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A solid-state hydrogen storage material comprising ammonia borane (AB) and poly-

ethylene oxide (PEO) has been produced by freeze-drying from aqueous solutions from 0%

to 100% AB by mass. The phase mixing behaviour of AB and PEO has been investigated

using X-ray diffraction which shows that a new ‘intermediate’ crystalline phase exists,

different from both AB and PEO, as observed in our previous work (Nathanson et al., 2015).

It is suggested that hydrogen bonding interactions between the ethereal oxygen atom

(eOe) in the PEO backbone and the protic hydrogen atoms attached to the nitrogen atom

(NeH) of AB molecules promote the formation of a reaction intermediate, leading to low-

ered hydrogen release temperatures in the composites, compared to neat AB. PEO also acts

to significantly reduce the foaming of AB during hydrogen release. A temperature-

composition phase diagram has been produced for the AB-PEO system to show the rela-

tionship between phase mixing and hydrogen release.

© 2018 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
Introduction

Ammonia borane (AB, NH3BH3) is a highly promising candi-

date material to meet the US Department of Energy's targets

for portable hydrogen storage systems owing to its excellent

gravimetric hydrogen storage capacity of 19.6 wt% H2, low

dehydrogenation temperatures (compared to other candi-

dates), and encouraging progress in recycling the material [2].

Unfortunately, the commercialisation of AB has been

hampered by its low melting point (114 �C [3]) which, when

hydrogen is produced at proximate temperatures, results in a

waxy foam that is difficult to contain in a practical device.

Other solid-state hydrogen storage materials do not suffer
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from such effects. Furthermore, an incubation period exists

prior to hydrogen release, and volatile by-products ammonia,

diborane and borazine are produced alongside hydrogen,

which are known to poison the sensitive catalytic components

of fuel cells.

To address these issues, researchers have sought to use

nanostructuring and nanoconfinement techniques [4e10] and

chemical additives such asmetal-containing [11e17] and non-

metal-containing [18e23] species to modify the hydrogen

release properties of AB. Polymer composites stand out as a

particularly attractive option, since polymers tend to be

cheap, lightweight and easy to form. To date, poly(methyl

acrylate) [24], poly(methyl methacrylate) [25], poly(vinyl pyr-

rolidone) [26] and polyacrylamide [27] have been employed
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successfully by combining confinement and chemical in-

teractions between AB and oxygen-containing functional

groups within the polymer, albeit with relatively low AB

loadings (<50 wt%).

In recent work [1], it was demonstrated that co-

electrospinning AB with high molecular weight polyethylene

oxide (PEO), produced solid-state hydrogen storage compos-

ites with reduced hydrogen release temperatures, no incuba-

tion time and suppression of foaming, even in composites

containing 75 wt% AB. Furthermore, a distinct crystal phase,

different from both pure AB and PEO, was found to formwhen

the two materials are intimately mixed in this way. This new

phase was thought to contain significant hydrogen bonding

between the protic hydrogen atoms on the nitrogen atom

(NeH) in AB, and the ethereal oxygen atom (eOe) in the PEO

backbone.

In this paper we present data collected for AB-PEO com-

posites over the full range of compositions to demonstrate the

relationship between the phase mixing behaviour of AB and

PEO and the hydrogen release observed. We also demonstrate

that a freeze-drying method from aqueous solutions can be

used to attain the same intimate mixing of AB and PEO as

achieved by co-electrospinning, with the added benefits of a

robust manner of composite production and great potential

formaterialsmanufacture at industrial scales. It is shown that

combining AB with PEO in this way eliminates foaming upon

hydrogen release. These advances confirm that AB-PEO com-

posites are extremely promising candidates for portable

hydrogen storage applications.
Experimental

Materials

The materials used were PEO (molecular weight 2,000,000 Da)

from Sigma Aldrich, containing 200e500ippm butylated

hydroxytoluene (BHT) inhibitor, �1 wt% alkalis and other

metals, and 0.8e3.0 wt% SiO2 impurities and AB from Minal

Intermediates (quoted purity 99%). Both were used without

further purification.

