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ABSTRACT

With the technical progression of humanity marching ever onwards, new energy carriers
are needed to address growing energy and environmental concerns. Hydrogen is one of the most
promising energy carriers for the future as it stores much more energy than non-renewable
sources while creating no environmentally destructive byproducts during combustion. However,
hydrogen utility has yet to overcome challenging transportation and storage hurdles due to a lack
of effective storage materials and infrastructure. The cycle between magnesium borohydride
(Mg(BHa4)2) and magnesium boride (MgB:) is a promising hydrogen storage solution due to the
high gravimetric weight % of H» stored within it, as well as the favorable dehydrogenation
enthalpy of Mg(BHa)2. The major challenge faced by the utility of this system is the kinetic
limitations in the hydrogenation of MgBa, as the 400° C and 1000 bar of Hz pressure needed are
far outside the realm of practicality. Contained in this dissertation is a mechanochemical
exploration of reagent and ball milling effects that greatly reduced the hydrogenation
requirements of MgB», as well as an exploration and discussion of a graphenic phase discovered
during that exploration that is capable of permanently confining H> gas. These materials and
mechanochemical effects were examined via Fourier Transformation Infrared Spectroscopy
(FTIR), Solution and Solid State ''B and 'H Nuclear Magnetic Resonance Spectroscopy (NMR),
X-ray Diffraction (XRD), Thermogravimetric Analysis (TGA), Differential Scanning
Calorimetry (DSC), Scanning/Transmission Electron Microscopy(S/TEM), High- Angle Annular
Dark/Bright Field Imaging (HAAD/BF), Selected Area Electron Diffraction (SAED), Energy-
Dispersive X-ray Spectroscopy (EDS), Electron Energy Loss Spectroscopy (EELS), utilized with

Focused Ion Beam (FIB) slicing.
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Chapter 1. Introduction

1.1 Energy Demand vs Population Expansion

Since the onset of the industrial revolution, the expansion of humanity and the growth of
every civilization on Earth has come with the need for progressively larger amounts of energy.
Vast advances in technology have been felt in every facet of life, resulting in not only an
explosion in the human population, but also the demand for, and consumption of, energy.

With roughly 700 million people alive during the start of the industrial revolution in
1750, the population has grown by a power of 10, with the current population being around 7.7
billion. Yet, worldwide energy consumption has gone from 5 TWh to a staggering 25,000 TWh
in 2022'. Furthermore, the advancement of technology and the increasing integration of
advanced computational mechanisms (i.e. artificial intelligence, cryptocurrencies and the
expanding use of data centers) in everyday life is expected to triple current energy consumption

figures by 20502,

Global power consumption by sector, across scenarios CAGR
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Figure 1.1: Global power consumption with projections that triple energy expenditures by 2050 /
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The effects of this explosion in consumption has not been contained to the functions of
the energy sector, as humanity is now faced with a double headed monster: the need for vast
amounts of energy vs the damaging effects that non-renewable energy incurs upon the world and

the environment.

1.2 Hydrogen and the Future of Renewable Energy

For the last millennia, the most common form of energy has come from the combustion
of non-renewable sources; oil, coal and natural gas has fueled humanity in its growth to
modernity. However, these sources of energy are limited and their use has caused the
degradation of the global environment. With 40 billion metric tons of excess carbon dioxide and
other greenhouse gasses accumulating in the upper atmosphere per year, the warming of the
planet has begun to have everlasting effects’.

Hydrogen is a growingly viable alternative to fossil fuels and is the subject of focus for
recent renewable energy research driven by the US department of energy. Gravimetrically,
hydrogen possesses nearly 4x the energy content as hydrocarbon fuels, yet the combustion of
hydrogen produces no greenhouse gasses*. Hydrogen utility goes far beyond solely being a
combustion fuel as well, with uses including heating/cooling, energy storage and even metals
manufacturing >.

Another benefit driving the viability of hydrogen is the size of the existing hydrogen
market as its place in the global economy rapidly expands, driven by the signing of the Paris
Agreement by most of the world’s largest governments®. This pledge to go carbon-neutral in

their energy economies by 2050 means that the entire global energy economy must focus on



new, renewable energy sources on a scale not seen since the industrial revolution. Global
hydrogen demand reached 95 million tonnes in 2022, with an estimated market value of 155
billion dollars, and is expected to double to > $300 billion by 2030. To be carbon neutral, current
projections estimate that production of hydrogen also needs to double to around 200 billion
tonnes’.

Infrastructurally, the gaseous transportation of bulk hydrogen poses one of the largest
challenges, as pure hydrogen can cause the embrittlement of materials commonly used to
transport natural gas. To combat these problems, research is underway to develop economical
standalone hydrogen pipelines, as well as research into the blending of hydrogen into natural gas
mixes to quell the risk of hydrogen embrittlement to pre-existing natural gas lines, allowing for

the distribution of hydrogen via the pipelines already in place®.
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Figure 1.2: Map of US natural gas pipelines ®



However, due to the prohibitively large scale for the creation of a new nation/worldwide
distribution network, alternative methods for the transportation and storage of hydrogen is

needed, in tandem to the development of new infrastructure methods.

1.3 Hydrogen Storage

There are currently two foundational methods of storing hydrogen: Either in a pure state
as a gas or a compressed liquid, or bound to a variety of materials’. While storing hydrogen in an
elemental state allows for large amounts of bulk hydrogen to be accessed, these storage vessels
require either extremely high hydrogen pressures, cryogenic temperatures, or both. These
limitations make them poor choices for long-term, large scale hydrogen storage and limit the
efficacy of these methods for long range transportation'’.

This leaves exploratory research into materials-based hydrogen storage as the most
promising route forward, with new methods ideally addressing all of the above concerns and

allowing for the safe bulk storage of hydrogen at room temperature and pressure.

1.4 Complex and Metal Hydrides as Energy Carriers

How is hydrogen stored?

Physical-based Material-based
Compressed Cold/Cryo
Gas Compressed
™,
\ W=
Liquid Interstitial Complex Chemical
GEHED Bycricle hydiogsn
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Figure 1.3: List of Hydrogen Storage Methods



In the last 30 yeas, one of the largest fields of study in the development of hydrogen
storage methods is the study of light element complex hydrides!!. These are materials that have
been heavily explored due to certain hydrides possessing moderate stability, high gravimetric
hydrogen capacity and favorable dehydrogenation enthalpies. Historically, the family of complex
hydrides (MBH4 M= Li, Na, K) were used in singular use hydrogen systems driven by the
release of hydrogen via hydrolysis- but these systems created a series of issues ranging from the
weight penalty from requiring onboard water to the reclamation and regeneration of the hydride
post hydrolysis being irreversible '2. Later, the discovery of a kinetically accessible hydride
cycle, Ti-doped sodium alanate, ushered in a new era in the exploration of reversible complex
hydride hydrogenations.'* However, within the realm of complex hydrides, there are few
materials that possess a moderate AG (dehydrogenation) at near ambient temperatures that is low
enough to have mild dehydrogenation temperature requirements but high enough so as to be
stable for practical applications. Within the scope of US DOE research, the AH “goldilocks”
zone has been set at 27-41 kJ/mol, while with the AS requirement of 0.13kJ/Kmol ata T of

353K'2,

1.5 Magnesium Borohydride (MgBH )

One of the few materials that matches all of these thermodynamic requirements is
magnesium borohydride, Mg(BHa4)2, as the high electronegativity of Mg and resultant weakening
of the innate intermolecular ionic bond strengths reduces the thermodynamic stability and
subsequent dehydrogenation temperatures to levels that approach practical levels'®. The
dehydrogenation pathway between Mg(BH4)2 to MgB: has been reported to have a A°H of 39

kJ/mol '°. With all of the other requirements in place, this gives a Gibbs free energy equation of



AG= AH-TAS
e AH’ =39 kJ/mol, inside “Goldilocks” zone of 27-41 kJ/mol
e AS =0.13 kJ/Kmol (DoE Parameter)
e T =353K (DoE Requirement)
o AG =~ -10kJ/mol
Where the resultant AGss3k of ~ -10 kJ/mol matches the above requirements.
Furthermore, Mg(BHa4)2 possesses one of the highest gravimetric weight percentages of hydrogen
of any known material, with a full hydrogen cyclic capacity of 14.8 wt%.
However, despite the favorable thermodynamics of the Mg(BHa4), the dehydrogenated
product, MgB», introduces kinetic directionality into the hydrogenation system as the

hydrogenation of MgB: is kinetically hindered.

1.6 Prior MgB: Research and History

Since its discovery, MgB: has been an innocuous presence in the fields of boron research.
Although it was discovered in the late 19th century, the chemical formula and the crystal
structure of MgB» would not be determined until 1954, almost a hundred years later. '® While it
was utilized by Stock for the synthesis of diborane ca. 1912 — 1936, it remained a simple boron
source for niche experiments until the end of the century!”. In 2001, Nagamatsu discovered that
the superconducting transition temperature (T.) of MgB2 was 39K, higher than any non-copper
oxide bulk material known'®. This spurned an explosion into MgB: research to find ways to

manipulate the structure of boride to chase the ever-elusive room temperature superconductor.



