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ABSTRACT

Global energy demands are expected to be 27 TW by 2040, up from the current level of 13 TW.
Meeting this requirement by current methods of fuel production, the burning of fossil fuels,
results in the production of harmful sulfur, carbon, and nitrogen-based pollutants.
Photoelectrochemical cells are a promising alternative energy platform, producing clean-burning
hydrogen fuel from water with oxygen as the only byproduct. In this device, hydrogen is
produced at the cathode (hydrogen evolution reaction, HER) and oxygen is produced at the
anode (oxygen evolution reaction, OER). For this technology to be industrially viable, earth
abundant and inexpensive HER and OER catalysts need to be discovered. Additionally, a method
for the storage and transportation of hydrogen as a solid must be developed to minimize shipping
costs. Here, we show that molybdenum rich Co-Mo nanoparticles are effective catalysts for the
HER. We also describe recent discoveries in our lab towards the implementation of promising

catalysts for the hydrolysis of a hydrogen storage material, ammonia borane.
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Chapter 1: Introduction

The burning of wood, coal, oil, and natural gas has powered the human population throughout
history.! The use of these nonrenewable energy sources powered the Industrial Revolution,

catapulting the economy and technology sectors since the 18" century.’

The energy needs of the global economy are increasing, with global power use projected to grow
from 17 TW in 2010 to 27 TW by 2040.° The exponential energy use increase has largely been

facilitated by nonrenewable energy sources — coal, petroleum, and natural gas, as seen in Fig. 1.*
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Figure 1: While renewable energy sources are growing in use, the burning of fossil fuels still

dominate the energy market.

The major problem with the combustion of fossil fuels is not the supply — although it is finite,
global supply of these energy sources to last society at least several generations.” The production
of carbon dioxide upon combustion of these fuels is the larger issue, as the atmospheric

concentration of CO, has reached unprecedented levels, as seen in Fig. 8.’
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Figure 2: The atmospheric concentration of carbon dioxide has reached levels higher than at any

point in recent history.’

The carbon dioxide produced over the next 40 years will persist for the next 500-2,000 years due
to its equilibration between the atmosphere and the oceans every 30-40 years and the lack of a
natural destruction mechanism.® While the shift from burning of wood to coal to oil to natural
gas has led to a decrease in the mean intensity of CO, production per year (due to the increase in
the H:C, respectively) the global population increase will likely result in increased global carbon
emission accumulation.® The increase in atmospheric carbon dioxide concentrations have created
an enhanced greenhouse effect, leading to an increase in global temperatures.” A major societal
goal has been to keep the average temperature to less than 2°C above the temperature from the
preindustrial era, which might limit potentially catastrophic environmental effects. Many models
have predicted that in order to have a greater than 50% chance to achieve this target, large scale-
deployment of negative emissions technologies must take place and the reduction in production
of carbon dioxide via alternative energy technologies must be realized.® The implementation of a

hydrogen economy may be a feasible option to enable a clean energy future.’



Hydrogen is widely regarded to be a clean fuel that may replace natural gas and oil as a future
energy source.'’ Hydrogen is an excellent energy carrier because it is very stable and
environmentally friendly when used for energy in a fuel cell.'"" When combined with oxygen in a
fuel cell, a reaction is catalyzed that produces energy with a AH® of -242 kJ/mol, and a AG® of -
229 kJ/mol (Reaction 1).'? Because of their capability to produce large amounts of energy and

lack of harmful byproducts, fuel cells are a promising alternative energy platform.

Ha(g) + % Oa(g) > H,0(1) AH® = -242 kJ/mol AG°=-229 kJ/mol Reaction 1

Figure 1 shows an example of a fuel cell, which functions by combining gaseous hydrogen and
oxygen from two different channels to generate electricity. Hydrogen interacts with a material
that catalyzes the decomposition of hydrogen to 2 H" ions and 2 electrons.'> The protons travel
across an ion-exchange membrane to another catalyst, where they react with O, and electrons to
form water. The flow of electrons between the two catalysts creates a current that can be used to
power devices. No harmful gases, such as CO or CO,, nitrogen oxides (NOx) or sulfur oxides

(SOy) gases, are produced."
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Figure 3: A fuel cell catalyzes the combination of hydrogen and oxygen gas to energy and water.