Composite preparation

AB-PEO composites were prepared with compositions ranging

0e100 wt% AB. Composites will be denoted ABn hereafter,

where n is the weight percentage of ABwithin thematerial. To

illustrate, a sample denoted as AB10 contains 10 wt% AB and

90 wt% PEO.

To synthesise the composites, PEO powderwasmixedwith

deionised water for 3 days at room temperature using a

magnetic stirrer. The solution was divided and the appro-

priate mass of AB powder added to produce different com-

positions by weight. These solutions were stirred at room

temperature for 2 h, or until the AB was fully dissolved. The

samples were then frozen in a laboratory freezer at �18 �C
overnight and the water removed by freeze-drying with the

condenser at�55 �C, until a chamber pressure below 50mTorr

was achieved. The samples were stored in sealed containers

in air prior to use.
Analytical techniques

Thermal analysis was performed using a Mettler-Toledo

combined thermogravimetric analysis and differential scan-

ning calorimetry (TGA-DSC) instrument, which was con-

nected to an MKS Cirrus mass spectrometer (MS). Samples

were ramp heated under argon between 35 and 200 �C at

1.2 �C/min, which is approximately equivalent to the heating

regime used in the nuclear magnetic resonance experiments

described below.

Room-temperature (RT) powder X-ray diffraction (PXRD)

was done with a Stoe StadiP transmission diffractometer

equippedwith a CuX-ray tube run at 40 kV, 30mAand aGe 111

monochromating crystal to give Ka1 radiation at l¼ 1.54056�A.

Data were collected with a Dectris Mythen 1 K silicon strip

detector scanned from 5� to 40� 2q stepped at 0.5� every 20 s.

Data stepswere 0.015� 2q. For indexing the intermediate phase,

data were collected from 2� to 32� 2q at 20 s per step.

In-situ PXRDwas performed using a Rigaku SmartLab X-ray

flat-plate Bragg-Brentano diffractometer with a 9 kW rotating

Cu anode at 45 kV and 200 mA, monochromated for Ka1 ra-

diation with a double bounce 220 germanium crystal and data

collected with a 1D silicon strip detector. Data were collected

from 10 to 30� 2q with 0.01� steps every 2 �C intervals from

28 �C to 86 �C with a heating ramp between intervals of 2 �C/
min. For both RT and in-situ PXRD, sampleswere rotated in the

beam to improve powder averaging.

In-situ solid-state 11B proton-decoupled magic angle spin-

ning nuclear magnetic resonance (11B{1H} SS MAS-NMR)

spectra were obtained at the EPSRC UK National Solid-state

NMR Service at Durham. The spin rate used was 3 or 6 kHz,

depending on the sample, with magnetic field 9.4 T

(128.30 MHz). The measurements were two-pulse phase

modulated (TPPM) proton decoupled at a field equivalent to

approximately 60 kHz. Spectra were recorded at 10 �C in-

tervals from 25 �C to 195 �C, and for the final products once the

instrument had cooled to 25 �C at the end of the experiment.

The heating rate was 2 �C/min between each measurement

temperature step, and the spectra were recorded 8 min apart:

5 min for heating and 3 min for stabilisation.
Results and discussion

Freeze-drying aqueous AB-PEO solutions produces a white,

porous, spongymaterial (Fig. 1). Materials with lowAB content

are more elastic and porous than those with higher amounts,

due to the elasticity of the PEO component and the greater

water content of the solution respectively. The plasticity of

AB-PEO materials is useful since it permits the pressing,

shaping, moulding and extrusion of the material into any

form.

Phase mixing behaviour

Further to our previous work [1] the diffraction patterns of

freeze-dried synthesised composites (Fig. 2) show three crys-

tallographic phases present at room temperature: tetragonal

AB [28], monoclinic PEO [29] and an unknown intermediate

phase.
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Fig. 1 e AB-PEO composites: AB30 (left) and AB70 (right).
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The diffraction pattern for AB30, attributed to the inter-

mediate phase, was assumed to be sufficiently phase-pure to

attempt peak-indexing to obtain a unit cell which was done

using the programs Crysfire [30] and Ito [31]. Data collection

was optimised for indexing. The resultant orthorhombic unit

cell was assigned a possible space-group with the program

ChekCell [32] and then refined with Le Bail fitting using the

program Rietica [33] (Fig. S1), yielding a weighted profile R-

factor of 3%. The unit cell and space-group assigned are not
Fig. 2 e Room temperature PXRD patterns for AB-PEO

composites from 0% AB (pure PEO) to 100% AB.
unequivocal, but are sufficiently close to model intensities to

enable quantitative analysis.