1.7 Structure of MgB;

MgB: is structurally similar to that of graphene, but whereas graphene is composed of
homonuclear sheets held together by van der waals forces, magnesium diboride is a hexagonal
close packed crystal, and possesses a stacked AB structure comprised of sheets of 6 membered

boron rings sandwiched between layers of 7 membered rings of magnesium.

Figure 1.4: Structure of MgB,

The unique structure of MgB: gives rise to a complex bonding environment, consisting of
a mixture of ionic interlayer interactions combined with both covalent and metallic mixed in-
plane bonding. Furthermore, the magnesium atoms between the layers of boron are fully ionized,
allowing for interplanar electronic communication via P orbitals that gives rise to the

superconducting behavior seen at 39K %°.

1.8 MgB; Hydrogenation Cycle
The full dehydrogenation cycle between MgB» and Mg(BH4)2, was thought to be

impossible due to the formation of MgB12Hi> until Severa et. al, in collaboration with Sandia
National Laboratories, serendipitously discovered that it was possible to fully cycle between
Mg(BH4)2 and MgB,. This was a breakthrough finding as the process apparently does not involve

any of the known metastable borane intermediates and avoids the formation of MgB12H22!22,
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Figure 1.5: Hydrogenation/Dehydrogenation cycle between MgB> and Mg(BHa)2

This development reinvigorated research into Mg(BHa4)2, as subsequent experimental
closing of the hydrogenation cycle was found to experimentally cycle >11 wt% of hydrogen.
While this was an impactful finding in the search for viable hydrogen storage materials, it was
far from practicality, as this cycle was only possible with extreme hydrogen pressures and high
temperatures of 950 bar H» and 400°C. Improvement of the hydrogen cycling kinetics of MgB»
became an area of focus. One early approach to achieving this goal was through the use of ball

milling.

1.9 Ball Milling / Mechanochemistry

Mechanochemistry as both an industrial and chemical synthetic tool has been in use for
thousands of years, going as far back as Theoprastus of Eresus authoring a book in 315 B.C.E
describing the reduction of cinnabar to mercury via grinding in a copper mortar and pestle.
Historical “inadvertent mechanochemistry” aside, controlled, systematic studies of
mechanochemistry has been a growing field since the 19th century, albeit with a slow growth
rate due to the broad application of mechanochemical treatments to a variety of fields. Around
1960, field expansion began to accelerate once research institutions in the Soviet Union and

Eastern Europe began forming research departments dedicated solely to mechanochemistry?.



Ball milling became a useful tool in hydrogen research with the discovery of large kinetic
enhancements seen in the formation of metal hydrides, particularly Mg and Mg>Ni, where
enhanced kinetics were attributed to surface modifications and induced crystalline structural
defects®*. Later, ball milling was used to dope sodium aluminum hydride with titanium in a
method that homogenized the incorporation of titanium, simplifying the preparation of Ti-doped
sodium aluminates®. This paved the way for ball milling to be utilized for not only surface

modification, but for full mechanochemical reagent exploration.

1.10 Dissertation Overview

The second chapter of this dissertation focuses on the kinetic enhancement of the
hydrogenation half cycle of MgB: resulting from its mechanochemical treatment in the presence
of additives. It describes the widescale screening of additives and the successful creation of a
MgB: based material that can be hydrogenated at much more practical conditions than the
untreated material. In chapter 3, experimental focus pivots to efforts to attain a fundamental
understanding of the origin of the marked kinetic enhancement of the hydrogenation. Due to the
lack of findings obtained through traditional (IR/NMR/XRD) methodologies, S/TEM
instrumentation was employed as an analytical tool. Lastly, chapter 4 investigates a peculiar
graphenic material that was discovered via S/TEM analysis of partially hydrogenated MgB., and

the discovery of permanently mesoconfined H» and D> gas.



Chapter 2. Exploration of Ball Milling and Additive Effects on
Hydrogenation of MgB:

2.1 Introduction

Ball milling was originally utilized as an attempt to disrupt the highly symmetrical
structure of boride to affect its electrical properties?®. While these studies did not prove fruitful at
creating a room temperature superconductor, various studies began to observe structural
malformations and the introduction of disorder into the boride networks, which gave rise to the
hypothesis that it may be possible to chemically activate MgB» via mechanochemical
treatments>’.

Chong et al. found that magnesium borohydride undergoes reversible dehydrogenation to

magnesium triborane under moderate temperatures 2%,

200 °C, 5 weeks

3Mg(BH ), » Mg(B,H,), + 2MgH, + 2H,

-«

250 °C, 120 atm, 48h

Scheme 2.1: Cycling conditions between triborane and borohydride discovered by Chong et al %%.

Although this was a remarkable finding, the cycling wt% was low, at only 2.5 %. To
further explore this system, an independent synthesis of magnesium triborane was performed for
experimental stock. THF used in the synthesis was observed to tightly bind to the triborane, and

all attempts at de-solvation failed.
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Scheme 2.2: Hydrogenation conditions of the Mg(BsHsg)2¢2(THF) complex to Mg(BH4).. Note
the large reduction in requisite conditions

It was found that tightly bound THF persisted through hydrogenation, forming a
Mg(BH4)2*THF adduct that possessed a different decomposition pathway than the non-etherate.
Study of this pathway revealed that the dehydrogenation of Mg(BH4)2*THF results in
competitive reversible dehydrogenation to Mg(B3Hs)2*2(THF) and irreversible dehydrogenation

to Mg(B1oH10)(THF)x.?’ Subsequently, this group observed multiple instances where the

presence of ether affected the hydrogenation kinetics of borohydride intermediate pathways. 33!

These findings suggested that the presence of a Lewis basic ether has various kinetic effects on
the hydrogenation pathways of boron hydride systems, and raised the question of whether these

effects could then be applied to boride that had been activated by mechanochemical methods.

2.2 Experimental

Mechanochemical Treatments

Mechanochemically treated MgB2 samples were prepared by milling 1.2 grams of MgB, with
~24 grams of grinding ball bearings. Additive ratios were measured by mol%, and ranged from 2-40%.
All additives except for graphene were added at the onset of milling. When graphene was the additive to
be explored, graphene was added only in last hour of milling. ImL of ethers were added every hour due to
evaporation. Ethers were removed via dynamic vacuum before analysis and further experimentation.
Ether experiments utilizing dioxolane and glymes were washed with THF before drying via dynamic

vacuum. Milling time ranged from 30 minutes to 20 hours. Experiments performed with hardened
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stainless steel grinding balls and vessels in a Fritsch Pulverisette 7 were performed at 400 rpm.
Experiments performed with tungsten carbide hardmetal in a Fritsch Pulverisette 7 Premium were
performed at 700-800 rpm. Regardless of overall mill time, the same mill and cooling procedure was as
follows:

Overall grinding cycles were split into 45 minute segments. These segments are broken down into
5 minute grinding cycles followed by a 1 minute cooling period. After every cooling period, the grinding
direction was reversed. 6 of these cycles were performed at a time, totaling 30 minutes of grinding time,
followed by a final 15 minute cooling period. After ball milling all samples were stored in nitrogen and
argon gloveboxes.
NMR

Solution "B NMR was performed on Varian Unity Innova 500 MHz spectrometer with
"B chemical shifts referenced to BF3-OEt2 (& = 0 ppm). Powders were dissolved in either D,O
or a 2:1 mixture of DoO/THF.

Solid-state "B NMR was performed on an Agilent DD2 400 MHz instrument with a 32
mm HX CPMAS probe. The powdered samples were packed into zirconium oxide rotors and
spun at 10 kHz at 25 °C. A spectral frequency of 128.3 MHz was used for the !'B magic-angle
spinning (MAS) NMR with ''B chemical shifts referenced to BF3-OEt2 (& = 0 ppm).

Thermogravimetric (TGA) and differential scanning calorimetry (DSC) analyses were
performed using a TA Instruments Q600 SDT. The measurements were performed
using a temperature ramp of 5 °C/min under Ar flow of 100 mL/min from 50 to 600 °C. Less
than 10 mg of sample were each sealed in perforated Tzero aluminum pans inside Ar glovebox
and utilized in the experiments.

Powder XRD data was collected on a Rigaku MiniFlex II diffractometer with

Cu-Ka radiation. Hermetic beryllium sample holders were used.
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High Pressure Hydrogenations
Hydrogenations were performed on the Sandia National Laboratory HyMARC hydrogenation
setup.

.150g of sample was loaded into small sample holders with fritted covers to allow for gas
pressure to enter the sample. Sample holders were loaded into a pressure vessel that could fit 4
samples at a time, so sets of 4 samples were hydrogenated at a time for efficiency.

