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Abstract

Applications of radioactivity include nuclear medicine and nuclear power, with both
industries seeing increased usage and demand every year. Yet, the dangerous nature of
the radioactive decay makes it such that widely utilizing radioactivity in society requires
proper planning and design for our health and safety. This is not limited to the usage of
radioactivity, but also to the production and processing of radioactive materials. Research
into the relationship between nanoscale events within a material and the resulting
macroscopic properties strongly suggests that nanoscale materials and nanostructures
can have a profound impact in developing radiation tolerant materials. This thesis
demonstrates the benefits of nanomaterials in the production and processing of
radioactive substances, and tolerance to irradiation events. The syntheses of both
spherical nanoparticles of sulfur and BaTiOs; nanoparticles were each pursued to utilize
these nanomaterials for the purposes of these studies on the interactions of these
materials with radiation. We demonstrate production and extraction of 2P from the
323(n,p)*?P reaction through the use of a neutron generator. We also demonstrate an
easier extraction of the 3P from nanosized sulfur in comparison to its extraction from a
commercial sulfur powder. The stability of synthesized BaTiO3; nanoparticles, in terms of
crystallinity and structure, was investigated under ~14 MeV neutron irradiation at fluences
up to 1 x 10"° neutrons cm. In addition, an alternative method is demonstrated to aid in
visualizing the extent and the distribution of atomic displacements within the lattices of the
irradiated nanostructures. This method is simpler and more cost-effective than the
equipment typically required to view atomic displacements such as through the use of

aberration corrected high resolution electron microscopes.

Keywords: Nanomaterials; P-32; Sulfur; Barium Titanate; Radiation tolerance;

Radioisotope production
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Chapter 1.
Introduction

Materials science concerns the structure and composition of matter, for the
purpose of understanding the properties, analyzing the performance, and interpreting any
failures of a material in its application(s). In this thesis, materials science is used to
demonstrate the benefits of nanotechnology in industries that utilize radioactive materials.
This discipline incorporates elements of physics, engineering and chemistry; it is a distinct
field that seeks to understand the significance in how a material’s processing influences
its structure and its resulting properties. This work details the efforts in developing
materials for the purpose of improving radionuclide production, as well as for
understanding the durability and performance of materials in environments with a high

level of radiation exposure.

Nanomaterials are materials that typically range in size between 1-100 nm in width
and/or length. Nanomaterials research takes on a materials science-based approach, with
a focus on developing new materials with novel properties. While nanomaterials form the
physical basis of nanotechnology, research into nanomaterials has often supported the
development of microfabrication techniques and technologies, a field historically rooted in
the fabrication of devices from semiconductors, such as the preparation of integrated
circuits. It is important to promote the expansion of nanomaterials into other applications,

as well as maintaining an interdisciplinary outlook in research.

The merger of nanoparticle synthesis and nuclear research in this work required
an interdisciplinary understanding of nuclear interactions with materials on the nanoscale.
Nanomaterials have a wide range of shapes and morphologies, with significantly different
properties from bulk materials. The interactions of different types of nanomaterials with
radiation can differ significantly depending not only on the properties of the incident
radiation but also on the properties of the material being irradiated (e.g., particle size,
internal structure, and composition). The interactions between nanomaterials and
radiation can differ significantly from the interactions of radiation with macroscale materials

and structures.



Nanomaterials can provide a different perspective to the production, processing,
and utilization of radioactive materials. The probing of new materials for novel properties
can result in formulated materials that have afforded beneficial properties in various
aspects of radionuclide production and their applications. Increasing the number of grain
boundaries within a polycrystalline nanoparticle provides more zones for radiation-induced
defect annihilation.' The addition of layered nanocomposites, with sufficiently thin layers,
can prevent the nucleation of helium bubbles formed during irradiation and can inhibit the
characteristics of radiation burdened materials that deeply impact their durability.? The
enhanced radiation tolerance observed in nanostructured materials, as well as the fast-
growing field of using nanotechnology in nuclear dependant industries, make the work

behind this thesis a valuable contribution to the field.

1.1. Introduction to Radioactive Materials

What distinguishes the elements from each other are their different chemical and
physical properties. These properties are ultimately dictated by the atomic nucleus,
particularly its composition of nucleons. Likewise, the differences in radioactivity between
various radionuclides is due to the level of instability in the atomic nucleus. The excess
nuclear energy that is shed during radioactive decay is what differentiates a radioisotope

from a non-radioactive atom.

Radiation is the transmission of energy, either in the form of particles or waves.?
The concept of radiation is not limited to radioactivity: forms of radiation include acoustic
radiation, such as sound and seismic waves, as well as gravitational radiation that are
formed by the ripples in the curvature of spacetime. Electromagnetic radiation is the
propagation of synchronized oscillations of electric and magnetic fields through space,
and includes radio waves, microwaves, and visible light. Some radioactive species are
radioactive in that they decay by the emission of y-rays, another form of electromagnetic

radiation.?

Most radioactive materials shed their excess nuclear energy by emitting subatomic
particles which can be a common source of ionizing radiation. lonizing radiation are
subatomic particles or electromagnetic waves that have energies, typically above 10 eV,
that are capable of removing electrons from atoms and ionizing them. As such, the

damage and degradation of materials exposed to ionizing radiation is common. Despite



that, radioactive materials have been extremely useful, and widely implemented in many

industries.

1.1.1. Radionuclides

A nuclide is a species of atom with a specific number of protons and neutrons. The
number of protons, a positively charged subatomic particle, dictate the overall property of
an atom; each atom has their own atomic number. As neutrally charged subatomic
particles, neutrons do not affect the charge of the atomic nucleus. Neutrons do, however,
affect the atomic mass and have a mass slightly greater than that of a proton. There is an
attractive nuclear force between the protons and neutrons, which is stronger than the

repulsive electromagnetic forces between the individual proton charges.?

Radionuclides undergo radioactive decay; a process in which an unstable atomic
nuclei loses energy through the release of radiation. Radionuclides are atoms with excess
nuclear energy. Shedding of energy in the form of an emission gives radionuclides their
radioactive properties. A nucleus behaves like a tightly packed ball of high energy
nucleons (neutron and protons within the nucleus) that, despite moving rapidly, remain in
tightly packed within the nucleus is the culmination of residual strong nuclear forces
between quark-quark interactions. Quarks are elementary particles that form composite
subatomic particles, such as protons and neutrons. It is the balance between the repulsion
between the rapidly moving protons and neutrons, and the strong nuclear force, that
maintains the cohesiveness of atoms and stabilizes the atomic nucleus. If there is a lower
energy nuclear configuration that exists, the nuclei will transition to the lower mass/energy

combination of protons and neutrons and emit radiation during this transition.

Regardless of how long an atom has existed, the stochastic nature of radioactive
decay dictates that it is impossible to predict when a certain atom will undergo decay. Yet
for a group of a significant number of identical atoms, a decay rate can be obtained. The
rate of decay is dependant on the decay constant. The decay constant determines the
half-life; the time it takes for exactly half of identical atoms in a sample to decay, on

average.



1.1.2. Applications of Radioactive Species

Radionuclides have seen extensive use in medicine and research.*% Over 40
million medical procedures involving nuclear medicine are performed worldwide every
year, with the demand for such procedures increasing up to 5% each year.* In diagnostics,
the nuclides are used to obtain information of the internal anatomy and the functioning of
organs. In treatment, they are used to inhibit growth of hemopoietic forms of tumours and

have been evaluated to treat peritoneal cancers.

As an example, radiotracers are chemical compounds that contain at least one
radionuclide, wherein radioactive decay allows tracking of the compound through chemical
reactions. ®™Tc is the most commonly used radiotracer. Technetium based scans utilize
detectors to identify the y radiation emitted from the radiotracer. The measurement of y-
rays from radiotracers is employed in SPECT (single photon emission computed
tomography) scans while PET (positron emission tomography) detects positrons emitted
from radiotracers undergoing B* decay (to be discussed in Section 1.1.3.). For therapeutic
purposes, applications can include their use either internally or externally to a patient. An
emerging example is targeted alpha therapy (TAT), currently studied for possible use in

immunotherapy, and to treat a variety of types of cancers.®

The TAT is a method currently in development largely for targeted radionuclide
therapy of cancers that include peritoneal carcinomas, leukemia, as well as Phase | trials
in melanomas. This form of therapy utilizes a decay either to treat diseased tissue near
the radioactive species, or to enable imaging of specific areas in the tissue within the body.
Although the penetration range of a particles in tissues is only 40 to 90 um, a-emission
can often be detected by either the accompanying gamma emission. The basis for TAT
lies in the relatively high linear energy transfer of a particles in comparison to other forms
of radioactive decay, such as 3 decay. The higher mass of a decay particles results in the
stoppage of the particles over shorter distances through the tissue, and more energy

deposited per distance travelled.

1.1.3. Interactions of Materials with Radioactive Species

.There are multiple decay modes, with radioactive species undergoing one or all

of them. The three most common types of decay are a decay, B decay, and y decay. The



forces that govern these decay modes are the nuclear force, the weak force, and the
electromagnetic force, respectively. a decay involves the emission of an a particle, a
helium nucleus. § decay can be categorized into two main forms: (i) B* decay; and (ii)
decay. In B* decay, a positron and a neutrino are emitted. A positron is the positively
charged antiparticle counterpart of the electron. In 3 decay (see Figure 1.1.) an electron
and neutrino are emitted from the nucleus. During - decay, a neutron is converted to a
proton by transformation of one of its down quark into an up quark. This conversion is
accompanied by emission of an carrier boson, which then decays into the emitted electron
and the electron antineutrino. This decay of radioactive particles is mediated by the weak
force which acts only over a much shorter distance when compared to the electromagnetic
force and strong nuclear force. y decay is the emission of high-energy photons due to an
atomic nucleus being in an excited state. As a highly energetic form of radiation, y decay

consists of electromagnetic waves with very short wavelengths.

Ve

Figure 1.1. Depiction of a B~ decay of a nucleus, in which there is emission of a 8
particle (an electron), and an electron antineutrino

Radioactive decay often results in nuclear transmutation, where the element or
isotope of an element undergoing decay is converted into another element. This decay
process results in a change in the number of protons in the nucleus. There are, however,
nuclear decays that do not result in nuclear transmutation. For example, instead of an
emitted particle, an unstable nucleus may lose its energy through the emission of y-rays.

In the process of internal conversion, an electron is coupled to an excited state of the



nucleus. If the energy conferred to the electron is higher than its binding energy,’ the
electron is ejected from the atom. With the origin of the electron not from the nucleus, the
emitted electron is not considered to be a B particle and internal conversion is considered

a non-radioactive process.

Neutron interactions with materials can, on the atomic level, be grouped into
scattering or absorption events. The interactions of free neutrons with matter can elucidate
information about a material, and thus neutron diffraction techniques are being used for
analyzing structures. Elastic scattering is used in neutron diffraction, where a beam of
thermal neutrons hit a sample and the resulting diffraction pattern is used to determine the
static structure of gases, liquids, or solids. Inelastic neutron scattering is used in vibrational
spectroscopy by determining the change in energy of a neutron as it passes through the
material.® The difference between elastic vs inelastic scattering of neutrons lies in the
whether or not the kinetic energy of the incident neutron-nucleus system is unchanged

after the interaction of an incident neutron and the target nucleus.

Neutron capture is the process in which an atomic nucleus absorbs a neutron.
Neutron capture is one of the multiple possibilities of events that can occur when a material
is irradiated with neutrons, and an atom interacts with a bombarding neutron. The
probability of each interaction depends on factors that include, but are not limited to, the
composition and size of the target nucleus and the energy of the bombarding neutron.
There are various types of neutron capture events, largely categorized with what happens

to the nucleus after the absorption of the neutron.

In fission based neutron capture events, the capture of a neutron causes the atom
to split into fragments and create more neutrons. In electromagnetic neutron capture, a
neutron is absorbed by a nucleus that then emits a y-ray as a result. In neutral types of
neutron capture, the emitted particles are neutrons (neutrally charged). For charged
neutron capture, the absorption of a neutron produces a charged particle, such as the
(n,p) reaction in which a proton is emitted. The work in this thesis will investigate the
328(n,p)*P reaction as one of the two foci herein on the interactions of neutrons with

nanoparticles.

" Energy required to remove a component from a system of parts



1.1.4. Conventional Methods for Radionuclide Synthesis

Radionuclide syntheses can happen through multiple modes. Naturally occurring
radionuclides are categorized as primordial, secondary, and cosmogenic. Primordial
radionuclides are produced through nuclear reactions in stars and in supernova
explosions. Secondary radionuclides are derived from the decay of primordial
radionuclides, arising in the decay chain of the radioisotopes #*?Th, 28U and 2%U.7
Cosmogenic radioisotopes are continuously formed in the atmosphere due to incident
cosmic rays, generally through the interactions of cosmic rays with atoms within the solar
system. They are formed from the high energy interactions between a cosmic ray and an

atom, causing protons and neutrons to be expelled from the atom.®

Radionuclides can be created intentionally through a designed synthetic route that
include radionuclides generators, particles accelerators, or nuclear reactors. In nuclear
reactors, alongside the important nuclides extracted from nuclear waste, radioisotopes are
deliberately produced by inserting certain elements with a relatively high neutron capture
cross-section within the reactors. A neutron capture cross-section is related to the
probability of a neutron capture event when there is an interaction between an incident
neutron and an atomic nucleus. These elements are readily activated through neutron
capture from the high flux of neutrons present within the reactors. In particle accelerators,
charged particles are used to bombard targets that also produce radionuclides. An
example are cyclotrons, in which an electric field is applied to accelerate charged particles.
A static magnetic field is implemented to bend their trajectories into a spiral, allowing the
particles to encounter the accelerating region created by the electric field multiple times,

creating high energy charged patrticles.

The last major synthetic method for creating radionuclides utilize radionuclide
generators. This method refers to parent radionuclides that produce daughter
radionuclides through decay processes, with the parent often produced in nuclear
reactors. A very common example is ®™Tc, in which its parent nuclide **Mo is produced
in a nuclear reactor.® ®*Mo has a half-life of 2.75 d before decaying to *™Tc. This relatively
long decay time has enabled the shipment of ®*Mo to medical facilities where **"Tc could
be extracted. Currently, **Mo for medical use is largely obtained from fission products
formed when 23%U targets are irradiated with neutrons. These radionuclide generators are

not applicable for radioisotopes that do not have a parent nucleus with an appropriate half



life; too long and there is not enough production of the radionuclide of interest, too short

and the radionuclide will not last the transportation times. One notable example is 3?P.8

A large portion of medically pertinent radionuclides are produced in nuclear
reactors through the neutron bombardment of bulk materials. Nuclear reactors operate on
the basis of a fission chain reaction from interactions between fissile isotopes, such as
2’4, and neutrons. In a nuclear reactor, the atom undergoing fission releases neutrons.
Any surrounding fissile atoms can absorb the emitted neutrons and cause more fissions
and release of more neutrons. To prevent an uncontrollable reaction, and a possible
nuclear meltdown, control rods containing neutron absorbers are placed within the reactor
to strategically capture excess neutrons and control the nuclear chain reaction. These
control rods serve to control the rate of fission of nuclear fuels. The composition of these
rods includes elements that have a high neutron capture cross-section, such as cadmium,
boron, and silver. Strategically, these rods can contain specific elements that, when

capturing a neutron, are intentionally transformed into specific radionuclides.

Removal of target material and impurities for radionuclide extraction can be
complex and time consuming. Any impurities present in the control rods (or other irradiated
materials) may lead to not only a lower production of the intended radionuclides, but also
neutron activation of impurities and unwanted production of other species. The extra
precautions and knowledge in handling radioactive substances, and the cost of extracting
these radionuclides can be very high. Starting with materials that can reduce the need for
extensive processing can save time, and ultimately costs. For example, if the radioactive
materials had a significantly higher surface area to volume ratio, removal of radioactive

species produced within the material could be quicker and easier than with a bulk material.

Another aspect to consider for the production of radionuclides is the source of their
production. Nuclear reactors cost billions of dollars and take many years to make.® This
does not include the cost of maintaining and running such a large-scale operation. This is
also true for cyclotrons and large linear accelerators. The high cost of building and
maintaining nuclear reactors and large linear accelerators means there are less than 500
nuclear reactors in the world.'® The result is that radionuclides produced in such facilities
must be transported from afar to be used at their final destination. Since radioactive
materials constantly undergo decay, there is a time limit for these materials before they

are not sufficiently active for their intended purposes. These limitations are even more



significant for radionuclides used in medicine; they often have a relatively short half-life to

ensure rapid decay after treatment, to protect the health of the patients.

Being able to produce some radioactive species in devices much smaller, and
more portable, than nuclear reactors ultimately mean demonstrating the ability for the in-
house production of these species. For example, a medical clinic could produce their own
32p on demand for diagnostic imaging. It can, therefore, be hypothesized that one can
produce applicable nuclides through neutron activation through more convenient means
via the use of a neutron generator and a nanomaterial product that is more easily
processed for extracting or otherwise using the radionuclide species. As such, there is
motivation in this thesis for evaluating *?P production through the use of nanoscale sulfur

particles by neutron bombardment via a portable neutron generator.

1.2. Introduction of Nanomaterials in the Nuclear Industry

Nanomaterials designed for radiation tolerance have been studied for a variety of
applications. These studies are fueled in part by an increasing consumption of energy
worldwide. Aside from the ethical dilemmas associated with pollution from the removal
and usage of fossil fuels and natural gas, the limited supply greatly supports the need for
alternative energy sources, including nuclear power and renewable energy sources. In
the United States, 20% of energy is sourced from nuclear power, while nuclear power

serves 13 to 15% of the world’s energy needs."’

There is the potential for improvement in many aspects of the nuclear industry.
Improved nuclear fuels can increase fuel efficiency by avoiding losses. The fuels can also
increase fission gas retention, radiation tolerance, and heat transfer capabilities.
Increasing the efficiency of capturing toxic fissile products can improve the safety for
employees at reactors and lessen the hazardous nature of nuclear waste. In addition to
the required integrity of materials and structures prepared from materials in nuclear
reactors for safety reasons, the durability of materials is also important in the handling and

management of nuclear waste.'?

The benefits of nanotechnology are not limited to the nuclear industry;
nanostructured materials and nanomaterials prepared from alloys have been engineered

to enhance the structural integrity of materials under extreme conditions, including at high



or low temperatures, under high mechanical stresses, and in high irradiation
environments. Therefore, nanomaterials designed for radiation tolerance have been

studied in applications that also include space exploration and solar cells.

