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Ammonia borane-based nanocomposites as solid state hydrogen
stores for portable power applications

Laura Bravo Diaz,@ I James M. Hanlon,® Marek Bielewski,”! Aleksandra Milewska,!! and Duncan H.

Gregory.@"

Abstract: Ammonia borane (AB) based nanocomposites have been
investigated with the aim of developing a promising solid-state
hydrogen store that complies with the requirements of a modular
polymer electrolyte membrane fuel cell (PEM FC) in a portable
power pack system. AB-carbon nanocomposites (prepared via ball
milling or solution-impregnation) demonstrate improved hydrogen
release performance compared to AB itself in terms of onset
temperature and hydrogen purity, while maintaining a gravimetric
density of more than 5 wt. % H,. The most promising of these
materials is an AB-AC (activated carbon) composite, synthesised via
solution-impregnation with an optimal dehydrogenation temperature
of 96 °C. When combined with an external nickel chloride filter
downstream, no evolved gaseous by-products can be detected
above 100 ppb. The feasibility of an AB-AC storage tank has been
further endorsed by simulations in which the reaction rate and the
hydrogen flux was found to be almost constant as the temperature

front propagated from the bottom to the top of the tank after initiation.

Introduction

A major challenge facing modern society is to find a sustainable
way to overcome our reliance on fossil fuels. Hydrogen is the
fuel (energy vector) of choice for high performance fuel cells
(FCs), but its potential use for mobile applications is likely only to
be realised if advanced solid state storage solutions are
developed. A number of solid state materials have been
investigated but none yet meets the US Department of Energy
(DoE) targets for hydrogen storage.-® Thus, solid-state
hydrogen storage still remains a scientific and technical
challenge towards implementing a "Hydrogen Economy".[®:10]

With the aim of accelerating the market introduction of hydrogen
and FC technologies, the Fuel Cells and Hydrogen Joint
Undertaking (FCH JU)*Y Jaunched the HYPER project in
2012.%2131 The three-year project aimed to develop and
demonstrate a market-ready, portable power pack comprising of
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an integrated and cost effective modular polyelectrolyte
membrane FC (PEM FC) and a hydrogen storage system,
readily customised for application across multiple low power
markets from the 20 W, to 500 W. scale, such as power tool
charging, emergency lighting, security and remote
monitoring.*?14 Technical barriers such as increasing FC power
output, and reducing the size and weight of hydrogen storage
modules have thus far prevented exploitation of this market.
Moreover, manufacturing economies of scale are difficult to
realise as end wuser applications have very diverse
requirements.[*? The HYPER project was conceived to address
these challenges through the development of a scalable and
flexible portable power pack.

The key components of the proposed HYPER portable power
pack were originally: (1) a core FC based on 50 W, modules
which could be assembled to provide an electrical output of up
to 500 We, (2) a common interface (hydrogen supply and control
electronics) to use with alternative hydrogen supply modules to
meet the needs of a range of end user applications, (3) a light-
weight, protective casing incorporating user control and display
panels and (4) a hydrogen storage module. One novel aspect of
HYPER was the implementation of two generic types of
(interchangeable) hydrogen storage modules; gaseous and
solid-state (Figure 1). One of the main technical challenges of
HYPER was to develop a suitable solid-state store based on
nanostructured advanced hydride materials that would be
compatible with the PEM FC. The material-based targets are
summarized in Table 1. One of the of potential solutions was
based on Ammonia Borane (NH3BH3, AB) as a storage material.

LT PEM 50 W,
Fuel cell stacks:
max power
500 W,

Inter-changeable
H2 storage

solid-state/
gaseous

Integrated system: fuel cell and storage system combined and
readily customised for multiple applications

Figure 1. Schematic of proposed HYPER system 1121



Table 1: Targets for the hydrogen storage material to meet the HYPER
requirements for the solid-state module.l*?