During each hydrogenation, the entire hydrogenation setup was flushed with helium in
triplicate, with dynamic vacuum applied after each flush. Then, pressure vessel was tested at
hydrogenation pressure with helium to test for leaks, before the last vacuum flush. Sample was
then heated, with hydrogen pressure being applied once the sample was brought to temperature

to avoid overpressure.

2.3 Results and Discussion

2.3.1 Ball Milling Exploration of MgB:

2.3.1.1 Ball Milling in Hardened Stainless Steel

During the initial ball milling explorations, several difficulties were encountered. Due to
the hardness of MgB> relative to the grinding vessel/media, it was found that iron was introduced
into the sample during milling, to the point of the bulk sample becoming ferromagnetic. This
complicated both NMR and XRD analysis tremendously. Furthermore, due to the lack of a
strong sealing mechanism of the planetary ball mill, a rudimentary sealing system needed to be
developed that would protect milled samples from oxidation, while still allowing glovebox
antechamber transfers. Lastly, the milling process was found to reduce crystallinity to the point

that x-ray analysis was deemed to be unhelpful.
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Figure 2.1: Demonstration of ferromagnetism induced into sample after milling with stainless
steel.
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Figure 2.2: Capillary XRD spectra of MgB» sample after ball milling, with calculated a-Fe
overlay, confirming presence of iron in sample

Slight physical changes were noted during the milling explorations. After 30 minutes of
milling, due to the shape of the interior of the grinding vessel, samples would aggregate into
slugs due to compressive interactions during milling combined with the shape of the grinding
bowl. This slug would then have to be broken up every hour for milling to continue. MgB> was

milled in 30 minute increments to 20 hours, and no other physical effects were observed.
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Figure 2.3: Formation of MgB: slug during milling

2.3.1.2 Introduction of ethers
Inspired by the above noted Mg(BH4)2(THF)x experiments, we studied ball milling in

the presence of THF. Milling in the presence of other ethers was also carried out to fully explore
the effects that ethers could have on the boride system. Dioxane was chosen to explore an ether
with multiple possible coordination sites. Dioxolane was chosen to further explore the effects of
multiple possible binding sites as well as to observe differences in ring sizes. Tetraglyme and
glymes were used to explore the effects of linear vs ring ethers.

Due to a combination of heat evolution during the milling process and a lack of a strong
sealing system on the grinding vessels, ether was added every hour of milling for longer milling
runs due to loss during experiment run. After milling runs of dioxane, dioxolane and all glymes,
no observable physical changes were seen after removal of ethers.

After milling with THF for 6 hours, MgB, samples were observed to become highly
pyrophoric. To date, this is the first and only report of the synthesis of a pyrophoric boride. This
pyrophoricity was not observed with any other samples. The cause of this pyrophoricity will be

discussed in 2.3.3 and chapter 5.
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Figure 2.4: Example of extreme pyrophoricity observed with MgB2 + THF samples

2.3.2 Initial High Pressure Hydrogenation of Samples at Sandia National Laboratories

Locally available pressure reactors at the University of Hawaii at Manoa are rated for
operation at maximum conditions of 180 bar H> and 250C. Thus, we utilized the high pressure

manifold at Sandia National Laboratories for the hydrogenation of the modified MgBo.

Figure 2.5: Example of hydrogenation sample cell at Sandia National Laboratories. Sample was
a free flowing powder before hydrogenation, and became a rocky aggregate after hydrogenation.

Initial experimental runs were performed at conditions previously shown to hydrogenate
bulk boride (400°C, 1000 bar, 72h) to confirm new samples were in line with known
hydrogenation mechanisms, and to focus research away from sample preparations that reduced

hydrogenation potential of even bulk boride. Borohydride formation was confirmed by XRD and
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IR. Extraction of the hydrogenated materials by D,O/THF followed by filtration allowed for
analysis by solution !'B and '"H NMR.

Among the first set of hydrogenations, it was found that untreated boride, ball milled
boride, and boride treated with THF successfully hydrogenated. However, no evidence of
hydrogenation was found for the boride samples milled with dioxane, dioxolane and the glymes
regardless of the hydrogenation conditions, and thus, further research focused on only

boride/THF.
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Figure 2.6: ATIR comparison between MgB. ball milled with THF before (red, bottom) and
after (top, green) 400 °C, 1000 bar hydrogenation. ATIR reveals formation of BH4™ stretch and
bend at ~2260, ~1250 Cm! respectively. ATIR analysis of MgB, is complicated by strong
diamond lattice bands at 1900-2200 Cm™! and weak IR signature of MgB
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Figure 2.7: ''B {'H} solution NMR of MgB, milled with THF, hydrogenated at 400°C, 1000 bar
then extracted with/analyzed in D20O. -44 ppm corresponds to Mg(BH4)2, with small amounts of
MgB12H1> and boric acid observed at -15 and 0 ppm. (Presence of small amount of MgB12H1»
matches original findings and is likely due to slight decomposition of Mg(BHa4): in-situ, and
boric acid is formed during hydrolysis by solvent during NMR analysis.)

Once this baseline was established, examination of THF effects on boride were explored
by changing reaction conditions of the hydrogenations. First, temperatures were stepped down
from 400°C to examine effects on necessary heat inputs of the reactions. Here, it was found that
in a binary system of boride milled with THF, it was possible to reduce the hydrogenation
temperature from 400°C to 300°C, but not possible to affect the needed 1000 bar of H> pressure.
Effects of the THF additive were further substantiated with the analysis of a hydrogenation side
by side of bulk boride, ball milled boride, and boride milled with THF; of the three, only THF

treated boride showed more than trace amounts of hydrogenation at reduced temperatures.
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2.3.3 Explanation of Pyrophoricity: Mg and MgH > with THF
The origin of the pyrophoricity of the THF treated samples, and its possible tie to the

improved hydrogen uptake kinetics were explored. It was observed that the physical appearance
during the combustion of the boride product was visually similar to the pyrophoricity of a highly
reactive magnesium hydride species, MgH2* *2. This led to several hypotheses centered around
magnesium and magnesium hydride. In the binary system of MgB, + THF, MgH> can only be
formed with magnesium ejected from the boride lattice, and hydride donated from THF. This
would suggest the formation of furan or butane oxides, but neither have been observed via proton
or carbon NMR. It was also hypothesized that the formation of MgH>* may be a consequence of
ejected magnesium, but not necessarily the active species; and that magnesium itself may be
affecting hydrogenation. Effects of both were examined.

Various concentrations of MgH» and Mg were explored, both in the presence of and
without added THF. These samples were then hydrogenated at the new project goal conditions of
300°C, 700 bar H> and 72 hours. All samples with this new reagent methodology were successful
in hydrogenating at these conditions, though the presence of THF profoundly affected each
system differently. With the MgH> additive, the binary system of MgB» + MgH> created a
product that had much higher conversion than the MgB» + THF system; but if milled with THF
as a ternary system, the inclusion of THF inhibited the formation of borohydride in the
hydrogenation cycle (Figure 2.8). When milled with only Mg, conversion was very low.
However, the addition of THF, in a MgB> + Mg + THF system greatly increased hydrogenation.
(Figure 2.9) Overall, the MgH> and Mg + THF systems saw TGA mass losses of ~6%, ~8%,
corresponding to borohydride conversion of 40% and 54% respectively. As minimums testing
continued, the Mg/THF/MgH> systems did not hydrogenate under 700 bar of H» pressure. These

findings led us to exploring other additives to enhance the hydrogenation kinetics.
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Figure 2.8: TGA stacked spectra of MgH> samples. THF slightly inhibited the formation of
Mg(BHa)2
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Figure 2.9: TGA spectra of MgB> + Mg + THF hydrogenated at 300°C, 700 bar displaying ~8%
mass loss during run.

2.3.4 Other Additives: Layer Specific Perturbations and Rieke Magnesium

To test the kinetic impact of additive effects on the boron and magnesium sheets
individually, reagents were chosen that were likely to affect each of the layers independently.
Additionally, to advance the exploration of the bulk effects of magnesium on the system, Rieke
magnesium was utilized to possibly magnify the unknown effects magnesium was having on the
hydrogenation system.>?

At this point in these studies, ball milling methodology was changed to utilize new ball
milling equipment which allowed for higher mill speeds and the use of tungsten carbide hard-
metal grinding bowls and media. This eliminated iron contaminants from the resulting materials,

thus allowing the use of solid state ''B CPMAS NMR as the main tool for the analysis of the

prepared materials.
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2.3.4.1 Attempted Sequestration of Magnesium Via Anthracene

To affect the magnesium layer, experiments with materials known to complex
magnesium were utilized in an attempt to remove magnesium from the MgB» lattice.
Specifically, anthracene was used as a milling additive with the intention of forming magnesium

anthracene®*. Samples were milled with and without THF to continue to test ether effects.