1.2.1. Improving Nuclear Industry with Engineered Nanomaterials

Radiation heavy industries rely on facilities that can withstand radiation-induced
damage. Part of the purpose of the thesis is to provide motivation for developing
nanomaterials for radiation tolerance. The field of nuclear fuel development has seen the
possibilities of an immense enrichment through applying nanotechnology. So far, the crux
of nanoengineered fuels has been to increase enrichment of #°U levels; natural
abundance of uranium is only 0.7% as 2*°U, which is the fissile isotope that undergoes
fission reaction when absorbing thermal neutrons. The most common type of reactors,
light water reactors, require up to 5% 23°U content in the fuel just to sustain the fission
reactions.” Synthesized, high 2**U content UO. nanocrystals have numerous pores to
efficiently adsorb highly reactive fission products such as iodine. The nanostructured
morphology can improve fuel burnup by enhancing thermal and radiation stability. Other
fission capturing nanotechnology products include porous metal organic frameworks as
structures for capturing and temporarily storing toxic fission gasses.' In these compounds

hazardous | interacts with the tetrahedrally coordinated Zn atoms.

Another field of nanoengineered materials gaining momentum for radiation
tolerance are ODS alloys. The ODS (oxide dispersion strengthened) alloys are potential
candidates for increasing durability in reactor materials. These alloys consist of a metal
matrix, such as iron-alumina or iron-chromium, wherein oxide particles below 100 nm in
diameters are dispersed within this matrix. These alloys display enhanced corrosion
resistance and mechanical properties at high temperatures, particularly over 600 °C.
These properties include enhanced radiation resistance, corrosion resistance, and tensile
strength. As such, ODS alloys have become promising candidates for use in future nuclear

reactors for high-temperature applications.™

The interactions between incident radiation and materials can be destructive-
particularly if the radiation is ionizing. Significant material and biological damage are
serious issues in the nuclear industry, as well as other applications in which radiation is

prominently present. “Nanotechnology-enabled sensors” and in situ monitors can monitor
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the properties of a material as it faces extreme conditions, while being able to differentiate
between different forms of radiation. Radiation sensors can serve as a warning that too
much irradiation is present for safety precautions but can also serve as tools to determine

correlations between irradiation dose and properties of the irradiated materials.'?6.17

1.2.2. Degradation of Materials

The degradation of a material under radiation depends on the ability of the material
to self-heal, the degree of particle interactions with the material and the properties of the
bombarding radiation particle(s). The extent of damage can be mitigated by the presence
of a nanostructured morphology, as explained in later chapters. Understanding the effects
of radiation on a material are important for preventing failure and maximizing performance
of the material in the intended applications. There are numerous industries that deal with
exposure to a significant radiation flux, such as in the nuclear industry, in devices used in
outer space or in the outer regions of the atmosphere, and in solar panels.'® Materials that
are sufficiently damaged can fail prematurely under the harsh conditions of some of these
industries. For example, common structural failures in reactors include fractures and

cracks."®

Damage, particularly during irradiation, is not static. The evolution and growth of
damage have been observed and can be predicted through complex computer
simulations.?%-22 Point defects that culminate in cavities can nucleate and evolve into voids
(agglomeration of vacancies) and bubbles (agglomeration of point defects). One of the
most devastating macroscopic effects of these defects include swelling, which can
increase the embrittlement of a material and decrease the leeway in mechanical stress
tolerated by a material before cracking occurs. The consequences of not understanding
the impact of radiation on materials and devices in use in the field can be devastating.
Materials failing unexpectedly can lead to a loss of operational time, income, and
ultimately loss of life. Implementing engineered nanostructure into materials used in, for
example, nuclear reactors, can prevent structural failure. Part of the work in this thesis

evaluates the extent of damage in an irradiated material.
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1.3. Sulfur Nanoparticles

Sulfur nanoparticles are widely used as the basis for antimicrobial and anticancer
agents, in lithium-sulfur batteries, and in sulfur-based photocatalysts. For example, flexible
lithium-sulfur batteries are promising candidates for a new generation of energy storage
devices. These batteries have opened up the concept of incorporating sulfur into batteries,
where current commercial lithium-ion batteries have a limited charge capacity and energy
density. Sulfur cathodes have a high theoretical specific capacity of ~1670 mAh g and
Li/S batteries have an energy density up to 2600 W h kg™', which is much higher than with
many other types of lithium-ion batteries.?*?* These other types of lithium-ion batteries
include lithium manganese cobalt oxide batteries and lithium cobalt batteries, which can
achieve energy densities up to ~280 W h kg™'.?° Sulfur nanomaterials are being realized
for their potential in batteries, providing motivation to further explore nanoscale sulfur

morphologies.

Sulfur is a naturally abundant element and is extremely important in the production
of sulphate and phosphate fertilizers, as well as for its use in other industries. Sulfur is
also essential to life, normally found in the form of organosulfur (Sx) or metal sulfides. The
relatively strong S-S bond (265 kJ/mol) results in the numerous sulfur allotropes, second
only to carbon.?® The ability of sulfur to catenate is largely due in part the to the difference
in energy stability between two o bonds versus a S-S 1 bond. The high energy S-S bond
is weaker only to H> and C=C in terms of homonuclear single bonds. While double bonds
are stronger than single bonds, S=S bonds are not significantly stronger than a S-S bond.
This similarity in bond strengths between the double and single bonds is because of the
poor 11 bonding overlap of 3p orbitals inhibiting bond strength more than the hinderance
of lone pair repulsion that would weaken the o bond in S-S. Therefore, sulfur tends to exist
as a chain, such as the formation of Sg over S,. The longer, extended chain is the preferred
thermodynamic state. Elemental sulfur contains mostly Sg species, with smaller amounts

of S7and Se present.

The most common allotrope of sulfur is cyclo-Ss, forming a crown conformation
(Figure 1.2.) Octasulfur has three distinct polymorphs, of which only two are stable. At
room temperature Sg is in the form of a-octasulfur, which has an orthorhombic crystal
structure. Above 95.2 °C, a-octasulfur transforms into 3-octasulfur, which has a monoclinic

crystal form. This transition proceeds through a change in intermolecular interactions; the
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Ss crown conformation itself is unaffected. The difference in the polymorphs is how the

rings are packed in the crystal.

\2.05 A

~4.8 A

Figure 1.2. Schematic of sulfur showing the approximate interatomic dimensions
in crown Ss.

There are many synthetic methods that have been published on the preparation of
sulfur nanoparticles. Heating of sulfur can be not only hazardous, but also can be a
challenging approach to preparing nanoscale sulfur materials—especially when size
control is critical in the synthesis. Microemulsion methods for sulfur nanoparticle synthesis
have been developed yet can be complicated methods, composed of surfactants, co-
surfactants, and oil and aqueous phases.?”?8 A microemulsion system contains a lipophilic
phase and a hydrophilic phase. A dispersion of these phases forms droplets of one phase
suspended in the other phase, creating the microemulsion. The coalescence of droplets
containing reactants allows the formation of microreactors that can be used for
nanoparticle formation. Microemulsion methods can be difficult to scale up due to tedious
processes required for the subsequent separation of the resulting particles from the
multiple components of the microemulsion systems that may have similar chemical
properties. Furthermore, published methods using a reverse microemulsion, created using
a mixed gas-liquid system of H.S (g) and a solution of iron chelate as a catalyst resulted
in the formation of sulfur nanoparticles through an even more complex mechanism than
that achieved with microemulsion methods.?® Methods such as this also results in a

potentially complex situation in which to extract and purify the sulfur nanoparticles.
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Based on the current literature, it appears the currently favored approach to
preparing sulfur nanoparticles with size control is through an acid catalyzed decomposition
of sodium thiosulfate.®® Any leftover salts and side products are washed away from the
product using H>O and an organic solvent. As with any precipitation reaction, the
surfactants play an important role in the resulting particle size. Surfactants act as directing
agents, their adsorption onto the surfaces of the particles affects the further adsorption of
materials, resulting in surface passivation and shape control effects during the growth of
the nanoparticles. The preferential adsorption of surfactants onto certain planes of a
crystalline lattice may result in an anisotropic growth of the crystal and the formation of
specific morphologies. What makes a surfactant adhere more strongly to a certain plane
of a crystal includes the bulkiness of the surfactant’s head group. For example, steric
hindrance can favour the formation of elongated or cylindrical micelles, which can have a
greater affinity to adsorb on a specific crystal plane, ultimately influencing the formation of
the particle morphology. One notable example is the use of cetyltrimethylammonium
bromide (CTAB) in Au nanorod synthesis.3! While other factors are involved in shaping a
particle, surfactants are one of the biggest influences in directing particle shape and
guiding growth by preferentially adsorbing onto different crystal planes of the nuclei that
serve as seeds to the formation of nanoparticles.?? The methods pursued in this thesis will
utilize an acid catalyzed decomposition of sodium thiosulfate in the presence of
surfactants as one of the methods to prepare nanoscale sulfur particles for irradiation with

neutrons.

1.3.1. Radionuclide Production using Sulfur

Its relatively short half-life of ~14 d means that 32P would only exist naturally on
earth in small amounts. Anthropogenic sources of 32P include large nuclear reactors that
utilize the bombardment of phosphorous through the (n, y) reaction. Other reactions
include the (n, a) reaction where 3°Cl is converted into 2P, as the 3°Cl atom absorbs a
neutron and emits an a particle. Another process is the 32S(n, p)*P reaction. The S
nuclei absorb one neutron and emit a proton. Lastly, the (n, y) reactions are when a
neutron is absorbed, followed by emission of a y species. The majority of 3P is produced
in nuclear reactors. Light water reactors are the most common form of the ubiquitous

thermal-neutron reactor. In light water reactors, regular water (as opposed to D20) is used
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as the coolant and neutron moderator. The 2P activity concentrations form these reactors

are in the range of several kBg/L.33

32p radionuclides have been produced by cyclotrons in the past, in a (d,2p)?
reaction of ¥2S using incident particle energies of 18 MeV. The energies required for this
reaction are outside of the capability of current table-top cyclotrons. Furthermore, the
footprint and mass of in-house cyclotrons are much larger than that of a portable neutron
generator. Cyclotrons also produce protons, and not the neutrons needed for the other
possible nuclear reactions resulting in the synthesis of 32P. Considering the issues of cost
and the practicality of implementation, portable neutron generators are currently the
optimal solution for producing 2P when nuclear reactors or cyclotrons are not ideal for the
intended application and/or location of the intended use, such as when needing the on-

site production of 2P for medical or clinical applications.

32p
w =

O —
~14.1 MeV

Figure 1.3. Schematic of 32P formation from the neutron bombardment of 32S with

a neutron at an energy of 14.1 MeV.

325

The viability of demonstrating an easier and more economical method of 32P
production is largely due to the natural abundance of 32S. Fast neutron irradiation of sulfur
can lead to the production of 3P through the *2S(n,p)*’P reaction (Figure 1.3.). Sulfur
exists naturally as 94.9% of the 32S isotope. Possible side reactions that could significantly
limit the 32P production involve the next two most abundant sulfur isotopes: *S and %S at
natural abundances of only 0.76% and 4.79%, respectively. Not only can the presence of
other isotopes in sulfur lower the possible yield of 2P formed, but those other isotopes
can also introduce side reactions and products that can complicate the 2P extraction
process. For 33, the most significant side reaction is the *S(n,y)3*S reaction. Previous

studies show that the neutron capture cross-section of 3*S is significant only at very low

2 A nuclear reaction in which a deuteron is absorbed, and 2 protons are emitted.
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neutron energies (<1 MeV).>* The 3*S(n,y)**S reaction has its highest cross-section values
also at energy levels much lower than 14.1 MeV.*® Therefore, the relatively small cross-
sections of the two alternative isotopes and their low natural abundance relative to the 3?S
isotope suggests that side reactions with these alternative isotopes are of little concern to
the yield of 32S(n,p)*?P via the fast neutron irradiation of a natural source of sulfur (i.e.,
without enrichment of 32S). Sulfur enriched with *2S is not necessary for our work. The
highly penetrative nature of neutrons suggests that the 3?P radionuclides would be

produced throughout the sulfur nanoparticles.

1.3.2. Applications of 2P Radionuclides

Phosphorous is a monoisotopic element; only one of its 23 isotopes is stable. The
isotope *2P has a half-life of 14.26 d.*® The nucleus contains 17 neutrons and 15 protons.
Decay of 32P involves the emission of a B particle with an average energy of 0.7 MeV. The
relatively short half-life of 2P means that it exists in only small quantities on Earth. Yet
because phosphorous is found in so many organic compounds, *P is widely used in
medical research—particularly in biochemistry and molecular biology. The radioisotope is
used as a radiotracer to track phosphorylated molecules, such as in metabolic pathways,
and to label DNA. The decay of 3?P is described by Equation 1, with decay particles having

a maximum energy of 1.71 MeV:
%%P — ?_%Sl-l_ + e +_Ve Equation 1

The release of the electron, e, is accompanied by an electron antineutrino. The
electron antineutrino is the corresponding antiparticle to the electron neutrino, which is a
fundamental particle. The decay energy of 1.71 MeV is enough for the radiation to
penetrate the skin (up to 8 mm), allowing for an external detection of the radiation for use
in locating and imaging tumours, as well as for the treatment of certain types of leukemia.
B particles have already been demonstrated in a clinical setting to kill cancer cells.®” The
small linear energy of transfer of 3-emitters compared to a-emitters for cancer treatment
means that the radiation source does not need to be positioned directly at the cancerous
cells; the B-particles can travel further through biological tissue, up to 8 mm in path length
compared to ~40 um for a particles.®” This helps overcome a decay’s limitations in which

it is most useful for small tumours.
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There has been a few approved drugs that implement 32P. Cr*?PO, has been
studied as a potential treatment for ovarian cancer due in part due to its long-term toxic
effects by the accumulation of radioactive phosphorous species that is detrimental to cells,
including those cancerous in nature.® Likewise, radioactive phosphorous has been used
to treat blood disorders where the radiation absorbed by the bone marrow decreases the
production of red blood cells and platelets. Yet the range of *°P use in these disorders has
been scaled back as the myelotoxicity of *’P has stopped the recommended use of this
isotope in palliative bone cancer therapy. Nowadays, 2P is used to treat cystic
craniopharyngiomas (benign tumours near the pituitary gland), as well as general

polycythemia vera (a disorder resulting in significant increases in red blood cells). 394

As well, though 2P usage has largely been restricted to colloidal suspensions,
recent research demonstrates the growth inhibitions of tumours in mice using low dose
injections of intravenous solutions. In addition, unlike many clinically studied 3 emitters,
32p possesses the ability to induce double strand breakage in DNA, offering powerful
antitumour properties.*’ Due to its influence on double strand breakage,*’P has been
shown to be more efficient than equivalent doses of high energy electrons emitted such

as those from °°Y, a B emitter more commonly used today.*'

The valuable study of biological systems is complicated by the immensely
convoluted and dynamic nature of their underlying mechanics. Living organisms deal with
fluxes of metabolites and must maintain homeostasis for optimal functioning of the
organisms in terms of fluid balance, body temperature, and many more variables.*?> The
steady state nature of physical and chemical conditions means that there is a constant
flux of metabolites that must be regulated, depending on the current needs of the body.
Studying the metabolic pathways can be complex and involves monitoring the movements
of metabolites and various compounds. Phosphate is abundant in biological systems. As
such, phosphate labels are used extensively in the study of the metabolism of organisms,

such as for the generation of different biomolecules.
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1.4. BaTiO; (Barium Titanate) Nanomaterials

1.4.1. Introduction

For the purpose of investigating radiation-induced damage in this thesis, the aim
is to synthesize sub-100 nm BaTiO3s nanoparticles for determining their tolerance to fast
neutron radiation. BaTiOs is a perovskite type material; these materials are commonly
found in technologies and instruments that are subjected to elevated levels of radiation
from sources that include cosmic rays and cosmic spallation.*® The cost effective and
facile manufacturing of perovskite type ultrathin films that absorb the complete visible
spectrum make them a promising candidate for the next generation of solar cells.*
Furthermore, perovskite titanates have been demonstrated for potential applications that
include immobilizing fission products in nuclear waste.*® Although radiation studies on
BaTiO3 and other ABO3; materials have been beneficial to the nuclear industry and other
radiation heavy environments, these studies are limited. Adding to the irradiation studies
of BaTiO3 is invaluable. In this thesis, BaTiOz materials with small dimensions (<100 nm)
were sought for their nanocrystalline characteristics of these materials, and a plate-like
morphology was sought to enable a relatively simple determination of structural failures

within these particles using transmission electron microscopy techniques.

1.4.2. Properties and Applications of BaTiO3 Nanomaterials

BaTiOs is a ceramic ferroelectric material with piezoelectric properties.*® The cubic
phase of BaTiOs is depicted in Figure 1.4. The spontaneous electrical polarization in
ferroelectric materials can be reversed by an external magnetic field. The implications of
this are that these materials can be used in capacitors to confer a high and adjustable
capacitance. As such, BaTiOs is currently used in electronic devices such as capacitors
and thermistors. The piezoelectric properties have resulted in a wide use of BaTiOs; in
electromechanical transducers, and more recently this material is being investigated as a
lead-free perovskite alternative for piezoceramics.*’ Polarization and permittivity data from

as early as 1949 illustrated the dielectric anisotropy in the ferroelectric phases of BaTiO3.4®
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Figure 1.4. Schematic of BaTiOs in the cubic phase.

The ability to control BaTiO3; nanoparticle size and morphology during its synthesis
is vital to many applications that rely on these materials. For example, BaTiO3; particles
are currently probed as a base substance for ceramic materials with a high dielectric
constant; high surface area contact between the different faces of the BaTiO3; with a
defined cubic morphology are ideal.*® As such, literature shows motivation for developing
syntheses of BaTiO3; nanoparticles that control particle size as a means to maximize the
surface area of the product, control shape to maximize the surface area in contact between
particles, and regulate the particle surface chemistry to minimize the need for introducing
surfactants or dispersants. Control of nanoscale particle growth is important in BaTiO3

materials development.

Traditionally, BaTiO3s powders have been prepared through solid-state methods at
temperatures >1000 °C but controlling the morphology of the final product that is on the
nanoscale can be difficult.%° Solid state reaction mechanisms are largely characterized by
interfacial diffusion, as opposed to solvothermal and hydrothermal synthesis wherein the
reactions between chemical species in the liquid phase often determine the reaction
outcome Generally, controlling the size and shape of the final product has been best
demonstrated using these wet chemical methods, via a bottom-up approach to preparing
these materials. The benefit of the solvothermal or hydrothermal routes are the high
pressures achieved during these methods that enables the crystallization of nanoscale

materials while also using reagents that are normally not soluble in solution.
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Using a steel pressurized vessel, solvothermal and hydrothermal syntheses
involve the crystallization of substances at lower temperatures than would normally be
possible through solid state syntheses.®! This decreased temperature is enabled using
high vapour pressures in a closed reaction vessel. These syntheses can produce single
crystalline particles based on the solubility of minerals in water or other solvents at high
temperatures and high pressures, utilizing temperature gradients within the reactor vessel.
Solutes and reagents dissolve at the hotter portion of the reaction chamber, and at the
cooler end these dissolved materials nucleate or deposit onto seed crystals, which
eventually grow into crystalline products. While hydrothermal syntheses use aqueous
solutions, solvothermal syntheses involve organic solvents. The wide range of solvents
available make solvothermal syntheses more appropriate to investigate when developing

methods to prepare BaTiOs with different morphologies.%?