Some of the patterns contain several small peaks from an

unidentified phase or phases and are most noticeable in the

XRD fromAB40. These peaks are also present in the pattern for

AB100, so it is likely that they originate from impurities from

the as-received AB, or hydrolysis products formed during

synthesis. For the Le Bail fits, these regions were excluded

from the calculations.

For quantitative analysis of the three phases, the Reference

Intensity Ratio (RIR) approach [34] and whole-pattern Le Bail

fitting [35] method were used in combination [36]. A RIR is a

normalising constant traditionally found by mixing each pure

phasewith a standard 50% byweight and using the ratio of the

strongest diffraction peakmeasured from standard and phase

as amultiplier for the respective strongest peaks of each of the

phases in study. This method is prone to large errors due to

issues such as preferred orientation of crystals, peak overlap

and poor counting statistics. To address this, rather than take

a single peak, the individual intensities of all the peaks asso-

ciated with each phase were calculated and summed. These

totalled intensities were calculated by Le Bail fitting the pat-

terns with Rietica using the unit cell and space-group infor-

mation of each of the phases. Lactose was chosen for the

standard as it has similar X-ray absorption properties to that

of the analytes. Since only two phases are present in any one

material composition the quantitative formula used was for

the binary case, (a, b):

Xa ¼ CaIa
CbIb þ CaIa

where X is theweight fraction, and Ca the total intensity of the

phase a and the constants derived from the 50:50mix of phase

a with the standard. The error was calculated from several

preparations and scans of a known weight composition, giv-

ing a 2d of z4%. Plots of the Le Bail fits for these quantitative

results are provided in the supplementary section and include

the calculated, observed and difference traces (Fig. S2-12).

The resultant composition plot (Fig. 3) shows that the

proportion of the intermediate phase increases with

increasing AB at the expense of PEO up to AB30, at which point

it is phase-pure. From AB40 to AB100, the proportion of AB

increases at the expense of the intermediate phase. This

method models the relative quantities of the three phases

described. Unidentified phases that may be present are

excluded.

DSC was employed to observe the behaviour of the phases

present in the composites as a function of temperature. There

are three distinct endothermic signals in the DSC data

consistent with the melting of the three distinct phases

(Fig. 4). An endotherm at 68 �C and below corresponds to the

melting of PEO, which can only be observed for samples below

AB20. An endotherm associated with the melting of the in-

termediate phase is observed at 74e77 �C for samples between

AB30 and AB90. For compositions above AB70, an endotherm

at 91e105 �C, typical of AB melting, is evident. The melting of

AB is not seen in DSC for compositions AB40-AB60 due to the

presence of large exothermic signals from hydrogen release

reactions at proximate temperatures.
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Fig. 3 e Measured proportions of the PEO, intermediate and AB crystalline phases plotted with respect to AB composition.

Fig. 4 e DSC data for AB-PEO composites heated at 1.2C/

min, normalised to AB mass and maximum value.
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In addition to PXRD and DSC, the boron environments

within the composites were probed using 11B{1H} SSMAS-NMR

(Fig. S23), which shows the expected double peak at �25 ppm

and �28 ppm, corresponding to BH3 environments in AB. This

complex peak is the result of second order quadrupolar in-

teractions at the lowmagnetic field used in this work [37]. The

shape of the AB peaks change with AB content of the com-

posites, suggesting that mixing AB with PEO changes the

quadrupolar environment associated with AB.

In-situ PXRD was used to show the temperatures at which

the crystalline phases lose their crystallinity by melting and/

or decomposition to amorphous polymeric reaction products

following dehydrogenation (Fig. S13-22).

