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phase that promotes faster hydrogen release from AB below its melting temperature with no incubation

time. Integral fibres have been produced containing 75%, 50% and 25% AB by weight. As the PEO content
was increased, the onset temperature of dehydrogenation was reduced from 110°C for pristine AB to 85°C
for the 25% AB fibres. The new phase is characterised by hydrogen bonding between the hydridic
hydrogen atoms bonded to the nitrogen atom in AB and the oxygen atom in the PEO backbone.
Additionally, the usual foaming of AB during hydrogen release was effectively controlled by the addition
of PEO. Some impurities which accompany the hydrogen release - ammonia and diborane - are reduced,
however, borazine levels in the gas stream were observed to increase during the loss of the 2nd hydrogen
equivalent. Nevertheless, co-electrospun composites of AB and PEO show great promise as a safe, portable
and versatile hydrogen storage material.

Introduction

In recent years the complex hydride ammonia borane (NHsBHs,
AB) has become one of the most promising candidates for solid-
state hydrogen storage with the potential to meet the targets set
out by the US Department of Energy (DOE) for on-board
hydrogen storage technologies 2. AB has a high hydrogen
content of 19.6% hydrogen by weight, two thirds of which can
be released below 200°C 35, and is particularly attractive on
account of its low toxicity, solubility in many common solvents
and good stability in both air and moisture 2.

Hydrogen is released from AB in discrete steps, activated by
temperature, consisting of the 1%, 2" and 3" hydrogen
equivalents from each AB molecule. During the three steps AB
transforms  progressively into polyamidoborane (PAB),
polyimidoborane (PIB) and finally boron nitride (BN).

90°C—200°C

nNH3BH; ——— (NH,BH,), + nH, (1)

120°C—-500°C

(NH,BH,), — (HNBH),, + nH, (2)

o

500°C
(HNBH),, —— nBN + nH, (3

These steps are sequential but overlapping; before the entire 1%
equivalent of hydrogen has evolved the second step will have
begun %6, Hydrogen evolution follows sigmoidal Kkinetics,
indicative of a nucleation and growth mechanism. The general
reaction scheme hides much complexity as AB can polymerise
to form chains or cyclise to rings, which leads to the release of
the gaseous impurity borazine 78,

This journal is © The Royal Society of Chemistry 2013

Despite its potential, the widespread utilisation of AB is impeded
by some critical issues such as a long incubation period prior to
hydrogen release (lasting 2 hours at 85°C), the production of
foam upon decomposition, the generation of toxic, volatile
gaseous by-products including ammonia and borazine, and poor
reversibility 25911, although recently success has been reported
for the regeneration of AB by a chemical digestion with liquid
ammonia and hydrazine 2.

To overcome these issues, a number of different strategies have
been investigated, from the nanostructuring of AB within
scaffold materials 318, the addition of metal-containing
compounds %22, and various non-metal additives 2327, Polymers
in particular hold great promise as additives since they are, in
general, inexpensive, widely available, lightweight and can be
synthesised to contain a variety of chemical moieties. In fact, a
number of studies have shown that polymers are effective as
promoters of hydrogen release from AB. AB blended with
polyacrylamide (PAA) 28, AB-polymethylacrylate (PMA)
composites 2° , electrospun AB co-fibres with polystyrene (PS)
16 and polyvinyl pyrrolidone (PVP) 3 showed significantly
improved dehydrogenation properties compared to pristine AB
with a lower onset temperatures and no incubation period.
However, the AB contents achieved were low and the issue of
foaming was not addressed. Additionally, the PAA and PMA
containing materials showed complete suppression of boron-
containing impurities and increased ammonia evolution.

In this study, electrospinning 3! is employed for the fabrication
of the first solid-state AB-polymer composite materials based on
a polyether, polyethylene oxide (PEO). Herein it is reported that
these composite materials exhibit enhanced hydrogen release
properties compared to pristine AB, with reduced hydrogen
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release temperatures, faster hydrogen release Kinetics and
reduced foaming. It is believed that such materials have great
potential as low cost, safe hydrogen storage solutions.

Experimental
Materials

Ammonia borane (AB, 97%), polyethylene oxide (PEO, Mv
~2,000,000) and acetonitrile (ACN, anhydrous, 99.8%) were
purchased from Sigma Aldrich and used as-received.