1.4.3. Radiation Stability of BaTiO3 Nanomaterials

There are a limited number of studies of the effects of radiation on the stability of
perovskites. Even fewer studies have been performed on the effects specifically for the
neutron radiation of BaTiOs, and only a few studies specific to these effects on nanoscale
BaTiOs. It was found that the irradiation of BaTiOs nanoparticles with y-rays can increase
its crystallinity and alter its particle size.>® There was also an overall decrease in band gap
energy with an increase in irradiation for doses up to 250 kGy. Researchers also looked
at the stability of BaTiOs under y radiation, in which the effects of radiation on the
ferroelectric hysteresis loops of these perovskites were investigated.®* Another study
found that the crystallinity of BaTiO3 against Ag’* fared better when in the rhombohedral

versus the tetragonal phase, up to a fluence of 1 x 10" ions cm2.%

Another study looked at the effects of UV radiation on BaTiO3 in terms of its optical
properties, concluding that BaTiO; could be used as an efficient photodetector.>® While
another study investigated the effects of neutron irradiation on the ferroelectric properties
of bulk BaTiO3* one work used X-ray diffraction to assess structural changes of
macroscopic BaTiOs crystals, claiming to observe some atomic displacements within the
lattice as a result of exposure to a fast neutron fluence of 1 x 10" neutrons cm™. %" There
does not appear to have been previously published studies that utilize electron microscopy
based analyses to assess the effects of neutron irradiation on the stability of

nanocrystalline BaTiOs.
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1.5. Utility of a Neutron Generator for Radiation
Experiments

1.5.1. Linear Neutron Generator

The source of neutrons in the transmutation experiments for the work of this thesis
is a linear particle accelerator. These generators, in general, rely on a fusion reaction
between a deuterium and tritium isotope, or two deuterium isotopes. One of these nuclei
are accelerated towards a target that contains either deuterium or tritium, or a mixture of
the two isotopes. Each fusion event between a deuterium and tritium produces an a
particle, as well as a neutron with an energy, on average, of ~14 MeV, as depicted in
Figure 1.5. This energy contrasts with a fusion event between two deuterium isotopes that
forms a *He atom and neutrons with an average kinetic energy of 2.5 MeV. There is also
a competing reaction in the deuterium-deuterium reaction in which a proton and tritium
atom are produced. In either case, the emergent free neutrons can be captured by atoms
and can participate in nuclear reactions, such as the %S(n,p)3?P reaction. The generator

employed in this work produces neutrons at the energy of ~14 MeV.
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Figure 1.5. Schematic of a neutron generated from a deuterium-tritium fusion
reaction.

1.5.2. Determining Theoretical Yield of Radioactivity

The fluence at a particular distance from the neutron source, assuming a point

source, can be calculated using Equation 2. The yield produced by the generator during
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irradiation is 2.1 x 108 neutrons s, which has been verified by previous work that recently
used the same generator while operating at the same output.>® When this yield, y, is
substituted into Equation 2 to determine the area density of the neutrons at a distance of
6 cm from the source, the calculated flux is ~4.6 x 10° neutrons s™' cm™. This estimated
flux, @, is similar to values derived from previous work that recently utilized this generator

under the same operating conditions.58

Y

(p - Equation 2
4172

The yield of radionuclide production from the bombardment of neutrons with a
target atom can be predicted. Equation 3 depicts the yield of radioactivity under ideal
conditions. This equation demonstrates that the amount of radionuclide produced
depends on the amount of target atoms and their neutron capture cross-section, the decay

constant of the produced radionuclide, and the flux of incident neutrons.

Na@o.(1-e i)
S — M Equation 3

Equation 3 solves for the activity of a sample after irradiation by neutrons, in Bq
per gram of target material (S). Na is Avogadro’s number. The term, A, is atomic weight.
The term, @, is the flux of neutrons per s' cm? was as obtained from Equation 2. The term
0. is neutron capture cross-section of 32S in the %2S(n,p)*?P reaction and was estimated to
be 0.25 barns (0.25 x 10* cm?). The value used is determined from previous literature
involving experimental data.®® 1 is the decay constant and is specific to the decay mode
of each radioactive nuclide. The term f; refers to the length of irradiation. The units of
predicted yield are in Bg/g. One becquerel or Bq is a measure of one decay event per

second.

By using Equation 3 to predict the amount of radioactivity produced from the
exposure of a sample to neutron radiation, there is the assumption that there is no variation
in the power of the neutron source (i.e., from the neutron generator). We also assumed
that there was no destruction of the product nucleus. This equation was used to denote
ideal conditions for the 32S(n,p)*?P reaction, as we felt that any deviations during the

experimental process, such as flux in power of the neutron generator, to be relatively
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negligible. Radioactive decay follows a statistical process. The equation also assumes the
decay constant specific to 3P decay. The probability of decay is a property of the atomic

nucleus. Mathematically, this law is expressed as,
dN — Ath Equation 4

Where N is the number of identical radioactive nuclei present in a population and
A is the probability of decay per nucleus per unit of time. The term, dt, refers to a period of
time. As such, the activity of this sample, as measured by the change of the number of

radioactive nuclei, can be calculated from Equation 5.

—dN
A —_ Equation 5
dt

The half-life indicates the degree of instability of a radioactive nuclide, and is
related to the decay constant by Equation 6. The term, t», refers to the half life of the

radionuclide.

In2
1=

— Equation 6
t1/2

The equations laid out above can be used to derive an equation for the exponential

decay of radioactive nuclei,
N = NO e —At Equation 7

where Ny is the number of radioactive nuclei att = 0 (i.e., the initial reference point
in time), A is the decay constant, and t is the amount of time passed since the initial time
point. From this derivation, N can be solved for the number of radioactive nuclei remaining

after a period of time, .

The equations laid out in this section were used to determine the theoretical yield

of radioactive nuclei produced in various samples as discussed in the later chapters.
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The transmission of neutrons through a material can be described by Equation 8.
Here, x is the depth or thickness of the sample, while o; is the neutron absorption and

scattering cross section. The term, Ns, is the atomic density of the target material.

IX - IOe_NSGtX Equation 8

For example, the intensity (/x) can be calculated for a sulfur sample with a
thickness, of 1 cm using the total cross section for the absorption and scattering of
neutrons in sulfur (2 barns),?® and the atomic density, Ns, of sulfur in its rhombic form
(3.8865 x 10?2 cm®). The intensity of a ~14 MeV neutron beam after passing through this

sample of sulfur is calculated to be ~93%. Iy is the incident beam intensity.

A way to describe the travel of neutrons through a material is by their mean-free
path length. This value is the mean distance travelled by neutrons in between interactions
with different particles within the sample. One can find the mean free path (L) for a beam

of neutrons, assuming target particles are at rest, using Equation 9.

-1
L= O-tNS Equation 9

Incorporating the same values for Ns and o; as those used in Equation 8, the mean
free path length of the ~14 MeV neutrons travelling through the sulfur sample is ~ 12.9

cm.

1.6. Extraction and Separation of Phosphates from
Sulphates using lon Exchange Chromatography

If formation of *?P is successful, the next concern is purifying the species for use
in many applications; whether through chelating the nuclide for targeting specific locations
in biological systems, or through encapsulation for a timed-based release into the
biological system. These applications require *P to be free from impurities. In solution,
32pP will likely be in the form of phosphates, due to the high tendency for phosphorous to
be present in an oxidized form. Unfortunately, sulfur can also be present in its oxidized
form and separating sulfates and phosphates can be difficult; chemical separation

methods (e.g., chelation or precipitation) usually fail to fully distinguish between the two
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species and removal of one often results in the removal of the other species. While
phosphate specific removal methods have been developed, the may result in removed

phosphates that are not suitable to facile processing.

Removal of phosphates from an aqueous solution is a concern normally for
wastewater treatment processes. The two main types of removal methods are physio-
chemical and biological; though many variations and combinations between the two types
are commonly used in water treatment. Chemical treatments normally rely on precipitation;
wherein the addition of salts form removable solids through clarification and precipitation.
These treatments can also, although to a lesser extent, remove sulphates as well from the
solution. The issue with these methods is if you plan to use the phosphates later, the
separation of chemically bonded phosphates is difficult and presents another step that

must be overcome.

Biological methods use microorganisms that take up relatively high amounts of
phosphates, stored for future use in energy production. All living organisms use
phosphate containing compounds, such as adenosine triphosphate, in energy transfer
processes through the dephosphorylation of these compounds.®® Phosphates collected
and used by these organisms limits the practical use of these phosphates to many

applications.

More recently, ion exchange technologies have been used in water treatment for
phosphate removal. Initially, the resins were not effective at very low concentrations of
phosphates (5 to 20 mg/L), particularly when there are higher concentrations of competing
ions. Although not as well studied as previously discussed methods of phosphate removal,
the highly selective nature of some resins has made this method more suitable for a
number of applications, including the purposes outlined in this thesis. Pre-treatment of the
exchange media with ferric oxides can increase the selectivity of a resin for phosphate

ions.®"

Hydrated iron(lll) oxide nanoparticles have shown selective adsorption for
phosphates over sulfates as indicated in Figure 1.6. Strong base resins and hydrated ferric
oxides (HFOs) provide sorption sites for phosphates, although HFOs are more selective
for phosphates.®? The quaternary ammonium functional groups in strong base resins

partake in coulombic interactions with orthophosphates, as well as with sulfates.

25



O\@ O =1 |re(on;
§

Fe(OH),*

Fe(OH),*

Fe(OH),*

hydration sphere i

Figure 1.6. Schematic of the different complexes formed between ferric oxides
and phosphates & ferric oxides and sulfates. Phosphates have ligand
interactions with the adsorption sites, while the sulfates form outer
sphere complexes with adsorption sites.

With HFOs, monovalent and divalent phosphates form inner sphere complexes
with HFO surface sites and bind much stronger with the HFOs than the sulfates, which
only form outer sphere complexes through coulombic interactions with the sorption sites
(Figure 1.6.). The stronger binding with orthophosphates is due to the ligand interactions
with the HFO adsorption sites. Polyvalent metals such as Fe(lll), Ti (IV), and Zr (IV)
demonstrate strong ligand absorption of HPOs* and H.POs through inner sphere
complexes.®*% Ferric oxides became the more promising candidate to impregnate ion
exchange resins because, at some point, it became apparent that HFOs are relatively
inexpensive and widely obtainable. As well, the literature on the synthesis of iron-based

nanoparticles is relatively abundant.

Traditionally, HFO columns had low desorption and adsorption efficiencies. These
columns utilized strong base resins and, as such, regeneration efficiencies were relatively
low and could be considered inefficient (~20% to 40%). A resin containing a functional
group that is a weak base, employing a tertiary amine versus a quaternary amine, does
not bind as strongly to phosphate ions during the desorption process. During this process,
a basic solution is run through the column to elute phosphates bound to the resins. The
high pH promotes OH" displacement of phosphate ions. A resin that is a weak base means
that phosphates are released from their surfaces more easily. In addition, a study

demonstrated a resin with a weaker base that had a higher adsorption capacity compared
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to a resin that has functional groups that are a strong base, which is possibly due to less
competition with interfering species such as sulfates.®® While the work in this thesis does
not include the purification of 32P, this section provides a relatively efficient method for

doing so and motivation for evaluating the method in future work.

1.7. Objectives of the Thesis

The objectives of the thesis are to explore the potential roles of nanomaterials in
radiation studies. This work aims to develop sub 100 nm sulfur particles of a uniform size
and shape, followed by their irradiation under neutrons to induce 3?P formation. Ideally,
extraction of 2P particles will not only be feasible, but we sought to demonstrate an easier
extraction of *’P from the nanosized S compared to commercially available, powdered
forms of S. Such an outcome would confirm yet another advantage that nanomaterials

have when employed in nuclear and radioisotope industries to produce radioisotopes.

In addition, studies have shown the self-healing properties of nanostructured
materials against radiation-induced damage. In particular, perovskites have been studied
for radiation tolerance, largely because of their applications in radiation heavy
environments, such as in solar cells. Despite a wide range of irradiation studies in
perovskite materials, including BaTiOs, there are none evaluating the effects of fast
neutron irradiation on nanocrystalline BaTiOs in terms of stability in the crystallinity and
structure- particularly using electron microscopy techniques. We aim to study the stability
of these materials against irradiation with ~14.1 MeV neutrons at fluences up to 4 x 10

neutrons cm2
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Chapter 2.

Techniques for Characterizing the Effects of
Neutrons on Synthesized Nanomaterials

Characterizing the effects of irradiation on synthesized nanomaterials involves
certain forms of analyses by electron microscopy and crystallography-based studies.
These techniques are dependant on the manipulation of electrons, as their extremely
small wavelength allow visualization and mapping of nanoscale morphologies and crystal
structures. These techniques are vital to observe changes in both nanomaterial structure

and morphology as a function of neutron irradiation.

2.1. Transmission Electron Microscopy

In comparison to optical microscopes, the high resolving power in electron
microscopy relies on a focused beam of accelerated electrons and a series of
electromagnetic lenses to create a projected image of a sample. The de Broglie
wavelength of electrons accelerated with a voltage of 200 kV is up to 100,000 times shorter
than the wavelength of visible light photons, which is a crucial aspect of electron
microscopes for visualizing nanoscale structures and materials. In transmission electron
microscopy (TEM) multiple imaging modes can be applied to characterize nanoscale
objects and include, but are not limited to, crystallography techniques and elemental

analysis techniques.

The images in TEM are generated when high energy electrons from an electron
beam interact with a sample positioned perpendicular to the beam. The source of
electrons in the beam in the instrument used in this work is a field emission gun containing
a tungsten wire with a fine tip (<0.1 ym) coated in a ZrO; layer. These electrons are
accelerated by an applied electric field and focused by electromagnetic and magnetic
lenses within a vacuum column into a beam in which the electrons move in paths that are
parallel to one another. The scattering of electrons by the sample creates the contrast in
TEM imaging. The electrons that pass through the sample are focused onto an imaging
device. The TEM instrument used in this work employed a charged-couple device (CCD)

camera as the image capturing detector. Incoming electrons transmitted through the
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sample excite a scintillator (normally a single crystal), that emits photons. These photons
are transferred to the CCD. The CCD contains a circuit of capacitors, which are used to

read out the electron charges converted from the incident photons to produce an image.

The main components of a TEM include the electron gun, the vacuum vessel,
electromagnetic and magnetic lenses, apertures, and the sample stage. The gun provides
a collimated high energy electron beam. A system with the ability to create a vacuum is
needed to increase the mean free path of electron interactions with gases; this is required
to create a greater voltage difference between the cathode and ground without generating
an arc. Increasing the mean free path also reduces the collision frequency of electrons
with gas atoms to negligible levels. The ability to re-evacuate the vacuum on a regular
basis is required as the specimen holders are routinely inserted or removed from the
system. The apertures are ring-shaped metallic plates and are employed to adjust the
electron beam intensity, as well as to remove electrons that scatter at very high angles

that can adversely affect the produced image.

electron
beam
back-scattered secondary
electron electron
X-ray
Auger electron
sample

Elastically inelastically
scattered scattered
electron electron

Figure 2.1. Schematic depicting the various signals that can result from the
interaction of a high energy electron beam with a thin sample during
electron microscopy.
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Many electron microscopy systems, such as the one employed for the work in this
thesis, are capable of scanning transmission electron microscopy (STEM) imaging as well.
STEM is similar to TEM microscopy in that images are formed by electrons passing
through a sample but differs in that STEM images are formed from the electron beam
being focused to a relatively smaller spot size (as small as 0.05 nm) that is scanned over
the sample. While the electron beam in the TEM imaging mode is focused perpendicular
to the sample plane, STEM imaging mode has the beam focused at an angle to the sample
plane before electrons converge to a focal point. There are multiple detectors for STEM
imaging, such as the high-angle annular dark field (HAADF) detector, depending on the
angle of the electron beam. Operating in the STEM imaging mode allows for analytical
techniques such as energy-dispersive X-ray spectroscopy (EDS), which is often done in
conjunction with the STEM imaging modes. These, along with HAADF imaging, will be

covered in later sections.

As the electron beam is an ionizing source, interactions between the beam and
sample can result in a range of signals that may be useful in determining sample structure
and composition, as seen in Figure 2.1. Auger electrons are outer shell electrons that are
ejected from the atom when energy is transferred to them. The energy stems from another
electron transitioning to a lower energy orbital to fill a vacancy from an inner electron being
knocked out by a primary, incident electron beam. Back scattered electrons result from
elastic collisions between the incident electrons and atoms in the sample. Atoms with a
higher charge scatter electrons more; the signal strength from backscattered electrons is
proportional to the elements Z number. Compared to back scattered electrons, secondary
electrons originate much closer to the surface of the sample, and result from inelastic
collisions of the electron beam with the sample. They are largely from the surface as they
have lower energy and can not travel as far through the material as back scattered
electrons. Information extracted in electron microscopy is not limited to the electrons

directly transmitted through the sample.

Sample preparation for electron microscopy involves pipetting ~2 uL of a dilute
suspension of nanoparticles onto a TEM grid and vacuum drying this grid over night. The
grids used in this work were copper, less than 5 mm in diameter and coated with formvar

and a thin coating of carbon.
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2.1.1. Crystallography Techniques

With a TEM microscope, there are numerous crystallography techniques that can
be applied. Patterns obtained from the electron beam that are diffracted can provide
information on the crystal structure of the sample. The wave-particle duality of electrons
means that high energy electrons from the electron beam behave as waves, with
wavelengths often in the picometers. As the spacing between atoms is about a hundred
times larger, the electrons are diffracted by a crystal lattice that acts as a diffraction grating.
These techniques each utilize a converging beam of electrons that are focused onto a
portion of a sample to obtain a diffraction pattern. The crystallography technique used in
this work was selected area electron diffraction (SAED). A diffraction pattern results from
the interference of waves from the diffraction of electrons by the sample, with the distances
between patterns (rings or spots) in the collected image of diffracted electrons correlated

to the distances between the crystal planes of the sample.

