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ABSTRACT OF THE DISSERTATION
STUDY OF AMMONIA BORANE AND ITS DERIVATIVES: INFLUENCE OF
NANOCONFINEMENTS AND PRESSURES
by
Yongzhou Sun
Florida International University, 2015
Miami, Florida
Professor Jiuhua Chen, Major Professor
Recently, ammonia borane has increasingly attracted researchers’ attention because
of its merging applications, such as organic synthesis, boron nitride compounds synthesis,
and hydrogen storage. This dissertation presents the results from several studies related to
ammonia borane.
The pressure-induced tetragonal to orthorhombic phase transition in ammonia
borane was studied in a diamond anvil cell using in situ Raman spectroscopy. We found a
positive Clapeyron-slope for this phase transformation in the experiment, which implies
that the phase transition from tetragonal to orthorhombic is exothermic. The result of this
study indicates that the rehydrogenation of the orthorhombic phase is expected to be
easier than that of the tetragonal phase due to its lower enthalpy.
The high pressure behavior of ammonia borane after thermal decomposition was
studied at high pressures up to 10 GPa. The sample of ammonia borane was first
decomposed at ~140 degree Celcius and ~0.7 GPa and then compessed step wise in an
isolated sample chamber of a diamond anvil cell for Raman spectroscopy measurement.
We did not observe the characteristic shift of Raman mode under high pressure due to
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dihydrogen bonding, indicating that the dihydrogen bonding disappears in the
decomposed ammonia borane. Although no chemical rehydrogenation was detected in
this study, the decomposed ammonia borane could store extra hydrogen by physical
absorption.
The effect of nanoconfinement on ammonia borane at high pressures and different
temperatures was studied. Ammonia borane was mixed with a type of mesoporous silica,
SBA-15, and restricted within a small space of nanometer scale. The nano-scale ammonia
borane was decomposed at ~125 degree Celcius and rehydrogenated after applying high
pressures up to ~13 GPa at room temperature. The successful rehydrogenation of
decomposed nano-scale ammonia borane gives guidance to further investigations on
hydrogen storage.
In addition, the high pressure behavior of lithium amidoborane, one derivative of
ammonia borane, was studied at different temperatures. Lithium amidoborane (LAB) was
decomposed and recompressed in a diamond anvil cell. After applying high pressures on
the decomposed lithium amidoborane, its recovery peaks were discovered by Raman
spectroscopy. This result suggests that the decomposition of LAB is reversible at high
pressures.
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CHAPTER 1 INTRODUCTION
1.1 Introduction to ammonia borane and its derivatives
Recently, ammonia borane (AB) [1] [2] attracts more and more attention for its
multiple applications, such as organic synthesis[3], boron nitride compounds synthesis[4],
and hydrogen storage[5-7]. Ammonia borane has been extensively studied by high
pressures [8-10], Infrared (IR), Raman spectroscopy [8, 11-22], x-ray[23-26], nuclear
magnetic resonance (NMR)[27-30], computations [25, 31-34], neutron scattering or
diffraction[32, 35-37], anelastic spectroscopy[38], and other methods.
At ambient conditions, ammonia borane [1, 2, 6] (NH3BH3) is a stable, nonreactive, inflammable, colorless solid boron-nitrogen-hydride compound. It also has
much higher volumetric hydrogen density than that of liquid hydrogen[6]. Therefore,
ammonia borane is considered as a good hydrogen carrier. Ammonia borane transforms
from an orthorhombic structure to a tetragonal structure at ~225 K [28, 35, 38-43]. Close
contact of B-H···H-N (in the range 1.7-2.2 Å) [37] of two adjacent ammonia borane
molecules promotes a dihydrogen bond[14, 15]. X-ray diffraction (XRD) studies [23-25]
discovered a first order phase transition at 1.3 GPa and a second order phase transition at
5GPa. A new phase at 4 GPa and 450 K was also discovered [24].
Nano scale ammonia borane could be synthesized by confining neat ammonia
borane into mesoporous silica (such as SBA-15 and MCM-41), Metal-Organic
Frameworks(MOFs) [44], poly(methyl acrylate) (PMA) [45], mesoporous carbon [46],
and other nanoscaffolds. These nanoconfinements decrease dehydrogenation temperature
from 114 oC to 60-80 oC, and also significantly decreased the amount of undesired byproducts, such as borazine, released from the decomposition for fuel cell or battery
1