Electrospinning of AB-PEO fibres

In a typical experiment, the electrospinning solution was
prepared by the addition of AB to a solution of PEO, 3 wt% in
ACN. The solution was pumped through a steel nozzle (inner
diameter 0.46mm) at a rate of 1 ml/hr, set using a Harvard
PHD2000 syringe pump, and fibres drawn onto an aluminium
foil collection plate approximately 30 cm away, under a potential
of 12 keV. The procedure was performed at room temperature
and pressure in a fume hood. A schematic of the electrospinning
apparatus can be seen in Fig. 1. and further information about the
electrospinning process is available in the supplementary
information.

Solution

High voltage source

Hollow needle

Nozzle

Droplet

Whipping strand

Earth ——

Fig. 1 Cut-away schematic of the single-phase electrospinning setup.
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For this study, samples were prepared with AB contents of 25,
50 and 75wt% (with respect to the total mass of AB and PEO in
the spinning solution).The gravametric hydrogen content that
can be released below 200 °C for the three materials is 3.3, 6.5
and 9.8 wt% respectviely. For convenience, the composite
materials produced (AB-PEO fibres) will be referred to as AB25,
AB50 and AB75 respectively hereafter.

Analysis

The morphologies of the AB-PEO fibres were examined by
scanning electron microscopy (SEM) using a Hitachi Tabletop
Microscope TM 1000, a FE-SEM Hitachi S4000 and a Jeol JSM-
6480LV instrument.

X-ray diffraction (XRD) was employed to investigate the
microstructure of the as-prepared composite materials and was
performed on a Phillips X’pert Xray diffractometer (Cu Ka
radiation, wavelength 1.5418 A).

The dehydrogenation properties of the materials were analysed
using thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC), performed using a Mettler Toledo
combined TGA-DSC system, the TGA/DSC 1. A quadrupole
MKS Cirrus 2 atmospheric pressure residual gas analyser (RGA)
was used to analyse the volatile species released from the TGA-
DSC instrument. TGA-DSC-RGA experiments were performed
using a ramp heating regime between 35°C and 200°C with a
heating rate of 2°C min!, and step heating regimes to 80 °C, 100
°C and 120°C. Three samples of each material were tested to
ensure consistency.

The foaming response of the pristine AB and the AB-PEO
materials was observed by warming small pellets of mass
approximately 1 g in an oil bath at 120 °C for 3 minutes. The
pellet dimensions were measured before and after heating and
the expansion calculated as a percentage difference of the final
foamed pellet to its initial size.

In situ solid-state !B magic angle spinning nuclear magnetic
resonance (MAS-NMR) spectroscopy was performed on AB and
AB50 using a Varian VNMRS 400 spectrometer at 128.3 MHz
and a 4mm (0.d.) rotor. Spectra were obtained during isothermal
experiments at 85°C using cross-polarisation with a 1.0 s recycle
delay, 40 ms contact time and at a sample spin-rate of 10 kHz.
Between 20 and 100 repetitions were accumulated. Spectral
referencing was performed with respect to an external sample of
FsBOEt2.

Solid-state >N MAS-NMR was performed on the AB50 sample.
The spectra were recorded at 40.527 MHz using cross-
polarisation with a 5.0s recycle delay, 40 ms contact time and at
a sample spin-rate of 6.8 kHz. Spectral referencing was
performed with respect to an external sample of CH3sNO:..
Attenuated total reflection Fourier transform infrared
spectroscopy (FTIR) was performed using a Bruker Optics
Vertex 70 spectrometer (633 nm laser, 1 cm™ resolution). FTIR
was used to analyse the as-prepared materials and samples which
had been heated in an oil bath at 85°C for up to 120 min followed
by rapid cooling in an ice-water bath to quench any further
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reactions. The peak positions were determined by fitting
Gaussian distributions to the spectra.