The SAED technique obtains a diffraction pattern from a selected area; hence the
term “selected area electron diffraction”. Different sized apertures can allow various
portions of the beam to pass along the TEM column, allowing analysis of different portions
of the sample. The resulting diffraction pattern can be a spot pattern corresponding to
diffraction of a single crystal, or ring patterns that correspond to multiple, differently

oriented, crystals within the field of view.

An SAED image, often depicted as a pattern of concentric rings, is the two-
dimensional (2D) projection of the reciprocal crystal lattice and can be used to measure
lattice constants, such as the distances between crystallographic planes. This distance is
often distinct to a material and its crystal structure. SAED can, therefore, be powerful
enough to determine the crystal structure and orientation of a sample. As such, SAED is
commonly used for the determination of the phases and crystal structures in a sample. As
SAED analysis can be performed in parallel with other electron microscopy techniques,

no further sample preparation is needed than what is required for STEM imaging.

2.1.2. Elemental Analysis Techniques

Determining the elemental composition of synthesized materials or a particular

portion of a structure are each important for confirming data that pertains to a sample.
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There are various forms of spectroscopies in which quantitative and qualitative analyses
of samples can determine the identities of elements present, as well as the mass of each
element. In this work, the combination of STEM imaging using a HAADF detector along

with EDS can provide elemental mapping of the species within nanoparticles.

In STEM imaging, the electron beam is scanned across the sample. A HAADF
detector positioned below the sample detects any electrons that are scattered at angles
>50 mrad.®” This is in contrast with TEM imaging in which an objective aperture is used to
detect only electrons that pass perpendicular to the sample plane. Because only electrons
that are scattered at relatively high angles are detected in HAADF techniques, and since
the angle of scattering is very dependant on the degree of electrostatic interactions
between the nucleus of an atom and the electron beam, HAADF STEM imaging can
provide a stronger sensitivity to heavier elements. There is a correlation between the
contrast produced and the thickness of a sample, along with the atomic weight of the
atoms that make up the sample. This means that HAADF may provide better contrast for

imaging particular samples.®’

An EDS analysis is often performed in parallel with HAADF imaging for elemental
mapping. This technique is done in conjunction with scanning electron microscopy or
STEM techniques, utilizing X-ray emission to identify the elemental composition of a
sample. An atom has discrete energy levels pertaining to electron shells that governs the
electron position surrounding a nucleus. An electron shell contains a fixed number of
electrons. In EDS analysis, a beam of incident electrons knocks out electrons within an
atom that are initially in their ground state, displacing these electrons from their original
place within their shell in the atom. This sequence of events is depicted in Figure 2.2.
Upon filling of this electron hole and release of energy from this relaxation process, a
detector can capture the released X-ray and converts its energy into a voltage signal. A
processor measures and integrates the signals created by these X-rays and an analyzer
displays the signal for data analysis to allow a determination of the presence of an
element. Despite some elemental overlap, these X-ray energies are generally
characteristic to the elements present in a sample. For example, the La and Ma (for when
electrons relax from their L and M shells) transitions for Ba are centered at 4.465 keV and
0.972 keV, respectively. The Ka and La transitions for Ti, respectively, are centered at
4.508 keV and 0.452 keV, respectively. And the X-ray emitted for the Ka transition of O is
centered at 0.525 keV and for the Ka transition of S, it is centered at 2.307 keV.
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The usefulness of an EDS analysis is so ubiquitous in research facilities across
many fields such that electron microscopy equipment often comes equipped with these
analyzers to detect and measure the X-rays generated from the resulting electron
transitions to obtain elemental composition of samples. As such, the STEM instrument in
4D LABS at Simon Fraser University was the appropriate choice to evaluate the elemental
composition of samples while also performing an imaging analysis of these samples. This
system is relatively unique in that it has 4 EDS detectors, which makes it a more sensitive

system than other systems with only a single EDS detector.

1. Excitation by
external source

Electron beam 3. Relaxation of

2. ejection of a O

secondary electron

Figure 2.2. Schematic of characteristic X-ray generation when an outer shell
electron relaxes to fill a hole a created by the ejection of a secondary
electron as a result of an incident, external electron beam The letters
refer to the electron shells.

2.2. Quantifying Radioactivity

Quantification of radioactivity relies on detecting and measuring the decay of
radionuclides. A radioactive decay event results in the emission of energy, which can be
detected and amplified by devices such as photomultiplier tubes. The signal from the
photomultiplier tubes is converted by electronics within the instrument into a quantifiable

measurement.
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2.2.1. Liquid Scintillation Counting

The liquid scintillation counter (LSC) relies on radioactivity measurements as a
result of mixing a radioactive sample with a liquid scintillation cocktail (which itself is
described in Section 2.2.2). Except for y decay, radioactive species undergoing a decay
that releases energy in the form of particles that can be detected by the LSC. The cocktail
used in LSC systems facilitates the transfer of energy from a decay particle to scintillators.
The excited scintillators relax and emit photons, which can then be detected and quantified

by photomultiplier tubes (Figure 2.3.).

The main parts of an LSC system are photomultiplier tubes (PMTs) and the
electronics associated with the detection and quantification of the emitted signal, along
with the sample holder. When measuring the radioactivity of samples, a decay event, such
as the emission of a 3 particle, leads to the transfer of energy from the emitted particle to
an organic scintillator within the cocktail. The excitation of the scintillators within the

cocktail results in the subsequent release of measurable photons.

When the PMTs absorb the light emitted from the activated scintillators, the tubes
transfer this energy into electrons ejected from the photocathode of the PMT through the
photoelectric effect. These ejected electrons are kept under vacuum within these tubes. A
focusing electrode directs the electrons under vacuum towards dynodes where electrons
striking these electrodes cause a further emission of electrons. The multiplicative effect
increases the signal enough such that the electronics and software within the instrument
can convert the stronger signal into an electrical pulse that is analyzed and can yield
quantitative data. Scintillation based detection methods can be considered to be a linear
process when two main assumptions are made: (i) the light output of the scintillator is
proportional to the energy of the incident radiation; and (ii) the electrical pulse produced
by the PMT is proportional to the emitted scintillation light. The efficiency of counting differs
between isotopes, depending on the energy of the decay particle. A high energy 3 decay
from 3P results in *P having near 100% counting efficiency in LSCs; almost all decay

events are detected.®®
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Figure 2.3. General schematic of the transfer of energy from a decay particle to
the emission of a photon during scintillation counting used to
quantify radioactivity of a sample.

2.2.2. The Role of the Liquid Scintillation Cocktail

The scintillation cocktail is a vital element to scintillation counting as the cocktail
provides a means for the transfer and transformation of energy from the decay particle of
the radionuclide to the PMTs within the LSC. The chemical composition of the cocktail is
dependant on the four main components needed for scintillation counting: (i) the solvent;

(i) the surfactant; (iii) the primary scintillator; and (iv) the secondary scintillator.

Figure 2.4. Structures of (top left) 1,4-Bis(2-methylstyryl)benzene (scintillator),
(top right) 4-nonylphenyl-polyethylene glycol(surfactant), (bottom
left) 2,5-Diphenyloxazole (scintillator), and (bottom right)
phenylxylylethane (solvent) that can be used in the creation of
scintillation cocktails.

An optimal solvent in scintillation cocktails would maximize the acceptance of
energy from a radioactive decay event. The dense electron clouds in solvents such as
toluene, xylenes, and benzene made them ideal solvents in scintillation counters.

Unfortunately, the efficacy of these solvents was countered by their toxic and hazardous
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nature. The relatively low boiling points and flash points, along with the numerous health
hazards eventually led to their substitution with safer solvents. The most common solvents
used in scintillation cocktails today are phenylxylylethane (Figure 2.4.), diisopropyl
naphthalene (DIPN), and linear alkyl benzenes (LABs). These solvents have aromatic
rings that provide the needed electron density to accept the transferred energy, but do not
have the same hazardous properties of the classical solvents. The LABs were developed
initially as a raw material for dodecylbenzene sulphonate, DIPN was developed as a base
solvent for dye used in carbonless copy paper manufacturing, and PXE was a solvent
initially developed as an alternative to the extremely toxic polychlorinated biphenyls used
in transformer fluids.%® The exact mechanism for how energy is transferred to the
scintillators is not known but it is likely there is a dipole moment induced in the solvation
shell, allowing direct transfer of energy between the excited solvent molecules and the
scintillator.”®”! However, this transfer requires close physical contact between the solvent,

the decay particles (and, therefore, the radioactive sample), and the scintillators.

The surfactant within the scintillating cocktail is essential for facilitating this close
contact between the decay particles of the sample and the solvent, for efficient energy
transfer, before the energy is then transferred to the scintillator molecules. An appropriate
surfactant can overcome differences in miscibility between organic and inorganic
compounds in the sample and cocktail, allowing for the formation of a microemulsion that
is: (i) clear for photon detection; and (ii) provides stable conditions that are necessary for
counting decay over a sufficient period of time. A surfactant used in the experiments
outlined in this thesis is 4-nonylphenyl-polyethylene glycol (Figure 2.4.). Most radioactive
species of interest to this thesis are contained in aqueous solutions. As the solvents used
in the scintillation cocktail are organic based species that are not miscible with aqueous
solutions, a surfactant is needed to facilitate intimate contact between the solvents, the
sample, and scintillators. When water is added to a cocktail, micelles are formed; water
molecules are held within the middle of the spherical micelles, and the non-polar head of
the surfactant is directed outwards into the organic solvent. When an aqueous radioactive
sample is added to the scintillation cocktail, the aqueous solution can thus be dispersed
within the organic solvent by the assistance of these micelles, and as a result the
radioactive species are positioned in close proximity to the organic solvent that contains

the scintillating molecules. The resulting microemulsion is required for an efficient energy
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transfer from the decay particles to the scintillating molecules for conversion into photons
that can be detected by the PMT.

The role of the scintillator molecules is to emit the absorbed energy from the decay
particles in the form of light at a wavelength that can be detected by the PMT of a liquid
scintillation counter. Because of this requirement, good scintillators should have a fast
decay and a high fluorescence quantum yield; the ratio of the number of photons emitted

versus the energy absorbed during excitation of the scintillating molecules.

In scintillation counting, two classes of scintillators are used: (i) the primary
scintillator, which is the initial point of contact in the energy transfer between the solvent
and scintillators; and (ii) the secondary scintillator, which can absorb the photons emitted
by a primary scintillator and subsequently emit photons at a longer wavelength that can
be detected by the counting instrument. The scintillation involved in these experiments are
due to the delocalized T electrons in the interacting 1 bonds of the organic scintillators.
Radiation can excite the delocalized electrons and their de-excitation leads to
luminescence. The electrons within the PMT detector material absorbs the energy of these
photons as a result of the incident photons and, through the photoelectric effect, an
electron is ejected from the photocathode and further electrons emitted from the dynodes
of the PMT during the initiated cascade effect to form a detectable signal that is used to
quantify the decay events. The primary and secondary scintillators used in these
experiments are 2,5-Diphenyloxazole and 1,4-Bis(2-methylstyryl)benzene (Figure 2.4.),

respectively.
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Chapter 3.

Synthesis of 32P from Neutron Irradiation of Sulfur
Nanoparticles

3.1. Introduction

Figure 3.1. shows the desired outcomes using nanoscale sulfur for the creation of
32p radionuclides in this thesis. Traditional synthesis of radionuclides, particularly for
medical use, involves the processing of bulk materials that requires specialized handling,
resulting in higher costs and longer processing times. Possibly, medical institutions can
employ neutron generators in-house and generate their own medical radionuclides on

demand, instead of being entirely dependant on the transportation of these species.

SZS(n’p)?QP
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production extraction & purification detection & quantification

Figure 3.1. Schematic of for the use of nanosulfur for 2P production, and its
extraction using hydrated ferric oxides for selective phosphate
removal before measurement of activity via liquid scintillation
counting.

The acidic catalyzed decomposition of Na>S;03 (sodium thiosulfate) by HCI is
seemingly straightforward, performed in many undergraduate courses as a demonstration

of the concept of the rate of a reaction with an emphasis on the effects of [Na>S,03] on
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the reaction rate. When the concentration of HCl is 0.2 M and the concentration of Na>S203
is in the range of 0.01 M, it is observed that the rate of reaction is strongly dependant on
the concentration of Na.S.03. However, the exact mechanism of forming colloidal sulfur
across a wider range of reactant concentrations is not entirely known, nor are the kinetics

fully elucidated.

This reaction is a redox (or reduction-oxidation) reaction catalyzed by protons. The

ionic equation in acidic solution is:
2H++5203_ _)502 +S+ H20 Equation 10

For the thiosulfate ion each sulfur, on average, is in the +2 state. As a result of a
disproportionation reaction, the products include sulfur in the +4 oxidation state as SO
(ag) and in a neutral state as S (s), which is associated with the Sg molecule. The rate of
the reaction is equal to k[S203*][H*]". The order t and h are not definitively known. From
previous studies it is suggested that t is likely equal to 1. From published works, h =0->1,
depending on the ratio of [S203]* and [H*]. A study on the kinetics of this process using
radioactive sulfur was performed in 1958, where concentrations of reagents were varied

from 0.001 to 0.01 M.” This study proposed the rate expression to be:

3 1
rate = I([.sz()_f)%_]a[l'l-k]E Equation 11

The dependence upon the acid concentration is explained in terms of a
biomolecular reaction between bithiosulfate and thiosulfate. The thiosulfate can be
visualized as undergoing a nucleophilic reaction displacing a sulfite ion, which then forms
sulfur dioxide upon protonation. This reaction is a complex multi-step reaction. In the 1958
study, it was hypothesized that the reaction involves ions like [HS,O3], where n=1 > 9
after the reversible formation of a hydrogen sulfite ion, as seen in Equation 9. The [HSqO3]

then breaks down to a molecule of Sg with release of hydrogen sulfite.

[HSgO3]_ - SS + HSOB_ Equation 12
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There is a chain lengthening process that favours the crown conformation due to
the geometry of the sp® hybridization between the sulfur atoms. The chain of 8 atoms is
the most energetically stable as it is more energetically preferred length for chains of S-S
and most chains longer than this will fragment. There is a tendency for the chain to fold
back onto itself, forming a crown conformation. After the Sg species are formed, there are
classical nucleation processes, aggregation, and/or Ostwald ripening that take place in

the suspension, which result in the formation of sulfur particles.

The exact mechanism for the growth of sulfur nanoparticles during the acidic
catalysis of sodium thiosulphate is not fully understood. Nanoparticle formation in solution
involves a variety of processes that depend on the conditions of particle growth and the
composition of the particle itself. Historically, the traditional model of growth of particles
has involved nucleation models that are highly dependant on thermodynamic stability of

the products.

Although the exact process is influenced by the reaction conditions, the general
growth of nanoparticles has historically been described through the LaMer burst
nucleation, followed by Ostwald ripening.”® According to nucleation theory, there is an
“instantaneous” nucleation within solution followed by a uniform growth of these nuclei in
solution, which explains the formation of monodispersed particles. Two atomic nuclei
coming together start the process of cluster formation. While most clusters can break
apart, some will grow to a critical size in which they will continue to grow and not shrink.
In Ostwald ripening, there is dissolution of smaller particles and deposition of material onto
the larger particles in solution. The larger particles are thermodynamically more stable

than the smaller particles.”

A more recent review of the nucleation mechanisms suggest LaMer’s theory was
for appropriate weakly interacting systems, and that the theory is not as applicable to
strong bonding systems that make up most of nanoparticle-based syntheses.”®
Furthermore, other theories, including those that are a modification of LaMer’s theory,

have been proposed.”®

Restricting further growth by limiting the reaction time and the use of surfactants
to decrease the surface energy and growth of particles can result in smaller, nanosized

sulfur particles. Sulfur nanoparticles have been described throughout literature. Yet, many
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examples described in the literature show heavily aggregated particles with non-uniform
morphology and size. Repeating the syntheses laid out in the literature did not result in
the desired morphology, which for this thesis the target product was uniformly sized and
spherical particles with an average diameter below 100 nm. It was, therefore, necessary

to develop our own method for preparing the desired sulfur particles.

The role of surfactants in nanoparticle synthesis is to guide the growth of the
particles, such as required for directing the growth of the desired shape and for generally
controlling the rates of growth. The type of surfactant selected is a major factor in their
mechanism of action. This selection of surfactant along with the concentration of the
surfactant, the pH of the solution, and the ionic strength of the solution each impact the
processes of particle nucleation and growth.”” The relatively high surface area of
nanoparticles results in their tendency to agglomerate. Surfactants cover and coat the
surfaces of the particles and prevent agglomeration and aggregation. The mechanism of
dispersion of nanoparticles by surfactants follow two main avenues: (i) electrostatic
repulsion of ionic surfactants; and (ii) steric hindrance imposed by polymeric surfactants.
These factors are balanced out by van der Waals forces in the local environment.”®7°® The
later forces are the result of spontaneously induced dipoles of fluctuating electron clouds,
interactions between permanent dipoles and induced dipoles, and the interactions
between molecules with permanent dipoles. The effects of specific surfactants on the

formation of nanosized sulfur particles will be studied herein.

Surfactants also play a role in directing growth of certain crystalline facets during
nanoparticle formation. This is critical in the outcome of the final morphology of the
particles. Surfactants may adhere preferentially to specific crystal surfaces, lowering the
surface free energy of those surfaces and can even promote anisotropic growth or growth
of a particular morphology.® For example, strongly adhered hydrophobic tails of
surfactants can interact and take part in minimizing or promoting particle to particle
interactions. If adsorbed preferentially on the surfaces of certain crystal facets, there can
be an increase in the free energy of the surfaces that provides a driving force for the
formation of a bilayer of surfactants that overall will decrease the free energy of these
surfaces. This bilayer assists with minimizing interparticle aggregation through passivating
specific facets, but other facets may not be efficiently passivated by the surfactants. This

selective passivation of specific surfaces of the nanoparticles can result in a directed
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aggregation or an oriented attachment of nanomaterials during their growth that lowers

the free energy of the overall system.?'

In addition to forming spherical particles of sulfur, a rod-like morphology was also
desired such as that achieved through a facile process that is, ideally, quicker than what
has been reported in literature. One study has reported truly rod-like structures, with a
month-long synthesis.®? Another study reporting nanorod syntheses shows structures that
are more cuboidal in shape.?® These two reported syntheses also involve heating solvents
past 100 °C or use of an ozone treatment. Sulfur rods with a high length to width ratio
could allow formation of the sulfur nanomaterials into a mesh-like (or membrane-like)
conformation, wherein the high surface area of the nanorods combined with the porosity
of the mesh-like form would enable an easier extraction of 3P if water was to flow through
the mesh-like assembly of nanorods. The 2P could be collected as the radionuclides leach
into the water, which would simplify the purification process. in addition to producing more
uniform, spherical nanoparticles of sulfur, we also aimed to simplify the synthesis of the
sulfur nanorods by producing these on a much shorter timescale than achieved in the prior
art. Our goal was to have multiple materials to work with for demonstrating a tuneable

approach to *2P production using nanoscale sulfur.

