dry powder, as HAL is not amenable to rehydration this
could have be the cause of its inability to dissd¥&6]. In the case of MONT, while the layers
swell, the AB water mix was not suitable to totally exfoliate the layers. This is probably due to

the high interlayer charge that binds the layers tog¢19&).

6.1 Scanningelectron microscopy

The microstructure of the four ABlay composites was studied by SEM and the images are
displayed inFigure 60. The ABLAP and ABIMOG composites exhibit dramatic structural
change as compared to the pure clay while in the case ¢i@GRT and ABHAL composites,

little contrast is observed.

The LAP clay is synthetic and of high purity which is reflected in the regular, square edged
particles observed under the SEM. The freeze driedABPnaterial is porous and flaky with a
cracked, pitted surface. When AB is addetMO@®G, the material produced is composed of thin,
transparent flakes that taper to points. The HAL tube bundles are well recognised in both the pure
and the composite material. The only noticeable difference is the increase in grain size when AB
is addedThis suggests that the AB is binding the HAL tubes together. In the case of MONT, no

differences between the clay and composite are observed.

These images indicate that the IMOG and LAP have become well mixed through the freeze drying
process with the ABrhe HAL and MONT have not blended well with the AB, most probably as

a result of the unsuccessful dissolution.
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Figure60: SEM images of the four ABlay compositedn the case of IMOG and LAP, the significant
morphology change between the as received clay and thedadBomposite, suggests intimate mixing of
the clay and AB has been achieved.




















































