Results and Discussion
Structure of electrospun materials

An example of as-electrospun AB-PEO material is shown in Fig.
2. The material produced was fibrous, resembling cotton wool.
The SEM images in Fig. 2 showed the fibres to be rough but
integral and roughening as the AB content was raised. Some
fusion at intersections was observed suggesting incomplete
drying during spinning. To remove any residual solvent, the
fibres were left to dry under extraction in a fume hood for 24
hours. The diameters of all the fibres produced are consistently
in the 2-5 um range. No obvious crystals of AB were present.
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23.2° respectively 33, Tetragonal AB peaks were observed in
AB75 and AB50, but not in the AB25 sample, which suggests
that bulk AB phases are present only in the high AB-content
materials. The main PEO peaks disappear in the AB-PEO fibres,
suggesting that significant changes have occurred in the structure
of the PEO during electrospinning with AB.

As-spun AB-PEO fibres

B8  18mm

Fig. 2 AB-PEO fibres with different amounts of AB, as the ratio of AB to PEO
increases the fibres become rougher.

(121} ‘
{112) (110} “I
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i
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(120) (112) AB25 fibres

PEC fibres
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Fig. 3 X-ray diffraction pattern of AB, PEO granules and the electrospun fibres.

AB adopts a tetragonal unit cell at ambient temperatures and the
most prominent of its XRD peaks are the (110) and (101)
reflections, at 24.0° and 24.5° respectively 2. PEO is a semi-
crystalline material with monoclinic crystalline domains, the
intense XRD peaks are the (120) and (112) reflections at 19° and

This journal is © The Royal Society of Chemistry 2012

New peaks are also observed at 10.6°, 12.1°, 13.4°, 14.9°, 18.3°,
20.0° and 25.2° 20, which suggests the formation of a mixed
phase, distinct from both AB and PEO. The diffractogram of the
AB25 material is again different from the fibres with higher AB
content. It seems reasonable to expect that AB and PEO would
mix due to their polar nature and the new XRD peaks observed
are likely a mixed AB-PEO phase. Further analysis of this mixed
AB-PEO phase is currently ongoing.

Dehydrogenation of AB in the electrospun fibres

The dehydrogenation properties of the materials were
investigated using a combined TGA-DSC-RGA system. The
DSC data were normalised to the total sample mass and the TGA
data were normalised to the nominal AB content, as there was no
appreciable mass loss from the polymer (total sample mass loss
data is available in the supplementary information). The RGA
data were normalised to the total cumulative hydrogen RGA
signal. The gas stream impurity content was calculated as a factor
of the total hydrogen release. However this assumption that the
normalised RGA signal output scales linearly with the initial
mass of the measured sample was only observed as true when the
sample masses were similar. Thus, the composites compare well
with each other (~8 mg) and poorly to the pristine AB (~1 mg) —
the excessive foaming of pristine AB meant that only a small
quantity could be tested.

The RGA trace of the hydrogen release from AB (Fig. 4i) shows
two peaks, the 1%t and 2" hydrogen equivalents, at 110°C and
150°C respectively, in accordance with literature 253*, The
addition of PEO to AB was found to successively decrease the
temperature at which each hydrogen release step occurs. The
centre of the first hydrogen release peak is found to decrease to
105°C, 102°C and 98°C for AB75, AB50 and AB25 respectively.
The temperature of the second dehydrogenation peak is also
found to decrease upon addition of PEO, with AB75, AB50 and
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AB25 samples exhibiting peaks centred at 122°C, 120°C and
110°C respectively. It should be noted that the reduction in
temperature for hydrogen release is more pronounced for the
second step, which leads to overlap of the hydrogen release
signals in the RGA traces. This effect is particularly prominent
for the AB25 sample which indicates that the presence of PEO is
accelerating the reactions in both equations 1 and 2.
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Fig. 4 Combined RGA hydrogen signal, m/z=2, i, DSC, ii and TGA, iii, for pristine AB,
PEO and the AB-PEO electrospun fibres; AB25, AB50 and AB75. As the fraction of
PEO in the sample increases, the hydrogen release is activated at lower
temperatures. Mass loss occurs earlier in AB-PEO composites than in the pristine
AB but the final wt% lost is similar (~50%) in both. In the DSC curves, successive
addition of PEO reduces the depth of the AB melting endotherm. The earlier
release of hydrogen is accompanied by an exotherm which reduces the apparent
size of the melting endotherm.