Hydrogen release

Hydrogen release fromAB has been studied extensively and is

known to occur in the solid-state by thermolysis, an

exothermic and step-wise process, in which approximately

onemolecule of hydrogen per formula unit of AB is released at

each step. It has been well-documented using TGA, DSC, MS

and volumetric hydrogen release data that the first hydrogen

release step occurs between 95�C and 110 �C, the second at

approximately 130 �C and the third at temperatures above

500 �C [38,39].

There are two signals in DSC (Fig. 4) and MS data (m/z ¼ 2)

(Fig. 5) when AB100 is heated to 200 �C, which are consistent

with the first two accepted hydrogen release steps. Further-

more the hydrogen release events are highly exothermic, in

agreement with previous studies. The third hydrogen release

step occurs at unfeasibly high temperatures for a practical and

efficient working system, so it is not considered in this

investigation.

https://doi.org/10.1016/j.ijhydene.2018.01.128
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Fig. 5 e H2 MS data (m/z ¼ 2) for AB-PEO composites heated

at 1.2 �C/min, normalised to maximum value.

Fig. 6 e Appearance of 0.1 g pellets ranging from PEO (left)

to AB (right), before (top) and after (bottom) the foam tests.
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The DSC (Fig. 4) and MS data (Fig. 5) for AB-PEO materials

show that the first two hydrogen release steps shift to lower

temperatures as the PEO content increases. In fact, the

reduction in the hydrogen release temperatures is so pro-

nounced that the exothermic signals overlap with themelting

endotherms previously described, such that some endo-

therms can barely be seen at all.

The temperature difference between the first and second

hydrogen release steps also decreases with increasing PEO

content, indicating that the activation barrier for this second

step of dehydrogenation is significantly reduced in the inter-

mediate phase. Additionally, the intermediate phase exhibits

a third, low temperature hydrogen release at z80 �C (Figs. 4

and 5). This is most prominent in the DSC data for AB20, in

which we suspect AB units are only bound with PEO in the

intermediate phase. Fig. 3 would suggest that the phase-pure

AB30 composition should show the low-temperature

hydrogen release in the DSC most prominently, but unfortu-

nately the endothermic melting trough overwhelms the

exothermic hydrogen release signal (Fig. 4).

Hydrogen release from AB is known to be accompanied by

profuse foaming because it melts prior to hydrogen release, as

seen in the DSC data for AB100 (Fig. 4). Bubbles of gas form

within the molten material as it rapidly escapes. This repre-

sents a serious problem for materials handling in a
commercial system. By ‘foam-testing’, a procedure where

0.1 g pellets arewarmed in an oil bath at 120 �C for 3min, it can

be seen that the presence of PEO in the AB-PEO composites

significantly reduces foaming during hydrogen release for

AB50-AB80 (Fig. 6). The pellets with high PEO content (AB40

and below) have delaminated, possibly because PEO's elas-

ticity causes spring-back to the original shape when heat is

applied.

In addition to the issue of foaming, hydrogen release from

AB is accompanied by ammonia, diborane and borazine,

which presents a significant problem if AB were to be used to

supply hydrogen to a polymer electrolyte membrane

hydrogen fuel cell in a functional portable system, because

any impurities in the hydrogen gas streamwill poison the fuel

cell's sensitive catalytic components.

The release of impurities from AB-PEO materials can be

deduced from the TGA data (Fig. S25), because the mass loss

from the samples is greater than the amount which would be

expected for hydrogen alone, consistent with previous litera-

ture. The relative amounts of ammonia, diborane and bor-

azine gases released were measured by MS (m/z ¼ 17, m/

z ¼ 27, m/z ¼ 81 respectively), and calculated by normalising

the impurity signal to both the argon carrier gas signal (m/

z ¼ 36) and mass of AB in the sample, smoothing the signal,

then integrating the impurity release peak and taking the

average value over three samples of the same composition

(Fig. 7, Fig. S26).