Targets for the hydrogen storage material

H2 gravimetric capacity / wt. % 26

Hz volumetric capacity / g Hz L 30

H2 desorption temperature / °C <250
Surface temperature / °C <80
Temperature range of Hz delivered to the PEM FC / °C 10-30
Purity of Hz delivered to the PEM FC / % 99.97115]

AB has both a high H, gravimetric capacity (19.6 wt. %) and
volumetric density (146 g H, L1).'% |t is solid at ambient
conditions and dehydrogenates at relatively low temperatures
due to the thermodynamically favourable interaction of protic H%*
and hydridic H® hydrogens that polarize the bonds and the
molecule. AB decomposition follows a multistep exothermic
process (Figure 2). At ca. 110 °C, AB melts and subsequently
dehydrogenates. Two successive exothermic reactions then
occur between 100 — 200 °C, before a final dehydrogenation of
the polymeric material results in boron nitride (BN) formation (at
too high a temperature for practical hydrogen storage).

A remarkable 13 wt. % of H, can be recovered from AB below
200 °C which makes AB attractive for chemical hydrogen
storage and of particular interest for its application in portable
power packs. [16-201 21 However, several deleterious gaseous by-
products including ammonia, diborane, monomeric aminoborane
and borazine are released alongside hydrogen upon AB
decomposition.l*”?223 These species lead to poisoning and
degradation of a

PEMFC,?4 and so
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investigated. Further, despite the unique properties of AB as a
solid-state hydrogen storage material, challenges remain
regarding the improvements in its kinetics,?>-?81 temperature of
decomposition?? and ultimately its regeneration.[*”:2%3% various
approaches have been taken to address the “on-board”
technical challenges (by-products, kinetics, desorption
temperature). These strategies include destabilization by:
solubilisation in aprotic solvent®32 (e.g. ionic liquids),334
additives (e.g. metal salts, metallic-based nanostructures),®>-44
chemical modification (e.g.  amidoboranes)-52  and
nanoconfinement (using an inert porous host to confine AB, e.g.
silica).[53-5%

Carbon, with low weight, high abundance, low cost and low
reactivity towards guest materials is an example of an effective
porous host for confinement of AB. Carbon cryogels result in
depressed dehydrogenation onset temperatures with the
suppression of ammonial® while activated carbon (AC)-confined
AB apparently begins to release H, at room temperature with
one of the decomposition steps involving an acid-base reaction
between the AC and the hydridic H> in AB (which interacts with
the H® of the COO-H groups present in AC)."1 Graphene-based
materials can also be applied as hosts, including graphene oxide
(GO) which has enabled reversible hydrogenation of AB and
release of pure hydrogen below 100 °C.F8l Further performance
modifications can be made to confined AB by adding metals (e.g.
L) or metal salts and B7:6% for example, graphene-supported
metal chloride composites dehydrogenate from 90 °C with
suppression of by-products. !
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Figure 2: Schematic of the thermal decomposition of ammonia borane (NHsBHs, AB).

Alternatively/additionally, an “external” filter could be applied to
purify the H, supply to the FC. For example, tetraethylene glycol
dimethylether (T4AEGDE) acted as a promoter and filter
(combined with commercial AC) for use in a power pack with AB
pellets to drive an unmanned aerial vehicle (UAV) for 57 min
with fast load-following ability and rapid response time using a
200-W, PEM FC.P1 A similar system, additionally employing
catalytic amounts of palladium nanoparticles (PdBPs), powered
a 200-W. PEM FC stack for 25 min. This H, generator was
operated autothermally without an external heater by recycling
waste heat produced during AB dehydrogenation. 62

In this paper, we discuss the first steps within the HYPER
project to designing a tank that could deliver pure hydrogen to a
PEMFC. No nanoconfined AB-based H, generator had been
used in a practical application previously. This study focuses on
the necessary development of nanoconfined and nanocomposite
AB materials in a lab scale tank and how the system might be
scaled up to fuel a PEMFC under the portable power pack
working criteria. Carbon-based/AB nanocomposites provided
pure hydrogen at reduced temperature with the addition of a
cheap metal halide external filter. This initial investigation
suggests that a working tank could be thermally managed
successfully, paving the way for more sophisticated system
designs.