In the DSC curves in Fig. 4ii the exothermic peaks associated
with the dehydrogenation of AB correlate exactly with the
hydrogen release peaks in the RGA above. Prior to the hydrogen
release exotherms, an endothermic process is observed,
beginning around 95°C with a minimum at 105°C. This
endotherm is attributed to the melting of AB. In the case of the
AB-PEO fibres, the depth of the AB melting dip reduces with
respect to the height of the hydrogen release peak as the PEO
content is raised. This suggests a reduction in the extent of
melting of AB in the fibres as compared to pristine AB.

Also present in the DSC data is an endotherm associated with
the melting of PEO which begins at 60°C and reaches a minimum
at 69°C, consistent with the literature melting temperature of

4| J. Name., 2012, 00, 1-3

PEO (67°C) %. The peak minimum is observed to shift to 78.5°C
for the AB25 sample and then drop slightly to 76.5°C and then
74°C for the AB50 and AB75 samples respectively. Initially it
was assumed that the increase in melting temperature was due to
an increase in crystallinity; however, the disappearance of
monoclinic PEO peaks in the XRD data makes this unlikely.
Most likely, the change in melting temperature is linked to the
new AB-PEO phase indicated in the XRD data.

From the TGA data in Fig. 4iii it can be seen that AB loses
approximately 50% of its initial mass upon dehydrogenation
under this heating regime®, whilst the PEO resists
decomposition. We can therefore assume that the mass loss from
the materials is entirely the result of mass loss from the AB
contained within them. By normalising the TGA data to the
nominal AB content of the samples, we can see clearly that the
total mass loss from AB within the AB-PEO materials is similar
to that of pristine AB, ~50%. However, the rate of mass loss from
the fibres is faster and begins at lower onset temperatures than
pristine AB. This final mass loss is far greater than the theoretical
13% accounted for by the loss of 2 hydrogen equivalents and
suggests that other entities besides hydrogen are being released.
It should be noted that the expected release of 2 equivalents of
hydrogen from the AB-PEO materials represents a conservative
estimate, since more than 2 equivalents are in fact usually
released %7.

In Fig. 5, the hydrogen release of the various samples are shown
as a normalised cumulative integral with errors, and the principal
impurities borazine, diborane, ammonia and water, are shown as
a fraction of the hydrogen signal %%, This is a useful method to
estimate the species present in the released gas. Water is the
principal impurity in the gas stream, and as water is nine times
heavier than hydrogen, this could go some way to account for the
significant mass loss. Water was not used in processing the
composites but it is likely that AB had absorbed ambient
moisture®. Acetonitrile was the solvent used in the
electrospinning and some residue may have been expected in the
fibres; however it was not observed in the RGA data.

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 Cumulative integrals of the RGA data from the heating ramps of pristine AB
and the AB-PEO electrospun fibres; AB25, AB50 and AB75. It is noted that raising
the amount of PEO in the mix aids the hydrogen release but produces more
borazine. The data was normalised to the hydrogen (m/z = 2) level at 1902C and
errors in the data are shown as the lighter background.

The levels of ammonia, diborane and water in the gas stream
remain similar for the three AB-PEO composites whilst the level
of borazine increases as the PEO content increases. We can
explain this increase with two reasons. Firstly, many previous
studies conducted on the dehydrogenation of AB in the presence
of etheral compounds: tetrahydrofuran 4°, glyme 4!, triglyme 42
and various polyethers 23, show accelerated hydrogen release
accompanied by significant volumes of borazine. Additionally,
borazine is formed during the second hydrogen release step>8:38,
PEO is an etheral compound and in the AB-PEO fibres the
second hydrogen release step occurs at lower temperatures (110
°C) than for pristine AB (145 °C). Therefore, an increased level
of borazine release from the AB-PEO fibres is consistent with
literature.

In Fig. 6 it can be seen that at each temperature, as the PEO
content is raised, the hydrogen release begins at earlier times and
progresses at a faster rate. The level of the hydrogen signal also
increases with PEO content, a sign of the earlier release of the
2" hydrogen equivalent observed in Fig. 5.This suggests that the
PEO works to reduce the nucleation period of AB to
dehydrogenation.