For fuel cell technology to be commercially relevant, hydrogen must be produced cheaply and
efficiently in large quantities. Currently, the production of hydrogen is accomplished by the
steam methane reformation of fossil fuels, which results in the formation of greenhouse gases.'*
Petroleum, diesel, and propane steam reformation are used to produce H, and CO (Reaction 2)

with temperatures in excess of 700°C.">'®
CHa4 (g) + HO(g) + heat > CO(g) + 3Hax(g) Reaction 2

The CO can be captured and reacted with a catalyst and more steam to produce more hydrogen

(Reaction 3)."



CO(g) + HO(g) = Hay(g) + COx(g) + heat Reaction 3

For the entire reaction scheme above, AH93x = 165.2 kJ/mol, making it energetically

unfavorable.

Photoelectrochemical cells (PECs) that perform water splitting are an example of a solar to
hydrogen (STH) strategy, solving the problem of large energy inputs and hydrocarbon use to
generate hydrogen gas. Dubbed artificial photosynthesis due to its mechanistic similarity to the
process used by nature to store energy from the sun in chemical bonds, PECs work by using
sunlight and catalysts to convert water into hydrogen and oxygen (Reaction 4).'® This process is
advantageous over other STH systems because of its simplicity and lack of harmful byproducts,
and is therefore a promising clean energy platform."” The overall reaction is endothermic, but the
use of solar energy can overcome the energy barrier without the production of harmful
greenhouse gases. The use of catalysts reduces the energy barrier required to overcome the water

splitting reaction.

2H,0(1) = 2Hy(g) +0a(g)  AG°=237kJ/mol Reaction 4

The use of catalysts to produce hydrogen using the hydrogen evolution reaction (HER) will be

discussed in Chapter 2.



If hydrogen is to be produced by STH (PEC or otherwise), a further problem manifests itself in
the transportation of the gas. There are no pipelines or networks to transport hydrogen like there
are for natural gas or oil.'” Therefore, new transportation infrastructure to needs to be developed.
Additionally, the US Department of Energy mandated that hydrogen fuel cell electric vehicles
(FCEV) are required to exhibit a driving range of 300 miles without adding a large amount of
weight or volume to the vehicle."” This is an issue, because the 5 kilograms of hydrogen needed
to power a vehicle for 300 miles occupies a volume of 54 m’ (at standard temperature and
pressure).” This volume does not meet DOE targets for hydrogen mass or weight density and is
not feasible for large-scale transportation. Two strategies to circumvent this volume problem are
to compress or liquefy hydrogen (decrease its volume) or store it chemically using a molecule so
that it can be released when needed.”® Additional energy inputs are also required to compress or

liquefy hydrogen. The chemical storage of hydrogen is a useful alternative.
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Figure 4: Plot of volumetric vs. gravimetric density of diatomic hydrogen with potential

hydrogen storage materials plotted. The DOE target for 2015 is the black bolded box. '°



Among other solutions, ammonia borane has been put forth as a promising candidate for a
hydrogen storage material.”' This molecule is a highly polar, which explains its high melting
temperature in comparison to its isoelectronic counterpart, ethane. AB is nontoxic, soluble in
water, and produces 3 molar equivalents of hydrogen when treated with a catalyst.”> The most
effective catalyst for this reaction is platinum, but the implementation of this system on a global

23,24

scale would require catalysts that are earth abundant and inexpensive. The discovery of

catalysts for the hydrolysis of ammonia borane is discussed in Chapter 3.



Chapter 2: Catalyst for the Hydrogen Evolution Reaction

The work in this chapter was done in collaboration with Dr. Joshua McEnaney, Dr. Juan
Callejas, Dr. James Hodges, and Jared Mondschein and was published in the Royal Society of
Chemistry’s Journal of Materials Chemistry A.*>> My contributions included the initial synthesis,

characterization, and electrochemical testing of the Co-Mo nanoparticles.