Results and Discussion

Development and testing of solid-state hydrogen storage module
materials

AB-based composites were developed using carbonaceous
materials with a view to demonstrating their applicability as
stores in the HYPER portable power pack. Several types of
highly ordered mesoporous carbons, activated carbons (AC),
and graphene (G) were employed either to prepare physically
mixed nanocomposites (via ball milling) or to be used as inert
matrices for AB nanoconfinement purposes (via solution
impregnation). Full discussion of the materials characterisation,
reaction pathways and mechanisms will be reported elsewhere
but Table 2 summarizes the thermal behaviour of a selection of
the composites prepared as compared to as-received AB.

An onset temperature of 112 °C and a dehydrogenation peak
temperature of 125 °C were observed for as-received AB from
DTA analysis (Figure 3). The DTA curve illustrates the
characteristic multi-step decomposition of AB in the range from
RT - 160 °C with an endothermic peak corresponding to the
melting of AB at 115 °C and subsequent exothermic
decomposition. The TG curve gave a corresponding weight loss
of 65.6 wt. %; much higher than the expected H, weight loss of
13.4 wt. % in the range of temperatures studied. This difference
in the weight loss can be rationalised in terms of the release of
other gaseous by-products besides hydrogen and indeed the
evolved gas analysis by mass spectrometry confirmed this. The
species corresponding to each mass ratio were assigned
according to the products of the thermolytic decomposition of AB
described in the literature. #2231  Peaks were accordingly
detected for m/z=17, assigned to ammonia (NHs); m/z=13 and
m/z=27 corresponding to the known mass spectrum of diborane
(B2He);% m/z=28 and m/z=29 assigned to BNHy species;
m/z=29 corresponding to the mass spectrum of monomeric
aminoborane (BH2NH)?? and m/z=80 consistent with borazine
((BHNH)3).54 These by-products would be detrimental for the
PEM FC, dramatically decreasing the performance and longevity
of the fuel cell.

From the materials shown in Table 2, the Ilowest
dehydrogenation temperature was obtained for the m-AB/AC
composite (sample 2) prepared by high energy ball milling of AB
and AC (AB:AC = 40:60, wt.%). No endothermic melting process
was observed in the DTA profile upon thermal decomposition of
this sample and both the dehydrogenation onset temperature
and peak temperature for the first release were reduced
compared to AB itself. Thus, simple physical mixing by ball
milling appears to be encouraging in terms of improving
dehydrogenation temperatures and this would be a relatively
easy process to scale-up. However, the high weight loss in the
TGA profile suggests the release of unwanted by-products and
in fact, traces of diborane, monomeric aminoborane and
borazine were detected in the outgas by MS. Therefore, despite
reducing dehydrogenation temperatures, the release of by-
products, even if at a lower level than AB itself, renders this
composite unsuitable for use with a PEM FC.

Table 2. Selected thermal decomposition parameters for AB-Carbon composites from TG-DTA-MS.

Sample Identifier ~Carbon  AB:Cratio Preparation Tonset  Tpeak Mass loss Mass loss Gases evolved
host / wt.% /°C /°C / wt.% of Hz / wt.%
1 AB - 100:0 112 125 65.6 13.4 Hz, B2Hs, BH2NH2, (BHNH)3, NH3
2 m-AB/AC  AC 40:60 ball milling 85 104 28.1 5.4 Hz, B2Hs, BH2NH2, (BHNH)s, NH3
3 s-AB/AC AC 40:60 solution- 96 112 5.9 54 Hz, NHs
impregnation
4 m-AB/G G 33:67 ball milling 95 113 16.1 4.5 Hz, B2Hs, BH2NH2, (BHNH)3, NH3




The most promising material of those in Table 2 in terms of
product selectivity was the s-AB/AC composite (sample 3)
prepared by the solution-impregnation process (AB:AC = 40:60,
wt%). As for m-AB/AC, this composite showed an improved
dehydrogenation performance by comparison to as-received AB.
The DTA curves of as-received AB and the s-AB/AC composite
are presented in Figure 3, in which it is possible to observe the
remarkable contrasts in their thermal behaviour. The
endothermic melting of AB (115 °C) followed by the first
exothermic dehydrogenation step at 125 °C are clear in the DTA
profile of as-received AB. By contrast, the s-AB/AC composite
exhibits no discernible melting transition and yields only an
exothermic peak at 112 °C, associated with hydrogen release.
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Figure 3. DTA profiles of AB and the s-AB/AC composite from RT - 160 ‘C at
a heating rate of 5 °C min™.