This analysis shows that, diborane levels are unchanged in

the composites compared to neat AB. Borazine is released at

greater levels by the composites compared to neat AB,

although the amount is negligible for AB10. The ammonia

levels released by composites in the range AB60-AB90 are

roughly the same as for neat AB, although as AB composition

decreases, and there exists more intermediate phase relative

to bulk AB in the composites, ammonia levels increase. This

increase is significant in the case of AB10 and AB20, which do

not contain bulk AB, suggesting that the low temperature

hydrogen release reaction from the intermediate phase re-

leases additional ammonia.

Hydrogen release mechanism from AB100

In order to gain insight into how the decomposition mecha-

nism of AB in these materials differs from that of neat AB, in-

situ 11B{1H} SS MAS-NMR experiments were performed whilst

heating AB-PEO composites, and compared to the equivalent

experiments on AB100 (Fig. 8, Fig. S27-36). This technique is

very powerful, because the various boron environments in the

species present have large chemical shifts, and spectra can be

obtained quickly due to the high natural abundance of 11B

nuclei (80%) [37]. Many studies [5,23,37,40] have assigned the

https://doi.org/10.1016/j.ijhydene.2018.01.128
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Fig. 7 e Average integrals of impurity release peaks shown in MS signals (error ¼ standard deviation of 3 samples).
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chemical shifts for the products and intermediates of dehy-

drogenation of AB. These data as well as the DSC and MS data

already presented are used to describe the dehydrogenation of

the AB-PEO materials.

The data for AB100 (Fig. 8a) show the formation of well-

known reaction intermediates leading to hydrogen release.

There are no obvious changes in the spectra when the mate-

rial is heated from 25 �C to 95 �C, but at 105 �C the BH3N signals

for crystalline AB at �28 ppm and �25 ppm shift to a sharp

peak at �23 ppm. This signal still represents a BH3N moiety,

but shifts as the result of a transition to a mobile phase of AB,

commonly referred to as AB* [41], where the dihydrogen

bonding network of the AB crystal has been disrupted by heat.

This leads to a different chemical environment for the AB

molecules, hence the shift of the 11B{1H} SS MAS-NMR signal.

At 105 �C, there are signals at approximately �37 ppm and

�13 ppm, indicating the formation of a BH4
� ion and a linear

BH2N2 environment respectively. These are indicative of the

diammoniate of diborane (DADB, [NH3BH2NH3]
þ[BH4]

-), an

ionic specieswhich is a precursor to hydrogen release fromAB

[37]. The slow formation of DADB by nucleation and growth is

responsible for the long incubation period associated with

hydrogen release from AB.

As the temperature continues to increase above 115 �C,
new signals appear at �10 to �20 ppm and these increase in

intensity at the expense of those from the BH3N environment

in AB*. This is the result of a condensation reaction between

the protic NeH moieties in the [NH3BH2NH3]
þ cation of DADB

and the hydridic BeH bonds in unreacted AB molecules to

release hydrogen and form polymeric aminoborane (PAB)

species, where the boron atoms are in sp3 hybridised BH2N2

environments [23]. As the temperature increases further,

these PAB species become branched and cross-linked,
indicated by signals at �6 ppm and 1 ppm representing sp [3]

hybridised BHN3 and BN4 species respectively.

During the second hydrogen release step, at temperatures

ofz135 �C, signals at 27 and 31 ppm are seen, indicating sp [2]

hybridised B(eNBH)2(eNB2)- and BH(eNBH)2-like environ-

ments respectively. These species are highly cross-linked,

indicated by the broadness of the 11B{1H} SS MAS-NMR sig-

nals. The reaction products from both AB100 and AB-PEO

composites all resemble highly cross-linked polyborazylene-

like materials (Fig. S37).

A broad, low intensity signal at �0.5 ppm can be also seen

in the 11B{1H} SS MAS-NMR data for freeze-dried AB-PEO

composites (Fig. S23), which may be either signal from an

impurity in the as-received AB, or from a borate species (BO2�)
arising from any hydrolysis of AB in the aqueous precursor

solution prior to freeze-drying.

Hydrogen release mechanism from AB-PEO composites

For the AB-PEO composites, AB exists in two environments; in

the intermediate phase and in the AB-rich phase. Therefore,

AB30 (Fig. 8b) and AB70 (Fig. 8c) were probed using the in-situ
11B{1H} SS MAS-NMR technique to ascertain the dehydroge-

nation mechanisms for the intermediate phase and the bulk

AB phase respectively.