2.3.4.2 Carbon Substitution of Boron via Graphene

Earlier reports indicated the possibility of substituting carbon into the magnesium
diboride lattice®>, and it was hypothesized that as this affected conductive properties of the
material, that it may also affect the lattice stability and chemical reactivity of the boride.
Graphene was chosen as the boron layer perturbant due to several possibilities afforded from the
physical interactions between boride and graphene in the milling process that was proposed to
improve upon the pyrolytic interactions reported in literature *°. Small segments of carbon sheets
were hypothesized to be able to intercalate into the boride lattice, inducing reactive grain
boundaries, and the amount of kinetic energy imparted during the milling process was
hypothesized to cause in-situ carbon/boron substitutions into the boron sheets. If this substitution
were to occur, it was thought to introduce a radical-type instability in the sheets due to carbon’s

extra valence electron.

2.3.5 Hydrogenation Exploration of New Approach

Several ball milling experiments with graphene, anthracene, and Rieke magnesium were
conducted, and a new hydrogen screening was performed to evaluate the performance of the new
reagent methodologies. These new experiments were hydrogenated at the new and final project

goal of 300°C, 400 bar Ho.
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Samples milled with anthracene created a new pyrophoric material that was visually
similar to the MgB> + THF materials. However, the anthracene samples were pyrophoric with
and without the presence of THF during the milling process, which supports the theory of the in-
situ formation of, and subsequent decomposition of magnesium anthracene. The resulting high
surface area magnesium is thought to be the cause of pyrophoricity in this sample.

NMR analysis of samples following high pressure hydrogenation at Sandia National
Laboratory, showed samples milled with THF had much lower levels of hydrogenation,
suggesting an inhibiting side-reaction between anthracene and THF. On the other hand, samples
milled without THF showed significantly higher levels of hydrogenation at the lowered

conditions.

...........................................................
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Figure 2.10: Typical solid state NMR of hydrogenated boride sample. Major peak at ~100 ppm
corresponds to MgB» while peak at ~ -42 ppm corresponds to Mg(BHa4),. All others are spinning
side bands. Top, red spectra corresponds to boride milled with anthracene and THF. Bottom,
green spectra was sample milled dry. Note large difference in borohydride integration.
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Samples of boride milled with graphene and hydrogenated also showed improved levels
of hydrogenation at lowered conditions. This suggests that boron/carbon interactions were
successful in driving increased conversions, however the mechanism of action of graphene on

MgB: is unknown.
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Figure 2.11: !'B solid state NMR of MgB, milled with graphene and hydrogenated at 300°C,
400 bar H»

Further experiments focused on expanding the graphene/carbon doped system.
Experiments with graphene were run as binary, ternary and quaternary systems for comparison.
The interaction of boride with graphene, Rieke magnesium and THF were explored, and possible
combined cross effects examined. THF was once again found to impede hydrogenations, though
it was discovered that the ternary system of MgB», graphene and Mg* had the highest kinetic

impact, with a borohydride conversion of 45%.
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Figure 2.12: ''B solid state NMR of MgB: + graphene + Rieke Mg with (top, red) and without
(Bottom, blue) THF. Note large difference in Mg(BHa), integration at -42 ppm.

2.4 Conclusions
This extensive experimentation resulted in an accumulation of systematic improvements

in the kinetics of the hydrogenation of MgB». Beginning with an exploration of milling effects
alone, we discovered that boride cannot be activated to hydrogen without chemical additive
effects. Milling with THF, we observed the first instance of a pyrophoric phase of MgB», and the
impact of this treatment on the kinetics of hydrogenation of this pyrophoric material. Our
observations led to the creation of ternary systems that contained added THF, excess magnesium
and magnesium hydride, which exhibited major kinetic improvements. This allowed lowering of
the requisite conditions from to 300°C, 700 bar H». Following a shift in experimental focus to a

layer-by-layer additive effect exploration, led us to the MgB, + Mg + graphene system that was
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found to hydrogenate above the 6.5 wt% level at reduced conditions of 300°C, 400 bar H> and

72h, meeting project goals.
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Chapter 3. S/TEM Exploration of Prepared and Hydrogenated MgB:
Materials

3.1 Introduction

As described in the previous chapter, the goal of creating a material that underwent more
kinetically efficient hydrogenation was met. The focus of this research then turned towards
exploring and defining additive effects on the hydrogenation system. Although we had attained
positive results based on hypothetical reasoning, the direct molecular understanding of additive
interactions with the boride was thin, due to the analytical difficulties described earlier.

We then undertook a collaboration with the Advanced Electron Microscopy Center at the
University of Hawaii at Manoa, and later the Molecular Foundry at the Lawrence Berkeley
National Laboratories to utilize S/TEM microscopy to elucidate the additive effects that could
not be observed via TGA/DSC/XRD/NMR/ATIR. The goals of this collaboration were threefold:

1. To test longstanding experimental hypotheses positing the disruption of MgB: lattice via
additive interactions and mechanochemical treatment

2. To explore grains to search for any new phases previously unknown, to examine effects
on hydrogen uptake

3. To possibly combine these above findings into a new experimental direction

The initial S/TEM study included high-angle annular dark/bright field imaging, selected area
electron diffraction, energy dispersive x-ray analysis, and focused ion beam slicing and analysis.
Later, high resolution electron energy loss spectroscopy was used to track the fate of carbon and

hydrogen in prepared samples.
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3.2 Experimental
TEM

Powder dispersion on a TEM grid (Method 1): In an Ar glove box, the vial of powder
was placed on its side, and a Cu mesh TEM grid with amorphous C substrate was held in self-
closing tweezers inside the vial while tapping on the outside of the vial so that powder adhering
on the inside surface of the vial dropped onto the grid. The TEM grid was then turned over to
ensure that any loose grains fell off. The TEM grid was then mounted in sample holder for
analysis. Early experiments utilized non-sealed sample holders while later experimentation used
air-free sample holders.

FIB slicing

FIB section on a half-grid:

A small amount of powder sample was dispersed on a double-sided adhesive-coated conductive
carbon tab on an Al stub mount in the Ar glove box. The sample was placed in a vacuum holder
and evacuated. The samples were hand-carried to the Center for Advanced Materials
Characterization in Oregon (CAMCOR) at the University of Oregon under vacuum and loaded in
a Helios NanoLab 6001 Ga+ dual-beam focused ion beam instrument (FIB). The Helios FIB is
equipped with an electron column and an ion column at 52° tilt from the electron column. These
allow simultaneous milling/deposition while imaging a region of interest. The Helios FIB is also
equipped with an Oxford Instruments X-Max N50 silicon drift detector for energy dispersive X-
ray spectroscopy (EDS), EasyLift micromanipulator with W needle, and C and Pt deposition

capabilities. To avoid C contamination of the samples, the samples were not C-coated at all
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(relying on the conductive properties of the conductive carbon below the powder grains), and the
chamber was plasma-cleaned before the samples were loaded.

Electron transparent sections of each sample were produced by standard FIB section
extraction methods: An initial strap of electron-beam deposited Pt (ePt) was deposited over
the selected region of interest, and then additional Pt was added using the ion beam (iPt) in
order to form a protective strap. (Although C deposition is available, it was not used on these
samples to minimize extraneous C that might complicate interpretation of the data.) Material
was milled on either side of the region of interest to form trenches, creating a cross-section a
few microns in thickness. The cross-section was cut nearly free from the powder grain by ion
milling with the sample at a tilt. Using the micromanipulator, a W needle was brought to the
nearly-freed section and “welded” in place using iPt. The section completely freed by ion
milling, lifted out of the bulk grain on the micromanipulator needle, and brought to a Cu half-
grid. The section was “welded” to the half-grid with iPt, and the needle was cut free. Using
progressively decreasing ion beam current at 30kV accelerating voltage, the FIB section was
thinned to electron transparency and then “polished” using a low-kV final milling step. The final
FIB section is typically ~100 nm in thickness.
EELS

EELS measurements were carried out using a high-base 60-300 keV Titan STEM
(Thermo-Fisher) with a monochromator, one chromatic aberration and two spherical aberration
correctors, and a Continuum electron energy-loss spectrometer /energy filter, with a K3 CMO
camera (Gatan-Ameritek Inc.). The CMOS camera was operated in counting mode, enabling
highest signal-to-noise and counting statistics at lowest electron dose. Spectrum images were

collected with a 17 mrad. convergence semi-angle and 54 mrad collection semi-angle into the
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spectrometer. Probe currents of 100—150 pA were used for the measurements with probe
sampling at 1 and 2 nm with dwell times of 50 ms per probe position. H, C, O, B and Mg core-
loss spectra and spectrum images were acquired at 300 keV in DualEELS mode, which acquires
simultaneous spectra over the ZLP and selected higher energy loss regions. In this case, the two
energy windows 0-300 eV and 300-800 eV were selected. Because the focused probe (0.1 nm)
was smaller than the pixel sampling interval (1-2 nm) for the EELS spectrum images, the
electron probe was rastered on a 16X16 nm grid during the 50 ms EELS acquisition at each
spectrum image pixel, both to spread the electron dose over a larger sample area and to integrate
the full volume of each 1 or 2 nm region. Spectrum images were compensated for energy shifts
in the position of the zero (energy) loss peak (ZLP) during the scan. The core loss spectrum
images were also deconvoluted pixelwise using the simultaneously acquired ZLP at every probe

location.