This journal is © The Royal Society of Chemistry 2012
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Fig. 6 Cumulative integrals of the hydrogen release under step heating runs of set
temperatures 80, 100 and 120°C, of pristine AB and the AB-PEO electrospun fibres;
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hydrogen release begins at earlier times and progresses at a faster rate. The level
of the hydrogen signal also increases with PEO content, a sign of the earlier release
of the 2" hydrogen equivalent.

PEO was found to be highly effective at reducing the foaming of
AB in the composites, Fig. 7. This agrees well with the DSC data
in Fig. 4ii which show a reduction in the extent of AB melting as
the PEO content increases - the presence of less molten AB
results in less foam production. However, it was noted that the
composites deposit white solids on the container walls upon
dehydrogenation, which does not occur for AB. Itis believed that
these deposits are a mixture of AB-like materials as suggested by
Frueh et al. 6. The loss of such material will represent a
significant contribution to the increased overall mass loss
observed for AB-PEO materials.
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Fig. 7 Foam tests with pellets of electrospun, AB75, AB50 and AB25, and as-
received AB powder. An example of the size and shape of the as produced pellets
is shown on the far left. The dehydrogenated materials expansion and foaming is
inhibited by the PEO.

Chemical properties of the AB-PEO composite fibres

The SEM, XRD and DSC data suggest that the AB and PEO in
the fibres have mixed together on a molecular level to form a
distinct phase with properties different from AB and PEO. To
gain insight into the chemical nature of this phase, FTIR, 5N
NMR and *B NMR were performed on the AB-PEO fibres.

In the FTIR data in Fig. 8, the pristine AB #4345 and PEO 154647
both demonstrated the expected stretches. These peaks are also
observed in the spectrum of the AB-PEO fibres; however, some
significant changes have occurred. Moving from the AB75
through to the AB25 sample, a successive drop in the AB peak
intensity occurs at 1599 cm and 1376 cm* (NHsz symmetric and
asymmetric deformations respectively), 1154cm? (BHs
deformation) and at 1056cm™* (N-B-H rocking). Simultaneously,
there is an increase in peak intensity at 1635, 1402, 1187, 1165
and 1077cm (grey highlights). This represents a shift of the AB
peaks to the higher wavenumber as the PEO content in the fibres
increases. A similar, low intensity, shift is observed in the high
frequency region. Correspondingly, the PEO peaks at 1096 cm™
(C-O stretch) and 1279 cm™! (CH: twist) have both split into two
overlapping peaks in the AB-PEO fibres at 1105 cm* and 1093
cm and 1285 cm™ and 1275 cm™ respectively (dashed lines).

ABSO fibres, heated at 85°C

Abscrbance

PEQ fibres

pristine AB

1100
1000
800

o =) o
2 3 =
@ = [

3500
3000
2500
1701

Fig. 8 The FTIR absorption spectra of the pristine AB, electrospun PEO fibres and
AB-PEO fibres; AB25 (green), AB50 (blue) and AB750 (pink). Peaks highlighted in
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grey indicate a change from AB-AB dihydrogen bonding to AB-PEO hydrogen
bonding. Additionally the AB50 fibres have been heated ex situ at 85°C, for up to
120 minutes. The peaks (marked +) in the heated AB50 fibres indicate a boron-to-
oxygen bond has formed during the dehydrogenation. During heating the boron
(AB) and oxygen (PEO) interact.

This suggest that the AB and PEO molecules remain intact in the
compound and implies there is some changes in the bonding.
Across the fibre samples, the intensity of the new peaks scale
with the PEO content and the peak positions are constant. This
shows the greatest change in the AB is in the AB25 sample and
that the new features present in the fibres represent an ideal, well-
defined 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 weakening of intermolecular bonds — the
dihydrogen bonds. Here it is conceivable that the AB self-to-self
dihydrogen bonding is partially replaced by AB-to-PEO
hydrogen bonding. Electron donation from the oxygen lone pair
to the AB may increase the electron density on the N-H and B-H
bonds, shortening them 48,

This result is echoed in the 1B and >N NMR data. Additional
peaks are observed for AB50 fibres as compared to the pristine
AB in both spectra, demonstrative of changes in the chemical
environment of the nitrogen and boron atoms.