2.1 Introduction

With carbon dioxide levels rising to record levels, taking advantage of freely available sunlight
to create hydrogen for fuel applications is of paramount importance.*® Photoelectrochemical
(PEC) water splitting uses solar energy to split water into hydrogen and oxygen by the
corresponding hydrogen or oxygen evolution reactions, which take place at the cathode and
anode, respectively.'® A major issue that impedes the progress of sunlight-driven renewable
energy is the search for catalysts.”” While nature had devised organic molecules that assist in the
conversion from solar energy to chemical energy, scientists have yet to develop catalysts that are

sustainably derived, stable, and inexpensive. >’

To date, the most effective hydrogen evolution catalyst is Pt, showing the lowest overpotentials
measured at the standard benchmarking current density of -10 mA cm™.*® However, mass
implementation of Pt as a catalyst is not practical due to its limited Earth-abundance, preventing
wide-scale implementation.”” A PEC requires electrolytic conditions, and usually employs highly

acidic or highly alkaline conditions.”® It is useful for PECs to have both the oxygen evolution

reaction and the hydrogen evolution reaction take place in the same pH conditions. While many



OER catalysts are active and stable in alkaline aqueous solutions, HER catalysts still need to be
developed for use in these conditions.”® While there have been advances in the HER catalysts in
acidic aqueous solution over the last ten years, including classes of sulfides, carbides, and
phosphides, more work must be done in order to achieve low overpotentials for the HER in

alkaline solutions.’!

Molybdenum-containing compounds have been studied for the HER in acidic systems (MoS,,*
MOQC,33 and MoB,33 and MoP,34 were all highly active in acidic media). 3d transition metal
alloys such as Ni-Mo and Co-Mo are highly active and stable electrocatalysts in alkaline

. 35,36
solutions.™™

These alloys have been synthesized via electrodeposition, which results in a low
surface areas, but catalytic effectivity may be improved by further increasing the surface area of

the catalyst.”’ The goal of this work was to synthesize Co-Mo alloy nanoparticles using colloidal

methods and test the electrocatalytic properties of the material for the HER.

2.2 Experimental

Materials and chemicals:

The following materials were used as purchased without further purification: squalane [98%,
CsoHg, Alfa-Aesar], oleylamine [70%, C18H27N, Sigma-Aldrich], molybdenum hexacarbonyl
[98%, Mo(CO)s, Sigma-Aldrich], dicobalt octacarbonyl [>90% (Co), 1-10% hexanes, Co(CO)s,
Sigma-Aldrich], and sulfuric acid [99.999%, Sigma-Aldrich]. The following items were used for
electrode preparation and testing: titanium foil [99.7%, 0.25 mm thickness, Sigma Aldrich], Ag

paint [high quality, SPI supplies, and two-part epoxy [HYSOL 9460, Henkel Corp].
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Synthesis of Cobalt-Molybdenum nanoparticles:

NPs were synthesized in a 50 mL three-necked round-bottom flask equipped with reflux
condenser, thermometer adapter, rubber septum, and stirbar. 7.0 mL of squalene and 0.2 mL
oleylamine were added to the round-bottom flask and degassed for 20 minutes at 120°C while
continuously stirred. The mixture was cooled to 50°C after being placed under a blanket of argon
gas. 132 mg of Mo(CO)¢ was added to the solution, and the mixture was heated to 120°C. In a
separate Ar-filled septum capped vial, 100 mg of Coy(CO)g was dissolved in 0.5 mL of hexanes
and 2 mL of squalene. The Co,(CO)s solution was injected into the round bottom flask at 120°C;
the resulting mixture was heated to 320°C and remained at this temperature for 20 minutes. The
solution was allowed to cool to room temperature. The reaction mixture was transferred to a
centrifuge tube. Volumes of 7.5 mL hexanes and 15 mL ethanol were added to the centrifuge
tube. The mixture was then centrifuged at 12,000 rpm for 3 minutes. The resulting pellet was
redispersed in hexanes, and the washing process was repeated by adding 2:1 ratio of hexanes to

ethanol before characterization.

Preparation of working electrodes:

Electrodes for electrochemical characterization were prepared as previously described.*’**
Titanium foil was cut into 0.2 cm? substrates. The Co-Mo nanoparticles, dispersed in hexanes,
were drop-cast onto the foils in SuL increments to achieve a loading of approx. 1 mg cm™. After
drying, Co-Mo/Ti foils were heated in a tube furnace at 350°C under H»(5%)/Ar(95%) to remove

surfactant molecules. The foils were then attached to polyvinyl chloride-coated Cu wire using Ag
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paint. To ensure that the surfaces were insulated, two-part epoxy was applied and allowed to dry
before electrochemical characterization. The final particle loading density was determined by the

use of a microbalance and a high-resolution scanner to determine electrode surface area.