3.3 Results and discussion
3.3.1 S/TEM Exploration of Ball Mill Effects on MgB:

Pristine boride grains were found to be highly crystalline, with sharp edges and clearly
defined single crystals. After milling, the edges of milled boride grains were rounded off, and
single crystals were reduced to grains with induced nanocrystalline matrices(Figure 3.1, 3.2).
These observations validate earlier XRD findings of reduced crystallinity and follows with
assumed consequences of ball milling. Diffraction studies and SEM elemental analysis revealed
the presence of oxides in/on all samples, both milled and pristine (Figure 3.3, 3.4). The presence
of surface borates was anticipated, as they had been observed via NMR studies of as-received

boride.
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Figure 3.1: Pristine (left) vs ball milled MgB: (right). Stacks of overlapped single crystals can
be seen in the pristine sample, but were not observed in samples after ball milling. High contrast
“smears” seen on milled samples are from tungsten carbide contamination from milling surfaces.

Figure 3.2 SAED image indicating presence of nanocrystalline matrix induced into MgB: via
ball milling.
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Figure 3.3: SAED diffraction pattern indicative of B2O3
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Figure 3.4: SEM elemental analysis of a FIB sliced ball milled boride grain interior, indicating
incorporation of oxides in grain (Top) along with ''B solid state NMR of as-received boride,
with of boron oxides resonance seen at ~ -2ppm (Bottom, borates outlined in blue)
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Overall, an exploration of milled boride concluded that while the bulk grain size of
milled MgB:> was reduced, overall median grain size was not reduced to nano-levels. This leads
to the conclusion that all kinetic effects observed in the additive systems must come from
additive effects and is not driven by surface area.

Next, focus turned towards exploring MgB» milled with additives. Due to the local lack
of air-free sample holders, MgH> and graphene samples were chosen for analysis due to their
lack of pyrophoricity. Interestingly, unknown diffraction patterns were uncovered on all boride
samples that were milled with additives, in what appear to be defect clusters that are unique to

the additive used.

3.3.2 Examination of MgH fate/effects
SAED diffraction study indicated small (10-100 nm ) crystal fragments of MgH> to be

incorporated into the nanocrystalline matrix of milled boride, revealing that small amounts of
MgH: survived the milling process. (Figure 3.5) Upon further defect exploration, multiple
instances of crystal defects were observed throughout examined grains, with varying morphology

and size.
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Figure 3.5: Observation of in-tact MgH> crystal embedded in MgB; lattice

Stacking faults were observed in multiple crystals. Additionally, diffraction studies

suggest the formation of low-symmetry ceramic phases that do not match any known

possibilities of reagents used or possible contaminants/side products (Figure 3.6).

Figure 3.6: Observed stacking faults in MgB> + MgH> crystal (Left, middle) and SAED
diffraction of unknown low symmetry ceramic phase (right)

FIB/SEM elemental analysis of these samples were unremarkable, carbon contaminants
were found distributed throughout and were assumed to be remnants of the MgH> synthetic
process (Figure 3.7). These findings were disregarded at the time. However, the presence of this

carbon may contribute to the improved kinetics of this system, and will be discussed in chapter 5.
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Figure 3.7: SEM EDS elemental map of MgB> + MgH» sample. Top, middle/red map indicates
presence of large amount of carbon

3.3.3 Exploration of Graphene Fate/Effects

The imaging, diffraction and EDS elemental survey of borides milled with graphene were
also fruitful. While the FIB/SEM elemental analysis revealed unremarkable findings, the
imaging and diffraction surveys exposed new and unknown diffraction patterns. Due to
instrumentation resolution limitations and low quantities of graphene used in the milling process,
carbon could not be tracked via EDS in these samples.

Interestingly, these unknown crystal defect clusters were of different morphologies than
those seen in the MgH> sample, as “spot” defects were discovered rather than stacking faults
(Figure 3.8). These spot defect clusters were found to contain cubic diffraction patterns. EDS

analysis of these cubic crystal structures indicate that these defect clusters are not composed of
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MgO, the only known crystal possibility containing a cubic structure. The identity of these

phases are currently unknown.

Figure 3.8: Observed cubic diffraction pattern from observed spot defect. Identity of cubic phase
is unknown

After accumulating a library of unknown diffraction patterns, it became clear that
identification of these phases without multi-axial analysis would not be possible, and that new

instrumental methodology was needed.

3.3.4 Electron Energy Loss Spectroscopy

With continued support by Dr. Hope Ishii and Dr. John Bradley, a new collaboration was
undertaken utilizing the facilities at Lawrence Berkely National Laboratory. This new
collaboration utilized electron energy loss spectroscopy, and an instrumental setup with the rare
ability to directly observe hydrogen.

Other findings discussed below were obtained in parallel studies which pointed to carbon
as the origin of the kinetic enhancement of the hydrogenation of MgB,. As a result, the focus of

the effort to correlate additive effects with improved hydrogenation kinetics shifted towards
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tracking the fate of carbon in the MgB, samples that had been ball milled with graphene. These
studies aimed to directly correlate the presence of carbon and hydrogen.

An exploratory survey was conducted on MgB,. It was discovered that there was little
agreement with literature reports on boron K-edges of MgB, materials. As a result, an internal

reference library was compiled to increase confidence in results and to deconvolute the obtained

data.
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Figure 3.9: Left, low loss EELS region displaying the observable difference between MgB:
(black) and MgO (red) via a 4 eV shift. Right, differences observed in Mg K-edge, with a shift
between MgB; at 54 eV (Black) to 57 eV for MgO (Red).

During the assembly of this internal reference library, an EELS analysis of Mg(BHa4)2
uncovered a curious finding in that both the H, K-edge and hydride plasmon are observed in the
low loss region, at 13 and 18 eV, respectively (Figure 3.10). To date, this is the only high
resolution low-loss exploration of any borohydride in literature, so whether this is a common

result is not yet known.
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Figure 3.10: HAADF Image of a borohydride crystal, with associated EELS spectra at right.
Sharp feature at 13 eV is known to be hydrogen K-edge. Broad feature at 18 eV correlates to
hydride plasmon.

After the completion of the reference library, focus returned to tracking the fate of carbon
in the ball milled materials, as well as correlating the concentration/presence of carbon with the
presence of hydrogen.

In a survey of grains of MgB» which contained differing amounts of carbon, a rough
correlation was made between carbon and hydrogen. Utilizing the strength of the hydrogen k-
edge as an indicator, it was observed that grains possessing higher carbon concentrations also
contained stronger hydrogen k-edges. (Figure 3.11) The hydrogen K-edge was referenced for
analysis rather than the hydride plasmon at 18 eV due to overlap between the TEM sample

screen substrate (background) at 20 eV.
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Figure 3.11: Top-Observed grains with what appears to be descending concentrations of carbon
on grain surfaces (left to right). Bottom- corresponding low loss EELS spectra exhibiting
descending amounts of visible hydrogen k-edge

3.3.4.1. Surface Vs. Bulk Additive Effects Exploration

Next, a FIB study was conducted in order to determine whether these additive effects
were surface or bulk effects. Carbon-less grid substrates were utilized to attain the highest
resolution possible. EDS and EELs study of FIB sliced MgB; that was milled with magnesium
and graphene both confirmed that carbon is infiltrated into the interior of the boride grains,
entering the bulk of the prepared samples (Figures 3.12, 3.13, 3.14). Higher concentrations of

carbon were observed along grain boundaries, suggesting that the milling process accumulates
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carbon and “folds” it into the interior of the boride along its grain boundaries.

Figure 3.12: TEM images of FIB sliced section of MgB, that was milled with Mg and Graphene.
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Figure 3.13: EDS Elemental map of section of FIB sliced grain. EDS confirms presence of
carbon in bulk of MgB: material.
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Carbon

Figure 3.14: EELS elemental map of interior of MgB» grain. EELS confirms not only the
presence of carbon interior of grain, but also the concentration of carbon along interior grain
boundaries.

As mentioned above, the correlation between the presence of carbon and improved
hydrogenation kinetics was further strengthened with a parallel study conducted by Mr. Stephen
Kim. Directly synthesized carbon doped MgB, was prepared though direct chemical synthesis
via pyrolysis. EELS analysis confirmed these experiments to be successful, as carbon was
observed uniformly distributed into the bulk boride grain structure and was highly crystalline
(Figure 3.15, 3.16). X-ray analysis of the crystalline, carbon doped boride revealed the
pyrolyzed product contained 6% doped carbon, in agreement with literature reports that 6% is
the maximum carbon doping tolerated in the MgB crystal structure®’. The carbon doped MgB»

was found to undergo hydrogenation under the same reduced conditions as the materials which

were activated through ball milling with graphene.