In the >N NMR spectra, Fig. 9i, both the pristine AB and the
AB50 fibre samples exhibit a strong peak at -366.8 ppm
indicative of an NHs group. Additionally, the AB50 material
displays two small peaks at -371.3 and -374 ppm. These upfield
peaks indicate increased shielding around the nitrogen atom of
AB in the presence of PEO, suggesting increased electron
density at the nitrogen centre. Hydrogen bonding between AB
and an etheral oxygen has been recorded previously in literature
with 18-crown-6 ether *° and liquid ethers 23, PEO can be
described as a long flexible hydrocarbon chain liberally
interspersed with etheral oxygens and therefore it is expected that
similar bonding would occur in this case. We therefore suggest
that a portion of the electron-deficient nitrogen-bonded hydrogen
atoms (Hn) are hydrogen-bonded to the electron-donating
oxygen atom in the PEO in preference to boron-bonded hydrogen
atoms (Hs). Further, we suggest that the changes observed for
the borane group are a knock-on effect owing to the distribution
of the increased electron density available on the AB molecule.

This journal is © The Royal Society of Chemistry 2012
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Fig. 9 >N (i) and 1B (ii) NMR of pristine AB and AB50 fibres. Additional peaks are
observed for AB50 fibres as compared to the pristine AB in both spectra,
demonstrative of changes in the chemical environment of the nitrogen and boron
atoms. We suggest hydrogen a portion of the AB self-to-self dihydrogen bonding
has been replaced by hydrogen bonding between AB and PEO.

In the 1B NMR spectra, Fig. 9ii, the resonances at -28 and -25
ppm are assigned to bulk AB while an extra shoulder at -23 ppm
for the AB50 represents, in accordance with the literature, the
mobile phase of AB, AB*. This suggests that the presence of the
PEO has stabilised a portion of the AB phase into AB*.
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Fig. 10 1'B NMR of pristine AB (i) and 50wt% AB fibres (ii) under 85°C isothermal
heating. The time in minutes at which each spectrum was recorded is written
above the line.

AB* is the precursor to the diammoniate of diborane (DADB)
and can be described as a mobile phase of AB with disrupted
hydrogen bonding that is distinct from melted AB 4%, In Fig.
10i, we observe that, for pristine AB at 85°C, an induction period
of about 100 minutes precedes the simultaneous appearance of
AB* and DADB, BH4 at -38 ppm and BH2 -12 ppm. For the
AB50 sample in Fig. 10ii under similar conditions, the induction
period is eliminated. We suggest the presence of the pre-
generated AB* transforms quickly (within 4 minutes) into
DADB. As DADB is known to be the precursor of the hydrogen
release from AB %9, this explains the accelerated

This journal is © The Royal Society of Chemistry 2012
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dehydrogenation, related to the PEO content of the AB-PEO
fibres observed in Fig. 5 and Fig. 6. If the level of AB* scales
with the PEO content in the fibres, this would explain the
successive reduction in melting of AB and pellet foaming
observed in Fig. 7.

Subsequent heating of AB in Fig. 10i leads the BH:2 peak,
previously only representative of DADB, to split into separate
peaks at -13.5, -12.5, -11.2 and -9.9 ppm indicating discrete BH2
environments. These peaks are consistent with the presence of
DADB (BHj4 at -38 ppm and BH: at -12 ppm) 50, linear dimers
(NHsBH2NH2BH?3) (terminal BHs at -21.7 ppm and BH2-12.5 or
-11.2 ppm) %0 and tentatively polyamido borane (PAB)
(BH2 -11.2 or -9.9 ppm) 5% In the case of the AB50 fibres in
Figure 10ii, a similar peak separation is not evident. This could
be the result of the faster dehydrogenation reaction or signify the
presence of heterogeneous PAB-type species, perhaps precursors
to borazine, in the RGA data *!. Broad signals corresponding to
BH groups (-5 ppm) were observed for both the pristine AB and
the AB50 sample. The combination of the BH and BHz signals
suggests either a branched PAB,
B-(cyclodiborazanyl)aminoborohydride (BCDB) or, unlikely at
85°C, polyimidoborane (PIB) #'. The simultaneous presence of
several species is reasonable given the nucleation and growth
mechanism of AB dehydrogenation and the long timescale of the
experiment.