Electrochemical characterization:

Electrochemical measurements were performed using a Gamry Instruments Reference 600
potentiostat. All measurements were performed in 1.0 M KOH in a standard three-electrode cell.
The cell contained a graphite counter electrode and a Hg/HgO reference electrode. All
polarization data were acquired with a sweep rate of 2 mV s while research grade H(g) was
continuously bubbled through the electrolyte solution under rapid stirring. The reversible
hydrogen electrode (RHE) potential was determined by measuring the open-circuit potential of a
clean Pt electrode in the electrolyte solution after testing the non-noble metal electrodes. Initial
stability tests were performed galvanostatically by holding at an applied current density of -10
mA cm” for 18 h. Long-term tests for electrochemical stability were acquired using
voltammetric sweeps, cycling 500 times between +0.15 and -0.15 V vs. RHE at 100 mV s,
After electrochemical testing, measurement of the open-circuit potential of a clean Pt mesh
electrode allowed for the determination of the RHE potential in the electrolyte solution.
Quantitative hydrogen yield measurements were performed by passing a cathodic current of
10mA continuously through the 0.2 cm® working electrode for 50 min (3000 s for 30 C of
charge). Hydrogen bubbles evolved from the working electrode were captured in an inverted

graduated cylinder containing the 1 M KOH electrolyte.
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Materials characterization:
The Co-Mo nanoparticles were dispersed in a hexane solution and drop-cast (0.7uL) onto a 400
mesh Formvar and carbon-coated Cu grid (Electron Microscopy Sciences) for characterization
by transmission electron microscopy (TEM). TEM images were obtained using a JEOL 1200
microscope with accelerating voltages of 80 kV. Powder X-ray diffraction (XRD) patterns were
acquired using a Bruker-AXS D8 Advance diffractometer with CuKa radiation and a LynxEye
1-D detector. Simulated XRD patterns were generated using the CrystalMaker/CrystalDiffract
software package. High-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images were collected using an FEI Titan G2 S/TEM at an accelerating
voltage of 200 kV. Energy dispersive X-ray spectroscopy (EDS) maps were also acquired with
an FEI Titan, using the Super-X EDX quad detector system at a current of ~0.15 nA.
Standardless Cliff-Lorimer quantification was performed on the deconvoluted EDS line intensity
data using the Bruker Esprit software. Brunauer-Emmert-Teller (BET) surface area
measurements using a Quantachrome Autosorb iQ3 at liquid nitrogen temperatures, and the data
were analyzed using ASiQwin software version 3.01 (2013). X-ray photoelectron spectroscopy
(XPS) was acquired using Al(Ka) radiation (1486 eV) in a PHI VersaProbe Scanning XPS

microphobe.

2.3 Results and Discussion
Characterization of nanoparticles:
The thermal decomposition of Mo(CO)s and Co(CO)s resulted in the synthesis of the Co-Mo

nanoparticles. The decomposition took place in the presence of oleylamine and squalane at
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320°C. The product is shown in Fig. 1a, a TEM image of the nanoparticles. The average diameter
of the nanoparticles is 3 +£ 1 nm. The sample is not crystalline, as evidenced by the
broad scattered electron diffraction (SAED) pattern (Fig. 1b) and the lack of peaks in the powder

XRD pattern (Fig. 1c).

20 30 40 50 60 70 80
2-Theta (deg.)

Figure 5: (a) TEM image showing the synthesized nanoparticles and the corresponding (b)
SAED pattern and (c) XRD pattern. Reproduced from Ref. 1 with permission from the Royal

Society of Chemistry.*

The identity of the particles was confirmed via STEM imaging. These figures show that the

particles have a 3 nm particle diameter (Fig. 2a), as well as the short-range
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crystalline order. This data, in combination with the XRD and SAED patterns, confirms the

existence of a weakly crystalline material.

STEM-EDS mapping showed that the atomic ratio of Co:Mo in the nanoparticles was 1:9. The
Co, Mo, and Co + Mo element maps were collected from EDS data (Fig. 4b-d). The mapping

shows that both the Co and Mo elements are dispersed throughout the nanoparticles.