Hydrogen release from the intermediate phase in AB-PEO
composites
The evidence discussed thus far suggests that the low tem-

perature hydrogen release reaction originates from the AB in

the intermediate phase, and that this reaction releases more

ammonia than the hydrogen release from bulk AB in the

composites and AB100. The DSC data from AB10 and AB20

https://doi.org/10.1016/j.ijhydene.2018.01.128
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Fig. 8 e In-situ 11B{1H} SS MAS-NMR spectra for a) AB100, b) AB30 and c) AB70, heated at 1.2 �C/min.
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(Fig. 4) show that the intermediate phase melts prior to the

low temperature hydrogen release. As such, it is thought that

the AB in the intermediate phase is effectively dissolved in a

viscous PEO solution before and during its low temperature

hydrogen release reaction. The hydrogen release mechanism

suggested for the AB in the intermediate phase is described

below (Fig. 9).
A recent study used both experimental and computational

methods to show that polyethers promote the release of

hydrogen from AB [42]. According to their density functional

theory calculations, the interactions of the ethereal oxygen

atom with the protic hydrogen atoms in the amine moiety of

AB led to increased electron density in the AB molecule, with

the effect of making the hydridic hydrogen atoms more

https://doi.org/10.1016/j.ijhydene.2018.01.128
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negatively charged. This increased charge results in greater

nucleophilicity of the hydrides, which enhances the rate of

hydride transfer required as the initial step in the formation of

DADB, proceeding via the intermediate ammonia diborane

(AaDB, [NH3BH2(meH)BH3]) [43]. This is accompanied by the

release of ammonia (NH3), an impurity which was observed in

the present study at this temperature in the MS data for low

AB content composites (Fig. 7). This ammonia release is aided

by the weakening of the BeN bond of the ABmolecules, which

become elongated when they are hydrogen bonded to poly-

ethers, as calculated by Kim et al. [42] This free NH3 can then

attack the boron atom of AaDB to produce DADB.

In the in-situ 11B{1H} SS MAS-NMR data for AB30 (Fig. 8b), in

which AB is thought to only exist in the intermediate phase,

the formation of DADB is observed, but its existence is short-

lived compared with the DADB signals for AB70 and AB100

(Fig. 8c and a), likely because the highly polar DADB is unstable

in the PEO solution.

The decomposition of AB in polyethers is known to form

borazine and related compounds. In fact, the most widely

used synthetic procedures for the borazine production involve

using polyethers as solvents [44,45]. The instability of DADB in

polyethers leads to rapid oligomerisation, accompanied by

hydrogen release. This decomposition results in the formation

of small molecules with well-defined boron environments,

which explains the sharpness of the peaks observed in the 11B

{1H} SS MAS-NMR data in the present study (Fig. 8b). Although

borazine's boiling point is 53 �C, it is thought that the molten

PEO could act as a solvent, coordinating to borazine mole-

cules, and allowing for their detection in 11B{1H} SS MAS-NMR.
Fig. 9 e Suggested dehydrogenation mechanism of the AB in th

due to hydrogen bonding interactions between the ethereal ox

hydrogen atoms attached to the nitrogen atom (NeH) of AB mo
This evidence suggests that the ABwithin the intermediate

phase undergoes the low-temperature dehydrogenation re-

action due to the hydrogen bonds formed between the ethe-

real oxygen atom (eOe) in the PEO backbone and the protic

hydrogen atoms attached to the nitrogen atom (NeH) of AB

molecules. Evidence for such interactions have been previ-

ously reported [1]. This interaction of ABwith PEO is markedly

different from that of AB with other polymers reported in the

literature [24e27]. These other polymers contain carbonyl

groups, which are thought to form BeO bonds with AB mole-

cules during dehydrogenation, whereas there is no evidence

for BeO bonds in the 11B{1H} SS MAS-NMR data for AB-PEO

materials.