The most important aspect of the s-AB/AC composite when
compared to as-received AB is the suppression of borazine
upon thermal decomposition. From MS measurements,
hydrogen was released as the major product and the release of
other by-products was rendered negligible (undetectable) with
only traces of ammonia (NH3) observed besides hydrogen. The
s-AB/AC composite starts to release hydrogen at lower
temperatures than AB although inevitably the amount released
is reduced (5.4 wt.%) compared to AB itself (13.4 wt.%) give that
the composite contains 60 wt.% AC (AB:AC = 40:60, wt%).
Given that no boron-containing gaseous species were detected
for s-AB/AC, the implication was that if the NH3 release could be
suppressed, then nominally pure hydrogen would become
available to the PEM FC. The strategy proposed for ammonia
removal is the introduction of a purification system, a NiCl; filter,
which is discussed below.

That borazine release was suppressed whereas ammonia
release was observed provides some indications of the nature of
the nanocomposites and of the nanoconfinement of AB in the
solution impregnated material. One possible effect of
nanoconfinement is to induce destabilization of the -BH3 group in
AB, perturbing the intermolecular N-H---H-B network. Similar
enhanced dehydrogenation of AB in CMK-3, an ordered

mesoporous carbon, also led to borazine suppression (with
ammonia the only other gas released).¥ In this case, the
destabilisation of AB was proposed to derive from acid-base
reactions between the H? in the AB -BH3 group and H%* from O-
H and COO-H groups on the surface of the carbon host. A
similar destabilisation mechanism was proposed for AB confined
in an activated carbon composite, although this composite was
unstable under ambient conditions.%"]

Hydrogen purification system

Despite achieving decomposition product selectivity in s-AB/AC
and excluding boron-based by-products, the release of gaseous
ammonia, even in trace amounts, could damage the PEM fuel
cell. Therefore, the use of an external filter that could absorb
ammonia (and potentially other by-products) was proposed to
maximise the hydrogen purity of the system.[2

Metal halide salts were investigated as potential filter materials
for the selected s-AB/AC composite, with NiCl, as a focus. NiCl,
coordinates ammonia to form the hexamine Ni(NHz)sCl,. It can
theoretically store 44.1 wt. % ammonia.l®>%¢l There are also
previous reports that doping AB with nickel can reduce by-
product release (such as borazine) during thermal
decomposition and that graphene-supported nickel chloride

nanoparticles were highly efficient catalysts for AB
dehydrogenation. [©%61 In the latter case, composites
demonstrated improvements in dehydrogenation and a

negligible release of by-products (ammonia, diborane and
borazine). NiCl; is therefore interesting from an application point
of view as it could serve a dual purpose, sequestering both
ammonia and boron-based by-products.

Preliminary experiments in which an AB composite was mixed
directly with NiCl, and heated demonstrated ammonia
absorption by the halides. Subsequent investigations were
performed using an external filter set-up (containing 1 g of NiCl,)
placed downstream from the AB composite store connected to a
Hiden volumetric instrument coupled with MS to characterise the
outgas (see Experimental Section).