Figure 6(a) HAADF-STEM image of the synthesized Co-Mo nanoparticles and corresponding
STEM-EDS element maps for (b) Co, (c) Mo, and (d) Co + Mo. Reproduced from Ref. 2 with

permission from the Royal Society of Chemistry.*

Electrochemical data:
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In order to test the electrocatalytic activity of the Co-Mo nanoparticles, the particles (suspended
in hexanes) were loaded onto Ti foils with a density of 1 mg cm™. The Ti substrates were
prepared for electrochemical testing by annealing for 2 h at 350°C in H»(5%)/Ar(95%). This
annealing process resulted in the elimination of ligands that surrounded the nanoparticles due to
the colloidal synthesis method. The nanoparticles were tested in strongly alkaline conditions
(1M KOH). Fig. 5 shows the activity of the Co-Mo nanoparticles against a bare, inactive Ti foil

and, for comparison, the highly active Pt mesh.

Ti

-10-

-20
Co-Mo

-30-

Current Density (mA cm'z)

-40-

Pt
-50 — T T T T T T T T T 1
030 -025 -020 -0.15 -0.10 -0.05 0.00
Potential (V vs. RHE)

Figure 7: Electrochemical data for the synthesized Co-Mo nanoparticles, the highly active Pt
benchmark, and the bare and inactive Ti foil. Reproduced from Ref. 3 with permission from the

Royal Society of Chemistry.”

At the commercially relevant current density of - 10 mA ¢cm™, the synthesized Co-Mo
nanoparticles required an overpotential of only -75 mV. For comparison, the highly active

benchmark Pt produces -10 mA cm™ with an overpotential of -25 mV in 1 M KOH. The Co-Mo
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catalysts presented here perform much better than previous studies that utilized Co-Mo as
catalysts for the hydrogen evolution reaction — these studies report overpotentials of up to -100
mV are required to achieve -10 mA cm™.*® The lower overpotential shown herein is likely due to
the high surface area of the Co-Mo nanoparticles. Additionally, the data presented here rivals the

extensively studied Ni-Mo compound, which produces hydrogen at an overpotential of -30 to -

130 mV at -10 mA ¢cm™.

The stability of the nanostructured Co-Mo electrocatalyst for the HER at pH 14 was tested by
cyclic voltammetry. No significant changes in performance was observed after 500 cycles
between +0.15 and -0.15 V vs. RHE (Fig. 6a). Further stability tests were performed by
subjecting the Co-Mo/Ti electrodes galvanostic experiments at a constant current density of -10
mA cm™ for 18 h (Fig. 6b). With no significant change in overpotential over this time period, the
nanoparticles were determined to be stable catalysts in highly alkaline conditions for the

hydrogen evolution reaction.
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Figure 8. (a) 500 cyclic voltammograms in 1 M KOH and (b) galvanostic results after 18
h, showing no change in overpotential. Reproduced from Ref. 4 with permission from the

Royal Society of Chemistry.”

2.4 Conclusions

A new synthesis was designed to produce molybdenum rich Co-Mo nanoparticles, which are
excellent catalysts for the hydrogen evolution reaction. The nanoparticles contain clusters of 1
nm crystalline domains and both elements are homogeneously dispersed throughout. The
electrochemical activity confirmed that the Co-Mo nanoparticles were highly active for the
hydrogen evolution reaction, requiring an overpotential of just -75 mV at the industrially relevant
current density of -10 mA cm™. Additionally, the nanoparticles were determined to be stable in

alkaline media by cyclic voltammetry and galvanostatic experiments.
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Chapter 3: Catalysts for Ammonia Borane Hydrolysis

The work in this chapter was done in collaboration with Catherine Badding, who handled the

synthesis and screening of bulk powders and assisted with catalytic experiments.

Chapter 3.1 Introduction
As discussed in Chapter 1, ammonia borane is a viable hydrogen storage option, which will be
important for a chemical hydrogen storage method should a hydrogen economy become

implemented on a large scale.