applications. Kim, et al [47] found that the nano-phase ammonia borane confined in
mesoporous silica MCM-41 did not undergo the structural phase transition from
orthorhombic to tetragonal at ~225 K that was observed in bulk ammonia borane. This
result was confirmed by an anelastic spectroscopy and differential scanning calorimetric
(DSC) investigation[42]. Additionally, the derivatives of ammonia borane [48-50], such
as lithium amidoborane (LAB) and sodium amidoborane (SAB), were reported to have
lower decomposition temperatures, less undesired volatile products, and higher hydrogen
releasing rate.
1.2 Background for ammonia borane used as hydrogen storage materials
Global energy consumption keeps rising exponentially due to the economy
expansion and population growth. The oil, coal, natural gas, and other non-renewable
fossil fuels won't be able to meet the growth of energy demand in the long term. On the
other hand, emissions of carbon dioxide from these conventional energy consumptions
significantly bring side-effects to human-beings, such as air pollution, global warming,
and etc. Seeking the replacements of traditional energy becomes a very important task
that attracts more and more scientific interests.
As shown in figure 1, due to the above considerations, the renewable energies, such
as hydropower, nuclear, solar, wind, geothermic energy, and etc., become more and more
popular in global energy consumptions. There have been many breakthroughs as science
and technologies, such as fuel cells, solar cell, and high capacity lion batteries, advance.
Some of these new energy carriers are being experimentally placed into automobiles as
replacements for traditional energies. These techniques of the new energies show better
performance than that of traditional energies, such environmentally friendly, clean, low-
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cost, non-toxic, high efficiency, and, most importantly, renewable. Even though some of
these new technologies are very attractive for commercial applications, there are still
barriers that prevent these new technologies from being applied practically. For example,
the capacities and life-times of the new batteries could not meet the expectations, or the
cost of high quality batteries is too high to be taken into commercial applications; the
working conditions of solar cell automobiles rely on the weather and geographic
positions, which are limited and unpredictable. In spite of the many advantages of these
cutting edge technologies, automobiles, such as bus, passenger cars, trucks, boats, and
other vessels, are still mainly using traditional fuel products as energy sources.
Other than the previous methods, the fuel cells have their own advantages: an
optimum car with a combustion engine travels 400 km and burns about 24 kg of petrol;
but only 8 kg of hydrogen are needed for the combustion engine version or 4 kg of
hydrogen for an electric car with a fuel cell to cover the same distance [7]. Nowadays,
fuel cell becomes a very popular future automobile engine candidate.
Showing in figure 1 (right hand side), a single fuel cell consists of an electrolyte
and two catalyst-coated electrodes (a porous anode and cathode) [51]. The product of the
reaction is nothing but water. Therefore, fuel cell is also called Zero Emission Cell. The
fuel cell could be varied by sizes and types to make sure they are suited to be applied in
every aspects of daily life: plants, communities, automobiles, and etc.
As we know, the fuel cell starts to be applied into stationary units, since there will
be no problem for storage and transportation of the fuel cell energy sources, which are
mainly hydrogen. However, in terms of automobiles, the storage and transportation
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become one of the most significant barriers that prevent the fuel cells from practical and
commercial application.
There are many advantages to using hydrogen: non-toxicity, high energy density,
easy to be synthesized or extracted, environmentally-friendly, and etc. However,
hydrogen has a very low melting point at 13.99 K (~259.16 °C, ~434.49 °F) and low
boiling point at 20.271 K (~252.879 °C, ~423.182 °F). In addition, hydrogen has a very
low density 0.08988 g/L (at 0 °C, 101.325 kPa) [52, 53]. Therefore, it is extremely
difficult to transport or storage with traditional gas storage methods, such as high
pressure gas tanks or low temperature liquid tanks. In reality, even if we storage the
hydrogen in low temperature liquid tank, the density doesn’t meet the commercial
expectations, either: the density of liquid hydrogen is only ~0.07 g·cm−3 and density of
solid hydrogen is only 0.0763 g·cm−3[53] .
On the other hand, hydrogen is highly flammable and highly explosive with the
existence of oxygen, which is much more dangerous than most of the traditional energies.
Therefore, even if we successfully put a desired amount of hydrogen into a small enough
volume by traditional high pressure or liquid tanks, it is not convincing considering the
safety terms. In addition, we should also consider the variable conditions and unexpected
issues during the transportations: accidents, temperature verifications, extreme weathers,
and so on.