The m-AB/G composite (AB:G = 33:67 wt.%) had been
previously shown in the decomposition experiments to be the
least promising material in terms of by-products release (i.e. it
released the least pure hydrogen; Table 2). For this reason, at
the outset, it was considered the best material to test the
efficacy of the NiCl; filter against by-products release. Figure 4
shows the MS profiles from the evolved gas stream for m-AB/G,
comparing the gases released upon thermal decomposition with
and without the use of the NiCl, filter. The MS profiles were
recorded from RT - 200 'C at 5 °C min. Figure 4a-d illustrate
that the NiCl, filter reduces all the evolved gaseous boron
species compared to the unfiltered material, whereas evolved
ammonia was completely captured by the filter (Fig 4e). These
results, therefore, illustrate the efficacy of NiCl; as a filter.
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Following the positive observations noted from the m-AB/G
sample, equivalent experiments were run on the best-performing
composite, s-AB/AC. Figure 5a shows the MS profiles of all the
expected gases released upon thermal decomposition of s-
AB/AC with the use of the NiCl; filter, while Figure 5b presents
an expanded MS plot for ammonia (m/z=17) with and without the
use of the NiCl; filter. Hydrogen dominated the mass spectra as
expected and the concentration of all by-products was negligible
within the MS detection limit (MS sensitivity of 100 ppb). Most
importantly, unlike “unfiltered” s-AB/AC, no trace of ammonia
was detected in the mass spectra and it could be assumed that
the gas was trapped by the NiCl; filter, ensuring high H, purity.
Hence, by combining the selective desorption properties of s-
AB/AC with a NiCl; filter, hydrogen becomes the only detectable
evolved gas and its purity is considered extremely likely to meet
the requirements of the fuel cell (99.97%).1'3]
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Figure 5. Evolved gas mass spectra for: (a) all thermal decomposition
products from s-AB/AC, employing NiCl: as a filter; (b) ammonia (m/z=17)
released during the decomposition of the s-AB/AC composite both with and
without the use of the NiCl. filter. All spectra were recorded for s-AB/AC
heated at 5 °C min' from RT - 200 “C.

Hence, the composites prepared from AB and activated carbon
(m-AB/AC, s-AB/AC) outperform AB itself and AB/graphene
composites (M-AB/G) in terms of dehydrogenation temperature
and gravimetric capacity. The latter parameter reflects the
reduction in gaseous by-products in the AC composites and
these can be minimised by solution impregnation of the active

material (AB) in the AC matrix (s-AB/AC). Combined with an
NiCl; filter, all trace of deleterious gases can be removed from
the fuel supply. The enhanced dehydrogenation temperature
(Tonset Of 96 °C), high H, gravimetric density (=6 wt %) and high
purity of delivered hydrogen ensure that this material would be
the most promising of those investigated as a candidate for a
solid-state storage module in a portable power pack.

Simulations of a storage tank with AB-based material

The objective of this modelling study was a preliminary
exploration of the behaviour of an ammonia borane (AB) based
composite material, in which AB is combined with a
nanostructured carbon matrix. A numerical model of an AB-
based storage tank was prepared based on literature data and
the available experimental results.

Firstly, a kinetic model of reaction rate was selected. The
decomposition of neat AB has previously been described by
Choi et al. as a nucleation and growth reaction.®” This model
was employed as the basis of the simulations after successful
validation of the kinetics through theoretical and experimental
measurements. The validation experiments were performed
using the m-AB/AC sample based on the availability of data and
its relatively good performance. The kinetic parameters used for
the AB simulations, the validation experiments considered, and
the computational mesh of the tank used for the simulations are
presented in the Experimental Section. The model, once
successfully validated, was used for further simulations.
However, it must be emphasised that ideally the number of
experimental measurements should be higher in order to
eliminate model uncertainties at lower temperatures.

Initiation simulations were subsequently performed using a
numerical model implemented in the Matlab software package.
These one-dimension simulations were made to investigate the
influence of the initiation temperature on the decomposition
reaction rate. The AB-based material needs to be heated to an
onset temperature of 95 °C. It was assumed that the storage
tank would be working in batch mode and a glow plug could
initiate the process by rapidly increasing the temperature above
the onset level. The glow plug is a heating device with a tip that
reaches temperatures of up to 1000 °C in less than 5
seconds.®® The maximum temperature considered from the
glow plug was 800 °C. It was observed from the 1D simulations
that the decomposition reaction started 25 s after initiation and
that the reaction propagation front progressed at almost
constant speed (Figure 6). However, some delay was observed
during the 1% step of the reaction (Figure 6c), originating from
the time-dependence of the reaction rate. The model assumes
that the elevated temperature can induce the reaction over a
period long enough for unreacted substrate to remain available
in the system. However, such material behaviour has not yet
been tested experimentally and the results should be interpreted
cautiously.
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Finally, tank model simulations were developed using a CFD
(Computational Fluid Dynamics) model generated by Ansys
Fluent software. The main aim of the simulations was to check if
the glow plug could initiate m-AB/AC dehydrogenation. The
numerical model of the tank and further specifications are
presented in the Experimental section. For the simulations, it
was assumed that the total volume of the tank was filled with the
AB-based material. The reaction rate was limited by the heat