Themain product of this reaction has been identified as Be

(cyclotriborazanyl)amine-borane (BCTB) with signals at �24.0,

�11.2, and �5.7 ppm, along with trace amounts of cyclo-

triborazane (CTB), seen as a shoulder to the main BCTB peak,

at �12 ppm [46] (Fig. 8b). In addition, BHN3 and BN4 environ-

ments are present at �3 and 0 ppm respectively [47], indi-

cating that the product species from these reactions are likely

to be highly branched.

BCTB is an important intermediate in the dehydrogenation

of AB in solution [46]. At 100 �C, BCTB undergoes redistribution

to form borazine and traces of CTB and AB without releasing

hydrogen. This suggests that a 1,3-hydride transfer process

from the BH3 to the BH group of BCTB occurs, resulting in the

formation of CTB and monomeric aminoborane (NH2BH2).

Further hydrogen transfer processes then lead to the forma-

tion of borazine and AB, along with various intermediate

species. This borazine signal is seen as a sharp peak in the 11B
e intermediate phase, involving enhanced DADB formation

ygen atom (eOe) in the PEO backbone and the protic

lecules.
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{1H} SS MAS-NMR data (Fig. 8b). These reactions are

exothermic but non-hydrogen producing, which explains the

large exothermic peak at around 80 �C in Fig. 4 for AB20, and

corresponding absence of a hydrogen peak at these temper-

atures in Fig. 5.

As the temperature increases, the borazine signals

observed for AB30 decrease and we see signals reminiscent of

polyborazylene (Fig. 8b). The dehydrocoupling of borazine to

form polyborazylenes has been extensively studied [48,49]. No

previous studies have observed such species or investigated

the dehydrogenation of AB in polyethers at such high tem-

peratures as this work.

Hydrogen release from bulk AB in AB-PEO composites
Hydrogen release from the bulk AB phase occurs by the same

first and second hydrogen release steps as neat AB, seen as

peaks at 106 �C and 147 �C in the MS data for the composites

(Fig. 5), and also as exothermic signals in the DSC data (Fig. 4)

at the same temperatures. However, the bulk AB is also in

contact with PEO at the interface between bulk AB regions and

the intermediate phase regions. As such, it is thought the

polyether-mediated mechanism described for the intermedi-

ate phase (Fig. 9) acts to reduce the activation barrier to DADB

formation at the AB-intermediate phase interface, resulting in

the supply of nucleation sites for DADB, which subsequently

nucleates and grows, followed by dehydrogenation by the

well-known route (Fig. 10). There is evidence for this catalysed

DADB formation in the 11B{1H} SS MAS-NMR data (Fig. 8c), as

well as the reduction in the hydrogen release temperatures of

the first and second hydrogen release steps from the AB-PEO
Fig. 10 e Suggested dehydrogenation mechanism of the bulk AB

interface of bulk AB and the intermediate phase, the PEO in the in

which then follows the well-known dehydrogenation mechanis

dehydrocyclisation reactions.
materials compared to neat AB seen in the DSC (Fig. 4) and

MS (Fig. 5) data.

Phase diagram

All of the evidence from this study, as well as some additional

samples in the low-AB composition region (Fig. S38), have

been combined to suggest a temperature-composition phase

diagram for AB-PEO (Fig. 11). The onset temperatures of the

hydrogen release steps have been calculated from DSC data

using a two tangent method (Fig. S39) and overlaid.

For AB40-AB90, the onset of the low temperature hydrogen

release coincides with the melting of the intermediate phase,

as does the first hydrogen release step with the melting of the

bulk AB phase, supporting the proposed hydrogen release

mechanisms above. In contrast to bulk AB, AB molecules in

the intermediate phase are not thought to be bonded together

by di-hydrogen bonds, rather, they are believed to be involved

in hydrogen bonding to the eOe in the PEO backbone.

Therefore it is likely that the intermediate phase must melt in

order to allow the diffusion and interaction of adjacent AB

molecules to begin hydrogen release.