3.2. Experimental

Synthesis of sulfur nanoparticles with diameters less than 100 nm was desired for
32P production and its facile extraction. We also aimed to develop our own synthetic
method for preparing sulfur rods. Sulfur rods could be useful as a good candidate for 32P
extraction; especially if they form a mesh-like assembly. Compared to spherical shapes,
rod-like structures might not pack as tightly and, therefore, could provide more solvent

access to their surfaces to allow for a more efficient extraction of 32P.

3.2.1. Acidic Decomposition of Sodium Thiosulfate with Hydrochloric
Acid

Uniform and dispersed sulfur nanoparticles were synthesized by adding 20 mg of
40 kDa polyvinylpyrrolidone (PVP) (Sigma Aldrich, Lot#: SLBK1476V) and 10 uL of Brij®
L4 (Sigma Aldrich, Average Mn ~362, Lot#: MKCD2308) to 100 mL of an aqueous solution
of 0.04 M Na»S,03 (Sigma Aldrich, 99%, batch#: 06830KC). To this solution, 0.8 mL of
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~37% HCI (Sigma Aldrich, 36.5-38%) was added dropwise at a rate of ~1 drop per second.
The solution was left to stir at room temperature for 2 h. The isolated particles were then
washed a minimum four times by re-suspending with diH20 (deionized water) and
repeating the process of centrifugation and decanting of the solution. Subsequently, this
wash procedure was repeated two more times with ethanol. The rinsed particles were

stored in an aqueous solution of 0.01% Brij® L4.

For imaging, 2 uL of the particle solution diluted ~20x in isopropyl alcohol was drop
casted onto a carbon TEM grid. The particles were analyzed by TEM and this method is

the same for the S/TEM analysis of other samples.

3.2.2. Novel and Facile Synthesis of Sulfur Nanorods

In 50.0 mL of diH.0, 0.791 g of Na,S,03 was dissolved. Then, 0.250 mL of Brij®
L4 was added 0.43 mL of 12 M HCI was added dropwise, at a rate of ~1 drop per second.
The mixture was stirred at room temperature for 2 h. The particles obtained from this
synthesis were washed by the methods outlined in the previous section. Then, 50 yL of
the synthesized particles were spun down by centrifugation and the supernatant was
removed by decantation. To these particles, 300 yL of PC was added as a solvent. This
sample was exposed to ultrasonication for 2 h while the sample was held in a plastic
centrifuge tube. The average temperature of the water bath in the sonication system was
~27 °C throughout this process. After the exposure to ultrasonication, the particles

dispersed in PC were held at room temperature for 1 week.

To a silicon wafer, 10 pL of the particle solution were left to dry at room temperature

for 2 d. The particles were then analyzed via optical microscopy.

3.2.3. Neutron Irradiation of Sulfur Nanoparticles

The neutron generator used for the neutron irradiation studies was a Thermo
Fisher P 385 deuteron-tritium generator with an average yield of 2.1 x 108 neutrons s™.
The final operating voltage was 130 kV, with a beam current of 69.9 pA. The sulfur
particles were irradiated for 24 h for a total neutron fluence of 4.0 x 10'° neutron cm?at a

neutron flux of 4.6 x 10° neutrons s cm=2.
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3.2.4. Determination of *2P and Extraction from Irradiated Sulfur

After neutron irradiation, the irradiated nanosized sulfur (1.0 g) was fully dissolved
in 15.0 mL 100 °C toluene and 1.5 mL of ddH.O, while undergoing continuous stirring.
The solution was left to equilibrate to room temperature, with the sulfur forming
macroscopic crystals. The supernatant was then transferred to 12 mL of “Ecolite™(+)
Liquid Scintillation Cocktail’, containing phenylxylylethane as the solvent, 2,5-
diphenyloxazole as the primary scintillator with an emission wavelength of 357 nm, and
1,4bis(2-methylstyryl)benzene as the secondary scintillator with an emission wavelength

of 477 nm. The mixture was analyzed using a Beckman Coulter LS 6500 liquid scintillation

counter.
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Figure 3.2. Decay curve constructed from measurements of a *’P standard using
the Beckman Coulter LS 6500 liquid scintillation counter (blue) with a
comparison to the calculated theoretical decay curve of 32P (black).

Preliminary experiments demonstrated that ~0.3 g of nanosulfur dissolves in 5 mL
of toluene and 0.5 mL of ddH2O at a temperature of 100 °C. Partial dissolution of the sulfur
was utilized as a quick and facile method of assessing %P extractability from nanosulfur
versus a commercially available sulfur powder. For this comparison, 1.0 g of irradiated
nanosulfur and 1.0 g of the commercial sulfur were each separated into 3 solutions of 5
mL of toluene. These solutions were each heated at the same rate to 100 °C, held at that
temperature for 5 min, vortexed for 30 s, and left to cool to room temperature. The

supernatants were transferred to the aforementioned scintillation cocktail and analyzed
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using a Beckman Coulter LS 6500 Liquid Scintillation Counter. As emission energies of
3P overlap slightly with 2P, there was a concern for the potential for inaccurate
measurements of 3?P levels using this system. In particular, there was a concern that the
measured activity could have contributions from 3P radionuclides. The ability to accurately
measure *?P using the scintillation counter was confirmed by constructing the decay curve
of a 32P standard, as seen in Figure 3.2. The measured decay of the *’P standard, in blue,
followed closely with the calculated theoretical decay curve of 3P, in black. Any presence
of 3P or the influence of its decay on the measured activity is negligible as 3P and 3?P are
in separate energy ranges (see Figures A4. and A5.) It is not known why the measured
activity was consistently higher than the theoretical yield, however the decay curve for 3P
was still followed and it is possible the higher values were due to repeatability errors within

the instrumentation itself.

3.3. Results and Discussion

3.3.1. Sulfur Nanoparticle Synthesis

Figure 3.3. TEM images of sulfur nanoparticles synthesized without surfactants
(left) and with (right) the presence of both PVP and Brij L4.

Previous literature on the morphology of uniform, nanoscale and dispersed
particles synthesized by the simple acid catalyzed decomposition of Na»S,0s3 is sparse.
From Figure 3.3., when comparing the left-hand and right-hand images, it is clear that

some surfactant is needed to control the size and shape of the products. Our own attempts
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at controlling size and morphology using various reaction times and various surfactants
such as SDS (sodium dodecyl sulfate) and CTAB (cetyltrimethylammonium bromide) were
not successful (images not shown); a wide range of particle sizes with no distinct
morphology were obtained when using either of these surfactants. One method used PVP
to obtain uniform and monodisperse particles.* Attempts to reproduce their results using
the reported method were not successful and resulted in the formation of aggregated
particles with sizes up to 500 nm in diameter. The addition of just 10 yL of Brij L4, a
nonionic polyether, to 100 mL of the reaction mixture along with 0.02 wt% 40 kDa PVP
resulted in the formation of small, spherical particles seen in Figure 3.3. (right-hand

image).

Figure 3.4. Image of sulfur rods as visualized using optical microscopy
techniques.

Sulfur rods were also obtained (Figure 3.4.) through a facile process that is
significantly quicker than what is reported in literature.®? Other reports focused on
structures that are more cuboidal in nature, although these were claimed to also be
nanorods.® We aimed to develop a synthesis that was easier than the high temperatures
and ozone treatment reported previously for the syntheses of sulfur rods.82® The
synthesis pursued in this chapter only requires nanosulfur, produced as outlined in Section
3.2.2., as a precursor material to be exposed to ultrasonication while these particles are
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dispersed in propylene carbonate (PC). The solution was set aside and held at room
temperature for 1 week. During that time, there is likely a self-seeding process that initiates
crystallization. There would likely be an anisotropic growth within this system that results
in the achieved rod-like morphologies, which has been seen in other chalcogenide
systems.®® These products could be easily imaged by microscopy techniques (Figure
3.4.). Since other solvents, such as ethanol and diethylene glycol, did not result in rod-like
morphologies, it is hypothesized that PC had a role in controlling the growth of the particles
by directing the deposition of sulfur onto the seeds. These preliminary results are
interesting as most syntheses of particles that reported the use of PC as a solvent have
resulted in the formation of products with only spherical morphologies. Future work will
need to be done to develop and confirm a reproducible methodology, as determining the
appropriate conditions for sulfur nanorod synthesis can be difficult. Considering that PC is
one of the greenest solvents available, these preliminary results demonstrating the desired

rod-like particle morphology using PC as a solvent is exciting.

3.3.2. Evaluation of 32P Extraction

The theoretical 2P activity from fast neutron irradiation of 1 g of sulfur is 6180
counts per minute (cpm), calculated using Equation 3. After 27 h, the activity of 3?P that
was extracted from the irradiated sample of spherical, nanoscale sulfur was determined,
by LSC, to be 2730 + 30 cpm. Using Equation 7, the theoretical activity obtained 27 h after
the irradiation should be ~5710 cpm. This equates to a yield of ~49%. For the neutron
activation of a commercial sulfur powder, the %P activity measured was 1370 + 30 cpm,
which corresponded to a yield of ~31%. To confirm that the measured activity is due to
32p decay, the measurements were taken again 143 h after irradiation. Using the activities
measured at 27 h, the predicted activities for the *?P extracted from the nanosulfur and
commercial sulfur powder at 143 h were 2160 and 1390 cpm, respectively. These values
fall within the error ranges of the activities measured for these samples at this time point
(Table 3.1). The errors were instrumental error and propagated errors for the accumulation
of activity of the three 5 mL aliquots for each sample, as well as errors between the three
separate readings obtained for each sample. As the decay energies also match the rate
of decay determined for the standard 3?P sample (Figure 3.2.), the measured activity is

likely from *2P decay.
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Table 3.1. Measured activities of 32P extracted from neutron irradiated
nanoscale sulfur and a commercial sulfur powder. Samples were
irradiated with 14.1 MeV neutrons for 24 h.

mean

Activity (cpm i
Sulfur type diameter ity (cpm) : approxn'm.ate G
(nm)* 27 bt 143 ht yield of activity (%)
Nanosulfur* 42 + 14 273050 2140+ 30 49
powder 460 + 90 1760+ 20 1370% 30 51

“Synthesized sulfur (See Section 3.2.1.)
t Dimensions of the sulfur determined by TEM analysis
#+Time = 0 at end of irradiation

As seen from Table 3.1, ~60 % more 32P activity was extracted from nanosized
sulfur compared to the commercial sulfur powder. The greater extent of extraction of 32P
from the smaller, nanosized particles suggests a more efficient removal of 2P from the
nanoparticles into solution. This difference in efficiency is likely due to the smaller particles
having more of the %P exposed to the extraction solution on the surfaces of the
nanoparticles due to their higher relative surface area, and/or the ease of dissolution of
the nanosulfur relative to the larger particles in the commercial sample. The surface area
for the average nanosized particle is ~5.5 x 10° nm? compared to ~6.6 x 106 nm? for a
commercial sulfur particle. The relative surface area to volume ratios for these samples
are roughly 0.14 nm™ and 0.013 nm™, respectively. Sulfur is known to only be readily
dissolved in carbon disulfide, a very toxic compound, at room temperature. It was,
however, found that ~0.3 g of sulfur dissolves in 5 mL of toluene at 100 °C as an alternative
solvent. Each sample of sulfur type was separated into 3 x 0.33 g portions. These portions
for both types of sulfur samples were heated at the same rate to 100 °C, before being
vortexed for the same amount of time. The solution containing the nanosulfur became
transparent after heating and vortexing while the solution with commercial particles of
sulfur still contained an obvious suspension of particles after the same procedure. These
results were consistent across the treatment of 3 separate aliquots for both types of sulfur.
About 30 s after the solutions are removed from the heat, crystals were observed forming
in solution (Figure A2). The samples were allowed to cool to room temperature before the
supernatants were extracted for the measurement of their 2P levels. While there are
variations outside the experimental controls, such as precise amount of force conferred

onto the samples during vortexing, the large discrepancy in measured 2P activity
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extracted between the nanosulfur and the commercial sulfur strongly suggests that the

extraction of 32P from the nanosulfur particles is relatively easier to achieve.

Achieving a maximum extraction efficiency of 49% of the theoretical yield suggests
the equation used to predict yield might not be an accurate portrayal of this system of
study, or that there was a significant amount of 3P remaining in the samples that was not
extracted. While assumptions were made when calculating the predicted yield, such as
changes in the flux from the neutron generator being negligible, the much lower yield than
anticipated is likely more indicative that not all the 2P was efficiently extracted in this
process. One possible reason is that there was not enough aqueous solution in the
extraction solvent for the 3?P to leach into. Future studies would involve fully dissolving
the irradiated sulfur in adequate volumes of toluene to maximize extraction and obtain a
true yield. While the solution of nanosulfur looked clear after heating to elevated
temperatures, there may have still been particles present that were not visible to the eye
that contained trapped 3?P. Also, while the solutions cooled to room temperature, the 32P
in the toluene solution may have adsorbed onto the surfaces of the sulfur crystals that
formed in solution as a result of this temperature change. The use of methods for
extraction of 3P, such as that introduced earlier in this chapter, could also improve the

yield.

3.4. Conclusions and Outlook

The work in this chapter builds upon the current state of knowledge in nanosulfur
synthesis and their applications. In addition, the conventional means of 3P production and
processing is challenged with a possibly more efficient and cost-effective alternative,
providing easier and quicker access to a medically and clinically valuable radioisotope.
The available studies on developing nanoscale sulfur morphologies are fairly limited
compared to the more popular metal-based materials, such as Au or Fe based
materials.?-88 |t can be argued that this is due to the historically limited applications of
sulfur-based nanomaterials. However, changes in attitude towards nanoscale sulfur
applications such as an increasing interest in sulfur-based lithium ion batteries, and the
concept of increasing the surface area to volume ratio of the sulfur for the ease of
producing 2P by extraction from neutron irradiated sulfur, provide motivation to develop

syntheses for different nanosulfur morphologies.
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This work produced dispersed, uniformly shaped nanosulfur that is not as
commonly depicted in literature as other morphologies. The synthesis method involved a
simple acid catalyzed decomposition of Na>S>Os, while some other published methods
used more complex steps involving techniques such as microemulsion techniques. Those
that did publish monodispersed sulfur by decomposition of Na,S,0s had published
morphologies that could not be reproduced in our own studies. Furthermore, nanorods
were synthesized using a method that is quicker and that appears to be simpler than what
is reported in literature. Rods up to 200 ym in length and 10 uym in diameter were
synthesized in one week, using one of the most widely available green solvents, propylene
carbonate. Sulfur rods will be pursued in the future for irradiation experiments, as they
could be more efficient than spherical morphologies due to their difference in dispersion

and packing in a solid form (e.g., upon settling from solution).

Finally, the work in this chapter demonstrated an easier extraction of *°P from
nanosulfur compared to larger sulfur particles obtained as a commercial powder.
Irradiating nanomaterials for radioisotope production instead of bulk materials can be
beneficial in terms of the labor and time required for processing the samples. The
maximum extraction efficiency achieved in this demonstration of just ~49% still raises the
issue of the location of the remaining amount of *2P predicted following the irradiation step;
likely 32P remains within the sample. It is likely The efficiency of measuring *2P using liquid
scintillation counting is close to 100%, suggesting that nearly all decay events in the
measured supernatants were accounted for.®® It is possible that some 3?P had adsorbed
onto the sulfur crystals formed while the solutions cooled to room temperature following
the extraction process; if so, further work should investigate how the radionuclides can be
better removed from the solution and from these crystals. In addition, multiple samples of

sulfur should be irradiated to obtain replicate data for more statistical significance.
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Chapter 4.

Radiation Tolerance in Nanomaterials

4.1. Introduction

Understanding the possible damage of the irradiated BaTiOs particles in this work
requires a basic understanding of how radiation induced defects culminate in irradiated
materials. Furthermore, as a general goal of the thesis to promote the value of
implementing nanomaterials and nanostructures in the development of radiation tolerant
materials, it serves a purpose to review the various self-healing properties of
nanostructures and nanomaterials against radiation induced damage. A review of such

works demonstrates the significant role of interfacial chemistry in such self-healing.

Development of materials, particularly for industrial uses, often requires a careful
consideration of extreme environments that these materials might be exposed to. This is
particularly true for applications in the nuclear and space industry where radiation can
impact instrument durability and longevity. With the finite supply of natural oil and gas
leading to an increasing interest in nuclear power as an alternative energy source,?
design and development of durable materials in nuclear power production and waste has
been an increasingly popular field. The growing number of technologies in space, as well
as solar cells, means there is an increased demand for the development of materials that
are tolerant to multiple forms of radiation from space, such as neutrons (thrown into space
from collisions between cosmic rays and the surface of celestial objects that have no
atmosphere, such as the moon), protons and different ions.?>°' Technologies and devices
in space, such as the International Space Station are constantly monitored for levels of
cosmic radiation they are subjected to. The need for increasing safety and material
longevity have led to the study of the role of nanostructures in radiation tolerant materials.
Due to the extreme environments within nuclear reactors and in space, materials used
therein must be scrutinized for their durability. We highlight the discoveries made in the
field of interfaces in different materials, and their influence on radiation tolerance by the

manipulation of defect production and distribution within the matrix of a material.
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4.1.1. Radiation Induced Defects

Irradiated materials can undergo microstructural transformations that result from
the impacts from bombardment with energetic particles such as neutrons, electrons,
and/or ions. Studies investigating the radiation tolerance of materials most often have
utilized energetic particles with energies in the range of keV to MeV.%2-% At the atomic
level, the chaotic events of a collision cascade during irradiation of a material can cause
the formation of unrelated interstitials, dislocated atoms, and atomic vacancies. A specific
type of dislocation is an interstitial, which occurs when the dislocated atom occupies a
space that was previously devoid of an atom. A vacancy results from an atom being
dislodged from its original place within a crystalline lattice, leaving behind an empty spot
in the crystal lattice where the atom used to be located. This resulting pair of defects is
often called a Frenkel defect, a defect where the two components are created (Figure
4.1.). As radiation-induced defects, interstitials are often referred to as self interstitial
atoms, where the interstitial has the same atomic composition of those already present in
the lattice. Both interstitials and atomic vacancies are point defects. These defects can
agglomerate and most commonly form clusters. These clusters can include vacancy
clusters, stacking fault tetrahedra, interstitial loops, dislocation networks, bubbles, and

voids.

Frankel defect pair
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Figure 4.1. Schematic of Frenkel pair defects within a crystal lattice. When an
atomic part of a lattice structure is displaced from its position in the
lattice, the result is defects identified as interstitials and vacancies
left behind, which are known as a Frankel pair.