transfer inside the material and the glow plug was installed at
the base of the tank. The maximum temperature was achieved
after 5 s, maintained for 180 s and then cooled to 20 °C, over 60
s. The outer wall of the tank was not modelled in detail but was
included in simulations as the shell, with conduction based on
steel material of 6 mm thickness.



The series of simulations were made for two maximal
temperatures for the glow plug: 500 °C and 800 °C. The
temperature and reaction conversion inside the tank was
monitored for both conditions. The volume-averaged
temperature is presented in Figure 7. The highest temperature
was reached with the lower initiation temperature (500 °C). This
was caused by a longer initiation period for the nucleation
reaction, which led to an accumulation of unreacted intermediate
products. When the local temperature reached the onset value,
the reaction rate rapidly increased after the relatively long
nucleation period. In principle, this could lead to thermal
runaway and further stability tests of AB-based materials under
these conditions are therefore necessary. Conversely, when the
initiation temperature was 800 °C the reaction proceeded more
quickly. The growth phase started following a shorter nucleation
period and unlike the 500 °C case, unreacted intermediate
products were not accumulated in the tank.
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Figure 7. Volume-averaged temperature of the m-AB/AC material for different
maximal initiation temperatures.

Figure 8 presents both the total reaction conversion and the
conversion for each step (nucleation and growth) as a function
of time. The rate of hydrogen release was almost constant in all
cases. The tank was emptied after 15 minutes (900 s) when the
higher initiation temperature (800 °C) is applied compared to
approximately 18 minutes (1080 s) for the case of the lower
initiation temperature (500 °C). Each step of the reaction is
almost a linear function of time, which would suggest that the
nucleation phase is the reaction step that determines the total
reaction rate.
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Figure 8. Volume-averaged total conversion and conversion at each reaction
step for different maximal initiation temperature.

The profiles of temperature and the reaction conversion inside
the storage tank are presented at selected time steps in Figure 9.
After 20 s from the glow plug initiation, there was only a local
increase of temperature observed in both cases. After 140 s,
while the plug was still active, the bottom part of the tank was
heated above the onset temperature. All hydrogen from this
lower section of the tank was released in the case of the higher
initial temperature (800 °C; Figure 9d). However, in the lower
initiation temperature case (500 °C), the nucleation phase of the
reaction was incomplete and not all the H, was released (Figure
9b). In the latter case, after 300 s the local temperature at the
reaction front rapidly increased (Figure 9a) which in turn led to
an increase in the volume-averaged temperature. At the higher
initiation temperature of 800 °C, the temperature and reaction
front moved almost piston-like at constant speed (Figure 9c).
When the initiation temperature is 500 °C, the local reaction rate
slowed and then the temperature rapidly increased. As noted
above, this can lead to local overheating of the material. It
should also be noted that the simulation results were very
sensitive to physical properties of the material such as density,
thermal conductivity and specific heat. Each of these parameters
should ultimately be verified experimentally for a given
composite composition (i.e. ratio of AB and selected carbon
material).
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Figure 9: Temperature and conversion of hydrogen respectively for the m-AB/AC composite-filled tank with a maximal initiation temperature of (a, b) 500 °C; (c, d)

800 °C.

Conclusions

Ammonia borane, AB, was selected as a possible component of
a solid-state hydrogen store of a portable power pack under the
European FCH JU HYPER project. Despite an advantageous
gravimetric content and hydrogen release temperature, gaseous
by-products released on thermal decomposition would lead to
irreversible damage to the PEM fuel cell component of the
power pack and so strategies to suppress the release of these
by-products would be essential for successful AB
implementation.