Figure 3.15: TEM images of FIB sliced grains of pyrolyzed carbon doped boride. Capsule-like
shapes are crystalline, carbon doped boride.
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Carbon

Figure 3.16: EELS elemental map of crystal of pyrolyzed boride, confirming interior presence
of carbon

EDS/EELS elemental comparison between the interiors of pyrolyzed, crystalline carbon
doped MgB> and MgB: milled with graphene revealed that ball milling incorporates higher
levels of carbon into the bulk interior of MgB> grains. The “folding” of carbon into boride grains,
and the concentration of carbon along interior grain boundaries is assumed to allow ball milled
boride to surpass the 6% lattice limit imposed on pyrolytically prepared MgBo. In a side-by-side
hydrogenation study, the crystalline carbon doped boride successfully hydrogenated at lowered
conditions, but did not hydrogenate to the same levels as the material that was ball milled with

graphene.

3.4 Conclusions

After extensive S/TEM study, great advances were made as to the elucidation of both
mechanochemical and chemical additive effects on ball milled MgB,. Initial imaging studies
revealed that kinetic improvements seen in these ball milled systems cannot be attributed to
surface area effects, as the bulk reduction of grain sizes to nano-scales was not observed. These

findings are in firm agreement with experimental observations during early hydrogenation
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studies discussed in chapter 2. Unknown crystal phase diffractions were observed on all samples
milled with additives, suggesting that milling with additives was successful in introducing
disorder into the boride structure. High-resolution EELS studies of MgB, treated with graphene
and magnesium uncovered that carbon is distributed to the interior of boride grains and is not
confined to the surface.

A study of hydrogenated materials correlated the presence of carbon with the presence of
hydrogen/Mg(BHa4).. Single grain studies revealed rough correlations between concentrations of
carbon and hydrogen. A side-by-side study between crystalline, carbon doped MgB» and MgB»
ball milled with graphene and magnesium revealed that an increased interior carbon
concentration directly correlates to an increase in kinetic hydrogenation effects. Overall, these
studies strongly suggest that carbon plays a direct, chemical role in the improved hydrogen

uptake of treated MgB» materials discussed in chapter 2.
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Chapter 4. Exploration of Meso-confined Hydrogen/Deuterium In
Graphenic Vesicle via EELS and NMR

4.1 Introduction

In the ongoing quest to replace fossil fuels with renewable, environmentally friendly
alternatives, hydrogen has long been touted as the “fuel of the future” due to its high energy
density and natural abundance in both bound and unbound forms. However, the expansion of the
practical utilization of hydrogen faces several significant technical challenges. Aside from
“green” production issues, hydrogen application suffers from storage and transportation
difficulties, due to its high reactivity and low volumetric density as both a gas and liquid*®. The
US DOE has recently initiated efforts towards overcoming bottlenecks associated with the long
range transport of hydrogen.*” In addition to the development of materials with high volumetric
hydrogen storage densities, the development of materials that are impermeable to hydrogen is
equally necessary for widespread hydrogen transportation and infrastructural needs*.

The confinement of hydrogen by a wide array of materials has been explored with the
goal of enhancing storage efficiency. Microencapsulation in glass was amongst the first methods
to be explored as an alternative to high pressure tank storage*'. The confinement of hydrogen
inside of hollow glassy sphere (HGS) and ceramic phase materials are now both mature areas of
study. Widespread application of this technology is limited by scalability and kinetic issues at
operative temperatures*?. The nanoconfinement of metal hydrides on/in nanoframeworks is
another widely explored field of study®, as the morphology and surface area of nanoframeworks
are relatively easy to tune. However, these hybrid materials also compound the limitations of

metal hydrides as hydrogen storage materials with the detriments of lowered gravimetric density;
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and surface area driven complexities of nano scale gas interactions. These materials also face the
same operative temperature issues as hollow spheres.

Since the discovery of graphene in 2004**, the use of graphitic materials have permeated
the hydrogen research space. Graphene and nanostructured carbon materials are promising
candidates for physisorption hydrogen storage materials due to their high surface area and
surface affinities for hydrogen. Additionally, graphene has proven to be a promising material for

gas confinement, as not even hydrogen can penetrate an in-tact graphene sheet*’

. However, they
currently suffer from low gravimetric and volumetric hydrogen storage densities; are hampered
by surface functionalities; and are currently not amenable to large scale synthesis*®. These
limitations are shared by other 2D materials, such as hexagonal boron nitride, which also carries
with it added difficulty in functionalization due to strong B-N bonds*’. Recently, the 3D
confinement of H> by a carbon material was accomplished by implanting one or two H»
molecules into C70 through “molecular surgery”*®. Unlike the interaction of Hz with 2D
graphenic carbons which requires high pressure or low temperature, the encapsulation of H> in
the 3D structure is permanent under ambient conditions. Extension of 3D H> confinement by
graphenic carbon to the meso-scale (10-100 nm) offers the potential of practical hydrogen
storage.

Regardless of substrate, the vast majority of the field of hydrogen confinement has been
reliant on nano scale interactions and mechanisms, with little work in the literature body between
the nano and micro scales. Chapter 2 reports the observation of kinetically enhanced
hydrogenation of MgB: upon modification with additives®. In the course of studying the

morphological and chemical effects of hydrogenation on treated MgB, based materials, an EELS

study was conducted that revealed the presence of mesoscale vesicles. High resolution EELS and
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NMR studies of these vesicles indicate that they contain confined hydrogen. Herein, we report
the first instance of long term confinement of hydrogen gas in a meso-sized graphenic material.
To the best of our knowledge there have been no prior reports of meso scale H> confinement by

3D graphenic carbon.

4.2 Experimental

EELS

EELS measurements were carried out using a high-base 60-300 keV Titan STEM (Thermo-
Fisher) with a monochromator, one chromatic aberration and two spherical aberration correctors,
and a Continuum electron energy-loss spectrometer /energy filter, with a K3 CMO camera
(Gatan-Ameritek Inc.). The CMOS camera was operated in counting mode, enabling highest
signal-to-noise and counting statistics at lowest electron dose. Spectrum images were collected
with a 17 mrad. convergence semi-angle and 54 mrad collection semi-angle into the
spectrometer. Probe currents of 100—150 pA were used for the measurements with probe
sampling at 1 and 2 nm with dwell times of 50 ms per probe position. H, C, O, B and Mg core-
loss spectra and spectrum images were acquired at 300 keV in DualEELS mode, which acquires
simultaneous spectra over the ZLP and selected higher energy loss regions. In this case, the two
energy windows 0-300 eV and 300-800 eV were selected. Because the focused probe (0.1 nm)
was smaller than the pixel sampling interval (1-2 nm) for the EELS spectrum images, the
electron probe was rastered on a 16X16 nm grid during the 50 ms EELS acquisition at each
spectrum image pixel, both to spread the electron dose over a larger sample area and to integrate

the full volume of each 1 or 2 nm region. Spectrum images were compensated for energy shifts
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in the position of the zero (energy) loss peak (ZLP) during the scan. The core loss spectrum
images were also deconvoluted pixelwise using the simultaneously acquired ZLP at every probe
location.

High-pressure Hydrogenation and Deuteration Experiments

High-pressure hydrogenation or deuteration experiments were conducted using a custom-built
high-pressure reactor equipped with a Newport Scientific compressor and constructed from 316L
stainless steel components. Samples were loaded inside the reaction vessel within an argon
glovebox (maintaining levels of < 0.1 ppm H>O and < 0.1 ppm O»). Cylindrical stainless-steel
slugs were positioned at the bottom of the pressure vessel to allow the loaded samples to stay
within the primary heating zone. The reaction vessel is pressurized with hydrogen or deuterium
(Matheson Tri-Gas) to achieve the target pressure of 400 bar gas at 300 °C, and kept under these
conditions for 72 hours

NMR

2H NMR experiments were performed on an Agilent 600 DD2, utilizing a 600 MHz 5mm PFG
OneNMR Probe with an acquisition time and relaxation delay of 0.1 sec and a pulse width of 100
microseconds.

Mechanochemical Preparation of Materials

Mechanochemically treated MgB» samples were prepared by milling 1.2 grams of MgB» at 700
rpm in a Fritsch Pulverisette 7 premium planetary mill. 10 mol% of Rieke Mg was added at the
onset of milling, and 10 mol% of graphene was added during the last hour, totaling 5 hours of
mill time under argon. The ball to powder ratio was maintained at 20:1, utilizing tungsten
carbide mills and grinding media. After mechanochemical treatment, the samples were stored in

an Ar glovebox for analysis.
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4.3 Results

In order to investigate the effect of additives on the MgB, hydrogenation cycle, EELS
analysis was performed on a sample of MgB> that was ball milled with magnesium and
graphene. The EELS elemental map revealed high concentrations of hydrogen, in regions that
also contained high concentrations of carbon and boron but are void of magnesium. Therefore,
the regions of high concentrations of hydrogen are clearly not associated with the hydrogenated
product, magnesium borohydride. These regions have the appearance of “bubbles”/vesicles.
Further studies revealed that the walls of these vesicles consist of boron and carbon, with an

interior which contains only hydrogen gas.