Interestingly, the peak assigned to BHa in the *B NMR spectra
(Fig. 10i and ii) is the sum of two peaks, at -37.5 and -38.2 ppm,
the latter of which shifts to higher field as the reaction proceeds.
A shift to higher field indicates decreased symmetry about the
boron atom or weakening of the B-H bonds %2, and this effect is
more pronounced in the case of the AB50 fibres. It is likely that
there are two distinct BH4 environments, one associated with
DADB (-38.2 ppm) and one with PAB moieties (-37.5 ppm). The
intensity difference between the two peaks in the pristine AB
sample corresponds to the nucleation (short-lived areas of
DADB, -38.2 ppm) and propagation (exponentially increasing
levels of PAB, -37.5 ppm) of the AB dehydrogenation reaction
as observed by Bowden et al. 8. It also supports the nucleation
and growth mechanism described by Shaw et al., where PAB
chains are constantly lengthened by BH4 working to add other
AB molecules but without being used up #. For the AB50 fibres,
the intensities of the two BH4 peaks remain similar throughout
the reaction which suggests that the PEO acts to increase the
number of nucleation sites for DADB.

Finally, the !B NMR data of the AB50 sample in Fig. 10ii
display a peak at 1.2 ppm suggesting that a boron-oxygen (B-O)
bond is forming during the dehydrogenation of the fibres %3. This
is supported by the FTIR spectra of the AB50 fibres at the top of
Fig. 8: heating at 85°C is observed to produce a number of new
peaks, a significant portion of which (marked +) are identified as
stretches of a B-O bond. Considering the proximity of the AB
and PEO in the electrospun fibres, an interaction between the
electron-donating oxygen atom and the electron-accepting boron
atom in AB or one of its decomposition intermediates is highly
likely.
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Conclusions

The present work shows that electrospinning is an appropriate
method for intimately combining AB with PEO to form a new
phase which improves the hydrogen release properties of AB
significantly, with much reduced incubation time and reduced
temperatures for the release of both the 15t and 2" hydrogen
equivalents. This phase can exist due to hydrogen bonding
interactions between the ethereal oxygen atom in the PEO and
the protic (N-H) hydrogen atoms of AB. This hydrogen bonding
between the AB and the polymer replaces the dihydrogen
bonding network of the AB, leading to the formation of a mobile
AB phase, AB”, which was observed in the NMR spectra at
ambient temperatures prior to heating. DADB is known to
readily nucleate on AB*, which leads to a significant reduction
in the incubation time. Kim et al. showed that polyethers reduce
the activation energy of the pathway to DADB, and hence we see
a reduction in dehydrogenation onset temperature to 85°C. The
reduction of foaming is likely to be the consequence of a lower
extent of melting of the AB seen in the DSC. If a portion of the
AB is in the form of AB* in the fibres, it is possible that hydrogen
release can be initiated below AB melting temperatures. The
increased level of borazine release, however, suggests that the
PEO encourages AB to follow the cyclic dehydrogenation route
over the polymeric route more readily than in pristine AB. The
B-O bonds observed in the NMR and FTIR data also play an
important role. Either they provide a lower-energy reaction
pathway to hydrogen release, or they stabilise the transition of
DADB to borazine.

These AB-PEO composites demonstrate several advantages over
the AB-PAM and AB-PMA materials. Here, the maximum AB
content achieved where a significant reduction in the AB
dehydrogenation onset temperature was observed (~15 °C) is, at
75%, far higher than the 20%, 44% and 50% achieved for the
AB-PVP %, AB-PAM 2° and AB-PAA 28 materials respectively.
Further, this study also achieved significant control of the
foaming and volume expansion of AB which is reduced by a
factor of ten in the AB75 sample and further still for the lower
AB content fibres. Limiting the expansion of the AB is necessary
before it can be employed in a system with a fuel cell. Finally,
the presence of ammonia and diborane in the gas stream has been
reduced without the need of metal absorbers 2830, Here we have
shown that AB can be used to make a viable 2 solid state
hydrogen storage material with a gravimetric hydrogen content
of up to 10wt%. PEO has been shown to be a highly promising
additive to improve the dehydrogenation properties of AB,
paving the way towards safe, lightweight and practical hydrogen
storage.
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