Activated carbons (AC) and graphene were employed to prepare
AB-based nanocomposites (via ball milling) and used as inert
matrices for AB nanoconfinement (via solution impregnation) in
different ratios. A selection of these were evaluated and from the
results obtained, a composite with 40:60 wt. % AB:AC prepared
by solution-impregnation was found to have the best overall

performance with a dehydrogenation onset temperature of 96 °C
and a gravimetric density of ca. 6 wt. % H, while releasing no
boron-containing gases on decomposition. Remaining traces of
ammonia could be completely eradicated from the fuel supply
via the use of an external NiCl; filter, which, if necessary, could
also decrease the concentration of other unwanted by-products
such as diborane. No by-products were detected to within 100
ppb when using the composite coupled to a NiCl; filter.

A preliminary simulation of a storage tank based on an AB-AC
composite was performed drawing on literature and
experimental data. A kinetic model of the thermal decomposition
based on the Avrami model of nucleation and growth®” was
successfully validated, although further experimental data will be
necessary, especially at lower temperature to refine the model.
1D and 3D simulations employing the kinetic model investigated
the influence of the initiation temperature on the reaction rate,
showing that the reaction front moved at almost constant speed
although the 1%t reaction step exhibits a strong rate dependence
on time. The initiation temperature of the decomposition proved
crucial; at 500 °C unreacted intermediate products led to high



temperatures and local overheating of the material, whereas at
800 °C the nucleation step of reaction is abbreviated, the
accumulation of unreacted material is avoided and the
temperature can be regulated. Both simulation scenarios
nevertheless suggest that an AB-AC tank is an extremely
promising possibility given the constant rate of H, release.
However, only with further experimental characterisation and
testing will it be possible to obtain the verified requisite material
properties and an improved reaction kinetics model to enable
more accurate modelling of the storage tank.

Experimental

Synthesis and characterisation of solid-state hydrogen storage
module materials

Materials:

Ammonia Borane (Sigma, 97%) was used as received. Activated
Carbon (Sigma, 300 mesh) and Graphene nanoplatelets (Alfa
Aesar, graphene nanoplatelets aggregates, sub-micron particles,
S.A. 500 m?g?') were dried under high vacuum at 400 °C
overnight. This was to ensure the pores are free of oxygen and
water before sample preparation.

Synthesis:

High energy ball milling was used to prepare composites
containing activated carbon (m-AB/AC) and graphene (m-
AB/G).For the m-AB/AC composite, 320 mg of Ammonia borane
(AB) and 480 mg of activated carbon (AC) were ball milled for
one hour using a Retsch PM 100 planetary ball mill. A ball to
powder ratio of 40:1 was employed. For the m-AB/G composite
200 mg of AB and 400 mg of graphene were ball milled using
the same parameters. The remaining AB-AC composite (s-
AB/AC) was prepared by solution-impregnation. For the s-
AB/AC composite, 120 mg of AB and 180 mg of AC were added
to a 50 ml Schlenk flask and 5-10 ml of THF (Sigma, >99.9%,
inhibitor free) added. The mixture was then stirred for 1 h
followed by drying under vacuum using a Schlenk line with liquid
N used as a solvent trap. The process was repeated extending
the drying time of > 72 hours with the liquid N, trap removed
after 1 h of drying. All sample preparations were undertaken
inside an N (g) recirculating glove box (Saffron Scientific, H,O,
02 <1 ppm).

Thermal decomposition:

Thermal analysis (Thermogravimetric-Differential Thermal
Analysis-Mass Spectrometry; TG-DTA-MS) was performed using
a Netzsch STA 409 analyser interfaced to a Hiden HPR 20 Mass
Spectrometer. The STA analyser was located within an Argon-
filled MBraun UniLab glove box (< 0.1 ppm H;O, 0.1 ppm O).
Approximately 5 mg of each AB composite were heated to
200 °C in an alumina pan under flowing Ar at a heating rate of
5 °C min? and held at 200 °C for 30 min.