For compositions belowAB30,whereall of theABmolecules

are in the intermediate phase, the onset of hydrogen release is

at significantly higher temperatures than the melting of PEO

and the intermediate phase. Unlike for AB40-AB90, for AB20,

the first phase to melt is PEO, and the low hydrogen release

from AB in the mixed phase only comes at temperatures

approaching the melting of the intermediate phase. The two-

step dehydrogenation follows in the liquid state.
in AB-PEO composites at compositions above AB30. At the

termediate phase helps to promote the formation of DADB,

m for AB by polycondensation, cross-linking and
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hydrogen release reactions. a ¼ intermediate phase.
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For AB10, the intermediate phase melts first, followed by

PEO, and hydrogen release comes at higher temperatures in

the liquid state. It is possible that, being so dilute in AB mol-

ecules, more energy is required for the diffusion of AB mole-

cules such that they can encounter and interact with each

other in sufficient concentration for dehydrogenation re-

actions to occur.

Suppression of foaming

The phase mixing and hydrogen release behaviour already

discussed, can explain why PEO is so effective at reducing the

foaming of AB during hydrogen release.

The low temperature hydrogen release from the interme-

diate phase helps to reduce foaming. This reaction produces

highly cross-linked solid materials, prior to and during, the

first hydrogen release step from bulk AB. It is likely that these

products act to hold the pelletised material together during

the first and second hydrogen release steps.

Furthermore, although PEO and the intermediate phase are

molten prior to hydrogen release, the high molecular weight

PEO is still an extremely viscous fluid. This high viscosity

helps to resist expansion of the material during hydrogen

release, disrupting bubble formation and therefore inhibiting

the foaming of AB.

The porous macrostructure produced by freeze-drying AB-

PEO composites from aqueous solution allows for their easy

pressing into dense cylindrical pellets. Comparing the pellets

before and after the foam tests shows that they appear to

increase in height during hydrogen release, and some

delaminated regions can be seen (Fig. 6). As the material is

loaded into the die, it becomes folded, and these folds must

form weaknesses in the pellet once pressed which delami-

nate during hydrogen release. It is likely that these regions
become the path of least resistance for hydrogen produced

inside the pellets, helping to reduce unwanted pressure

build-up by allowing for quick diffusion and liberation of

hydrogen gas.
Conclusions

It has been shown that producing AB-PEOmaterials by freeze-

drying from aqueous solutions achieves intimate mixing

similar to that obtained in our previous work using co-

electrospinning [1], with the benefits of a robust processing

route with great potential for materials production at an in-

dustrial scale.

The reaction of AB and PEO when mixed in this way forms

an intermediate phasewhich is phase-pure at 30wt%AB, with

a distinct crystal structure. This phase is suggested to dehy-

drogenate through solution-state processes as a result of the

molten PEO acting as a solvent for AB. Hydrogen bonding in-

teractions between the ethereal oxygen atom (eOe) in the PEO

backbone and the protic hydrogen atoms attached to the ni-

trogen atom (NeH) of AB molecules promote the formation of

DADB, resulting in a low temperature hydrogen release reac-

tion unique to this phase.

For composites AB40-AB90, AB exists in bulk, and releases

hydrogen through well-known two-step dehydrogenation

mechanisms below 200 �C. In the AB-PEO composites it is

suggested that the reduction in dehydrogenation temperature

of the two-step process is due to an enhanced rate of DADB

formation at the interface between the intermediate phase

and bulk AB due to the same hydrogen bonding interaction

between the ethereal oxygen atom (eOe) in the PEO backbone

and the protic hydrogen atoms attached to the nitrogen atom

(NeH) of AB molecules.
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A temperature-composition phase diagram has been pro-

duced to summarise the close relationship between phase

mixing behaviour and hydrogen release of these unique

composites.

PEO acts to eliminate foaming of AB due to the high vis-

cosity of the molten PEO-containing phases and the early

formation of polymeric by-products. Furthermore, delami-

nated regions running across the pellets are suggested to

provide the path of least resistance for hydrogen released

from within.

The elimination of foaming by AB-PEO freeze-dried com-

posites, combined with favourable hydrogen release temper-

atures, facile production and high gravimetric and volumetric

hydrogen capacity makes this solid-state hydrogen storage

material a promising candidate for wide-spread portable

hydrogen-powered systems.
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