Carbon

Figure 4.1: EELS elemental map of a MgB:> grain containing peculiar elemental concentrations
of Hz, B and C, but lacking Mg
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4.3.1 Electron Energy Loss Spectroscopy

In a standard EELS spectra of MgB», two main features are observed in the boron K-
edge, at 186 eV and 193 eV. The feature at 186 eV is a Pxy promotion into planar holes only seen
in in-tact hexagonal boron rings, while the second peak at 193.6 eV is a p, promotion to m* seen
in sp?, triply bonded trigonal planar boron®*>2, EELS analysis of the vesicle wall revealed that
the boron k-edge contained only a feature at 193.6 eV, suggesting that the boron contribution to
the vesicle wall is a non-boride material that is not solely composed of boron. The carbon k-edge
contained a strong feature at 285 eV and a broad feature at 292 eV, that correspond to peaks that
have been assigned as graphene 1s — n* and 1s — o* excitations, respectively>>. Examination
of the low loss region of the EELS spectra revealed pi plasmons at 4.8 and 5.8 eV, in agreement
with the carbon k-edge, suggesting the presence of a graphenic meso-structure(s)**. Additionally,
a k-edge feature is observed at 13 eV in the same spectra as the boron and carbon k-edge
features. This feature is characteristic of hydrogen gas indicating the regions of study
correspond to a graphenic material that confines hydrogen gas *°. These findings were
unanticipated because the EELS analysis was carried out on a sample ~5 years after it had been

hydrogenated and stored in a glovebox at ambient temperature and pressure.

Figure 4.2: Expanded EELS spectra of selected region, displaying hydrogen K-edge at
13 eV, boron k-edge feature at 193 eV, as well as carbon contributions at 285 eV and 49
292 eV.
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Figure 4.3: Low loss spectral comparison on and off vesicle wall, on hydrogenated grain. On-

vesicle low loss features contain pi plasmon resonances seen in graphene and correlate with Ho
K-edge at 13 eV. These features are not observed off vesicle.

4.3.2 2H NMR Study of Confined D,

In order to obtain independent verification of the presence of confined Hz, we undertook
an examination of the materials by NMR spectroscopy. A variety of hydrogen containing
contaminants, most notably water, could quite plausibly be misidentified as confined hydrogen
by '"H NMR spectroscopy. To avoid this type of ambiguity, we instead carried out a study in
which modified boride was charged with D, gas. New samples were prepared utilizing the same
procedure that was used in our previous hydrogenation study. These samples were heated to
300°C and placed under 400 bar of D, gas for 72 hours. The resulting materials were then

examined by ’H NMR spectroscopy.
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Figure 4.4: 2H NMR of peculiar resonance at -44 ppm.

Remarkably, static 2H NMR spectra of these deuterated samples routinely consist of only
a broad peak centered at -44ppm, suggesting the presence of confined D». This finding is
fortuitous since these experiments were run in the solid state and obtained without the assistance
of CPMAS. This indicates that the confined D> must be somewhat mobile, and dynamically

similar to hydrogen previously observed to be confined in fullerene 3.

4.4 Discussion

4.4.1 Meso-confinement
The average scale of all observed vesicles can confidently be identified as having an

internal radius at least one or two orders of magnitude larger than the nanometer scale. However,

without multiaxial analysis accurate volume information cannot be obtained as to the size of the
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observed vesicles, especially since there does not appear to be morphological similarities
between vesicles on different grains. The vesicle seen in Figure 4.5 appears to possess an
interior diameter of around 90 nm. This would correspond to a spherical volume of 380,000
cubic nanometers. Assuming a molecular volume utilizing the van der waals radius of Ho, this
void could contain on the order of 10® molecules of Hz gas. To the best of our knowledge, the
“meso” scale of these vesicles is in an unprecedented domain between well-established nano-
confinement and micro-confinement seen in hollow glassy spheres. The hydrogen pressure in the
vesicles is an open question, as the pressure in structural voids can be widely varied>®. This
parameter has serious implications on the hydrogen storage potential associated with these
features. Future exploration of the hydrogen pressures associated with the meso confinement that

we have identified is clearly warranted.

Figure 4.5: TEM image highlighting a “hydrogen containing vesicle” appearing to possess
internal diameter of ~90nm
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4.4.2 NMR and EELS Analysis

Physisorbed hydrogen has generally been reported to have chemical shifts in the range of
1-6 ppm®’, that is upfield from the experimental isotropic chemical shift of H> gas, §=7.40 ppm.>*
This contrasts the resonance for hydrogen gas that was inserted and confined by a fullerene,
which was observed at -20 ppm>-%3. Mamone et al. postulated that the dominant influence on the
chemical shift of the confined hydrogen arises from contributions of both isotropic and
anisotropic effects of the C70 cage itself. In the case of the graphenic meso-structures observed
in our material, the larger shift to -44ppm can be roughly explained with considerations to
aromaticity and vesicle morphology. In NMR spectroscopy, it is known that an increase in the
size of an aromatic system results in larger shielding effects of nuclei that are orthogonal to the
aromatic surface and aligned with the NMR By, due to stronger induced ring currents®*.
Molecules of a mobile gas confined within an impermeable shell would undoubtedly experience
these alignments and orientations. Therefore, the large ppm shift indicates that the vesicle walls
likely contain large aromatic graphenic domains. Furthermore, the formation of asymmetrical
vesicles that appear to possess curved edges suggests our observed NMR resonance is the result
of compounding effects where aromatic ring currents combine with anisotropic effects from the
geometry of the vesicle shell, imparting higher shielding effects in agreement with literature
reports on strained and curved graphene systems®>%. The broad nature of our observed
resonance is most likely due to the broad distribution of inter-vesicle morphology which is
expected to be widely varied in contrast to that of a fullerene cage.

NMR findings are in strong agreement with EELS low loss features and carbon K-edge
signatures matching a graphenic material containing aromatic carbons. The collected carbon k-
edge contains 1s — m* excitations at 285 eV, which can be directly associated with sp?

hybridization and is expected in graphene. Low loss EELS analysis contains two pi plasmon
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resonances at 4.8 and 5.8 eV, in agreement with carbon k-edge. Analysis of these m plasmons
reveals additional structural information, as these plasmon energies are directly correlated to
graphene stacking thickness. The plasmon at 4.8 eV strongly agrees with previous reports of
single-sheets of graphene, while the 1.0 eV shift to 5.8 eV correlates to the presence of a
graphene bilayer®*. Additional extrapolation from the low loss region is complicated by the
presence of the hydrogen k-edge at 13 eV, but the presence of thin graphenic structures to
include single layers of graphene is highly supported.

The singular feature observed in the boron k-edge sits in a region commonly attributed to
trigonal planar boron oxides ( >193 eV), whereas the formation of B-C bonds in a material like
graphitic BC3 contains a signature feature at 190-192 eV78. Therefore, it is assumed that the

vesicle shells contain a thin coating of borates and is not forming a B-C polymorph.

4.4.3 Formation Mechanism

The formation of meso-structured graphene polymorphs from interactions between
MgB:> and graphene during high temperature/pressure hydrogenation raises interesting questions
as to the reactivity between carbon and MgB> in the presence of hydrogen. As vesicles are only
observed in hydrogenated materials, the formation of Mg(BH4)> may play a role in the assembly
of the vesicle walls. The lack of Mg in observed EELS elemental mapping suggests that long
range mobility is involved in the creation of the graphenic shell. It has been reported that under
hydrogen pressure and at elevated temperature, Mg(BHa4)> experiences a molten phase, and is in
agreement with experimental observations where free flowing MgB, powders coalesce into
rocky aggregates after high-pressure hydrogenations®. This may be the phase responsible for

graphenization, as carbon is freed from the boride lattice during the transition between carbon

54



doped MgB> to Mg(BHa4)2. However, the modest temperatures involved in this formation
mechanism suggests a yet unknown process, as graphenization usually requires either the use of
a transition metal catalyst and/or temperatures ranging from 850 to >1000°C’°. This mechanism
is highly speculative and its establishment will require further studies. Additionally, the boron
oxides observed on the vesicle shell may also be contributing in a yet unknown manner.

The use of graphene nanoplatelets in the milling of these samples cannot be ignored,
though intact graphene sheets are rarely seen via TEM explorations after ball milling. Bulk
carbon structures have never been observed in doped MgB: before hydrogenation. However,
even if these meso-structures arise from the simple incorporation of graphene platelets into bulk
boride, the formation of closed 3D graphenic structures and their encapsulation and permanent

confinement of H> still warrants exploration.