Interstitial loops are largely a disk-shaped layer of atoms formed from the
congregation of several free interstitial atoms in the bulk solid.*® During the spontaneous
recombination of interstitial defects and vacancies that form during radiation-induced

exposure, the clustering of interstitials largely depends on how the atomic composition of
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grain boundaries, on an atomic level, modify the spatial distribution of defects within the
crystal structure, including at the grain boundary interface.®”% Dislocation loops and
stacking fault tetrahedra are defects associated with the collapse of multiple point defects
into lower energy defect structures.®® Dislocation loops can result from the addition or
absence of an extra plane of atoms within a crystalline structure, as shown in Figure 4.2.
These loops can agglomerate and form dislocation networks. Stacking fault tetrahedra are
pyramidal structures, comprised of a type of dislocation at the (110) edge of tetrahedron
structures.'® There is no material that is completely immune to radiation induced damage.
In addition, the variety of radiation-induced defects and the subtypes of these are

numerous.
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Figure 4.2. Schematic of an interstitial loop within an atomic lattice.

An important source of radiation damage stems from the initial atomic
displacements upon bombardment of a material with irradiating particles. Irradiation
events, on an atomic level, can seem erratic. There is usually a cascade of events that
results from the initial collision by high energy particles, which in turn can form numerous
atomic displacements and atomic vacancies. This cascade event is followed by a
spontaneous recombination of interstitials and vacancies, often called self-healing. The
degree of displacements from irradiation is dependent on the energy of incident particles
and the displacement energies of atoms within the atomic lattices. The threshold
displacement energy for sulfur is ~10 eV.'"" This energy is the energy required to move

the atom from the lattice it is situated in. In BaTiOs, the threshold displacement energies
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for Ba, Tiand O are ~ 60, 10 and 40 eV, respectively.'®? These energies have implications
on the effects of fast neutron radiation on BaTiO3 materials seen in Chapter 5. The recoil
energy of a typical atom from impact with a neutron at an energy of ~14 MeV can be in
the range of MeV.'® Furthermore, the recoil energy of any defects that remain following
this process will constitute the radiation damage in the irradiated material. These defects
can form higher tiered structures such as clusters and stacking fault tetrahedra. It was
once assumed that once defect clusters are formed, the structures remained constant,

while continuing to grow spatially.*®

It is now known that cluster formation during irradiation is dynamic, with one type
of structure often transforming into another.' It is considered to be more
thermodynamically stable to go through the process of multiple vacancies before turning
into stacking fault tetrahedra.'® These transformations include the formation of stacking
fault tetrahedra from vacancy voids, which is the most dominant form of vacancy cluster
in many materials. Some studies postulate that the vacancy voids collapse into a loop
structure (i.e., a disc of vacancies lying within a single crystalline plane), often at
temperatures above 800 K.'% At this temperature, the thermal energy is ~ 70 meV
(compared to ~30 meV at room temperature). It is important to note that the binding energy
in crystal lattices are on the scale of ~10 eV."% Other studies hypothesize that this collapse
results into a direct transformation into a stacking fault tetrahedra, without going through

the formation of a loop structure.®®

The clustering of defects culminates in damage within a material that can include
void swelling, where vacancies cluster to create a growing void within the material.'”” The
formation of these defects can result in hardening of the material, where the defects
prevent atomic movement within the crystal lattice. Too much hardening can result in an
embrittlement of the material, due to the lack of mobility of atoms within the lattice. For
nanostructured materials, radiation-enhanced hardening can be suppressed at length

scales, ranging from a few atoms to nanoscale dimensions.

Hardening of materials results in an increase in the stress required to induce a
plastic deformation of these materials, such as the permanent distortion of the materials
from tensile, bending, or torsion stresses. An increase in material embrittlement can
accelerate material failure in nuclear reactors, which decreases the lifetime of these

materials and the systems they support, such as a nuclear power plant. Radiation

54



hardening largely occurs when defects form clusters and precipitates within a material,
which can result in locking dislocation lines that resist the further movement of
dislocations. As a result of radiation damage, hardening of a material is often interpreted
in terms of either the dispersed barrier hardening model or the Friedel-Kroupa—Hirsch
model. The selection of the appropriate model depends on the strength of the dislocation
within the materials, such as its strength as an obstacle to further inhibit atomic movement

within the matrix.'%

The dispersed barrier model describes obstacles that intersect at a glide plane and
prevent large-scale atomistic movements. The Friedel-Kroupa-Hirsch model is more
appropriate for describing radiation defects that include a number of small defect clusters,
such as the formation of dislocation loops, that form relatively weak obstacles to
dislocation movements.'® Often a combination of both models is used to determine the
changes in hardening of a material following its exposure to radiation. The Friedel-Kroupa-
Hirsch model is used to determine the component of hardening that results from
dislocation loops, whereas the dispersed barrier model is more useful in determining the

hardening contributions from all other types of defects.'°

Another physical transformation that can result during radiation exposure is
radiation creep within a material. Creep is a gradual but often permanent deformation of
a material. This deformation often occurs in response to radiation induced damage. Creep
results when a radiation damaged crystalline structure is subjected to additional damage
and physical stresses. Usually, radiation-induced creep is accompanied by thermal

Creep_108,111

The culmination of defects and their clustering within a material can result in the
formation of large-scale displays of radiation damage, such as the formation of bubbles
and swelling. In addition, there are numerous studies that have confirmed the role of grain
and interphase boundaries as sinks for radiation-induced point defects, which results in
the suppression of void growth and swelling. Void growth and bubble nucleation is often
the result of He implantation, which is a common phenomenon during the irradiation of

materials."2-""* Helium implantation is further discussed in 4.2.2
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4.2. Interfacial Chemistry

The role of nanostructures in radiation tolerance is well known, but there is a
growing interest by the scientific communities and various industries in the structural
stability of radiation tolerant materials in different fields. As defect accumulation and
annihilation is predominantly at some form of an interface, understanding interfacial
chemistry is integral to enhancing radiation tolerance. In this context, interfaces include
the grain boundaries between nanocrystals, additional interfaces within polycrystalline
materials, and the interface between composite materials and the surrounding
environment (e.g., liquid, gas, or vacuum). The benefits of nanomaterials in terms of
improving radiation stability of a material on an atomic level largely stems from these
interfaces. A significant component of this radiation tolerance is due to the ability of these
materials to efficiently remove radiation-induced defects. This chapter discusses the
fundamentals of the structural formation of radiation induced defects at different grain
boundaries and provides examples of materials that have been demonstrated to exhibit
radiation tolerance. For example, some metal alloys have been shown to have radiation
tolerance, which often depends on their grain size, crystal structure, and grain surface
energy. These alloys inherently have interfaces that play a role in how radiation defects

interact with the material.

4.2.1. Grain size, Grain Boundaries, and Associated Surface Energies

Grain size and surface energies at grain boundaries are important factors in the
ability of a material to tolerate radiation damage. These factors influence a material’s
ability to collect and remove defects through recombination events. In essence, defect
density within a material decreases as its surface area to volume ratio increases.''>""° A
higher surface area to volume ratio in smaller grains facilitates a more efficient absorption
of defects, which results in an interstitial-vacancy annihilation by recombination and
ultimately damage recovery. Smaller grains also exhibit a lower stress at the grain
boundaries within a polycrystalline matrix. Dislocations tend to pile up at these boundaries,
and these dislocations can repel each other. The more dislocations that accumulate at a
grain boundary, the higher the stress within the material. In materials with smaller grain

boundaries, a higher stress can be tolerated before it results in material damage as a
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larger number of dislocations can accumulate across more grain boundaries than in

materials with larger grains.

The distribution of defects within a region exposed to cascade induced damage is
determined by, but not limited to, grain boundary properties and crystallographic
orientation of the neighboring grains. The grain boundary energy increases after
irradiation, where the increase in energy is proportional to the number of defects within
the grain.'® The barrier to vacancy migration can decrease to as low as 0 eV at the center
of a grain boundary, implying that vacancies can move along the grain boundary planes
via barrier free processes. There is also a decrease in the energy of formation of
interstitials and vacancies at these interfaces, which is another example of the influences
of grain boundaries.’?’ Additional observations have indicated that there is a further
reduction in energy of formation for vacancies at damaged grain boundaries in comparison
to the barrier to their formation at non-damaged boundaries.'?? These results suggest that
an excess of interstitials at the grain boundaries can facilitate additional defect formation
at these damaged grain boundaries. This influence of a damaged grain boundary to
facilitate the formation and migration of additional vacancies towards these boundaries
has been seen in previous studies with cubic metals, such as Cu."?® Grain boundaries act
not only as a barrier to defect migration and movement within the bulk material (e.g.,
across grain boundaries), but the grain boundaries also serve as a region in which the
defects can be mobilized—although only along these boundaries (i.e., pinned to the grain
boundaries), which prevents their free movement and coalescence into larger defect
structures. The ability for a grain boundary to serve as a sink for defects depends on the
rate of recombination events between vacancies and interstitials at the boundary, which

is largely controlled by the diffusion of defects within the interface.

4.2.2. Multilayered Composites

Composites with nanoscale layered structures could serve as novel materials for
potential use in structural materials and coatings associated with the materials needs of
nuclear reactors. Metal composites with nanoscale layered structures can have very high
mechanical strength and durability,'?*-'2¢ as well as increased resistance to radiation over
pure materials.'?"'?® Coarse grained polycrystalline materials with microscale grains can
be thermally stable, but these materials are generally mechanically weak and are

susceptible to radiation induced swelling and hardening.''"12%13% Nanocrystalline materials
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generally have a higher mechanical strength and an improved resistance to radiation
damage due to their higher density of grain boundaries. Yet, nanocrystalline materials are
not as thermally stable as polycrystalline materials with microscale or larger grains, and
nanocrystalline samples can coarsen rapidly even at relatively moderate temperatures
(e.g., 300 °C for nanocrystalline Ni).'®"32 Materials prepared from nanoscale layered
composites could overcome many of the limitations of both the nanocrystalline and
microcrystalline materials. The preparation of composites with nanoscale layered
structures could be scalable to suit the needs of the various industries and could even
eliminate some current trade-offs in the selection of materials traditionally used or
investigated by these industries. Just like the grain boundaries in nanocrystalline
materials, interfaces play a major role in determining the radiation tolerance of composites

prepared from nanoscale layered structures.

Theories postulating the mechanisms for the radiation tolerance of materials stem
from the properties of interfaces, which are often described on the atomic scale. The
properties of layered composites for nanoscale, thin layers arise from a series of
interfaces. It is, therefore, important to understand in further details the properties that
make certain composites more durable and capable of removing radiation induced defects
than other types of materials as this understanding could lead to the preparation of new
materials with enhanced properties. Established sinks for defects, such as the boundaries
of interfaces, have been shown to alter the distribution of radiation-induced defects within
a material and can often result in less radiation damage.''®'33 It is not surprising then that
researchers have prepared materials from alternating the composition of layered
structures with nanoscale dimensions to create model systems with a high density of
interfaces to explore the effects of interfacial structures on the evolution of radiation
induced damage. The interfaces between these layers could, potentially, serve in the

same manner as grain boundaries for improving the radiation tolerance of a material.

In one example, a series of multilayered films were prepared from alternating
layers of titanium nitride (TiN) and aluminum nitride (AIN) with thicknesses varying from 5
nm to 50 nm."34 It was found that these multilayered composites had a better tolerance to
ion-irradiation damage than that observed for layers of only AIN, exhibiting suppressed
amorphization in contrast to the pure AIN materials. The interfaces within the multilayered
materials served as defect sinks for defects arising from radiation induced damage, which

prevented the accumulation of damage and an amorphization in the AIN. Interestingly, it
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was determined that a critical thickness of the nanoscale films was between 10 to 20 nm
for achieving an optimal improvement in the radiation tolerance of the composite. It was
also determined there is a minimum thickness that was required to prevent severe
interlayer mixing (i.e., diffusion or mixing of atoms between the layers). This thickness did,

however, vary as a function of the properties in each layer.

A separate study prepared structures with nanoscale layers from a composite of
vanadium and graphene, which were then studied by experimentation and molecular
dynamics simulations for probing their tolerance to irradiation with helium ions (He*) at a
fluence of 1x 10" He* cm™. This study confirmed that the graphene interfaces can
spontaneously absorb defects produced during a collision cascade, where a single atom
(V or C) knocked out of the crystalline lattice can displace other atoms leading to a
cascade of events that form secondary defects in the material. The inclusion of graphene
layers significantly reduced the radiation induced hardening of the vanadium.? In another
study, it was determined that layered composites of vanadium and silver (alternating
layers of V and Ag) were found to suppress radiation hardening that can result from
irradiation with He*.'® The thickness of the layers evaluated in this study ranged from 4
to 7 nm. Hardness measurements were obtained for a series of V/Ag multilayered
samples, as well as for bulk vanadium and silver. There was no change in hardness after
room temperature He* implantation with layers <10 nm in thickness—the average
diameter of the induced He bubbles. Previous work has determined that the hardness of
a material can increase as a result of He* implantation, but that the effect decreases with
a decreasing layer thickness of a film. Materials studied included Cu/V and Fe/W as
layered materials with nanoscale thickness to each layer.'?”:128.13¢ There was no change
in the hardness of these materials as a result of He™ implantation for a thickness <10 nm.
In contrast, for layers over >10 nm in thickness, defects induced by He" implantation
increased with increasing thickness of the layer. Composites of metal “nanolayers”,
particularly at thicknesses that impede He bubble formation and movement, can have

enhanced structural integrity against radiation-induced defects.

Investigations into the radiation tolerance of layered composites has largely
focused on studies using irradiation with He ions and establishing how these composites
alter a material’s resistances to typical damage that occurs from this irradiation, such as
the formation of He bubbles and material vacancies. Of the materials evaluated in the

studies with He" irradiation, a multilayered composite of copper and niobium (Cu/Nb)
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composites are one of the most commonly studied materials. The Cu/Nb composites have
been a focus of investigation for their potential use in fuel claddings. The use of these
composites has been shown to increase the corrosion resistance of zirconium alloys'’
that are currently used for fuel claddings.”™® In Cu/Nb composites prepared at a larger
scale, the majority of all the irradiation induced defects were mitigated by the interfaces

between the layers.'®

An investigation of the dispersion of He bubbles resulting from He™ irradiation of
copper films in comparison to a series of Cu/Nb multilayer composites found a significant
decrease in the hardening of the layers with when prepared with a thickness <5 nm in
comparison to those >70 nm thick."™® This result was attributed to the dominant
interactions between the bubbles and the interfaces formed by the layers. When the
spacing between the He bubbles was much smaller than the thickness of the layers, there
was a corresponding increase in the hardness and an embrittlement of the materials. In
comparison, when the spacing between bubbles was similar to the thickness of the layers,
there would be resulting structural deformation of the layers. These deformations were
primarily the result of single dislocations crossing through the interfaces within the layered
composites. These deformations are easier to annihilate than the deformations that result
in bulk samples and, therefore, form structures that are less brittle. For pure Cu metal and
for Cu layers with a thickness >70 nm, material hardening which results from the formation
of He bubbles is significant. This effect increases with an increasing He content of the
material through the Orowan hardening mechanism, which involves inhibiting the motion
of dislocations.™' When the thickness of the layers in the multilayered composite are
small, the hardening of these materials is significantly mitigated regardless of the He
concentration. Other investigations also observed a delayed nucleation of He bubbles and
an overall retardation of bubble growth in sputter-deposited composites of Cu/Nb
multilayered samples.'? Multilayered composites of Cu/Nb have been demonstrated in a
number of studies to exhibit an improved radiation tolerance and suppressing material
failure (e.g., embrittlement), as well as resisting large-scale structural deformations. The
interfaces within the Cu/Nb composites remained morphologically stable after He ion
irradiation, and no voids were observed to form following He* bombardment. This result
was distinct from the defects observed to form at grain boundaries within either a material

of only copper or niobium.
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Material resistance to hardening and embrittlement from He* irradiation has also
been studied for other multilayer composites. For example, a study of damage induced by
He ion irradiation in multilayered composites of iron and tungsten (Fe/W) revealed the
formation of 1 to 2 nm diameter He bubbles along the interfaces of these layers.'®
Radiation induced hardening of these composites was also found when the layer thickness
was >5 nm, which possibly originated from the formation of dislocation loops and from the
formation of He bubbles. In a separate study, He bubble growth, resulting from the
implantation of He ions, was evaluated for composites of vanadium and silver (V/Ag) as a
multilayered structure.'®® This study correlated a decrease in bubble size with a decrease
in the thickness of the layers, suggesting an influence of the layered interfaces on bubble
nucleation and growth. In terms of radiation induced hardness, no change in the hardness
of these materials was observed in the multilayers with a layer thickness of <10 nm. The
interface of the layers within these multilayered composites can act similarly to grain
boundaries and serve as a location where bubbles can accumulate within the material. As
a result, the increasing size of the bubbles can sometimes result in the bubbles being

sufficiently large to facilitate boundary sliding and dislocation emission.

While interfaces can mitigate the damage induced by radiation, radiation can affect
the interfacial properties and change their morphology. The impact of radiation on the
properties of the interface should be considered when designing composites of nanoscale
layers for creating radiation tolerant properties. For example, the effects of radiation on
the interfaces can be assessed from changes to the properties of the layers. For example,
there was a change in properties of a multilayered system of titanium nitride layers with
amorphous boron carbon nitride layers upon irradiation.™? In one study, it was observed
that the thickness of the bilayer increased at low radiation fluences as a result of a global
displacement of atoms in a direction perpendicular to the interfaces between these layers.
In addition to potential structural and compositional changes, the interfaces of multilayered
composites could exhibit additional changes to their properties. The ability of interfaces to
act as sinks for defects to prevent the deleterious effects of the radiation on the material’s
overall integrity has led to the development of several composites from nanoscale layered

structures with engineered features at these interfaces.

The degree of radiation-induced damage generated in a material is strongly
correlated with the degree of self-healing within the material’s structure. The ability to

absorb defects and prevent formation of larger defect structures in the moments after
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irradiation denotes the degree of radiation tolerance of a material. It has been discovered
that perovskites have tolerance towards different forms of radiation, possibly more so than
other similar materials. As such, different perovskite morphologies and crystallinities have
been studied for their structural changes as a result of irradiation. These studies are,
however, not complete. Perovskites, such as BaTiOs, should be investigated further for
their radiation tolerance to gain a better understanding of how to develop radiation tolerant
materials that can be useful in applications that require exposure to relatively high levels
of radiation. The work in this thesis, along with this review detailing the role of interfacial
chemistry in radiation tolerant materials, seeks to provide the foundations for exploring the

stability of various BaTiOs; nanomaterials in future work.

62



Chapter 5.