The chemical storage of hydrogen remains a much more feasible strategy than a pressurized or
cooled system. In this way, hydrogen is stored in a molecule, only to be released when the
decomposition of that molecule occurs. An ideal molecule would have a high hydrogen content
by weight, possess a low heat of dehydrogenation in order to use a minimum amount of energy
to release the hydrogen, and have high rates of reaction between 80-120°C (the operating
temperatures of a fuel cell).” The DOE’s goals for 2015 are to have a molecule with at least 9
wt% Ha, a volumetric density of greater than 82 (kg H,) m™ and a transportation temperature

between -20 °C and 85 °C.*

Ammonia borane (H;B—NH3 , AB) is a good candidate for such a system. First synthesized in
1955,*! it is isoelectronic with ethane (a gas at room temperature), but is highly polar and

therefore has a boiling point 284°C, higher than that of ethane.”” Its melting point is 112°C,
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making it a stable solid at room temperature and therefore denser than hydrogen gas.* AB has a
molecular weight of 30.7 g/mol, is 19.6 wt% H,, and has a density of 145 kg, m™.** It meets the
storage, transportation, and wt% parameters set by the DOE.*’ AB is also soluble and stable in
water (and other polar solvents) and is nontoxic, all necessary requirements for achieving

commercial relevance.*

Ammonia borane has the potential to release 3 equivalents of H, by the following reaction:**

NH;BH;(aq) + 2H0(1) & NH,'(aq) + BO»(aq) + 3Ha(g) Reaction 5

This reaction involves the dissolution of ammonia borane in a protic solvent (alcohols such as
methanol would also be sufficient).”' Unlike other hydride storage system, AB doesn’t require
harsh basic conditions to release hydrogen for its decomposition.* The thermal decomposition of
AB occurs at three different temperatures: 120, 150, and 500 °C. These can be measured by

. . . 20
pressure increases while heating the system.

nNH;BH; 2> (NHzBHz)n + (H-I)Hz <120 °C
(NH,BH.,), > (NHBH), + Ha 150 °C
2(NHBH), > (NHB—NBH), + H, - 150 °C

(NHBH), >BN + H, >500 °C
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Each temperature setpoint releases 6.5 wt% H», but because undesirable byproducts are produced
above 150 °C (ammonia, diborane, and borazine), only 13 wt% is captured using thermal
decomposition.*’ Borazine, for example, is undesirable because it will poison the fuel cells.*® For
this reason, other methods to liberate hydrogen from AB are of great scientific interest. Three
such techniques to release hydrogen from ammonia borane are transition metal-catalyzed
dehydrogenation, ionic liquid-catalyzed dehydrogenation, and nanophase ammonia borane

encapsulated in SBA-15.%°

Ionic liquids are salts that are liquids below 100°C. Their properties include low vapor pressure,
high stability at increased temperatures, high dissolution ability, and facile recycling.*’” Though
these catalysts have some advantageous properties, the catalytic decomposition using ionic
liquids did not produce the optimal 3 equiv of H,. For example, Bluhm et al. only produced a
maximum of 1.5 equiv over several hours,"” while Himmelberger et al produced 2.2 equiv H,

and took 20 minutes.*® This still meets the DOE’s standard of 9 wt% H,.

Nanoscale transition metal catalysts have been shown to serve as favorable catalysts for AB
hydrolysis.** A wide variety of different transition metal catalysts have been tested, including Fe
nanoparticles,® Ni nanoparticles,”’ and several noble metal catalysts on various supports.** To
date, the most effective catalysts for the liberation of hydrogen from AB include Pt and Rh on

various different types of supports, such as carbon or silica.”’
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Though these are the best catalysts for this reaction, noble metals such as Pt and Rh are rare and
expensive. In order to make this technology sustainable and widely used, catalysts must be
discovered that are composed of cheap, Earth abundant elements. Additional insights into the
mechanism of the catalytic hydrolysis of ammonia borane would be helpful in determining the

ways to design and discover catalysts that would be earth-abundant.

Figure 9: An example of a reaction setup to determine amount of hydrogen gas produced as

described by Jiang and Xu.*

Chapter 3.2 Experimental
Materials and chemicals:
The following materials were used as purchased without further purification: ruthenium chloride

hydrate [98%, RuCl;*H,0, Sigma Aldrich], calcium chloride dihydrate [98%, CaCl,*2H,0,
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EMD Millipore], barium chloride dihydrate [99%, BaCl,*2H,0, Alfa-Aesar], strontium chloride
hexahydrate [99%, SrCl,*6H,0, Alfa-Aesar], potassium hydroxide [100%, KOH, EMD

Millipore], ammonia borane [97%, NH3-BH3, Sigma Aldrich].