Hydrogen purification system measurements

Nickel Chloride (Sigma, 98 %) was investigated as potential filter
material. Experiments were performed using an external filter
set-up (containing 1 g of filter material) with a Hiden Isochema
HTP1-S Volumetric Analyser coupled to a QIC-20 Mass
Spectrometer (MS) (Figure 10). The location and configuration
of the filter downstream ensures that gas which is released from
the AB sample flows through the absorbing material. The
composition of the gases evolved from the composites as a
function of temperature (and time) was determined by
temperature programmed decomposition (TPD) measurements
from room temperature (RT) to 200 °C at a heating rate of 5 °C
mint. Helium was used as a carrier gas. The helium gas flow
was fixed at 30 ml min** and the measurement was performed at
atmospheric pressure.

Figure 10. Design of the external filter and its location for by-product gas
release testing. The filter is located at the inlet of the capillary that connects
the volumetric instrument to the MS.

Simulations of a storage tank with AB-based material

Numerical simulations have been performed taking into account
the mechanism for hydrogen release in ammonia borane.
Thermally-induced dehydrogenation of AB occurs in 3 steps
which are presented in Table 3.9 Reaction steps 1 and 2
release hydrogen over the range of temperatures studied and
are relevant for PEM fuel cells.




Table 3. Reaction steps of AB decomposition.[©®

Reaction step Reaction Mass of Hz Temperature Enthalpy
/wt. % /°C / kJ mol H2

1 NH3BH3 = 1/x (NH2BH2)x + Hz 6.5 90-117 -22

2 1/x (NH2BH2)x = 1/x (NHBH)x + H2 6.5 150-170 -15

3 1/x (NHBH)x = 1/x (BN)x + H2 6.5 > 500 -

The AB decomposition is a nucleation and growth reaction and
can be described by Avrami equations. Choi et al. have
previously presented a kinetic model for the decomposition of
AB which was used as the basis for the simulations.®”]

dy day N da, N da,
dt M g T %y TRy
where
dai n
— i¢m;—1
- M k1t (1 —ay)

and x: and . are the molar equivalents of H; released in the 1%
and 2" step of the reaction (Table 3), a1l and o2 are the
conversion ratios for each step and k; are the Arrhenius kinetic
constants.

The model assumes that the reaction rate is a function of
temperature, conversion and time. The kinetic model was fitted
based on available experimental data and literature data.l®” The
kinetics parameters were calculated using a Levenberg—
Marquardt algorithm implemented in the Matlab software
package.

The proposed kinetic model was validated only for temperatures
above 100 °C. However, the initiation phase of the reaction is
very important for correct simulation of the whole storage tank.
Thus, the above model, after some correction (Table 4), was
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successfully validated for ramped-temperature experiments. The
3 experiments from the literature®®” and one experiment on m-
AB/AC described herein were used for the validation of the
obtained kinetic parameters.

Table 4: Kinetic parameters for the kinetic model of thermal decomposition of
m-AB/AC

1% step 2" step
Xi 0.6 1.9
[of] 1.0 x 10? 2.7 x10%
Eai / J mol? 3.4 x10* 1.3x10°
ni 1 0.5
AH / J mol?t -2.2x10* -1.5x 10*

A comparison of the calculated and experimental results is
presented in Figure 11. The successfully validated model was
therefore used for the simulations. However, it must be
emphasised that the number of experimental measurements
should be higher to eliminate model uncertainties at lower
temperatures.
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Figure 11. Comparison of the experimental measurements and simulation results for ramped-temperature conditions: a) 160 °C, b) 200 °C, c) 250 °C, d) 200 °C.
Data for (a)-(c) were taken from reference 7). Data for (d) were taken from experiment results for m-AB/AC presented herein.

The 3D simulation of the performance of the m-AB/AC
composite was performed using a tank based on a storage tank
supplied by Swagelok, model 316L, with a volume of 0.16 L and
a maximum operating pressure of 300 bar. To initiate the
dehydrogenation of the composite, a glow plug would be used,
which was located at the bottom of the tank. The maximum
temperature of the glow plug is achieved after 5 s and
maintained for three minutes before a 20 s cooling period in the
simulations. The conduction of the tank is based on a 6 mm
thick steel material. The geometry and computational mesh of
the tank model is presented in Figure 12.

0,000 0,050

0,100 (m)

0,025 0,075

Figure 12. Geometry and computational mesh for the storage tank model.
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