Solvothermal Synthesis and Neutron Irradiation of
Cuboidal BaTiOs; Nanomaterials

5.1. Introduction

Studies of radiation tolerance in nanocrystalline compounds suggests a degree of
structural stability against neutron radiation. In addition to nanocrystalline materials,
titanium-based perovskites, such as BaTiOs; have also been demonstrated to have
enhanced radiation tolerance under forms of radiation including gamma, proton, and
neutron radiation.'+'%6 |t follows that the perovskites of barium titanate (BaTiO3) may
have some forms of radiation tolerance that is worth investigating. To observe the effects
of neutron irradiation on the structural stability of barium titanate, cuboidal nanoparticles
of BaTiO3 with a relatively thin morphology were synthesized before being bombarded
with fast neutrons for up to 24 h. These particles were subsequently treated by
ultrasonication to potentially enhance any radiation-induced damage to the surfaces of
these materials. Electron microscopy and electron diffraction techniques were used to

determine any significant changes to the structure and crystallinity of the particles.

5.2. Synthetic Techniques to Prepare BaTiO; Nanomaterials

Up until the past decade or so, the more common route of BaTiO3 synthesis has
been through the use of solid-state reactions. These syntheses were often accomplished
by heating together barium carbonate and titanium dioxide, followed by a liquid phase
sintering to form a densely packed solid mass."” Another method was through a high
temperature calcination (heating to ~1,200 °C) wusing chemically derived
intermediates.'®'4® Ball-milling has been another popular form of preparing BaTiOs
powders in which bulk materials are ground down into smaller particles. However, along
with lacking particle size control, these traditional methods have had issues in producing
smaller particles sizes, such as on the nanoscale. BaTiOz nanomaterials, for many of their
applications, often require better control over particle shape to obtain both a uniform size
and morphology than that provided by processes such as ball-milling and solid-state

reactions. Furthermore, the powder produced in these techniques can inherently have
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relatively high amounts of impurities, which is typical of heterogenous solid-phase
reactions. The impurities can enhance internal strain and decrease the crystallinity of the

particles by stabilizing other phases of the structure.'

The motivation to better control the size and morphology of BaTiO3 nanomaterials
during their synthesis has been largely driven by the recent advances in the electronics
industries.’ The miniaturization of multilayered ceramic chip capacitors, alongside an
increase in performance requirements, required chips to have a higher mechanical
strength, a higher reliability, and a lower cost. To meet these demands, manufacturers
needed to create these multilayered capacitors with uniform, ultrathin ceramic layers with
well-defined microstructures. As such, wet-chemical methods, such as sol-gel processing,
co-precipitation and micro-emulsion processes became more favoured in BaTiOs3
syntheses in recent decades.'"'%2 The ability of these syntheses to better control the
processes underlying particle formation have resulted in the formation of materials with a

more uniform size and shape, and with a significantly higher purity.

5.3. The Role of Solvents and Surfactants in Hydrothermal
and Solvothermal Syntheses of BaTiO;

As with other materials, BaTiO3 particles grown in solution can be guided and
controlled using the addition of certain surfactants and solvents. The degree and manner
of shape control provided during nucleation and growth depends on interactions of both
the solvent and surfactants with the seed that eventually grows into a particle. Multiple
studies have demonstrated the influence of surfactants and solvents in both hydrothermal
and solvothermal syntheses of nanoparticles, particularly for metal oxides. 315 This work
investigates the influence benzyl alcohol in comparison to the effects of ethylene glycol on

the resulting morphologies of BaTiO3s nanoparticles.

54. Methods for the Synthesis of Nanocrystalline BaTiOs

BaTiOs has four polymorphs. The cubic and tetragonal phases of barium titanate
are most commonly encountered in hydrothermal and solvothermal syntheses due to their
stability at higher temperatures when compared to the orthorhombic and rhombohedral
phases. BaTiOs crystals undergo a phase transition at ~130 °C from the cubic phase to

the tetragonal phase upon a decrease in temperature. The tetragonal phase is the
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thermodynamically stable phase at room temperature.’®®'%” However, as explained later
on, the seemingly cubic phase morphology may remain even after cooling down of a
BaTiOs crystal post synthesis. Nanoscale barium titanate of both cubic and tetragonal
phases have been reported to be obtained from hydrothermal and solvothermal syntheses
using both low temperatures and elevated temperatures reaching hundreds of degrees.
The difference in the crystal structure of the tetragonal phase from the cubic phase is the
inequality between the a and ¢ axes in the former. It can, however, be suggested that the
cubic phase crystals could actually be a pseuduocubic tetragonal phase. This result is
common for solvothermal syntheses where -OH groups fill certain oxygen sites in the
lattice, promoting the formation of barium vacancies, thus changing the unit cell
parameters and forming a pseudocubic symmetry.'® This pseudocubic phase can be
more stable than the tetragonal phase at room temperature and can prevent the cubic-
tetragonal phase transition upon cooling after synthesis.'® Not only can the amount of -
OH from reagents influence the final phase of the BaTiO3s materials, but the grain size of
the particles may also determine the phase that forms as a result of the synthetic route.
As cubic BaTiOs3 cools below the Curie point, the crystal must distort to undergo a phase
transition. With grain sizes larger than tens of micrometers, the distortion can be
accommodated by twinning.'™® However, in small grains the twinning is not possible;
internal strain prevents the cubic-tetragonal phase transition within individual particles or
grains. As this work involves a variety of BaTiOs nanomaterials synthesized by
solvothermal methods with different starting reagents and that result in particles of
different sizes, these studies will not focus on a particular cubic or tetragonal phase. It is,
however, important to distinguish the different phases of BaTiO3 for future possible work

in evaluating BaTiO3 morphologies under irradiation.

A variety of particle sizes and morphologies for BaTiO3 nanoparticles have been
published using hydrothermal and solvothermal synthesis. This includes the formation of
spherical, rod-like, and dendritic structures. Cubic morphologies with well-defined edges
are very popular in these BaTiO3 syntheses as a cubic shape facilitates the creation of
high-density materials through self-assembly of these structures, such as for applications
in BaTiO3 based ceramics. Work presented in this thesis demonstrates a novel synthesis

of BaTiO3 cubes and other nanostructures of barium titanate.
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5.5. Radiation Induced Damage of BaTiO; Nanomaterials

In general, perovskite materials have demonstrated a degree of radiation tolerance
under a variety of forms of radiation. The study of the effects of radiation damage in BaTiO3
materials reported in the literature is scarce and is even more so for these effects on
nanoscale barium titanate materials. Since numerous materials have shown a relatively
high radiation tolerance with the preparation of smaller grain sizes relative to their bulk

counterpart, it would be valuable to study the radiation tolerance of nanoscale BaTiOs.

As radiation damage stems from atomic displacements, understanding the
movement of atoms out of their lattices to produce vacancies and interstitials is integral to
understanding the effects of radiation-induced damage and the subsequent formation of
defects in materials. The movement of oxygen atoms as a result of exposure to radiation
is often studied; materials evaluated under irradiation with energetic particles are often
oxides and oxygen can have a relatively low displacement energy.® It is anticipated that
defects within barium titanate will include oxygen vacancies and, as a result, the formation

of dangling bonds and related defect structures.

5.6. Experimental

5.6.1. Solvothermal Synthesis of Nanoscale Cuboidal BaTiOs in
Ethylene Glycol

While the mechanisms of hydrothermal and solvothermal syntheses inherently aid
in the formation of crystals that are smaller and that are more likely uniform in size and
shape when compared to other methods that produce colloidal solutions, the selection of
solvent can also aid in developing the desired morphology. Ethylene glycol is a solvent
that has been used in the synthesis of a variety of nanomaterials.'®-'%* The role of a
solvent often is to serve as a surfactant by lowering the surface tension at the interface of
the particles and to decrease the tendency of particle aggregation. Ethylene glycol’s role

as a reducing agent in nanoparticle synthesis has also been explored, particularly in

3 The displacement energy is the energy required to permanently displace an atom from
its lattice site.
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promoting the nucleation and growth of Ag nanoparticles.'®* Some studies have even

produced Pd-Ag alloys using ethylene glycol as a solvent and as a reducing agent. 65166

For the synthesis of BaTiOs nanoparticles, 8 mg of rutile TiO2 (MK Nano, 99% pure,
Lot#: 08/0124) was dissolved in 9.0 mL of ethylene glycol (Sigma Aldrich, >99%, Lot#:
SHBM3293) and 25.7 mg of Ba(OH). (Sigma, Aldrich, >95%) was dissolved in 1 mL of
diH20. The two solutions were then mixed together, and placed in an autoclave at 150 °C
and 180 °C for periods of 24 h to 96 h. Furthermore, these syntheses were repeated using
1/10" the amounts of the Ba and Ti precursors, which were prepared as 1/10" of the

weight of precursors mentioned above.

5.6.2. Solvothermal Synthesis of Nanoscale Cuboidal BaTiOs in
Benzyl Alcohol

In nanoparticle synthesis, benzyl alcohol is not a commonly used solvent in
comparison to ethylene glycol or other alcohols. Studies demonstrating the production of
BaTiO3 based nanomaterials using benzyl alcohol as a solvent are even more rare. These
studies typically depict the resultant BaTiOs; materials with undefined shapes'®’ or
spherical morphologies. It has been suggested that the mechanism of formation of the
spheres proceeds mainly through a novel pathway involving C-C bond formation between
benzyl alcohol and a ligand from the titanium precursor.'®® Furthermore, benzyl alcohol
does have reductive properties which could aid in seed formation during nanoparticle
synthesis.'® Alcohols in general are popular solvents in nanomaterial synthesis. The
diverse range of alcohols can result in a variety of properties for these products and their
formation, such as altering the mechanisms by which the particles are synthesized. For
example, certain alcohols exhibit a better stability of the carbocation upon dissociation of
the oxygen from the carbon.'”® As such, the hydroxyl group can be a good source of
oxygen to produce metal oxides. This provides further motivation to evaluate benzyl

alcohol as a solvent for the production of nanoscale BaTiOs particles.

For synthesis of BaTiO3z nanoparticles, 8 mg of rutile TiO2 was dissolved in 9.0 mL
of benzyl alcohol (Alfa Aesar, 99%, Lot#: W29C061) and 25.7 mg of Ba(OH). was
dissolved in 1 mL of diH20. The two solutions were then mixed together, and placed in an
autoclave at 150 °C and 180 °C for periods of 24 h to 96 h. Furthermore, this synthesis

was repeated using 1/10" of the amounts of the Ba and Ti precursors. In addition, 20 mg
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of sodium dodecyl sulfate (SDS) and 20 mg of Brij® L4 were added as surfactants to some
additional syntheses to control particle growth and particle morphology. As an anionic
surfactant, SDS is commonly used in nanoparticle synthesis to control particle growth and
as a template for particle morphology. Typical results from these syntheses are depicted
in Figures 5.1. and 5.2. in Section 5.7.1.

5.6.3. Neutron Irradiation of Cuboidal BaTiO3: Nanoparticles

The neutron generator used for the irradiation studies was a Thermo Fisher P 385
model with, for our experiments, a yield of 2.1x108 neutrons per second. The particles
were irradiated for 6 h and 24 h. The operating voltage was 130 kV, with a beam current

average of ~69.5 pA. Samples were positioned 6 cm from the neutron source.

The BaTiOs particles used in the irradiation studies were developed using the
method described in Section 5.6.2. with 0.8 mg of TiO, and 2.57 mg of Ba(OH). dispersed
in a solution of 9:1 (v/v) benzyl alcohol and diH2O. The surfactant added to this reaction
mixture was 20 mg of SDS. Sonication of the samples while held within a plastic vial (~2
mg in 3 mL of ddH.O) after their neutron irradiation was achieved using a 40 kHz sonicator

bath for a duration of 2 min.

5.6.4. Investigation of Radiation-Induced Damage via Crystallinity and
Morphologies Changes

Previous studies have demonstrated the changes in the crystallinity of perovskites
under certain levels of ion radiation, observing notable disruptions to the lattice structure.
While other studies have shown changes to particle morphology after ion irradiation but
no observable change in the crystallinity of the sample.® Clearly, the degree and physical
form of damage to a material depends on various factors including the material properties
and the type and energy of the incident radiation. Considering the lack of fast neutron
studies on the morphology and crystallinity of nanocrystalline BaTiOs, this work is
important in probing their potential as radiation tolerant materials. In this work, we aim to
evaluate significant changes to the crystallinity of nanoscale BaTiOs, as well as obvious
alterations to the morphology of these particles, such as damage to their surfaces as

observed by TEM-based techniques.
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5.6.5. Investigation of Radiation-induced Damage via Silver
Deposition

The displacement of oxygen as a result of irradiation has been observed in
materials. In oxides and oxygen containing materials, radiation-induced defects are often
the result of oxygen displacement and depletion in certain areas of the irradiated
material.'””' For example, it was found that oxygen deficient regions from the non-
thermodynamically favourable displacement of oxygen can result from the energy

imparted by an incident beam of accelerated Ag ions.""2

While oxygen displacement is expected, we aim to look for the possibility of bond
fragmentation. Bond breakage is possible from irradiation in various materials and under
various fluxes of different types of radiation. It is possible that the degree of oxygen
displaced within the lattice of the barium titanate culminates in fragmentation of the
particles. Radiation has been known to induce a notable amount of dangling oxygen bonds
in oxygen rich materials. In amorphous SiO», a resonance Raman band induced by X-ray
irradiation was assigned to non-bridging oxygen holes, =Si-O-."" In 1960, y-rays from

cobalt-60 were shown to be capable of cleaving S-S bonds in an enzyme.'™*

Density functional theory (DFT) calculations indicate that ionic bonding exists
between the Ba atom and the TiO- group of BaTiOs, and that there is an f bond formed
between the Ti and O atoms within the unit cell.'”® The formation energy of neutron
induced point defects has been calculated previously. Authors of one study found that the
energy of vacancy formation for O atoms within BaTiO3 range from -0.15 to about 5 eV.""®
These energies suggest an atom displaced as a result of fast neutron bombardment can

reach the threshold necessary for the formation of an O vacancy.

In metal oxides, the impact of radiation damage is strongly dependant on the form
of radiation. X-rays and y-rays do not significantly induce new structural defects.'”
Instead, radiation damage is influenced by the circumstances surrounding the impact of
atoms by energetic particles above the threshold energy of Frenkel defect formation.
Impact with highly energetic particles such as ions and fast neutrons can create enough
energy for Frenkel defect formation. A study looked at the thermal stability of Frenkel
defects in the anion sublattice of corundum (a- Al,O3) and found a co-existence of O and

O atoms using optical absorption and EPR (electron paramagnetic resonance)
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spectroscopy methods.'”” The EPR signal of oxygen interstitials were found in the form of

Oy inirradiated corundum.

The evidence for bond breakage as well as O™ and O interstitials caused by ion
radiation suggests that fast neutron irradiation of BaTiOz may lead to changes in structural
integrity and can be led in part by bond breakage through formation of Frenkel defects
pairs involving oxygen atoms. While there is access to electron microscopy at our
institution, the ability to conclusively view changes in atomic lattices require equipment
outside the capabilities provided through 4D LABS at Simon Fraser University. Developing
chemical methods to view changes in lattice bonds may provide a more easily accessible

and cost-effective route to viewing atomic displacements.

Using a solution of silver nitrate to view the degree of the selective reduction and
deposition of Ag onto irradiated BaTiOs; nanoparticles may be a plausible method as
interstitial Ba and Ti species suggests possible sites for Ag reduction. Charged O species
may also facilitate Ag deposition. For the reduction studies, 1 mg of the particles will be
placed in 1 mL of a solution of 1 x 10" M AgNOs3 for 10 h under ambient light. Studies have
confirmed the deposition of Ag onto dangling bonds, such as on dangling Si bonds.'"®
These are non-bonding sp orbitals, and these dangling bonds can form when the
periodicity of the Si in the lattice is disrupted. Given, as well, the displacement energies
for Ba, Ti and O in BaTiOs; (see Section 4.1.1.), the evidence reasonably suggests there
should be a selective deposition of Ag onto sites corresponding to displaced O, Ba or Ti

within the structure of the barium titanate following its irradiation with fast neutrons.
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5.7. Results and Discussion

5.7.1. Solvent Effects on the Solvothermal Synthesis of BaTiO3

Figure 5.1. TEM images of BaTiOs; particles prepared by a solvothermal synthesis
in 9:1 (v/v) benzyl alcohol:diH20 at 180 °C for 24 h (a) and 72 h (b), and
after 24 h (c and d) using 1/10" of the concentration of precursors of
conditions (a) and (b). SDS was used as a surfactant.

BaTiOs particle morphology produced in benzyl alcohol with SDS added as a
surfactant suggests a strong tendency for the formation of rod-like structures, as shown in
Figure 5.1. Particles produced in 9:1 benzyl alcohol:H20 at either 24 h or 72 h resulted in
particles with rods that were 100 to 500 nm in length and 20 to 100 nm in diameter. When
repeating the same synthesis, but using 1/10" the concentration of Ba and Ti precursors
[Ba(OH), and TiO., respectively], and for a 24 h reaction time, rod-like morphologies were
also observed within the sample. A representative result of this more dilute reaction
concentration is seen in Figure 5.1 (d). However, a longer reaction time of 72 h vs 24 h
did result in a significant decrease in the average particle size (e.g., Figure 5.2). This result
can be attributed to the influences of the reaction mechanism and reaction kinetics, which
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suggest that the smaller particle size observed after 72 h is due to the partial dissolution

of the larger structures that are initially formed in the solution.

Figure 5.2. TEM image of BaTiO: particles prepared in 9:1 (v/iv) benzyl
alcohol:diH;0 after 72 h using 1/10*" of the original concentration of
precursors. SDS was used as the surfactant.

When the reaction period was then lengthened to 72 h, spherical particles resulted,
as seen in Figure 5.2. The particles obtained at 96 h reaction time were similar to particles
obtained at 72 h. Because these spheres were not seen in the syntheses using the original
ten-fold precursor concentration, the resulting images are similar to the representative
images in Figure 5.1. (b). Even at a reaction time of 72 h the precursor concentration
appears to have a significant effect on the resulting particle morphologies. Note that the
darker appearance of the spheres as observed by bright field TEM techniques is indicative
of a relatively thicker morphology, such as when the particles adopt a spherical shape as
opposed to having a thinner, plate-like morphology.
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Figure 5.3. TEM images of BaTiO; particles prepared in 9:1 (v/v) ethylene
glycol:diH:O after 24 h using SDS as the surfactant. Top images

depict particles produced using 1/10" the reagent concentrations in
comparison to those prepared in the bottom images.