4.4.4 Permeability

We have found hydrogen confinement to persist for over 5 years. Thus, we conclude the
graphenic shell of the vesicle is highly impermeable to hydrogen. This observation is in
agreement with Bunch and following literature reports that find single sheets of graphene to be
impermeable to all gasses*>’!"3. However, confinement of hydrogen by graphene has only been
reported to occur at graphene-substrate interfaces’®. To the best of our knowledge, this is the first
instance of the full encapsulation and confinement of bulk hydrogen by a 3D graphenic material

beyond the nanoscale of fullerenes.

4.5 Conclusion

We have for the first time observed the formation of hydrogen containing vesicles of

“meso” dimensions. These features were revealed in TEM studies of the hydrogenation of MgB:
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that was modified through mechanochemical milling with graphene. EELS analysis indicates that
the walls of the vesicles are composed of a material consisting of only boron oxides and aromatic
carbon. The presence of molecular hydrogen within the vesicles was cross validated by both
EELS and NMR studies. The chemical shift observed for the hydrogen in these materials
indicates that the chemical environment of the confined hydrogen is similar to hydrogen
confined in fullerenes, though our observations indicate confinement in a much larger aromatic
system. To date, this is the first report of NMR evidence of bulk Ho/D> permanently confined in
a graphenic material. Most notably, we have observed that the vesicles are indefinitely
impermeable to hydrogen/deuterium at room temperature and ambient pressure.

The combination of this hydrogen impermeability and the extension of mesoconfinement to large
graphenic domains may open doors to new opportunities in bulk hydrogen storage as well as the

development of new 3d graphenes.
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Chapter 5. Conclusions and Future Directions

5.1 Additive effects

5.1.1 THF, Mg, MgH; systems
While THF samples were not studied directly via S/TEM, it can be assumed that milling

with THF introduces the possibility of small amounts of carbon doping into the boride lattice.
The formation of a slurry with the introduction of liquid THF into the milling process likely
reduces the kinetic energy imparted via ball milling, in addition to the vaporization of THF on
contact surfaces, leading to only slight kinetic impacts in comparison to the Mg/THF system.
The presence of metallic Mg in this milling system likely allows for more kinetic energy to be
imparted into the system via the presence of solid malleable metal.

The pyrophoricity observed in the THF samples is most likely due to magnesium that is
ejected from the lattice of the MgB: itself rather than a new phases of boride. The formation of
metallic magnesium from the degradation of the MgB» lattice was experimentally observed and
the presence of segregated magnesium and boron elemental phases was confirmed by TEM in all
milled samples. Due to the high energy formation of this Mg phase, it is most likely of very
small particle size and very high surface area. It is also known that MgB» surfaces are oxidized
from the manufacturer. It is likely that without THF, Mg that is ejected from MgB: lattice is
immediately oxidized by surface bound oxides that are also freed in the degradation process. The
presence of pyrophoricity only in THF samples suggests that THF stabilizes the magnesium
phase that is ejected from the boride lattice during milling. When THF is removed, this phase
possesses pyrophoricity similar to that of Rieke Mg.
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To date, no direct chemical effect has been observed as to the molecular function of
metallic magnesium in these systems. Ab initio molecular dynamic simulations have reported the
complex role of Mg?* may play in the hydrogenation of reactive MgB. edges, but further study is
required for the full elucidation of the role of Mg in these ball milled systems’. Additionally, it
is assumed that Mg may act as an exfoliant as explained above, and may also assist in
sequestering oxygen during the hydrogenation process via the formation of highly stable MgO.

SEM/EDS elemental mapping of MgB, + MgH» samples revealed carbon contaminants
that were originally overlooked upon discovery as contaminant consequences of the synthesis of
MgHo>. In hindsight, these carbon contaminants may have been the driving force behind the
kinetic improvement of the MgH» samples. The presence of carbon, in addition to the
degradation of MgH> during the milling process to form metallic Mg makes this system
analogous to the later MgB, + Mg + graphene systems that had exponential improvements in
performance. These results also suggest the possibility of kinetic effects of carbon sources other

than graphene, and encourage future experiment screenings.

5.1.2 Layer Specific Perturbant / Carbon Additions

Without additional analysis into the MgB, + anthracene systems, it is not possible to
conclude whether the kinetic improvements observed in the hydrogenation system were driven
by magnesium abstraction or carbon doping. However, the evolution of pyrophoricity in these
systems suggests the in situ formation and degradation of magnesium anthracene was observed
and may play a role in the hydrogenation.

MgB: interactions with graphene resulted in the highest kinetic impacts of hydrogenation.

Exploration of the MgB> + Mg + graphene systems uncovered the bulk introduction of carbon
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into MgB> grains. Therefore, it must be concluded that carbon plays a major role in the
hydrogenation of MgB>. These findings are mirrored for all hydrogenation experiments that
contained an exposure to carbon: graphene/THF/carbon contaminated MgH>/anthracene all
experienced major advances in hydrogenation mechanics.

The role carbon plays in the hydrogenation of MgB: is most likely a complex mixture of
interactions and requires further study. The substitution of carbon into the MgB: structure is
known to cause a contraction of the a lattice parameter of the MgB,, suggesting the introduction
of strain into the boron plane which would likely result in the increase in surface energies’. This
strain, in combination with the added electron density from a more electron rich nuclei would
likely increase interactions with hydrogen and decrease the activation energies required for
hydrogenation. This theory is supported by parallel research conducted by Dr. Bryson
Nakamoto, where a hydrogen physisorption study of MgB» materials revealed the relationship
between hydrogen binding energies and borohydride conversions. Namely, higher H> binding
energies were observed to directly correlate to higher hydrogenation conversion rates’®. This
suggests that electronic interactions at the surface of C-doped MgB» materials bind hydrogen
more effectively, leading to higher H> surface dwell times and result in improved hydrogenation

kinetics.

5.2 Formation of Graphenic Meso-structures

The discovery of hydrogen gas confined in vesicles, observed in samples of hydrogenated
MgB> milled with Mg and Graphene, led to the exploration of the vesicle shell and an analysis of
the gas contained within. In-depth EELS study indicated the presence of a graphene-like shell
that encapsulated and permanently contained H>/D> gas. These findings were cross-validated

with NMR observations of a broad resonance indicative of a gas confined in a large aromatic
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system. The large ppm shift observed in NMR and long-term confinement of H»/D> also suggests
that the vesicle shell is highly graphenic, as any amount of disorder would allow the permeation

of confined H.

5.3 Future Directions

After intensive study, the kinetic effects of carbon doping up to 10 mol% on the
hydrogenation of MgB: are undeniable. Because of this, new methods to increase the carbon
content throughout the bulk structure of MgB, may be developed through the use of different
carbon sources and polymorphs, as well as the use of different ball milling methodologies.

Large 10mm WC grinding media was used through these ball milling studies. Slightly
smaller ball bearings and varied mill speeds may allow for finer tuning of reaction dynamics that
occur in the milling process to incorporate reagents more effectively, and with much greater time
efficiency.

A cycling study of prepared materials found that the current sample inventory is unable to
cycle back to Mg(BHa4); after dehydrogenation. This is assumedly caused by crystallization of
MgB: after dehydrogenation, whereby induced grain boundaries are relieved and additives that
were incorporated into the boride lattice are expelled. This assumption is supported by the
formation of observed vesicles, as the formation of graphene during the hydrogenation process is
an irreversible removal of carbon from the boride lattice. Dehydrogenated materials have never
been explored however, so chemical analysis of these materials may confirm or contradict these
assumptions.

The discovery of graphenic vesicles during the hydrogenation of MgB» is clearly worthy
of future explorations. At the highest levels of implication, the formation of a 3 dimensional

graphene structure with relatively long-range order, formed without the use of templating, from a
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cheap source material, and at relatively low temperatures, may have implications in the field of
graphene synthesis. At the lower levels of implication, the interaction between exfoliated
graphene sheets that have folded into a 3-dimensional shape, and boride grains during
hydrogenation still warrants further study, as this material was found to contain hydrogen
regardless, and in it of itself contains repercussions pertaining to the hydrogen permeability of
MgB». New ball milling experiments to increase carbon content in the bulk of prepared MgB.
samples, in combination with hydrogenation studies as well as a focused S/TEM exploration
would undoubtedly shed light as to the formation mechanics of these vesicles.

Furthermore, the possibility of hydrogen confining vesicles on the nanoscale that are
distributed throughout hydrogenated grains cannot be ignored. The obtained 2H NMR results
which observe a single resonance is a peculiar find, as diamagnetic anisotropic effects have been
shown to decay exponentially as a function of distance’’. The lack of a free gas resonance in
meso-sized vesicles suggests either a Hy/D» retention mechanism on the interior surface of the
vesicles on the NMR timescale, or the large presence of nano-scale vesicles. Pressurized
endohedral hydrogen has been theorized/simulated to act as bound liquids on the interior surface
of large fullerenes, and additional T1 and T2 relaxation studies may reveal details of the dynamic

behavior of hydrogen confined in the observed vesicles’®.

“Tu ne cede malis, sed contra audentior ito,

quam tua te fortuna sinet.” - Aeneid VI
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