Synthesis of ruthenates for catalysis:

The coprecipitation synthesis of these catalysts was adapted from previous works.”
Stoichiometric amounts (1:1 molar ratios) of RuCl;*H,0 and SrCl,*2H,0, CaCl,*2H,0, or
BaCl,*2 H,0 were dissolved in ultrapure water and stirred using magnetic stirbar for 5 minutes.
3 M KOH solution was added with stirring until the pH was above 13. After stirring for 1 hour,
the solution was allowed to stand for 3 hours and was then washed with water via centrifugation
to remove excess salts. The precipitate was dried in an oven at 70°C overnight in order to remove
excess water. The resulting black powder was ground using a mortar and pestle for 10 minutes.
The powder was then placed in a box furnace for 5 hours at 600°C, 800°C, or 900°C for SrRuOs,

CaRuOs, or BaRuO;3, respectively.

Synthesis of RuOx:

RuO, was synthesized via annealing Ru(II)Cl;*H,0 in air at 1000°C for 24 hours.

Synthesis of bulk powders:
Bulk powders were synthesized by grinding their precursors (Table 1) together in a mortar and

pestle for 10 minutes. The powders were then pressed into a pellet and fired in a furnace at



1100°C for 24 hours under ambient conditions. The powders were characterized by X-ray

diffraction.

Table 1: Precursors used to synthesize bulk powders

Material Precursors
SrRuO; RuO; + SrCO;
CaRuOs3 RuO; + CaCOs
BaRuO; RuO; + BaCO;
CaMnO; CaCOs + MnO,
LaNiO; NiO + La,0;5
Sr4lrOy + IrO, + SrCO;3
Srs5lr;Ox

SrlrO3 IrO, + SrCO;3
BaMnO; BaCO3+ MnO;
CaxIrO4 IrO, + CaCO;
SrSmOs3 SrCO; + Smy03
MnTiO; MnO, + TiO,
SrFeOs Fe,O3 + SrCO;
BaMnO; BaCO3+ MnO,
Ba;SrRu, Oy RuO; + BaCO; + SrCOs3

23
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Catalytic testing:

A flask, equipped with the catalyst and a stirbar, was contained via rupper septum. A needle and
plastic tubing connected the closed flask to an inverted graduated cylinder full of water and
submerged in a crystallization dish. Ammonia borane (30.8 mg, I mmol) was dissolved in 2.6
mL of water and injected into the flask containing the catalyst. The quantity of hydrogen

produced was measured using the amount of water displaced using the graduated cylinder.

Materials characterization:
Powder X-ray diffraction (XRD) patterns were acquired using a Bruker-AXS D8 Advance
diffractometer with CuKa radiation and a LynxEye 1-D detector. Simulated XRD patterns were

generated using the Crystal-Maker/CrystalDiffract software package.

Chapter 3.3 Results & Discussion

A screening process for catalysts took place by testing bulk metal oxide powders in order to see
whether they were effective catalysts for the hydrolysis of AB. LaFeOs, SrFe;Os, and Sr3Fe,Oq
were each inactive, as no hydrogen was liberated. However, this screening method revealed that
bulk strontium ruthenate in the 1:1 phase (SrRuOs) produced the full yield of 3 molar equivalents

of hydrogen in less than an hour (Fig 10).
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Figure 10: Bulk SrRuO3 catalyzed the AB hydrolysis and resulted in 3 molar equivalents being

produced in less than 1 hour.

Due to the catalytic activity of StRuQOs, similar systems were tested. RuO, was tested from the
shelf as purchased and synthesized via annealing at high temperatures. Both of these systems
were found to be less active (Fig. 11). The synthesized RuO, achieved 75% yield of hydrogen

after 2.5 hours, while the purchased RuO, was produced no hydrogen over 2.5 hours.
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Figure 11: Catalytic activity of synthesized and purchased RuOs,.

Additionally, other systems were tested due to their similarities to the active SrRuOjs catalyst.
SrO was tested due to the alkaline earth metal, but no catalytic activity observed after 30
minutes. Calcium and barium ruthenate in the 1:1 phases were also tested in order to determine
whether the effect of the alkaline earth metal on the catalytic activity. These two materials were
active for catalysis, achieving a rate of ~ 1 mL hydrogen/minute, and were therefore of interest to
be studied further (Fig. 12). Additionally, CaMnOs, BaMnQOs, SrFeOs;, MnTiOs, StfSmOs,
CayIrO4, BaMnOs, SrIrOs, SrylrOy + Srslr;Oy, BasSrRu,0,, LaNiO; were each tested and were
found to be inactive catalysts, producing little to no hydrogen after a testing period of 30

minutes.