Figure 5.3. depicts BaTiOs particles prepared in a 9:1 (v/v) solution of ethylene
glycol:H20 that was heated for a period of 24 h. The top images and the bottom left-hand
image are representative images of particles produced at 180 °C, while the bottom right-
hand image shows a particle with dendritic morphology obtained at 150 °C. Furthermore,
the structures in the top images were resultant particles prepared using 1/10" the
concentrations of the Ba and Ti precursors compared to the structures in the two bottom
images. This result is similar to the results obtained using benzyl alcohol as the solvent;
smaller reagent concentrations resulted in an overall smaller particles size in the
population. The structures produced at the higher temperature and using lower

concentrations also appeared to be more uniform in size. While most structures produced
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were rod-like in nature, BaTiOs syntheses involving ethylene glycol resulted in a much

more diverse range of morphologies, compared to using benzyl alcohol.

HAADF MAG: 78.0kxX"HV: 200kV HAADF MAG: 79.0kx HV: 200kV

O

HAADF MAG: 79.0kx HV: 200kV HAADF MAG: 79.0kx HV: 200kV

Figure 5.4. HAADF image (top left) and a series of EDS spectra of a BaTiO;
particle that was synthesized in 9:1 (v/v) ethylene glycol:diH20 at 180
°C using SDS as the surfactant.

Figure 5.4. shows the elemental composition of the BaTiOs3 particles produced in
ethylene glycol at 180 °C with SDS as the surfactant. The HAADF image and EDS spectra

confirm that rod-like BaTiO3 particles were produced with well-defined edges.
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benzyl alcohol:H:0, using SDS and Brij L4 as surfactants in the
reaction mixture.

A well-defined cubic morphology was obtained at a 72 h reaction time using both
SDS and Brij L4 as surfactants. The cubic morphology seen in Figure 5.5 was produced
at 180 °C. Note that benzyl alcohol has a boiling point of 205 °C. This work demonstrates
a safer, lower temperature alternative to the production of nanoscale BaTiOs by
solvothermal synthesis when compared to the majority of these syntheses that rely on
solvents with lower boiling points. However, for the purposes of the radiation studies we
sought to produce particles with a thinner morphology than these cubic morphologies to
better observe any atomic or structural breakage stemming from radiation-induced
damage. Thinner samples can better show fragmentation and atomic dislocation within
their structures. Because TEM imaging relies on transmission of electrons through the
sample, thick particles like the one in Figure 5.5 appear relatively dark and it would be
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difficult to observe abnormalities in such structures. Furthermore, thinner structures could
be more prone to fracture, which would enable an easier comparison of the relative degree
of damage to different samples when comparing different irradiation conditions (e.g.,
different durations of radiation exposure). One of the more ideal structures were the
particles produced at 180 °C after 24 h of solvothermal synthesis using SDS as the

surfactant, such as those particles depicted in Figure 5.1.(d).

5.7.2. Investigation of Radiation-induced Damage via Silver
Deposition

HAADH

HAANF MARG: 320ky HV- 20NkKV

Figure 5.6. HAADF image and EDS heat maps corresponding to elemental
spectral response for non-irradiated BaTiO: after its sonication for 2
min and incubation in a solution of silver ions (Ag®).

To utilize silver deposition of radiation-induced damage, BaTiOs particles were
kept in solution of Ag*for 10 h under ambient light. Figure 5.6. shows a HAADF image of
BaTiO3 particles in the top left section of the four quadrants in this figure. Included in this

figure are heat maps of the elemental maps of Ba, Ti and Ag atoms distributed within these
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particles. These particles were not irradiated with neutrons but were still incubated in a
solution of Ag* ions as a control experiment. The morphology of the particles chosen for
the irradiation studies were those that were around 50 nm in diameter or less, and with a
relatively thin profile and a cuboidal morphology. The EDS spectra for the Ba, Ti and Ag
depict that the relative presence of silver is minimal compared to the amount of Ba and Ti
in these particles. The presence of silver in the vicinity to the BaTiOs particles is, however,
higher than in the background, which suggests some deposition of silver onto the particles.
This could result from a minimal exposure of the sample to ambient light that results in a

photoinitiated deposition of silver.
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Figure 5.7. HAADF image and heat map obtained by EDS techniques of the
BaTiO; particles that were irradiated for 6 h with neutrons,
subsequently treated by ultrasonication for 2 min, and incubated in a
solution of Ag* before purification for TEM-based analyses.
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Figure 5.7. shows a HAADF image of BaTiO3 particles in the top left section of the
four quadrants of this figure, as well as the heat maps obtained by EDS techniques for the
Ba, Ti, and Ag atoms distributed within these particles in the remaining images. These
particles had been irradiated for 6 h with neutrons and were incubated in a solution of Ag
ions. The EDS spectra for the three elements demonstrate that the presence of silver is
minimal compared to the amount of Ba and Ti in the particles. The amount of silver present
is similar to the levels observed in the non-irradiated particles. The presence of silver in
vicinity of the BaTiOs; particles is still higher than in the background, showing some

deposition of silver onto the particles.

3 I 4 RSO =70 "
900K s HAADE X ok W 4 auil

Figure 5.8. HAADF image and heat maps obtained by EDS technique of BaTIOs;
nanoparticles that had been irradiated with neutrons for 24 h and
subsequently incubated in a solution of Ag* before being purified and
imaged by TEM techniques.
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Figure 5.8. shows a HAADF image of BaTiO3 particles in the top left section of the
four-quadrant figure, as well as the corresponding heat maps for the distribution of Ba, Ti
and Ag atoms within the particles as obtained by EDS techniques. These particles were
irradiated for 24 h and were incubated in a solution of Ag ions, and subsequently purified
in preparation for these TEM-based analyses. The EDS-based maps for the three
elements demonstrated that the presence of silver was noticeably higher compared to the
samples irradiated for 6 h. The presence of silver in vicinity of the BaTiOs; particles is higher
than in the background, indicating a deposition of silver onto the particles. Furthermore,
there is significantly higher silver deposition onto these particles in comparison to the
particles irradiated for 6 h.

HAADF MAG: 79.0kx HV: 200kV HAADF MAG: 79.0kx HV: 200kV

Figure 5.9. A representative HAADF image and heat maps obtained by EDS for
BaTiO; particles that had been irradiated for 24 h, sonicated for 2 min,
and subsequently incubated in a solution of Ag*. These materials
were purified before imaging by TEM and EDS mapping.
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Figure 5.9. shows a HAADF image of BaTiO3 particles in the top left section of the
four-quadrant figure, as well as the heat maps depicting the distributions of Ba, Ti and Ag
atoms within these irradiated particles. These particles were irradiated for 24 h, sonicated
for 2 min and were incubated in a solution of Ag ions. The EDS spectra for the three
elements the presence of silver is noticeably higher compared to the samples irradiated
for 6 h. The silver in vicinity to the BaTiOs particles is higher than in the background,
showing deposition of silver onto the irradiated particles. Not only is there significantly
higher silver deposition onto the particles in comparison to the particles irradiated for 6 h,
but it appears that sonication may have increased the oxygen displacement and potentially
bond breakage, resulting in an increase in the silver deposition onto the surfaces of the

particles when compared to the non-sonicated particles that were irradiated for 24 h.
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Figure 5.10. EDS based heat maps of the O within in non-irradiated BaTiO;
particles prepared by ultrasonication (left). As well as particles
irradiated for 6 h and sonicated (middle left), particles irradiated for
24 h without sonication (middle right), and particles irradiated for 24
h and sonicated 2 min (right).

Figure 5.10. contains heat maps obtained by EDS techniques of the oxygen
content in the irradiated and non-irradiated BaTiOs samples. The spectra suggest that
there is no notable change in the oxygen content before and after irradiation (see Table
5.1). This suggests that the increase of silver deposition on the irradiated BaTiO3 is not
due to a significant increase or decrease in the relative oxygen content as a result of
exposure to neutron radiation. Furthermore, if silver deposition is due to oxidation of
oxygen vacancies, then the increased silver deposition is due to either a very low
concentration of vacancies and/or from displaced oxygen within the lattice wherein the
processes of irradiation result in the formation of charged species and radicals. This result
is supported by the prior art depicting the breakage of bonds from both exposure to
radiation and from sonication, including the sensitivity of O-bonds specifically.’””'"The
series of images presented herein also suggest a relationship between the duration of the

radiation exposure and the amount of silver deposited onto the particles.

80



Comparing the heat maps obtained by EDS techniques across the different
irradiation conditions, there is a notable increase in the silver content for the particles
irradiated for 24 h in comparison to those without any radiation exposure. Furthermore,
there may be an increase in the silver content after 24 h of exposure to fast neutrons when
these particles were sonicated versus those that were not treated by sonication. This result
may be due to a further breakage in the bonds within the barium titanate lattice due to
sonication. It has been known that sonication at a frequency of ~40 kHz can result in the
breaking of C-C bonds, while at 22 kHz it is sufficient to cleave C—O or P-O bonds within
the sugar-phosphate backbone of DNA'® This might be the case for oxygen bonds within
BaTiOs3 as well, but this could also result from displacement of the Ba and/or BaO species
from the lattice given the bond strength of the Ti-O bonds and the sub-units of TiO, formed

within the lattice as mentioned above.

Table 5.1. Relative abundances of Ba, Ti, O and Ag in irradiated and non-
irradiated BaTiO;

Ratioof Tito  RatioofBato  Ratio of Agto

_______________ Sample 0’ o Tit
Non-irradiated BaTiOs 0.23 0.18 0

6 hr irradiated BaTiO3 0.25 0.20 0.007 + 0.002

24 hr irradiated BaTiO; (not sonicated) 0.24 0.22 0.040 + 0.007

24 hr irradiated BaTiOs (sonicated) 0.24 0.19 0.040 + 0.009

* Obtained through EDS analysis by comparing atomic %

Given the data obtained to date, it is not possible to draw a quantitative conclusion
with regards to the underlying mechanism as to why there was a significant increase in
silver content observed for the irradiated particles. There was, for example, no notable
change in the relative amount of oxygen, barium depicted in the EDS based heat maps,
making it unlikely that the significant increase in silver deposition was due to a change in

the O and/or Ba content relative to the Ti content.
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5.7.3. Evaluation of Crystallinity of Irradiated BaTiOs; Nanoparticle

Figure 5.11. HRTEM image of agglomerated BaTiO3s nanoparticles that were not
irradiated. The two insets show an enlarged image of the outlined
areas.

Figure 5.11. depicts a representative high-resolution TEM (HRTEM) image of
agglomerated BaTlOs nanoparticles before being irradiated with fast neutrons. The two
insets are enlarged images of the regions outlined in the light blue dashed boxes. The
measured distance between the adjacent planes shown in the insets suggests a d spacing
of 2.8 A, corresponding to either the (110) or (111) crystal planes of BaTiOs, or both.
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330 (BaCOs)

Figure 5.12. TEM and SAED image of BaTiOs particle after being irradiated for 24
h and sonicated for 2 min. The inset within the SAED pattern shows
the selected area for the electron diffraction.

Figure 5.12. shows the lattice spacing for a portion of a BaTiOg particle after 24 h
of neutron irradiation. In the leftmost image, the corresponding inset shows fringes
demonstrating an interplanar spacing within the lattice of this material of 2.3 A. This
distance corresponds to the (111) plane of BaTiOs. The right image depicts an SAED
pattern showing diffraction patterns that correspond to the (220) and (210) planes of
BaTiOs. Diffraction rings also denote the (330) plane of a BaCOs3 impurity formed during
BaTiOs synthesis.

The study used BaTiOs3 with relatively thin morphologies in the hopes to observe
potentially distinguishable effects of the neutron irradiation at the edges of the BaTiOs
particles, but the TEM-based analyses could not identify notable damage to the edges of
the particles, such as fragmentation or cracking. The lack of visible, quantifiable damage
to these particles suggests that the total fluence of ~4.0 x 10" neutrons cm? was not
sufficient to cause any discernable damage to the particles, even after sonication of the
particles. It was, however, sufficient to create lattice defects that led to the reduction of

silver on the surfaces of the BaTiOs nanoparticles.
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5.8. Conclusions and Outlook

The tolerance of nanoscale BaTiOs to neutron radiation has been elucidated in
terms of changes to the crystallinity and morphology of these particles. It appears that
crystal planes belonging to certain planes of BaTiOs; remain even after neutron radiation
at a total fluence of 4.0 x 10'° neutrons cm2. Furthermore, no notable damage to the edges
of the particles were observed by TEM techniques, which suggested there was no notable
radiation-induced damage at the surfaces of the particles and likely even less damage

resulted within the bulk of the particles.

However, while significant changes in lattice or morphologies were not detected
from the results, there appears to be atomic displacements with the presence of broken
and dangling bonds from any of the atomic constituents of BaTiOs. This conclusion is
drawn from the EDS spectra that show heat maps for the distributions of the different
elements in these samples, wherein increased radiation times led to an increased amount
of silver deposited onto the BaTiOs particles. However, there did not appear to be a
quantifiable increase or decrease in oxygen content after irradiation. This suggests that
the increased silver content from reduction of its salt may be due to increased oxygen
displacements as a result of exposure to neutron radiation, as opposed to significant
changes in the oxygen content specifically. Previous studies have demonstrated the
breaking of oxygen bonds during some forms of irradiation. It should be noted that while
a neutron fluence of 4 x 10'° neutrons cm™ appears to result in a significant oxygen (or
barium/titanium) displacement within the crystal lattices, a neutron fluence of 1 x 10
neutrons cm resulted in significantly lower atomic displacement; there was not a

significant amount of silver deposition when compared to that of the non-irradiated BaTiOs.

Single atom displacements are not easily seen with the electron microscopy
systems available at SFU. But through the use of a simple chemical method for the site
selective silver deposition onto the BaTiOs particles, the visualization of radiation-induced
oxygen displacements appears to be a viable method for detecting the formation of such
defects. With exposure to higher amounts of radiation, there was more deposition of silver,
which was indicative of a higher extent of displaced oxygen within the BaTiO3 lattice.
These results support the practicality of using chemical methods as a simpler and more
cost-effective way of determining the forms of radiation damage on the surfaces of

nanomaterials

84



These results demonstrating a form of radiation tolerance up to a particular flux of
fast neutrons give motivation for further work in investigating radiation-induced damage in
nanoscale BaTiOs, as well as further evaluation of chemical methods for detecting
radiation damage. For example, comparing silver deposition onto irradiated nanoscale
BaTiOs versus particles that have diameters that are several micrometers in size. The
results of such a chemical amplification process could confirm an increased resilience of
nanomaterials to atomic displacements through increasing grain boundaries via smaller
particles size. These outcomes can also be applied to studying effects of radiation on

particle crystallinity and morphology.
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Chapter 6.
Executive Summary and Outlook

The work herein is the culmination of our efforts in producing and evaluating a
series of nanomaterials for radiation studies. Developing nanomaterials is an important
process for many industries. The inherent nature of nanomaterials means that their
structure is greatly influential on their function. It is not surprising that nanomaterials can
be beneficial in industries that involve the production and handling of radioactive materials.
Nuclear energy, nuclear medicine, solar power, space exploration, are all involved in
environments with high amounts of radiation exposure. The results in this study tell a
compelling argument for the purpose of this thesis: to contribute to a relatively new and
emerging field of nano-based technologies that can be used in extreme environments

including the exposure to high energy particles.

Producing 2P using a portable neutron generator can provide motivation for the
on-site production of radionuclides for clinical and medical uses—especially if we can
increase the efficiencies for processing these radionuclides. We have successfully isolated
32pP from nanosized sulfur following their irradiation with neutrons at an energy of ~14 MeV
through the 32S(n,p)*?P reaction. The *P was extracted from the sulfur through a simple
process of heating of the nanosized sulfur in toluene, with an extraction efficiency of 49%.
Furthermore, we demonstrated an easier extraction of 32P from irradiated nanosized sulfur
when compared to a commercial powder of sulfur with a larger particle size. As well, sulfur
rods were synthesized using a method that was easier than what has been reported in the
prior literature and within 1/4"" the amount of time of this prior art. These rods could be
used in the future for *°P extraction with these materials assembled into a porous mesh
for the continuous extraction of 32P from the irradiated sulfur nanorods by passing a solvent
through this network. The work accomplished so for has established the foundations

towards developing easier and more cost-effective radionuclide production and extraction.

Chapter 4 in this thesis provides a glimpse into the range of studies that
demonstrate how nanomaterials and nanostructured features enhance radiation
tolerance. The self-healing nature of these materials are powered by the multitude of nano

features that drive annihilation of radiation-induced defects. The radiation tolerance of a
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perovskite, BaTiOs, was investigated for changes to morphology and crystallinity. The
work in this thesis demonstrates the sustained presence of crystal planes in
nanocrystalline BaTiOs; to ~14 MeV neutrons with a fluence of 1 x 10" neutrons cm™.
Furthermore, we demonstrate the use of silver reduction and deposition onto surfaces of
BaTiOs3 particles to evaluate the effects and extent of radiation induced damage to these
particles. Given what is known about the breakage of bonds during radiation, it can be
hypothesized that the increased silver deposition on the particles irradiated with neutrons
for a longer duration is due to an increased oxygen displacement within the lattice. Likely
the dangling bonds and charges, formed from lattice structure impact with high energy
neutrons, facilitates the silver reduction onto the barium titanate particles. If this hypothesis
is correct, then this chemical enhancement could provide a simpler and far more cost-
effective alternative to the exclusive use of costly electron microscopy methods alone for

detecting lattice damage and atomic displacements within these nanocrystalline materials.

The work in this thesis has set the foundations for developing future methods in
radionuclide production, the development of materials that are more durable to the effects
of neutron radiation, and a technique to assist in visualizing the extent and distribution of
radiation-induced damage in nanomaterials. It is clear that a lot more work needs to be
done to apply what has been developed in this thesis to real world applications. The
promising results herein provide the foundation and further motivation to pursue these

opportunities.
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Appendix.

Supplemental Information

Figure A1. General setup of irradiation experiments in front of the neutron
generator for both BaTiO3; and S samples.
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Figure A2.  Sulfur crystals formed upon cooling of the solution of sulfur in hot
toluene, immediately prior to 2P extraction.
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Figure A3.

Picture of a sample spectra of 32P emission energies on the Beckman
LS6500 Liquid Scintillation Counter. The instrument does not allow
printing or storing of such spectra. Energies past the dashed line
(Window 2 shown above) are attributed to 32P decay.
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Figure A4. Reference energy spectrum of a *?P standard using the Beckman
LS6500 Liquid Scintillation Counter.
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Figure AS.

Reference energy spectrum of a 3P standard using the Beckman
LS6500 Liquid Scintillation Counter. Based on a comparison of these
standard samples, most of the energies associated with 33P decay are
below the log 0.60K channels for the instrument, whereas for 32P most
of the energies are above the log 0.60K. As such, measurements
where only counted for energies above log 0.60K for the experiments
in this study.
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