4

Figure 1 The impending oil
o crisis and need of renewable eneergy
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Regarding these aspects, it is required to find a safe, high efficient, economic,
commercially available, and robust way for hydrogen storage. Louis Schlapbach et al.’
group[7] gave us a good comparison of different ways of hydrogen storage, which is
shown in figure 2. As previously mentioned, an electric car with a fuel cell burns 4 kg of
hydrogen to travel a standard refuel distance, ~ 400 km. The volume of different ways to
store 4 kg hydrogen was calculated as shown in figure 2. The high pressure tanked
hydrogen is not acceptable due to its extremely high volume. It is very difficult and costly
to create the low temperature conditions for liquid storage, too. Additionally, even though
it has a much smaller volume than that of the high pressure hydrogen storage method, the
volume is still larger than automobile transportation requirement. On the other hand,
storing hydrogen into solid materials shows much better performance than that of high
pressure or liquid hydrogen storage method, regarding the volumetric density.

Figure 2 Volume of 4 kg of hydrogen compacted in different ways relative to the size of a car [7]

The hydrogen infrastructures and transportation needs good hydrogen storage
materials with high volumetric densities, mass percentages, and mild releasing conditions,
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because of the economy and safety issues. As shown in figure 3, ammonia borane [1, 2,
39] could be a very good candidate for hydrogen storage due to its 19.6 wt% hydrogen
content, which exceeds the ultimate target of hydrogen storage content for light-duty
vehicles (7.5 % by weight) of the US Department of Energy [4, 54].
nNH BH (s) → [NH BH ] (s) + nH (g)

at 100 C

(1)

[NH BH ] (s) → [NHBH] (s) + nH (g)

at 160 C

(2)

at > 1000 C

(3)

[NHBH] (s) → nBN(s) + nH (g)

Figure 3 Stored hydrogen per mass and per volume: comparison of metal hydrides, carbon
nanotubes, petrol and other hydrocarbons
(modified from reference [55])

The first two decompositions, shown by equation (1) and (2), which take place at
mild conditions, are favorable for on board applications such as proton exchange
membrane (PEM) fuel cells. Total of 13 wt % hydrogen is released from the first two
decompositions, exceeding DOE’s ultimate target of hydrogen storage capacity (7.5 wt%
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H)
H [54]. The third decom
mposition taake place at much higheer temperatuure (>1000oC
C)[4],
th
herefore this decomposittion is not ussually considdered for hyydrogen storaage.
1.3 Hypothesses
Pressurre will play a reverse rolle for decom
mposition andd it is expected to changge the
behavior of ammonia
a
borane. Nanocconfinementss or catalystts are expected to reducce the
en
nergy barrieer of ammon
nia borane dramatically
d
during decoomposition oor recompreession
[5
56-59]. Amm
monia boran
ne that is con
nfined by otther nanoconnfinement m
materials, suuch as
metal-organic
m
c framework
ks (MOFs), multi wallled carbon nanotubes ((MWCNTs), and
MCM-41,
M
is expected to
o have diffeerent catalyttic effects aand differentt behavior uunder
prressures, succh as a posssible rehydro
ogenation annd storing eextra hydroggen. Additionnally,
th
he derivativees of ammonia borane, such as LA
AB and sodiuum amidoboorane, have been
prroven to hav
ve lower deecomposition
n temperaturres and highher discharge rates. Theey are
ex
xpected to be
b thermodyn
namically an
nd kineticallyy more favorable for bettter performaances
du
uring decom
mpositions orr compressio
ons under diffferent presssures and tem
mperatures.
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