Table 2: Screening of catalysts which did not produce more than 3 mL of hydrogen after 30

minutes.

Material Hydrogen Produced in 30 min (mL)
CaMnOs3 1
LaNiO; 0.5
Sr4lrOy + SrsIrsOy | 2
SrlrO3 2
BaMnO; 2
CaxIrO4 2
SrSmOs3 0.5
MnTiO; 1
SrFeOs 2
BaMnO; 0
Bas;SrRu, Oy 3
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Figure 12: Other catalysts with similar chemical properties were tested for AB hydrolysis.

BaRuOj; and CaRuO; were each effective.

Several methods were explored in order to synthesize the bulk ruthenates on the nanoscale to
achieve higher surface area and therefore more active catalysts. Coprecipitation methods
published previously were used to synthesize nanoscale calcium, barium, and strontium
ruthenates in 1:1 stoichiometry.”® Here, these nanoscale catalysts were produced with slight

ruthenium oxide impurities , as confirmed via XRD (Figs 13-15).
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Figure 14: X-ray diffraction pattern confirming the synthesis of CaRuOs.
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Figure 15: X-ray diffraction confirmed the synthesis of SrRuOs. Small impurities of RuO, were

present as well.

These ruthenate catalysts, when synthesized using these methods, produced hydrogen at a higher

rate by the hydrolysis of AB (Fig. 16, Table 2).
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Figure 16: Nanoscale SrRuO;, CaRuOs3, and BaRuO; were active catalysts for AB hydrolysis.
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Table 3: Rates of hydrogen production using ruthenate catalysts, calculated using the active time

period of the reaction (from when the reaction began producing hydrogen to when it reached the

full yield).
Material | Overall Rate (mL min™) | Time to Reach Full H, Yield (min)
CaRuO; | 8.44 16.95
SrRuOs3 | 6.90 21.38
BaRuO; | 4.32 25.25

Reaching the full yield of hydrogen within 20 minutes is comparable to some of the reported
catalysts for this reaction.

there are no reliable reports of oxides being used to catalyze this reaction. Additionally, the

51,53,54

Though they do take longer than some of the reported catalysts,

surface area of this material is not accounted for, and will be used to calculate the turnover value.

This turnover value will be compared to the published catalysts for this reaction.

This use of ruthenates for the hydrolysis of AB is the first reliable use of oxides to catalyze this
reaction. Additionally, some mechanistic details of the catalytic hydrolysis may be obtained by

the knowledge that RuQ; is an ineffective catalyst for this reaction, but the Ru (IV) oxidation

state is facilitating the hydrolysis in the perovskite form.
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Chapter 3.4 Conclusions
In this work, calcium, strontium, and barium ruthenates in the 1:1 stoichiometry were
successfully used to catalyze the hydrolysis of ammonia borane to produce 3 molar equivalents
of hydrogen. This is the first reliable reporting of oxides catalyzing this reaction and releasing
the full molar yield of AB. The use of these specific ruthenates may be useful in understanding
the mechanistic details of the catalytic hydrolysis of AB, as ruthenium oxide is an ineffective

catalyst for this reaction.

Chapter 3.5 Future Work

There is certainly more work to be done to discover the full potential of ruthenates for the
catalysis of AB. The material must be characterized in order to determine its surface area and the
turnover frequency should be calculated after normalizing for surface area. DFT calculations
may be an effective way to learn about the mechanistic details of this reaction, comparing the

activities of Ru’ metal with RuO, and ARuO; (A=Ca,Sr,Ba).
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¢ Millennium Scholar (2013-present)

* Schreyer Honors College Scholar (2013-present)

Memberships/Service

The American Chemical Society
Student Member (2015-Present)

Undergraduate Research Society, Penn State, University Park, PA
Member; Mentor; Physical Sciences Liaison (August 2015-Present)
* Mentored underclassmen when choosing research labs
¢ Communicated with College of Science faculty
* Expanded lab tours into physical sciences department

Millennium Scholars Program, Penn State, University Park, PA
Council Member; Member (August 2013-Present)

* Engaged women of the program

* Generated mentorship within the program

* Mentored group of students throughout the year



